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Abstract

The 230-kD bullous pemphigoid antigen (BPAG1 ), a hemides-
mosomal protein, is encoded by a gene at the human chromo-
somal locus 6pl 1-12. Wehave elucidated the exon-intron orga-
nization of the entire human BPAG1gene, including - 2.6 kb
of 5'-flanking DNA. Seven overlapping genomic clones, span-
ning - 20 kb, contained the entire 9 kb coding sequence of
BPAG1and consisted of 22 separate exons, which varied from
78 to 2,810 bp in size. The 5' flanking region of DNA, upstream
from the ATG initiation codon for translation, was found to
contain several putative transcriptional response elements.
Most interestingly, two motifs potentially conferring keratino-
cyte specific expression to the gene were detected. The pres-
ence of such elements was suggested by - 20-fold higher ex-
pression of a promoter/chloramphenicol acetyl transferase
(CAT) construct in normal human epidermal keratinocytes
that express the endogenous gene, as compared to several non-
expressing cell types. Transient transfections with 5'-deletion
clones of the promoter/reporter gene (CAT) constructs identi-
fied a region containing a putative tissue specific element,
KRE2, which also conferred tissue specificity to the expression
of the truncated promoter downstream from this element, how-
ever, a mutated derivative of KRE2was not functional. Detailed
knowledge of the structure and regulation of the BPAG1gene
will aid in further elucidation of diseases affecting the cutane-
ous basement membrane zone. (J. Clin. Invest. 1993. 92:814-
822.) Key words: hemidesmosomal proteins * keratinocyte spe-
cific expression * blistering skin diseases * epidermolysis
bullosa

Introduction

Bullous. pemphigoid (BP)' is a cutaneous blistering disease
characterized by the presence of circulating IgG autoantibodies
in the patients' sera ( 1, 2). Two autoantigens recognized by
these antibodies have been characterized. The major autoanti-
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1. Abbreviations used in this paper: BPAG1, 230-kD bullous pemphi-
goid antigen; BP, bullous pemphigoid; CAT, chloramphenicol acetyl
transferase; EB, epidermolysis bullosa; KRE2, keratinocyte responsive
element 2; KTF, keratinocyte transcription factor; NHF, human skin
fibroblasts; NHK, normal human keratinocytes.

gen is a 230-kD noncollagenous protein, bullous pemphigoid
antigen-I (BPAG 1), recognized by most patients' sera, while a
minor autoantigen is a 1 80-kD collagenous protein (BPAG2)
recognized by the sera of some patients with BP, and also by the
sera of patients with herpes gestationis, a pregnancy-associated
blistering disease (3, 4). Immunoelectron microscopic studies
have indicated that these two autoantigens are associated with
hemidesmosomes, attachment complexes at the cutaneous
basement membrane zone between the basal keratinocytes and
the underlying lamina lucida (5, 6). It has been suggested that
the intermolecular interactions of the BPAGswith intracellular
intermediate filaments and with cell surface macromolecules,
such as a6#4 integrins together with anchoring filament pro-
teins and type VII collagen, may secure the stable association of
the epidermis to the underlying basement membrane (7).
Thus, BPAGsmay play a critical role in the overall stability of
the cutaneous basement membrane zone, although direct evi-
dence in support of this suggestion is lacking.

The 230-kD BP antigen has been recently cloned (8-1 1),
and the corresponding human gene, BPAG1, has been local-
ized to the short arm of chromosome 6 at locus 6p1 1-12 (12).
Elucidation of the primary sequences of BPAG1, as deduced
from the composite full-length cDNA, revealed the presence of
distinct domain structures ( 11). In the central portion of the
molecule, the presence of three subdomains characterized by
heptad repeats has predicted an a-helical coiled-coil structure.
This central portion of the protein is flanked by two globular
domains. In the carboxyl-terminal end of the molecule, eight
repeat segments of 38-amino acid residues, each with a high
degree of homology with consensus sequences in desmoplakin
I, a component of desmosomal cytoplasmic plaque, were de-
tected ( 10, 1 1, 13). The amino-terminal end has features char-
acteristic of a globular domain. Thus, we have proposed a mo-
lecular structure for BPAG1, consisting of a dimer with central
a-helical coiled-coil region, flanked by NH2- and COOH-ter-
minal globular domains ( 11).

In addition to the acquired autoimmune diseases, BP anti-
gens have been suggested to be candidate genes in some forms
of epidermolysis bullosa (EB), a group of genodermatoses
characterized by extreme fragility of the skin and the mucous
membranes (7). In particular, abnormalities in the hemides-
mosomes have been demonstrated by ultrastructural analysis
in the junctional forms of EB. Since the expression of the 230-
kD BPantigen is limited to epidermal keratinocytes, not detect-
able in dermal fibroblasts (9), the characterization of the un-
derlying mutations and elucidation of the mechanisms of the
tissue specific expression may necessitate direct analysis of
DNAat the genomic level. Toward this aim, we have under-
taken characterization of the human BPAG1 gene. In this
study we report the complete exon-intron organization of the
BPAG1 gene. Wehave also characterized the 5 '-flanking DNA
and identified regulatory segments, as well as sequences poten-
tially conferring tissue specificity of expression.
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Methods

Isolation and characterization of BPAGI genomic clones. A human
lung fibroblast genomic DNAlibrary in XFIX II phage vector (Strata-
gene, La Jolla, CA) was screened with four different segments of the
composite cDNA corresponding to BPAG1 sequences (Fig. 1 A).
These cDNAs have been previously shown to correspond to 8,930 bp of
nucleotide sequences in BPAG1 mRNA,which contains a coding seg-
ment for 2,649 amino acids ( 11). The recombinant genomic clones
were purified, and the inserts were characterized by restriction enzyme
digestions and by Southern analysis with synthetic oligonucleotides
based on exon sequences derived from the cDNA( 14) . The endonucle-
ase digestion products were fractionated by electrophoresis on 1%aga-
rose gels, and their sizes were estimated by comparison to standard
DNAmarkers (New England Biolabs, Inc., Beverly, MA). Appropriate
DNAfragments were isolated by gel electrophoresis and subcloned into
the Bluescript vector (Stratagene) for sequencing. Some genomic
clones were subjected to digestion with a 5'-- 3' exonuclease (T7 gene

6; United States Biochemical Corp., Cleveland, OH) (15), and the
resulting single stranded DNAwas directly used as a template for se-
quencing. The nucleotide sequencing was performed using dideoxynu-
cleotide chain termination method ( 16), utilizing universal and re-
verse primers, as well as synthetic oligonucleotide primers that were
synthesized on the basis of sequence information in the BPAG1 cDNA.
The nucleotide sequences were translated to putative peptide se-
quences and sequence alignments as well as search for homology with
consensus sequences were performed by the pc/Gene program (Intelli-
Genetics, Inc./Betagen, Mountain View, CA).

