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Mapping of Sp1 Regulation Sites in the Promoter of the
Human a1-Proteinase Inhibitor Gene
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Abstract Keratoconus is a potentially blinding disease that thins the central cornea. In afflicted corneas, the level
of an inhibitor, a1-proteinase inhibitor (a1-PI), is found reduced. An increased expression of transcription factor Sp1 is
also demonstrated. To examine the role of Sp1 in regulation of the human a1-PI gene, a 1.4-kb (�1397/þ9) 50-flanking
promoter sequence that contains 10 Sp1 sites was cloned. Previous transient transfection experiments showed that Sp1
expression indeed repressed the a1-PI promoter activity. In this study, 12 DNA segments, a series of 50, 30, and internal
deletions of the 1.4-kb a1-PI promoter sequence, were ligated into the SEAP (secreted alkaline phosphatase) reporter
gene vector and transfected into human corneal stromal cells. Co-transfection with a Sp1 expression vector pPacSp1 was
also performed in parallel. The SEAP enzyme activity was assayed. A fragment with 489 bp (�480/þ9) of the 30

sequence, and three fragments with internal deletions, were found to confer a majority of the full promoter activity.
Other deletions significantly abolished the promoter activity. Site-directed mutagenesis experiments further revealed
that the most proximal Sp1 site (�100/�87) may be an essential element involved in the negative regulation of a1-PI
promoter activity by Sp1. Interaction between the proximal and distal Sp1 sites also seemed to be important. These
results provide the first in-depth characterization of the transcription mechanisms regulating the expression of a1-PI.
Mapping of the Sp1 sites may help elucidate the molecular pathway leading to the alterations observed in keratoconus.
J. Cell. Biochem. 85: 482–489, 2002. � 2002 Wiley-Liss, Inc.
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Protease inhibitors are critical in preventing
and controlling proteolysis. a1-Proteinase inhi-
bitor (a1-PI) is a major protease inhibitor in
human serum [Travis and Salvesen, 1983]. One
of its primary physiologic roles is to protect
the elastic fibers in lung alveoli from excessive
digestion by neutrophil elastase [Olsen et al.,

1975]. The importance of this protein was pro-
posedbased on observations that genetically a1-
PI-deficient patients developed an early-onset
degenerative lung [Eriksson, 1964] or liver
disease [Sharp et al., 1969]. The liver is the
predominant site of its synthesis [Laurell and
Jeppsson,1975].a-PI isalso foundsynthesized in
bloodmonocytes,macrophage [Perlmutter et al.,
1985], and other extra-hepatic sites including
the cornea [Twining et al., 1994], a transparent
connective tissue located at the front of the eye.

The human a1-PI gene contains seven exons:
Ia, Ib, Ic, and II throughV [Brantly et al., 1988].
Multiple transcription initiation sites and a1-PI
transcripts that comprise different numbers of
exons have been identified [Ciliberto et al.,
1985; De Simone et al., 1987]. The use of dif-
ferent transcription start sites and the alter-
native splicing in different cells suggest that the
gene transcription may respond to tissue- or
cell-specific regulatorymechanisms [Longetal.,
1984; Perlino et al., 1987; Hafeez et al., 1991].

In an ocular disease called keratoconus
[Krachmer et al., 1984; Rabinowitz, 1998] that
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thins and distorts the central portion of the
corneal stroma, a markedly reduced expression
of the a1-PI gene has been found [Sawaguchi
et al., 1990; Whitelock et al., 1997a]. This non-
inflammatorydiseaseaffects approximately one
in two to ten thousand of people in the general
population and leads to visual handicap in the
productive second and third decades of life
[Krachmer et al., 1984; Rabinowitz, 1998]. No
specific treatment of this almost universally
bilateral disease exists, except to replace the
corneal tissues by surgery when visual acuity is
impaired beyond correction with contact lenses
[Mandell, 1997]. A positive family history in
approximately 10% of the cases has been des-
cribed [Rabinowitz, 1998].
The exact cause of this disease is still not

