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When a sex hormone-binding globulin (SHBG) cDNA
was used to screen a human testicular cDNA library,
three distinct cDNAs were isolated, one of which
corresponds to the human SHBG cDNA sequence
and probably represents testicular androgen-bind-
ing protein. The other two SHBG-related cDNAs each
contain unique 5’ regions that diverge from the
SHBG cDNA sequence at the same position, and one
of them (SHBGr-2) lacks a 208-base pair region
within the SHBG cDNA. As a result, this CDNA could
potentially encode for a truncated form of SHBG
which lacks N-linked carbohydrates and part of the
steroid-binding domain. Southern blots of human
placental DNA and cloned genomic DNA fragments
also indicate that SHBG and its related testicular
cDNAs are the products of a single gene. Sequence
analysis of the gene indicates that the complete
coding region for the SHBG precursor is comprised
of 8 exons, which are distributed over 3.2 kilobase
(kb) of genomic DNA, and the unique 5’ regions
associated with the two SHBG-related testicular
cDNAs were identified 1.9 kb upstream from the
initiating codon for SHBG. In addition, the deletion
within SHBGr-2 is due to the removal of exon 7, and
an interesting feature of the gene is that differen-
tially used exons are preceded by Alu repetitive DNA
sequences. Although the relative abundance of the
various SHBG-related mRNAs in the testis has not
been established, Northern blot analysis indicates
that they are similar in size (1.6 kb) to that of hepatic
SHBG mRNA. (Molecular Endocrinology 3: 1869-
1876, 1989)

INTRODUCTION

Sex hormone-binding globulin (SHBG) and androgen-
binding protein (ABP) are closely related, extracellular
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steroid transport proteins (1, 2) that are produced by
hepatocytes (3) and Sertoli cells (4), respectively. They
are both characterized as approximately 90-kDa gly-
coproteins (5), and direct analysis of human SHBG has
revealed a single amino-terminal sequence (6, 7) for a
polypeptide of 373 residues (8). Consequently, it is
generally assumed that SHBG and ABP are homodi-
mers of approximately 50-kDa subunits, and this has
been confirmed immunochemically (6, 9).

Human SHBG and ABP may be distinguished by
virtue of their affinities for Concanavalin-A (10), and the
purified proteins exhibit minor variations in their peptide
maps as well as in the sizes and relative abundance of
their respective protomers (2, 11). However, given the
degree of similarity that exists between the primary
structures of human SHBG and rat ABP (12, 13}, these
differences in physicochemical properties may be attrib-
uted entirely to heterogeneity in carbohydrate compo-
sition. It is, therefore, possible that SHBG and ABP are
encoded by a single gene, the products of which may
be modified by cell-specific differences in transcription,
mRNA processing, or posttranslational modification.

A genomic fragment that appears to contain the
transcription unit for rat ABP mRNA has already been
sequenced (14), but studies of the tissue-specific
expression of the rat ABP gene have been limited
because adult rat blood does not contain a SHBG-like
protein, and Northern blots of adult rat liver RNA are
negative when probed with a rat ABP ¢cDNA (13). This
is interesting because the hormonal regulation of SHBG
and ABP synthesis appears to be quite different. For
instance, the plasma concentrations of human SHBG
are increased by estrogens and T,, but are decreased
by androgens (15), while rat testicular ABP synthesis is
increased by FSH and testosterone (13). During exper-
iments designed to establish the molecular character-
istics of human SHBG and ABP and their genes, we
unexpectedly isolated a family of three different testic-
ular cDNAs that hybridize with a human SHBG cDNA
and have obtained evidence that they represent distinct
products of a single gene.
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RESULTS