The sizes of the introns in the genomic DNAwere either deter-
mined by direct nucleotide sequencing or estimated by generating PCR
products using synthetic oligonucleotide primers in the flanking exons,
as identified in the full-length cDNA( 1). The sizes of the PCRprod-
ucts were estimated from agarose gels in comparison to standard DNA
markers.

5' primer extension of the mRNAsequences. Primer extensions of
the mRNAsequences at the 5' end of the BPAGI transcript were per-
formed with 0.2 pmol of 32P-labeled oligonucleotide PEI, 5 '-

TTTTATTCCTGAAACGATGTTCTT-3', using T4 polynucleotide
kinase and 30 ,g of total RNAas template ( 14). The reaction was
extended by the addition of 20 U of reverse transcriptase (Promega
Biotec, Madison, WI), and the mixture was incubated for 60 min at
42°C. The radioactive product was directly fractionated on 10% poly-
acrylamide gel containing 8 M urea. Radioactively labeled standard
DNAsize markers were run in adjacent lanes. Also, a positive control,
as included in the commercial kit (Promega), and a negative control
that excluded the reverse transcriptase, were run in parallel. The primer
extension products were visualized by autoradiography on x-ray films
(X-Omat; Eastman-Kodak, Rochester, NY).

Construction of BPAGI promoter/CAT reporter gene plasmids.
One of the genomic clones (X ) was shown to contain the 5' end of the
coding region and flanking DNAsequences (see Results). To develop
BPAG1promoter/reporter gene (CAT) chimeric constructs, a double-
stranded DNAextending from position -1 to -1,907 (counting up-

stream from the translation initiation site) was first generated by PCR
amplification. The primers used for PCRwere 27 bp oligomers, and
they contained an XhoI site in the 5' oligomer and a HindIII site in the
3' oligomer, which enabled direct cloning of the PCRproduct into a

pBSOCAT, a promoterless construct containing the entire CATgene,

small t intron, and the polyadenylation signal in plasmid Bluescript
(pBSKS) ( 17); this construct is referred to as pBP1 .9CAT. Four addi-
tional constructs with the 3' end of the promoter being fixed at -1, and
the 5' end position varying from -1,427 to -519 (constructs pBPl .4,
pBPO.9, pBPO.7 and pBPO.5CAT) were developed by a similar PCR
strategy. All PCRgenerated clones were sequenced, and no PCRerrors

were detected in comparison to the original genomic sequence used as

template. To extend the promoter region toward the 5' end, an addi-
tional clone, pBP2.6CAT, was generated by isolation of a XbaI-AccI
fragment from the genomic X clone. This fragment was ligated to the

5' end of the pBPl .4CAT clone after it was truncated by digestion with
the AccI endonuclease. Thus, the pBP2.6CAT construct extended
from -1 to -2,637. Furthermore, an additional 5' deletion clone was
generated by KpnI digestion of pBP2.6CAT to yield the construct
pBP2.5CAT with the 5' end at -2,509.

During the promoter analysis, a nucleotide sequence, which poten-
tially conferred tissue specificity to the expression of the BPAG1 gene
in epidermal keratinocytes, was discovered in the position - [ 1,887 to
1,898] (see Results). The functionality of this sequence, which we re-
ferred to as KRE2, was tested by cloning it in front of pBPl.4CAT to
create the pKRE2/BP1 .4CAT construct. Furthermore, a similar con-
struct in which the KRE2 sequence was mutated by substituting two
cytosine residues by adenosines (see text) was developed; this construct
was designated as pMKRE2/BP .4CAT.

The promoter/CAT constructs, as well as pBSOCAT(a negative
control), 5 gg/28 cm2 plate, were used in transient transfections of
normal human epidermal keratinocytes (3 X 105/plate) cultured in
serum-free KGMmedium, as described previously ( 18, 19). In some
experiments, human oral epidermoid carcinoma cells (KB), HeLa
cells, normal human skin fibroblasts (NHF), mouse NIH-3T3 trans-
formed fibroblasts and human transformed amniotic epithelial
(WISH) cells were transfected in parallel. The transfections were per-
formed with a commercial kit (Transfectam; Promega) (20). In all
transfections, the BPAG1 constructs were cotransfected with a
SV2#Gal construct, which was used as an internal control of transfec-
tion efficiency. Following a 24-h incubation, CATactivity as an indica-
tor of the promoter activity was determined by incubation with [ 14C]-
chloramphenicol, as previously described ( 17, 21 ). 3-Galactosidase ac-
tivity was determined in the same samples ( 14), and the CATactivity
values were corrected for f,-galactosidase activity to allow direct com-
parison of the BPAG1 promoter activity in different cell cultures trans-
fected in parallel.

Northern analyses. To examine the expression of the BPAG1 gene
at the mRNAsteady-state level, total RNAwas isolated by a single-step
extraction procedure (22) from the same type of cultured cells that
were used for transient transfections (see above). Total RNA(30 ,g
per lane) was fractionated in 1.0% agarose gels, and the prehybridiza-
tions and hybridizations were performed with a human BPAG1 cDNA,
as described previously (9). The same filters were also hybridized with
a human GAPDHcDNA, to verify even loading of the RNAto each
lane (9). .