clear. Previousbiochemical studies by ourgroup
[Yue et al., 1984] and others [Critchfield et al.,
1988] have shown that the amount of total
protein present in keratoconus corneas is lower
than that in normal controls, while protein syn-
thesis proceeds normally in some cases [Yue
et al., 1984, 1985]. This led to the formulation
of the hypothesis that the abnormality in kera-
toconus may lie in the degradative pathway
of macromolecules [Yue et al., 1985]. Subse-
quent data support the degradation hypothesis,
demonstrating increased levels of degrada-
tive enzymes including cathepsins B and G
[Sawaguchi et al., 1989; Zhou et al., 1998] and
decreased amounts of protease inhibitors
including a1-PI and a2-macroglobulin [Sawa-
guchi et al., 1990, 1994; Whitelock et al., 1997a]
in keratoconus specimens compared with those
of normal and other disease controls. The up- or
downregulation of these genes was noted at
both protein andmRNA levels [Whitelock et al.,
1997a]. In view of the multiple gene involve-
ment and the possibility of a coordinated gene
regulation mechanism, several transcription
factors were examined. Among them, Sp1 was
found specifically upregulated in keratoconus
corneas [Whitelock et al., 1997b].
Sp1 is known to interact with GC/GT boxes in

the promoter elements, acting as a positive or a
negative regulator for the expression of many
viral and cellular genes [Dynan andTjian, 1983;
Ogra et al., 2001]. Although it is ubiquitously
expressed, Sp1 has been shown to play a role
in cell type-specific regulation of genes such as
MUC1 [Morria and Taylor-Papadimitriou,
2001] and involucrin [Banks et al., 1999]. To
delineate the role of Sp1 in regulation of the

genes affected in keratoconus corneas, we
cloned and sequenced a 2.7-kilobase (kb) region
of human a1-PI gene upstream of the corneal
transcription start site. Transient transfection
experiments showed that the 2.7-kb 50-flanking
DNA is functional in human corneal stromal
cells and that the proximal 1.4-kb fragment is
sufficient for full promoter activity [Li et al.,
1998]. More interestingly, co-transfection of
Sp1 expression vector with the 1.4-kb fragment
in corneal stromal cells suppressed the a1-PI
promoter activity [Li et al., 1998]. The negative
regulation of Sp1 suggests that the downregula-
tion of the a1-PI gene in keratoconus corneas
may be directly related to the abnormally ele-
vated Sp1.

Ten Sp1 binding sites (Sp1-1 to Sp1-10, Fig. 1,
left panel) were identified previously in the
1.4-kb promoter region of the a1-PI gene by
DNase I footprinting analyses [Li et al., 1998].
To map the elements required for the Sp1
regulation, this a1-PI promoter region was
analyzed in further detail in the current
study. Twelve deletionmutants of the promoter
region were constructed and subcloned into the
pSEAP2-Basic plasmid. The recombinantswere
used in transient transfections in human cor-
neal stromal cells. Site-directed mutageneses
were also performed.

MATERIALS AND METHODS

Deletion Constructs

TwelveDNAfragmentswithserialdeletions in
the a1-PI promoter region (Fig. 1, left panel),
eachwith a varyingnumber of Sp1 binding sites,
were constructed and/or ligated into a SEAP
(secreted alkaline phosphatase) reporter gene
vector (pSEAP2-Basic; Clontech, Palo Alto, CA).
Among 12 new constructs, three deletion con-
structs (F2: �480/þ9, F8: �1397/�884, F9:
�1397/�969) were made by PCR using
pa1PI1.4SEAPþ [Li et al., 1998] as the template.
Three pairs of primers (for F2, forward primer:
GGTACCAGCTCCCCACTGCAATCC, reverse
primer: AGATCTAGGGTTGCTGCGTGGAGG-
C; F8, GGTACCCAGAGGCTGCCCGAAGTG
and AGATCTAGGGCCCTGCCTGGAGATG;
and F9, GGTACCCAGAGGCTGCCCGAAG-
TGandGGGTAAGGGGGTGAGGTGTGCCAG)
were selected through the computer program
Vector NTI (InforMax, Inc., Oxford, UK) based
on the known promoter sequences [Li et al.,
1998]. Primers were synthesized by Genemed
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Biotechnologies, Inc. (South San Francisco, CA).
The PCR products were inserted into pSEAP2-
Basic at the multiple cloning sites to yield F2-
SEAPþ, F8-SEAPþ, and F9-SEAPþ.