Comparison of the SHBG-Related cDNAs Isolated
from a Human Testicular Library

Three classes of cDNAs were isolated from an adult
human testicular cDNA library, and the sequence of
one of them (SHBGr-1) is identical to that of the human
liver SHBG cDNA probe (16), but is 116 base pairs (bp)
shorter at its 5’ end (Fig. 1A). Upon excision from the
cloning vector with EcoRl, two other types of testicular
cDNA (SHBGr-2 and SHBGr-3) could be distinguished
by smaller 3’ EcoRlI fragments of approximately 300 bp
when compared with the 3’ EcoRI fragment of the
SHBG cDNA (Fig. 1A). Sequence analysis revealed that
SHBGr-2 is not polyadenylated, and when compared
with the SHBG cDNA it differs in two important re-
spects: it lacks a 208-bp region from within the 3’
EcoRI fragment, and their sequences diverge from each
other 48 nucleotides from the 5" end of the SHBG
cDNA (Fig. 1A). As a result, SHBGr-2 has a unique 5’
region of 96 bp. The sequence of the 5’ EcoRl fragment
of SHBGr-3 also diverges from the SHBG cDNA in the
same position and contains a distinct 5° sequence of
57 bp (Fig. 1A). The sequence of its 3° EcoRlI fragment
contains an inversion which appears to have been
generated by a loop formation at a palandromic se-
quence (5'-ATCTTGGCTCAGTCTCCACCTCCAA-
GAT-3’) present in all of the SHBG-related cDNAs.
Unfortunately, this cDNA was only represented by a
single clone.

Analyses of SHBGr-1 and SHBGr-2 indicated that
their major reading frames correspond to that associ-
ated with SHBG (Fig. 1B). However, due to the out of
frame deletion within the 3’ region of SHBGr-2, this
reading frame terminates prematurely compared to the
coding sequence for SHBG (Fig 1B). As a result, the
carboxy-terminal region of SHBGr-2 lacks two of the
four cysteine residues in the SHBG molecule as well as
the only two consensus sites for N-glycosylation (Fig.
1B). In addition, although the 5’ end of this cDNA does
not contain an initiation codon within this reading frame,
it encodes for 32 amino acids that are predominantly
hydrophobic and which may, therefore, represent a
signal peptide (Fig. 1B).

Southern Analyses of the Human SHBG Gene

When analyzed by restriction endonuclease digestion
and Southern blotting, eight different human genomic
clones from a pCVI08 cosmid library (17) contained 3.1-
kilobase (kb) and 0.8-kb EcoRI fragments that hybrid-
ized with the 5’ EcoRl fragment of the SHBG cDNA.
Moreover, EcoRl and several other enzymes produced
very similar hybridization patterns when human placen-
tal DNA and one of these genomic clones (hgSHBG-6)
were both analyzed in this way (Fig. 2, A and B). They
varied, however, with respect to the size of a single
EcoRI fragment that hybridized with the SHBG cDNA
3’ EcoRlI probe (not shown). Since an EcoRl site is
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Fig. 1. Schematic Representation of the cDNAs (A) and Pre-
dicted Reading Frames (B) for SHBG and the SHBG-Related
Gene Products in the Human Testis

A, Common sequences in the SHBG, SHBGr-1, -2, and -3
cDNAs are shown as solid lines. The 3’ region deleted in
SHBGr-2 is indicated (dashed lines), and 3’ sequence inver-
sion in SHBGr-3 is shown as a jagged line. The location of the
common EcoRl restriction site is also indicated (E), as are the
stop codons used in major reading frames. B, Major reading
frames (boxed) for SHBG and SHBGr-2 are shown. The
hatched and stippled boxes represent the different amino-
terminal sequences of SHBG and SHBGr-2, respectively. The
out of frame deletion that results in the truncation of SHBGr-
2 is shaded, and its predicted carboxy-terminus is represented
by a solid box. The location of cysteines (c) and the two N-
linked oligosaccharides (circles) are shown.

located close to the 3’ cloning site (BamHI) of the
cosmid vector (17), the clone (hgSHBG-6) containing
the largest hybridizing EcoRI fragment (~4.0 kb) was,
therefore, selected for DNA sequencing. Restriction
digests of hgSHBG-6 were also analyzed using the
SHBGr-2 cDNA 5’ EcoRI fragment, and this revealed
an additional Pstl fragment (~500 bp).