Results and Discussion

Isolation and characterization of BPAGJ genomic clones.
Screening of a human genomic DNAXphage library with four
different BPAG1 cDNAs (pcBPA-4, 6, 7 and 10; see Fig. 1 A
[1 ]) identified 15 positive clones, and 7 of them (X 1-7) were
characterized in detail by restriction enzyme digestions, South-
ern analysis, and dideoxynucleotide sequencing. Digestion of
the insert DNAwith a variety of restriction enzymes, followed
by Southern blot analyses, allowed their precise alignment
(Fig. 1 B). The inserts varied from - 9 to 14 kb in size, and the
composite of the overlapping genomic DNAcorresponding to
the coding region of BPAGI spanned - 20 kb (Fig. 1 B). Since
the size of the BPAG1 mRNAis - 9 kb, the exon-intron ratio
of the gene is - 0.82, indicating a relatively high coding den-
sity. Digestions with XbaI and Sacd restriction enzymes al-
lowed isolation of subclones for nucleotide sequencing (Fig. 1
B) . Dideoxynucleotide sequencing with oligomer primers syn-
thesized on the basis of sequences previously identified in the
cDNA or complementary to new sequences detected in the
introns allowed identification of the exon-intron borders and
subsequent determination of the exon sizes (Figs. 1 Cand 2).
Specifically, the cloned genomic DNAwas used as a template
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Figure 1. Isolation of genomic DNAclones corresponding to the hu-
man BPAG1gene. (A) Four separate cDNAs (pcBPA) corresponding
to different segments of the full-length mRNAwere used to screen
a genomic DNAXFIX library. (B) Seven distinct genomic clones
(X1-7), varying from 9 to 14 kb in size, were isolated. Restriction en-
zyme digestions with XbaI, SacI, Acci, and DraIII endonucleases
allowed precise alignment of the clones. The segment corresponding
to the coding region of BPAGI mRNAspanned 20 kb of genomic
sequences. (C) The entire coding region of the BPAG1 consisted of 22
exons numbered starting from the 5' end, drawn to scale. The indi-
vidual exons are depicted by vertical bars, and the introns are shown
by horizontal lines. The gene segments corresponding to the
NH2-terminal globular domain, a-helical coiled coil domain, and a
38-amino acid residue repeat region are indicated.

to prime sequencing reactions, and the sequences were com-
pared with the established cDNAsequences (1 1). New oligo-
mer primers were synthesized to prime a reverse sequencing
reaction so that all exon-intron borders were sequenced in both

directions. Sequencing of all seven phage clones indicated that
the 7,948 bp open reading frame in the composite full-length
BPAGI cDNAconsisted of 22 separate exons (Fig. 1 C).

Exon-intron organization of the human BPAGJ gene. Elu-
cidation of the individual exon-intron junctions indicated the
presence of a consensus motif ag/X at the acceptor splice site,
which was preceded by a pyrimidine tract, and the donor site
displayed a consensus sequence X/gt (22) (Fig. 2). The co-
dons at the splice site did not demonstrate a characteristic pat-
tern, and the codon for the first amino acid could be split in any
three different combinations. This absence of a casettelike ar-
rangement of the intron-exon junctions mitigates against alter-
native splicing of the pre-mRNA (23), and in fact, no evidence
for alternative splicing has been observed by comparison of
overlapping cDNAs isolated from different cDNA libraries
(8-11).

The sizes of the individual exons varied from 78 to 2810 bp
(Fig. 2). Interestingly, the 3' end of the gene corresponding to
the 38-amino acid residue repeat region was encoded by a sin-
gle large exon, no. 22 (Fig. 1 C). The 7 exons in the region
coding for the three a-helical coiled-coil subdomains varied
from 84 to 2,730 bp in size. However, two of the subdomains
were encoded by a single exon (no. 21 ) without interruptions,
while the most upstream of the three subdomains was encoded
by separate exons (nos. 15-17; Fig. 1 C). The region corre-
sponding to the amino terminal globular domain consisted of
15 exons varying from 78 to 591 bp in size. It should be noted
that the exon at the junction between the NH2-terminal globu-
lar domain and the a-helical coiled-coil region (exon no. 15)
was a fusion exon shared by both domains. These observations
indicate that the different protein domains of the 230-kD BP
antigen are encoded by gene segments depicting distinct in-
tron-exon organizations. These arrangements may relate to the
stability of the gene with the potential for rearrangements con-
ceivably resulting in heritable diseases. In particular, the seg-
ments containing intron sequences are more likely to undergo
rearrangements potentially mediated by Alu and other repeti-
tive elements within the intron sequences (24, 25).

Whenthe genomic exon sequences derived from the XFIX
II library were compared with the published BPAG1 cDNA

Exon Exon-Intron Junctions Exon Intron Figure 2. Boundaries at the exon-in-
Number Size (bp) Size (bp) tron junctions, and the sizes of the

exons and introns of human BPAG1

1 AGCTGCCACTTTT..GAT GCA CAC AG gtattgaatcattgg 257 200 gene. Theexon numberscorrespond
2 tgtctcatcttttag G TTA GAA ATG. .GCT CTT CAG TCTgtaagttaattttta 95 200 to those shown in Fig. 1 C. Nucleo-
3 tcttttaaaatacag GAT TCT AAA A ..TTG GTA CAG AGG gtaagagtgctactt 155 1,500
4 cttgatttctttcag GTT GCA AAA C ..AAA ATC AGT GAG gtatgtgaatttaaa 591 170 tide sequences in the introns are in-
5 taatctcagttatag'ATT CAA ATG G ..GCA AAA CTC TTG gtaagtttttttttt 78 90* dicated by lowercase letters, and
6 ttttccttactaaag ATT ACA TCC A ..GAT TAT CAT GCT gtaagtccacccttt 163 91
7 aattatttcttcaag GAA TTA ATG A ..GCG TAT TTC GAG gtattcgctgtaggt 200 210 those in exons by capital letters.
8 ttcatctttccttag TTT TTC AAT G..CAG GAA TCA ATG gtactaatacaaaac 127 1,400 Nt t p o
9 gtatttattacttag GAA GAG AAA G ..AGA CAA ATT GAG gtacttgtaactcca 153 170 ote the presence of a consensus