The other nine constructs (F1, F3–7, and
F10–12) were made from p1.4a1PI-SEAPþ
with the use of restriction enzymes. The en-
zymes used were: Kpn I andMfe I for F1 (�776/
þ9), Kpn I and PfLM I for F3 (�320/þ9), Kpn I
and Stu I for F4 (�289/þ9), Bgl II and Stu I for
F5 (�1397/�290), Bgl II and PfLM I for F6
(�1397/�324), Bgl II and Mfe I for F7 (�1397/
�773), PfLM I and Mfe I for F10 (�1397/�806//
�320/þ9, or D�805/�321), Xma I for F11
(�1397/�663//�212/þ9, or D�662/�213), and
Bal I for F12 (�1397/�1097//�696/þ9, or
D�1096/�697).

These DNA plasmids, pSEAP2-Basic and
pSEAP2-Control (positive control, driven by
the SV40 early promoter, Clontech), along with
pSV-b-Galactosidase control vector (pSV-bgal,
used to control the transfection efficiency,
Promega, Madison, WI) and/or Sp1 expres-
sion vector pPacSp1 (a generous gift from

Dr. R. Tjian, University of California Berkeley)
were used in transfection experiments.

Site-Directed Mutagenesis

Mutations in the Sp1 elements were ge-
nerated using the GeneEditor site-directed
mutagenesis kit (Promega) according to the
manufacturer’s instructions. Mutated oligonu-
cleotides created for four or five nucleotide
substitutions (underlined) in the binding motif
of Sp1-1, -2, and -3 sites in the 1.4-kb a1-PI
fragmentwere as follows: for Sp1-1 (�100/�87),
CCTGTCCAAGCTCCTTTTTCCTCCCCAGC-
CTACTG; Sp1-2 (�301/�290), GGTCTGT-
GCCAGGATTTTGAGGCCTGTCATTTC; and
Sp1-3 (�411/�403), CAGTGCACACAGAC-
TTTTTCAACTGTGGGGCTGC. The Sp1-8 site
(�822/�794) in deletion construct F11 was also
mutated using oligonucleotide GCATTTCCT-
CTGGTTTGATCAGCCCAGATGC.

These mutagenic oligonucleotides were
phosphorylated at the 50 end and were an-
nealed, along with the same strand selection
oligonucleotide for the b-lactamase gene, to

Fig. 1. Deletion analysis of 1.4-kb a1-PI promoter activity.
Depicted in the left panel of the figure is a map of the deletion
constructs (F1–12) from the 1.4-kb a1-PI promoter region. The
10 Sp1 binding sites (black bars) identified by DNase I foot
printing [Li et al., 1998] are numbered on top with Sp1-1 being
the most proximal and Sp1-10 the most distal site. The positions
of the Sp1 sites are: Sp1-1,�100/�87; Sp1-2, �301/�290; Sp1-
3, �411/�403; Sp1-4, �519/�498; Sp1-5, �593/�579; Sp1-6,
�622/�612; Sp1-7, �669/�658; Sp1-8, �822/�794; Sp1-9,
�932/�915; Sp1-10, �998/�988. Sp1-1, -2, -3, and -8 are the
sites selected for mutations. The scale is shown on the bottom.
þ1 denotes the corneal transcription start site. The relative SEAP