One other genomic clone produced a different restric-
tion pattern when analyzed with the human SHBG
cDNA probes. However, subsequent comparisons of
the hybridizing fragments with the SHBG gene se-
quence (see below) indicated that this clone contained
only a portion of the 5" region of the gene, but extended
in the 3’ direction to include at least the approximately
13-kb EcoRI fragment observed on the Southern blot
of human genomic DNA (Fig. 2C).

220z 1snBny /| uo Jesn soisnp o juswpiedaq 'S'N Aq LE8EL/Z/698 1/ L/E/RI0IIE/PUSW/WOD dNO"dIWBpEoR//:SAY WOy POPEOIUMOQ



Characterization of the Human SHBG Gene

1871

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Fig. 2. Southern Analyses of the Human SHBG Gene
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Samples of hgSHBG-6 cosmid DNA (A) and placental DNA (20 ug; B and C) were digested with restriction endonucleases,
fractionated by electrophoresis on 0.6% agarose gels, and transferred to a nylon membrane and nitrocellulose, respectively.
Immobilized DNA restriction fragments were hybridized with either **P-labeled, SHBG 3’ EcoRI cDNA (C) or SHBG 5’ EcoRI cDNA
(A and B). The resulting signals were visualized by autoradiography for 7 days (B and C) or 60 min (A) at —80 C. Lane 1, EcoRl,
lane 2, BamHlI; lane 3, Hindlll; lane 4, Pstl; lane 5, Pvull. The positions of DNA molecular size standards in kilobases are shown on

the right.

Sequence Analyses of the Human SHBG Gene

We have sequenced 6.1 kb of human genomic DNA
located 2.1 kb from the 3’ end of an approximately 40-
kb fragment (Fig. 3). This includes eight exons which
span 3.2 kb of genomic DNA and comprise the entire
coding region for human SHBG. The sequence of the
first of these exons has also revealed a potential initia-
tion codon (ATG) for the SHBG precursor polypeptide.
The deduced signal peptide is predominantly hydropho-
bic and contains an unusual repeat of 10 leucines (Fig.
3). The DNA sequence immediately 5" of this region
was examined for possible regulatory elements, and a
sequence (5-GCCCCTGTTTCCT-3’) that is re-
lated to a liver-specific enhancer (5'-GCCCCTGTTT-
GCT-3') in the human «;-proteinase inhibitor gene pro-
moter (18) was identified 115 bp from the proposed
initiation codon for the SHBG precursor.

Within the human SHBG gene sequence we have
also identified the unique 5 regions that correspond to
the testicular cDNAs SHBGr-2 and SHBGr-3 (Fig. 3),
and we have determined that the deletion of 208 bp in
the SHBGr-2 cDNA is due to the omission of exon 7.
Another interesting feature of the human SHBG gene
sequence is that introns preceding exons that are dif-
ferentially used in the testis contain either single or
multiple Alu sequences (Fig. 3). A partial restriction map
summarizing these structural features of the SHBG
gene is illustrated in Fig. 4.

Comparison of SHBG-Related mRNAs in the Human
Liver and Testis

A Northern blot of human liver, testicular, and ovarian
poly(A)* RNA was hybridized at high stringency with

human SHBG cDNA probes to compare the relative
abundance and sizes of SHBG-related mRNAs. The
resulting autoradiogram (Fig. 5) demonstrates the pre-
sence of hybridizing mRNA species of 1.6 kb in only
the liver and testicular extracts. Based on the relative
intensities of the signals obtained, the liver appears to
contain slightly (~2-fold by densitometry) more SHBG-
related mRNA than does the testis. In addition, the
relative intensities of these signals did not change dur-
ing the process of increasing the washing stringency
from 0.2 x SSC at 42 C to 0.1 X SSC at 46 C. The
human liver RNA also contains an approximately 2.5-
kb mRNA that hybridized with the SHBG cDNAs, and
this signal persisted even when the blot was washed
to high levels of stringency. The identity of this mRNA
is unknown, but it might represent incompletely proc-
essed SHBG mRNA.