10 tttattttaaaccag ATA ACC ATT T ..CTT GCC AAC AG gtttgtatatattag 155 520 cap sequence, ACTTTT (under-
11 ttcatgtaatttcag A ATT GAG CAA ..AAT GTG GCT TCA gtaagtatgaatctg 127 1,200
12 tttggtcttctttag ATA AAG ACA A ..T GCA GAA AGA G gtaaagcatggggat 184 850 lined), at the 5' of the exon 1. How-
13 tatttattttcacag AG GAG CAA GA ..ACA GAA CAG GAG gtgagagctataaat 157 600 ever, RT-PCR and primer exten-
14 ttctctgttttatag AAA CTA AAG A ..TAC ATA GAT AA gtatgtaactgctat 180 850
15 ttattaccttttaag G TTG AAA ACT ..AGT ACT TTA AAG gtatgagactcactt 139 810 sions identified the 5' end of the
16 attaatgtattttag CAA TGG AGA T ..ATT GAC AAC AG gttagtagcttttgt 194 1,200 mRNAto reside 7 bp upstream of
17 ttactattctcttag G TTA CGG GAC ..AAT CAA CAG AAG gtatgtaaaaataat 163 650
18 tgtgtatatttatag ATG CTG GTG T ..GCT ACA GTG AAG gtaggaagattcatt 84 200 this site (see text and Figs. 3 and 4).
19 gactcctttatacag GAC TAT GAA T ..ATT ATT CAA GAG gtaataaaagtatga 108 630
20 tatacttacttgcag TTC ATG GAC C ..GAA GAG GAG GAG gtaatcattaacagt 99 670 Also note the presence of a polyade-
21 aaatgtcttttgtag ATT AAA AGG T ..ACA CCC TTA GAG gtatactctgtgttc 2,730 580 nylation consensus sequence,
22 aaattcctgttacag ATA GCT AAG A..AATGAATIMA 2,810 AATAAAatthe3'endoftheexon

22 (underlined). The exon sizes
were determined by direct nucleotide sequencing of the corresponding cDNAs. The intron sizes were determined either by nucleotide sequencing
(*) or estimated from the sizes of PCRproducts synthesized by using oligonucleotide primers in the flanking exons. Note that some of the

exons begin with a complete codon for an amino acid, while others demonstrate the presence of split codons.
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sequences, six variant nucleotides were detected. These substi-
tutions resulted in change of four amino acids, three of the
substitutions being conservative. These changes were a Gly -0

Val substitution at the amino acid position 851 in reference 10,
Thr -- Asp at 1,045, Glu -- His at 1,624, and Gly -* Arg at
1,943. The reasons for the differences between cDNAand geno-
mic sequences are not clear, but these substitutions may reflect
allelic polymorphism of the BPAG1 gene. In this context, it is
of interest to note that two restriction fragment length poly-
morphisms (RFLPs) have been previously identified within
this gene (9, 26). One of these, a MspI RFLP, has been used for
genetic linkage analysis to exclude the BPAG1gene as a candi-
date gene in a large kindred with dominant EB simplex (26).
Nevertheless, these RFLPs can be used to examine other fami-
lies with different forms of EB for cosegregation of a BPAG1
allele with the clinical phenotype (7).

Elucidation of the 5' and 3' untranslated segments of the
BPAGJ mRNA. Exon 1 was found to contain sequences corre-
sponding to the 5' end of the coding sequence in the full-length
cDNA (Fig. 5). Exon 1 also contained nucleotide sequences
upstream from the translation initiation codon, ATG, poten-
tially corresponding to the 5' untranslated segment of the
mRNA.Computer analysis of the exon 1 sequences upstream
from ATGcodon identified a putative cap site consensus se-
quence, ACTTTT, at - [94-89] (27) (Fig. 3 A). To map the 5'
end of the mRNA, a PCR-based strategy was first devised to
approximate the position of the 5' end of the mRNA. Specifi-

A

cally, four separate 5' primers (a-d) corresponding to the se-
quences surrounding the putative cap site were synthesized for
PCR(Fig. 3 A). These primers, together with a 3' primer (oligo-
mer 2 in Fig. 3 A) corresponding to nucleotide sequences in
exon 3 of the BPAG1 mRNA, were used in RT-PCR. The
position of the oligomer used for primer extension to generate a
cDNA template for PCR from normal human keratinocyte
RNAis shown in Fig. 3 A (oligomer 1). Analysis of the PCR
products indicated that bands of expected size, 352, 372, and
402 bp, were detected with 5' primers a, b, and c, respectively,
when cDNA derived from human keratinocyte mRNAwas
used as template (Fig. 3 B). However, no band was detected
with the 5' primer d in parallel PCRon the same cDNA. Bands
of the expected size, varying from 750 to 820 bp, were detected
with all four 5' primers when genomic DNAwas used as tem-
plate (Fig. 3 C). Thus, the 5' end of the mRNAin keratinocytes
appeared to be slightly upstream from the sequence that by
computer analysis was predicted to be the cap site.

The precise position of the 5' end of the mRNAwas subse-
quently determined by primer extension analysis. Specifically,
a reverse primer corresponding to the position -1 to -24 in
BPAG1cDNAwas used for primer extension, as described in
Methods. The product of primer extension was found to be
- 100 bp in size (Fig. 4). This observation agrees with the
PCR-based estimation of the position of the cap site. Thus, the
sequence at - [ 94-89 ], as predicted by the computer analysis, is
not the actual 5' end of the mRNA,while the end is more likely