enzyme activities in deletion constructs are shown in the right
panel of the figure. Normal human corneal stromal cells were
transfected with pSEAP2-Basic, pa1PI1.4-SEAPþ, or F1 to F12
vectors along with pSV-b-Galactosidase control vector. The
positive control, using the pSEAP2-Control vector, yielded
more than an order of magnitude higher SEAP activity. The
enzyme activities of each construct were normalized against the
b-galactosidase enzyme activities. Data were subtracted from
the basal activity and were expressed relative to the 1.4-kb
construct values. Data (mean� SEM) presented were those
averaged from four different experiments.
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denatured double-stranded p1.4-SEAPþ or
F11 to yield respectively a1PI1.4mut1, a1PI1.4-
mut2, a1PI1.4mut3, and F11mutD3. This
selection oligonucleotide gives an additional
resistance for GeneEditor antibiotics selection
mix to themutant. Synthesis ofmutant strands
was performed byT4 polymerase andT4 ligase,
and competent BMH 71–18 mut S bacteria
were transformed with the extended products.
The efficiency of mutagenesis was enhanced by
transforming BMH 71–18 mut S, because this
bacteria is a repair minus strain. Transformed
bacteria were selected by growth overnight
in liquid medium containing the GeneEditor
antibiotic selection mix. The plasmids were
isolated and transformed into JM109 bacteria.
The transformed bacteria were selected with
both ampicillin (125 mg/ml) and GeneEditor
antibiotic selection mix. Resistant clones were
picked and Sp1 binding-site mutations were
confirmed by sequencing.

Transient Cell Transfection

Corneal stromal cells were cultured from
normal human corneas (donor ages; 7, 10, 44,
and 57 years) obtained from the Illinois Eye
Bank, Chicago. They were grown and main-
tained in Dulbecco’s modified Eagle’s minimum
essential medium supplemented with 4 mM
glutamine, 10% fetal calf serum, 0.1 mM non-
essential and essential amino acids, 1.2 mg/ml
amphotericin B, and 10 mg/ml gentamicin [Yue
and Baum, 1981; Li et al., 1998]. The tenets of
the Declaration of Helsinki for research in-
volving human subjects were followed, and the
research was approved by the University of
Illinois Institutional Review Board.
For transfection, stromal cells were plated at

4.0� 104 cells/well on 24-well plates 24 h before
DNA transfection. They received fresh medium
andwere transfected 2 h later using the Fugene
6 transfection reagent (Roche, Indianapolis,
IN). In brief, 0.75 mg of the test plasmid and
0.2 mg of pSV-bgal were mixed with 2.85 ml of
Fugene 6. Another series of cells also received
0.1875 mg of Sp1 expression vector pPacSp1.
None of the test plasmids were added to cells
serving as negative controls. The medium and
cell lysate were collected 48 h later for SEAP, b-
galactosidase, and protein assay.
For SEAP assay, 100 ml of mediumwasmixed

with 300 ml of 1� dilution buffer. After a 30-min
incubation at 658C, 100 ml of aliquot was mixed

with 100 ml each of assay buffer (mixture of
phosphatase inhibitors) and reaction buffer
(chemiluminescent substrate with lumines-
cence enhancer) according to the manufac-
turer’s protocol (Tropix, Inc., Bedford, MA).
The enzyme activity, represented by the light
emission, was read for 5 s on a Luminometer
(MGM instruments, Inc., Hamden, CT). For b-
galactosidase assays, cells were harvested,
washed with phosphate-buffered saline, lysed
with 70 ml of 100 mM potassium phosphate,
0.2% Triton X-100 and 0.5 mM dithiothreitol,
and centrifuged at 16,000g for 2 min to pellet
cell debris. The supernatant was mixed with
chemiluminescent substrate (Galacton-plus,
Tropix). Light emission accelerator (Accelera-
tor-II) was injected to each sample 2 s before the
measurement. The b-galactosidase activity was
used to normalize the SEAP enzyme activity.
Assays were performed in triplicate, and each
experiment was repeated at least four times.
Total protein content in lysates was determined
using the BCA protein assay kit (Pierce, Rock-
ford, IL) to control the cell number in each well.
Two-tailed student’s t-tests were used to ana-
lyze the significance of the data.