-144 ATGTTGAAGCA\GGAGCCACTAAAAGCTGTAATATTCAGCTGCC
a *-

- 94 ACTTTT CACCGTTAGAAGTAGAGCTT1TTCCAGACCTCCTACCFIIIAGT
k p- * _ >0u

- 44 CTACTTTGAAAGGTGAAAGAAAGAACATCGTTIIICAGGAATAAAAATG

Exon 2 i -- Exon 3
+242 CTGGAAATGCTCTTCAGTCTGATTCTAAAAGATTAGAATCAGGAG

.~~~~~~~~~.+292 TTTCAGAATGAAGCAGAAATTGCTGGGTATATACTTGAATGT

1

872

603

310

MC a

872

603

b c d

TGCAG

2 Figure 3. Strategy for identification of the 5'
end of the human BPAG1mRNA.(A) PCR
primers surrounding the putative cap site
(ACTTTT) at position - [94-89], as predicted
by computer analysis, were synthesized (oligo-
mers a-d). These 5' primers, together with a 3'
primer (oligomer 2) corresponding to the nu-
cleotide sequences in the exon 3 of the gene,
were used for amplification of the correspond-
ing regions by RT-PCR. The position of the
primer (oligomer 1) used for generation of a
cDNA from human keratinocyte RNAis indi-
cated. (B) Analysis of the PCRproducts by
1% agarose gel revealed that the reactions
primed with 5' primers a, b, and c resulted in
a product of the expected size of 352, 372, and
402 bp, respectively. No product was seen
when the oligomer d was used in PCRreaction.
(C) Use of genomic DNAas template for the
PCRreaction resulted in a product of the ex-
pected size, - 750 to 820 bp, with all four
pairs of primers. Lane Mcontains molecular
weight markers; lane C is a control lane am-
plified without template.
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to be in the position -101. This conclusion was supported by
previous studies that have shown that, with the exception ofthe
histone genes, most eukaryotic genes contain their cap site 30
bp downstream from the first or second T in the TATA box,
and the most likely 5' nucleotide of the cap site is A (27). Thus,
the ultimate 5' A nucleotide of the cap site in the BPAG1
mRNAappears to reside at the position -101 , which is exactly
30 bp downstream from the second T in the putative TATA
box (see Fig. 3 A).

Exon 22 was shown to contain sequences corresponding to
the carboxyl-terminal end of the deduced protein, as well as
928 nucleotides of the 3' untranslated sequences, including a
consensus motif for polyadenylation, AATAAA(28) (Fig. 2).
Thus, the composite human BPAG1 mRNA, including the
coding region and 5' and 3' untranslated segments, is calcu-
lated to be at least 8,977 bp in size, excluding the poly-A tail.
This size is consistent with the size of the corresponding
mRNA, - 9 kb, as detected by Northern analysis (9). At this
point, there is no evidence for additional polyadenylation sig-
nals in the downstream sequences or any evidence for size heter-
ogeneity of the mRNAtranscripts (9).

Characterization of the S'-flanking DNA sequences. Se-
quencing of one of the genomic clones (X l ) for BPAG1 identi-
fied the initiation codon (ATG) for translation (Fig. 5). Exami-
nation of the upstream flanking DNAup to -2,637 revealed
the presence of features suggestive of a promoter. In particular,
a variant of the consensus TATA(A/T)A sequence,
TATTTA, was located in the position - [128-133], and a ca-
nonical CCAATmotif was identified in the position [-279-
283] (Fig. 5). The 38-bp segment immediately preceding the
ATGcodon has been previously identified in a BPAG1 cDNA,
thus representing 5' untranslated region of the corresponding
mRNA( 1). This 5' untranslated sequence contains stop co-
dons for translation (either TGAor TAG) in all three reading
frames, thus suggesting that the ATGin the position + [1-3 ]

Figure 4. Primer exten-
sion analysis of the
BPAG1 mRNA. Kera-
tinocyte RNA(30 ,g)
was used as template for
primer extension with
an oligomer PEI (see
text). A band of - 100
bp is noted on lane 3,
which contained the
complete reaction mix-
ture. Lanes 1 and 2
show a negative control
(RNA omitted) and a
positive control (a 110
bp extension product
from mRNAprovided
in the commercial kit),
respectively. Lane M
contains molecular
weight markers of the
OX174Hinf I digests.

codes for the first amino acid (Met) of the translated protein.
These features suggested that the region extending from -1 to
-2,637 contains the promoter for BPAG1gene.

Further elucidation of the upstream sequences revealed the
presence of several cis-regulatory consensus motifs. Specifi-
cally, there were three AP-1 (29) and three AP-2 (30) putative
binding sites within the region extending from -1,041 to
-2,303 (Fig. 5). Furthermore, the presence of a retinoic acid
responsive element (RARE) (31), a cAMPresponsive element
(CRE) (32), and eight glucocorticoid responsive elements
(GRE) (33, 34) were noted (Fig. 5). The functionality of these
consensus motifs remains to be tested.

Expression of BPAGI promoter/CAT reporter gene con-
struct in cultured cells. To test for the functional promoter activ-
ity of the 5'-flanking region of the BPAG1 gene, several chi-
meric promoter/CAT reporter gene plasmids were constructed
(see Methods). The largest of them, pBP2.6CAT, extended
from -1 to -2,637. Six additional 5' deletion constructs were
developed, as described in Methods and in Fig. 6. These con-
structs were then utilized in transient transfections, first in cul-
tures of human epidermal keratinocytes that have been previ-
ously shown to express the BPAG1 gene, as detected at the
mRNAlevel (9, 35). Assay of CATactivity in cells transfected
with these constructs revealed clearly detectable activity, while
essentially no activity was detected in cells transfected in paral-
lel with pBSOCATas a negative control. The activity observed
in parallel transfections of keratinocytes with the seven differ-
ent constructs revealed reproducible variability, after correc-
tion of the CATactivities by the f3-galactosidase activity in the
same samples (Fig. 6). However, the variances were relatively
small, with the exception of pBPO.9CAT, which consistently
showed about five- to eightfold higher activities than those
noted with pBP0.7CAT and pBPl.4CAT constructs (Fig. 6).
These observations suggested the presence of upregulatory, en-
hancer-like elements within the regions - [717-924], and the
possible presence of downregulatory, silencer-like elements
within the regions - [924-1,427 ]; however, these regions were
not examined in further detail.

Evidencefor tissue specific expression. The 230-kD BPan-
tigen is expressed exclusively in the cells of stratifying squa-
mous epithelia, including epidermal keratinocytes (2). In this
study, we first examined the expression of the BPAG1gene at
the mRNAlevel by Northern hybridizations with RNAiso-
lated from a variety of normal and transformed cells of epithe-
lial or mesenchymal origin. As indicated in Fig. 7, a clear signal
corresponding to the 9 kb mRNAtranscript of BPAG1 was
detected in normal human keratinocytes (NHK), while no ex-
pression could be noted in NIH3T3, HeLa, WISH, or KB cell
cultures. Extended exposure (up to 5 d) of the filter to the x-ray
film did not reveal the presence of a mRNAtranscript of the
same size in the latter cultures (not shown). Rehybridization
of the same Northern filter with the GAPDHcDNArevealed a
clearly detectable, relatively even, signal of - 1.3 kb in all lanes
(Fig. 7). Thus, the BPAG1 gene is expressed exclusively in
normal epidermal keratinocyte cultures maintained in low
(0.15 mM) Ca" -containing serum-free medium, conditions
that allow the maintenance of the basal keratinocyte pheno-
type.

Recently, two nucleotide sequences potentially conferring
tissue-specific expression of several genes in epidermal cells
have been identified. One of these sequences, 5'-AARCCAAA-
3', designated as a CK-8mer, has been identified in a number of
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-2637 TCTAGAACACACTCAGTAAATGTTAGTTCAGGTTCCCTTTCTGCCACGCTTCTACAAGTG
-2577 GATTTACTCCATGAAATCAT

GCCCAGGAAG
CAGTCTTAAC
GGACCTAGAC
AGACTGGGTA
AGGCCTCACA
GGCAAGAGCT
CATTACCATG
CCCACAGCTT

GTACCATTTA
CTGGACCTGG
CTTGCAGGGT
ATTTATAAAG
ATCATCCTCC
TGTGCAGGGG
AGAACAGTAT
GACACATGAG

GSAAACCATATTTACAGGGA
CTCTGCACAGTAGCCACACT
ATTAGTTTTC TCGAGAAACT
AACTCTCATGTTTCCATGTA
TTCGGTGATTGCTTAAGTCT
AACCCTTCTTTTTTTTCTGT
CATTAGAGGTGCTCAGTATT
ACGTTGTGAAATAATGCATA
ATTAAATTAC TGATTACATT
Tg ACAAGCCATA
TGATTGAAATGAGATACTAT

CACTAGTTCTCTGTCATTTTGTCTCTCACTACATCCAGTT
GTCTTCAGGAAATGCTTGTTGGATGAATTTGTCTCCCTTA
GAATTGTGATCTGTGTTCCTCATTAGCCATGAAGCTCATA
GTATTAGTCCATTCTCACGCiTGCTAATAAAGACATATCTG
GAAAGAGGTTTMTTGACTCACAGTTACATATGACTGGAG
AAGGCGAATGAGGAGCAAAGTCACATCTTACATGTCAGCA
AACTCCATTTACAAAACCGTCAGATCTCTTGAGACTTATT
GGGGGAAATCGCCCCCGTGATTCAGTTATCTCCACCTGGC
GATTATTACAATTCAAGATGCGATTTGGGTGGGACAG
ATGGCCTGTGTGCCAGACACACCTCTCCAGCCCCCTTGCT
GGTGCCTTACACCTAAACATTCTCAGATCTCAGCTCCAAC
TTCCATGG- T CCCTAAGGCTAGTTCAGATATGTTGCTTAG
TTGTTCCTCTATAGTGCTTATGTTGGTTGTATTTTTATAT
TGCCTATTCCACAGATATGAGCTCCAACAATGTGGAGAGA
CCCTTGCGTTGCCAGTGCTTTACACAGCGCCTGACACAAA
GTCAIT.GTTT CTGTGCCTTACACAfGACT TC4;GATTCA
AAATAAATATATGAGAGCATGTCTAACCTGTCAGTCCTTT
TATGTTAAAGTATAATAATA TGTGTACATAACTGGATTAT
AATATACAGGATGCAGCTTTTACGGAAAAGGTAATTTGAG
GTTAATCATTTGAAATAATGGAAAAGTATTCCAGAGGATA

-1377 CAGAGTAGATTTTTAGTCAT CAGAACAGTAGCTGAATTTTAAGATATGTTCATAAAAGAA
-1317 AGCAGAGAGTGGTTGAGAGTTCAGGGCCTAGAAGCCACTCAATTTTAAAT TAGATTATTA
-1257 GCTCAGCCTGCAAAGTTGTATGATGTTAGACAAGTTCTTTAACCGTCTAAGCCTCAGTTT
-1197 CTTCATTTGTAAACAGGATGTAATAGTGCCTACTACATTGGGTGGTTATGAGTATGAGAT
-1137 GAGTTATGTATCTAAAATGATTAATTTCTT 4TI4ATA ATTACTTAAT AAATGCCAGG
-1077 TGCCACTGTTATTGTTTTGAGCTATTCTXGTTCAOTCACTATATTTGATGTGGCACTCTCA
-1017 CACTGATCTTAGCCAAAAGGCCAAGAAGCAATTGGTGTGGCACTCTCAAATTTCCCCTTT
- 957 CTTGACCCCTGAAAAGAAAAATATCTATTC TTAGAGTGGAGAAGTAACAGTATTATTGGA
- 897 GGTAGGAAAATATTTAGGAGGCTGGTTGATAAATGCCTTCATGTTTCTTGATGCGAATTT
- 837 TTTGGCATTGTCTATGTATT GCGAGTAATAGCTATGTGGCATCCAAGTGTATCAAAAACA
- 777 AATGGGAAAGAGCCAGTGTTCTTATGCCATGTAATATCCTATAGAATGGAAAAACAAGCA
- 717 CAGACAAATTAAATTTGTAAGCATTGCATCAGTATTCTACTTGGCACTTTATAGTAGGTT
- 657 TAGAAGTAACATTACTGGGAGCGTGTCATATAAAGAAAGGTAAATGGATACTTTTTCCAT
- 597 TAATTTAACC TAATAAACAAATGACATGGTGGTTAAAATGGAAGCGTACTTTGCTTCTCA
- 537 TCAAATTCATTTGTTTATAGGTACTTCATAATTTCTAGCTGTTTGCCTTCCTTACATTAT
- 477 TCAGCACAGACCTGGTCTTTTGCAGAAGTCAGACTATGATTGGATATTTGTGTTCTTTTA
- 417 GCTAATGATTGGTATTGCCAGAATAATCTTTACTAGTTGTCCTGGACATCTGTGAGGCAT
- 357 CTGAGTTGTTTTTTAGGTCG TTGCAATTGGATGACTCTTAGTGCAAATATTTGGCATATC
- 297 CTTTCCAGTGACGCCC44 TGCCTGCTTTGTTCATACTTGTAGGGTTTTAATACAAGCT
- 237 ACAAAAGGCAAACCTCA T AGCAAACGAATGCTMACGCTAGATTCTTTTGAATAGTT
- 177 ATCAGCATATTATTTGCTGTGTGTTGCATATGCATGTTGAAGCA AGGAGCCACT
- 117 AAAAGCTGTAATATTCAGCTGCCACTTTTCACCGTTAGAAGTAGAGCTTTTTCCAGACCT
- 57 CCTACCTTTTAGTCTACTTTGAAACCTGAAAGAAAGAACATCGTTTCAGGAATAAAA