RESULTS

Activity of Deletion Constructs

Twelve DNA segments, containing a series
of deletions of the 1.4-kb a1-PI (�1397/þ9)
promoter sequence, were made. These con-
structs, together with a1PI1.4-SEAPþ, were
tested in transient transfection assays. The
1.4-kb promoter fragment was approximately
5.5 times more active at driving the SEAP
reporter gene expression than the promoter-
less pSEAP2-Basic vector used to detect basal
activity.As shown in the rightpanel ofFigure1,
F1 (�776/þ9), with 761 base pairs (bp) of the 50

sequence deleted, displayed little promoter
activity. A shorter 489-bp (�480/þ9) F2 frag-
ment however conferred more than 80% of the
full 1.4 kb promoter activity. Fragments F3
(�320/þ9) and F4 (�289/þ9), with further
deletions from the 50 end, and the F5 to F9
fragments, with a series of the 30-end sequence
deletions, were not sufficient to exhibit much
promoter activity. DNA fragments F10, F11,
and F12, with internal truncations and con-
taining sequences from both 30- and 50-regions,
on the other hand, retained most of the
promoter activity.
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Regulation of Deletion Constructs by Sp1

To examine the Sp1 regulation of the promo-
ter activity of the various deletion constructs,
half of the corneal stromal cells were co-
transfectedwithSp1 expression vector pPacSp1
during transient transfection experiments.
Consistent with the results demonstrated pre-
viously [Li et al., 1998], co-transfection of
pPacSp1 significantly (P< 0.0001) reduced the
1.4-kb a1-PI promoter activity. Three other
fragments, F2, F11, and F12, that showed posi-
tive promoter activities, were likewise found to
be negatively regulated by Sp1 co-expression
(P< 0.007, Table I). The fold of repression
varied from 1.9 to 3.6. These Sp1 responsive
fragments all contain the most proximal Sp1
binding site (Sp1-1). Other common Sp1 sites
included Sp1-2, -3, -8, -9, and -10. One other
fragment, F10, also had positive promoter
activity. Unlike F2, F11, or F12, however, Sp1
co-expression did not significantly reduce its
activity. This F10 construct contains Sp1-1, -2,
-9, and -10 sites, but lacks Sp1-3 or -8.

Constructs F1 and F3–F9, all with low pro-
moter activity, were not significantly repressed
by Sp1. In the case such as F5, addition of Sp1
even appeared to enhance the activity.

Effects of Sp1 Site Mutations on the a1-PI
Promoter Activity

Four different sites (Sp1-1, -2, -3, and -8) were
selected for mutation. Vectors a1PI1.4mut1,
a1PI1.4mut2, and a1PI1.4mut3 each contained

mutations in theSp1-1, -2, and -3 sites of the 1.4-
kb fragment andhad promoter activity not signi-
ficantly different from that of the wild type.
While the activity of the 1.4-kb wild type frag-
ment was repressed by co-expression with
pPacSp1 (Fig. 2), a1PI1.4mut1 was not (Fig. 2).
The Sp1 sensitivity of the 1.4 kb wild type thus
appeared to be abolished by mutations in
the core of Sp1-1 (CCCGCCCC converted to
CTTTTTCC). Constructs a1PI1.4mut2 and
a1PI1.4mut3, with mutations in Sp1-2 (AGG-
GCGAGG to ATTTTGAGG) and Sp1-3 (CCC-
GCCC to CTTTTTC), respectively, remained
negatively regulated by Sp1. Mutations at Sp1-
8 (GGGGGA to GTTTGA) in the F11 fragment
did not affect much of the F11 promoter activity
nor its Sp1 responsiveness (Fig. 3).

DISCUSSION

The current studymaps further the promoter
regions of the human a1-PI gene. A series of
deletions from the 1.4-kb (�1397/þ9) corneal
promoter regions were made. Transient trans-
fection assays indicate that both the 30- and the
50-end sequences are of importance for the
promoter activity. When the 50 sequence is not
present, a minimal 30-end region containing
approximately 0.5 kb (�480/þ9, F2) sequence
upstream of the corneal transcription start site
is still sufficient for a majority of the promoter
activity.