+1 ATG CAC ACT ACT ACT TAT AGT TAC CGT AGC ACT GAT TCT GTG TTT
MET His Ser Ser Ser Tyr Ser Tyr Arg Ser Ser Asp Ser Val Phe

+46 ACT AAC ACT ACC AGC ACT CGA ACC ACT CTT CAT TCA AAT GAA AAT
Ser Asn Thr Thr Ser Thr Arg Thr Ser Leu Asp Ser Asn Glu Asn

+91 CTT CTC TTG GTT CAT TGT GGT CCA ACA CTG ATC AAC TCT TGC ATT
Leu Leu Leu Val His Cys Gly Pro Thr Leu Ile Asn Ser Cys Ile

+136 AGC TTC GGC ACT GAA TCC TTT GAT GGA CAC AG gtattgaatcattgg
Ser Phe Gly Ser Clu Ser Phe Asp Gly His

Figure 5. Nucleotide sequences corres-

ponding to the 5' end of the human
BPAG1gene and the deduced amino acid
sequence of exon 1. Note the presence of a

methionyl residue corresponding to the
nucleotide position +1 to +3, followed by
a 55-amino acid peptide encoded by exon

1. The 3' end of the exon 1 contains two
nucleotides correspond-ing to a split
codon for Arg (AGG). Note the presence
of a putative TATAAAbox (double
underline) and CCAATbox (dots above).
Several additional putative cis-regulatory
elements were identified in the 5'-flanking
region, including three AP-l (in), three
AP-2 (L) sites, a retinoic acid respon-
sive element ( 'i, a cAMPresponsive
element ([ ]), and eight glucocorticoid re-

sponsive elements (underlined). Also, note
the presence of two segments that may
confer keratinocyte-specific expression to
the gene, CK-8mer (FE) and the KTF-l
binding site (Z). The putative transcrip-
tion initiation site is indicated ( T.). The
DNAsequences reported here have been
deposited in the GenBank data base under
accession no. L08972.

keratin genes, as well as in the gene for human involucrin (36-
38). An identical segment in the 5'-flanking region of the hu-
man BPAG1 gene was detected in the position -[1,488-
1,495 ]; we designated this motif as Keratinocyte Responsive
Element-l (KRE 1). A second sequence, 5 '-ACCCTGAG-
GCT-3', previously described as the binding site for Keratino-
cyte Transcription Factor- 1 (KTF1), has been identified in
xenopus epidermal keratin gene (39). The corresponding
trans-acting factor was subsequently shown to be identical or

closely related to AP2 (40-42). Examination of the 5'-flanking
sequences in human BPAG1 gene identified a nucleotide se-

quence highly homologous, but not identical, to the KTF1
binding site in the position -[ 1,878-1,888 ]. This sequence in
the BPAG1 promoter was 5'-TCCCTAAGGCT-3', and was
designated as KRE2. These observations suggested that the con-

struct pBPl .9CAT may contain elements conferring tissue-
specific expression of the BPAG1 gene in keratinocytes.

To examine the tissue specific expression of the BPAG1

gene at the transcriptional level, several cell types, one being
expressing (normal human epidermal keratinocytes) and the
other ones being nonexpressing (KB, WISH, HeLa and NIH
3T3 cells; see Fig. 7), as well as normal human skin fibroblasts
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Figure 6. Construction of a 5' deletion library of the BAPG1 5'-
flanking region linked to the CATpromoter gene and assay of CAT
activity in human epidermal keratinocytes transfected with BPAG1
promoter/CAT constructs. The construction of individual DNA
fragments corresponding to the 5'-flanking region of the BPAG1gene,

is described in Methods. These DNAfragments were cloned into a

multiple cloning site in pBSOCAT, a promoterless construct contain-
ing the entire CATgene, small t intron, and polyadenylation signal
in plasmid Bluescript. Seven different 5' deletion constructs contain-
ing the promoter region with their 3' end at -1 and the 5' end varying
from -2,637 to -519 were transfected in parallel. The CATactivity
was determined by separation of acetylated and nonacetylated ['4C]-
chloramphenicol derivatives by thin-layer chromatography. Each
construct was examined in two parallel cultures. The CAT activity,
expressed as percent acetylation, is indicated on the right (mean of
the two parallel transfections of each construct after correction for
transfection efficiency by fl-galactosidase activity in the same sam-

ples). The values represent the activity above the control value noted
in cells transfected with the promoterless pBSOCAT.

GAPDH

07~<
1.1.

ex

Figure 7. Demonstra-
tion of the BPAG1gene

expression in normal
human keratinocytes by
Northern analysis. To-
tal RNAwas isolated
from normal human
keratinocytes (NHK),
mouse NIH-3T3, HeLa,
WISHor KB cells in
culture. The Northern
filter was first hybrid-
ized with a human 1.7
kb BPAG1 cDNA
(top). Note a clear sig-
nal with the NHKRNA
corresponding to the 9
kb BPAG1mRNA.The
same filter was subse-
quently hybridized with
a GAPDHcDNA(bot-
tom) indicating the
presence of this ubiqui-
tously expressed 1.3 kb
mRNAin all lanes in
approximately even

amount. Thus, normal
human epidermal kera-
tinocytes selectively ex-

press the BPAG1
mRNA.