It is unclear why F1, a fragment (�776/þ9)
with a longer 30-end sequence thanF2, exhibited

TABLE I. Regulation of Promoter Activities by Sp1

Constructs

SEAP activity with Sp1
relative to that without
Sp1 co-transfection Fold repression

Number of Sp1
sites

pa1PI1.4-SEAPþ 0.31� 0.03, P< 0.0001 3.2 10*
F1 0.80� 0.10, NS — 7*
F2 0.28� 0.04, P< 0.0001 3.6 3*
F3 0.88� 0.06, NS — 2*
F4 0.61� 0.06, NS — 1*
F5 1.26� 0.06, NS — 9
F6 1.00� 0.08, NS — 8
F7 1.19� 0.06, NS — 3
F8 1.00� 0.05, NS — 2
F9 0.82� 0.05, NS — 1
F10 0.89� 0.05, NS — 4*
F11 0.53�0.06, P<0.007 1.9 4*
F12 0.46�0.02, P<0.002 2.2 7*

Normal corneal stromal cells were transfected with pa1PI1.4-SEAPþ, or F1 to F12 vectors along with
pSV-b-Galactosidase control vector in the absence or presence of Sp1 expression vector pPacSp1. The
SEAP activity with Sp1 co-transfection relative to that without pPacSp1 was presented (mean�SEM,
n¼ 4). Two-tailed student’s t-tests were used to analyze the significance of the data. Asterisks denote
constructs that contain the most proximal Sp1-1 site. Among the various constructs examined, pa1PI1.4-
SEAPþ, F2, F10, F11, and F12 showed positive promoter activity.
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little promoter activity. From the F1 and F2
data, it seems reasonable to suggest that the
sequence between �776 and �480 may contain
a silencing or negative element. This conjecture
however may be oversimplified. Results from
F11 and F12 constructs indicate a more compli-
cated scenario, as the former contains the
sequence �776 to �663 and the latter contains
�696 to�480, and yet both are active promoter
fragments. Additional studies are needed for
clarifications.
The current study does provide evidence that

Sp1 is amajor regulator of the promoter activity
of the human a1-PI gene. The promoter activity
of the 1.4-kb fragment and three deletion
constructs, F2, F11, and F12, were all sup-
pressed by Sp1 over-expression. All these frag-
ments contain the most proximal Sp1-1 site,
suggesting that it may be of key importance. F2
and F12 in addition share the Sp1-2 and Sp1-3
sites and F11 contains the threemost distal Sp1
binding sites (Sp1-8, -9, and -10). Somewhat
surprisingly, another fragment, F10, with pro-
moter activity and containing Sp1-1, does not
exhibitSp1 sensitivity. Inaddition toSp1-1, F10
also possesses Sp1-2, -9, and -10, but not Sp1-3
or -8.

Site-directed mutagenesis to create muta-
tions on four Sp1 sites (Sp1-1, -2, -3, and -8)
was performed. The data (Fig. 2) reveal that
mutations at Sp1-1 site virtually eliminated the
Sp1 downregulation of the 1.4-kb a1-PI promo-
ter, confirming that thismost proximal site is an
essential element for the Sp1 action. Such a
finding is consistent with the notion that Sp1 is
in general a protein interacting with elements
in the proximity of the transcription start site
[Blake et al., 1990; Mastrangelo et al., 1991].
Neither mutations in the Sp1-2 nor those in the
Sp1-3 site abrogated the 1.4-kb wild type Sp1
sensitivity. These two sites thus may not be
crucial for the Sp1 regulation. Data from muta-
tions of Sp1-8 (Fig. 3) in F11 fragment also
indicate that this site is not a key element for
the F11 repression by Sp1.