constructs were noted in HeLa cells, while the activity of the
pBPl.9CAT was about one third of that noted with
pBPO.5CAT when NIH-3T3 cells were used for transfection
(Table I). The role of one of the putative tissue specific ele-
ments, KRE2, which has been previously suggested to confer
tissue specificity to the expression of the human keratin 14
gene (41, 42), was examined in further detail. Specifically, an

oligonucleotide fragment consisting of 5'-ATGGTTCCCTA-
AGGCTAGTTC-3'(positions -1893 to -1873 in Fig. 5) and

that were previously shown not to express this gene (9), were

transfected in parallel with the pBPl.9CAT. As indicated
above, this construct contains the two putative sequences po-
tentially conferring tissue specificity of expression. The results
indicated a high level of expression in normal human keratino-
cytes, while the promoter activity in other cells tested in paral-
lel was less than 10%ofthat noted in keratinocytes, after correc-

tion for f3-galactosidase activity as an index of the transfection
efficiency (Fig. 8). Thus, - 1.9 kb of 5'-flanking sequences of
the BPAG1 gene appears to contain cis-elements which confer
tissue specificity to the expression of the gene. This hypothesis
was further tested by transient transfections of normal human
keratinocytes, HeLa cells and NIH-3T3 fibroblasts in parallel
with the pBPl.9CAT and pBPO.5CAT constructs. The latter
construct is devoid of the putative cis-elements that may confer
the tissue specific expression to the BPAG1 gene. The results
indicated that the promoter activity with the pBP1.9CAT con-

struct was significantly higher than the activity noted with
pBPO.5CAT when transfected into normal human keratino-
cytes (Table I). In contrast, similar levels of activities with both

Figure 8. Relative pro-

_00 moter activity of the
-pBPl.9CAT construct

in transient transfection

of cultured cells. Cul-
tured cells were cotrans-
fected with the

U 50- pBPl.9CAT construct

containing 1.9 kb of the
5'-flanking DNAwith
putative tissue specific
cis-elements and with
SV2,BGal construct.

CELLS NHK NHF KB WISH HeLa NIH3T3 Equal aliquots of the
cell extracts were as-

sayed for CAT activity. The values are expressed as the activity of
CATafter correction for fl-galactosidase activity, and the relative ac-

tivity in NHKwas designated as 100%. Note that the BPAG1pro-
moter activity in NHF, human epidermal carcinoma cells (KB), hu-
man transformed amniotic epithelial cells (WISH), HeLa, or mouse

transformed fibroblasts (NIH-3T3) was < 10%of that noted in NHK
cultures. The values are expressed as mean + SDof triplicate cultures
transfected in parallel.
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Table I. Relative Promoter Activities of the pBPJ.9CAT and
pBPO.SCATConstructs in Transient Transfections of NHK,
HeLa or NIH-3T3 Cells in Culture

CATactivity in cell cultures*

Construct NHK HeLa NIH-3T3

Promoter activity pBPI.9CAT 7.16 0.91 0.07
(% Acetylated) pBPO.5CAT 2.75 1.41 0.23

Relative activity* 2.60 0.64 0.29
(1.9CAT/0.5CAT)

* NHK, HeLa and NIH-3T3 cell cultures were transfected in parallel
with the BPAG1promoter/CAT constructs indicated, together with
SV2,BGal construct, as described in the text and in Figure 8. The val-
ues are mean of two parallel determinations after correction for the
fl-galactosidase activity in the same cell extracts.
* The values represent ratios of the activities obtained with
pBPl.9CAT and pBPO.5CAT constructs, as determined from the
mean values noted for each cell type.

containing the KRE2 binding sequence (underlined), was li-
gated in front of the pBPl .4CAT construct to generate the con-
struct pKRE2/BPl .4CAT (Fig. 9). Parallel transfections with
pBPl .4CAT and pKRE2/BPl .4CAT constructs showed that
there was no difference in the CATactivity when human skin
fibroblast cultures were used in transient transfections (Fig. 9).
In contrast, the construct containing the KRE2 element
showed about threefold higher activity in human epidermal
keratinocytes, in comparison to the unmodified pBPl.4CAT
construct. The activity noted with the pKRE2/BPl .4CAT was

pBP1.9CAT _- CAT

pBP1.4CAT 3

pKRE2IBPI.4CAT _O CAT

pMKRE2IBP1.4CAT -
CAT

CAT Constructs

1 I 1 I I
0 50 100 1 50 200 250 300 350

Relative CAT Activity (%)

Figure 9. Demonstration that the KRE2 element provides tissue
specificity for the BPAG1 gene expression. The construct pBP1.9CAT
containing the KRE2 sequence (- o) at the position -[1,878 to
1,888], and pBPl.4CAT were transfected into NHK(in) or NHF(in)
in culture. Note the - 3.5-fold higher activity with the pBPl .9CAT
construct in keratinocytes while no significant difference in fibroblasts
was noted, after correction of the CATactivity to the f3-galactosidase
activity in the same cell extracts. Cloning of a 2 1-bp sequence con-
taining the KRE2 element (- ) in front of BPl.4CAT also resulted
in 3.0-fold higher activity in keratinocytes, but not in fibroblasts,
in comparison to pBPl.4CAT. A mutated construct, pMKRE2/
BPl.4CAT, in which two C -- A substitutions were made in the
KRE2 sequence (see text), showed activity similar tQ that of
pBPl.4CAT. The values are expressed as relative CAT activity, as a
percent of the activity noted with pBPl.4CAT in NHK, and the val-
ues are mean±SDfrom 2 or 3 parallel samples in 3-4 separate exper-
iments, after correction of the activity for fl-galactosidase activity in
the same cell extracts.

approximately at the same level as was obtained with the
pBPl .9CAT construct in parallel transfections (Fig. 9). To ex-
amine the role of KRE2 in further detail, a similar construct
that contained a mutated KRE2 sequence, 5'-ATGGTTC-
AATAAGGCTAGTTC-3' (the C to A substitutions under-
lined), was generated. This construct, pMKRE2/BPI.4CAT,
did not demonstrate elevated activity, as compared with
pBPl.4CAT (Fig. 9). Thus, these observations provide direct
evidence for the role of the KRE2 sequence in tissue specific
expression of the BPAG1gene.

In conclusion, we have elucidated the exon-intron organiza-
tion of the entire human BPAG1 gene coding for a 230-kD
protein, the major autoantigen in BP, an acquired autoim-
mune disease. Furthermore, we have characterized regulatory
elements in the promoter region of the gene, and identified 5'
segments potentially providing tissue specificity of the expres-
sion. The development of these promoter/reporter gene con-
structs now provides a means to study the transcriptional regu-
lation of BPAG1 gene by cytokines and growth factors, such as
transforming growth factor-(3, which has been shown to modu-
late the corresponding gene expression at the mRNAlevel
(35). Understanding of the structure and regulation of the
BPAG1 should facilitate not only elucidation of BP, but also
the search and identification of mutations in heritable diseases
affecting the cutaneous basement membrane zone, such as epi-
dermolysis bullosa (7).
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