As stated above, deletion construct F10, des-
pite the presence of Sp1-1, is not suppressible by
Sp1 co-transfection. It thus appears that Sp1-1,
while required, may not be sufficient to confer
the Sp1 sensitivity. Additional upstream Sp1
element somewhat distant from Sp1-1 (e.g.,
Sp1-3 as inF2 andF12 andSp1-8 as inF11, both
lacking in F10), may also need to be present to
allow regulation by Sp1. The crosstalk of the

Fig. 2. Effect of mutations of the core of the Sp1 site at �100/
�87, �301/�290, and �411/�403 on the activity and Sp1
sensitivity of the 1.4-kb a1-PI promoter. Human corneal stromal
cells were transfected with the a1PI1.4-SEAPþ vector, or mutant
constructs a1-PImut1, a1-PImut2, or a1-PImut3, along with
pSV-b-Galactosidase control vector in the absence or presence
of Sp1 expression vector pPacSp1. The SEAP activity was nor-
malized by the b-galactosidase enzyme activity. Data were
subtracted from the basal SEAP activity and were expressed
relative to the 1.4-kb wild type construct (without pPacSp1)
values. Data (mean� SEM) presented were those averaged from
four different experiments. Two-tailed student’s t-tests were
used to analyze the significance of the data. Asterisks denote
data significantly different from those obtained from cells trans-
fected without Sp1 co-expression (P<0.0008).

Fig. 3. Effect of mutations of the core of the Sp1 site at �822/
�794 on the activity and Sp1 sensitivity of F11 construct.
Human corneal stromal cells were transfected with F11, or
mutant construct F11mutD3 vector, along with pSV-b-Galac-
tosidase control vector without or with pPacSp1. The SEAP
activity was normalized by the b-galactosidase enzyme
activity. Data were subtracted from the basal SEAP activity
and were expressed relative to the F11 construct (without
pPacSp1) values. Data (mean� SEM) presented were those
averaged from four different experiments. Two-tailed student’s
t-tests were used to analyze the significance of the data.
Asterisks denote data significantly different from those ob-
tained from cells transfected without Sp1 co-expression
(P<0.007).
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proximal and the distal sites, a speculation, is
in line with the looping model first proposed by
Ptashne [1986] to be amechanism of long-range
interaction between physically separated re-
gulatory regions. As supported by electron
microscopic and other data [Mastrangelo et al.,
1991; Pascal and Tjian, 1991; Vergeer et al.,
2000], the looping does allow formation of
higher-order complexes to mediate interactions
with the transcription apparatus. Further of
note is the result that mutations in Sp1-3 or
Sp1-8 did not seem to affect the Sp1 responsive-
ness of the a1-PI fragments. Perhaps a tight
binding at the distal site with the transcription
factor is not necessary for the assembly of the
Sp1-promoter complex or a stable loop structure
and interaction is sufficiently preserved even
with mutations.

Taken together, using a series of 50, 30, and
internal deletion constructs, we have deter-
mined that both the 50- and 30-end sequences of
the 1.4-kb a1-PI fragment are important for the
promoter activity. The promoter activity can be
negatively regulated by Sp1 and Sp1-1 that
binds Sp1 between residues �100 and �87 is a
crucial site. Disruption of the nucleotide se-
quence of this 14-bp element abolishes the Sp1
responsiveness of the promoter. The current
study clearly demonstrates the involvement of
Sp1-binding sites in regulation of the a1-PI
promoter and provides the first in-depth char-
acterization of the transcription mechanisms
regulating the expression of a1-PI in corneal
cells. The identification of cis-acting elements
in the promoter of the a1-PI gene that are
targets of Sp1 regulation may permit a better
understanding of the complex mechanisms
that modulate the transcriptional activity of
a1-PI gene during physiological processes of
embryogenesis and repair. This information
may also make it possible for the development
of novel therapeutic approaches for disease
conditions such as keratoconus characterized
by decreased expression of the a1-PI gene. For
example, antisense oligonucleotides designed
to target the proximal Sp1 element may be
employed to restore the production of a1-PI in
keratoconus.
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