DISCUSSION

The identification of three distinct, SHBG-related
cDNAs within an adult human testicular library was
unexpected, but the fact that two of them diverged
from the human SHBG cDNA sequence in the same
position suggested that they were not cloning artifacts.
Furthermore, although it is important to note that the
two novel SHBG-related cDNAs we have identified have
not previously been detected in either human adult (16,
19) or fetal (20) liver libraries, an ABP cDNA with an
unusual 5’-terminus has been isolated from an imma-
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GAATTCGGCTAGCTCCTAAGGEGTGGGTACGGAAGCTAGA T TAGAGCAGAAGGGCCCCGC TGLTCCLCGAGCAGGT TCCCAAGGCGAGCCLL TCCCLCTGLTCCCGLCTCCTACGACCLCGLTCIGGLCGLGCCACTCTGACCLLCGLGT 150
TACCGGCCTGCAGTCTTCACCCGAATCAGCCTCAGGATATCTCCACAGTCTCCCTCCTTGGCCTCTCGGATCCGCACGGAAGLCATCCGGATCCCCGLTGTCTGGGACCAAAGT CCCAGGGCCTCGCAAACGGCAACTAGACCCCT TAAA 300
GGGCCTACGGAC T TGGATCCTGAAGAGCCTGAGAGAGCGGGETGGCGGGAGTC AGCCGCGGCCTGAT, TGGGATTCCGGCGCCGTACGGGAGGAGAGAGTAGGCCAGCGAGGLGATCCTCIGICC 450
ccuuccccucccccrcnml:rcrccuoucccnﬁauncmrcAnccmcmcvmcmmnccnccnccccsrccccm 600
SHBGF -2 PR FKGSPAVLFEKLTYAVYITCFSLRLTHPPRPWV
GAGTGAAGCGGCTTCCTTGCGGT IGTGTGGGTGTCCCAACCTGGGTCGAGA FACCCCGCGGT FCAAAGGCTCCCCCGCAGTGCTTT T TAAATTGACATATGCAGTGATAACCTGCT FTAGCCTCAGGC TCACTCACCCGCCCAGACCCTG 750
GGTAAGCCTTAAGACCCTCAGCTCTGAAAGCTGT TTCCTGCAGCTCTTGAGTAGCATGAAGTGT TACCTCTTGGGGGCAT FTGCAT T TTTAAATGTTTTATTTTATATTTATTTATTTATTTATITTTGCAGATGGTGTATTGETTIGIC 900
GCCCAGGCTGGAGTGTAGTGGEGEGATELTCTGCTCACTGCAGCETCCACCTCCCGAGT TCAAGEGATCCTCCTGTCTCAGCCTCCGRAGTAGLT GGAACTACAGTCGCGCACCGGCACGCCCGGCTAATTITTTTTICTTTTTTCIICIC 1050
TITITTTTTGYYTTAACGGATTCTCACTCTGTCACTCAGGCT GGAGTGCAGY GGCGCGATCTCGGCTCACTGCAACCTCTCCCTCCIGGGTTCAAGCGATTCTCCTGCCTCACCCTCGGAGTAGCTGGGAT TACAGGCAT GGGCARCCAT 1200
ACCTGGCTAATTTTTGTATT 11 TAGTAGAGACGGGGT T TCACTATGT TGGCCAGGCTGGTCTGGAACTCCTGACET CAAGTGATCTGCCCGCCTCAGECT TCTARAGT GCGGGGAT TACAGATGTGACCCACCAAGCCCGGTCTGTCATT 1350
TGCATT TTAAAATGCGTCAT GGGGTGGGCACAGT GGCTCACACCTGTAAT CCCAGCAT TT1GGGGAGGCAGAGGCAGGCGGATCACTGAGATCAGGAA T TTGAGACCAGCCTGACCAACATGET GAAACCCGTCTCTACTAAMATACARA 1500
ATTAGACAGGTGTGGT GGCGCATGCC TTTACTCCCAGCTACACGGGAGGL TGAGACAGGAGAAT CGCT TGAACCTGGGAGGT GGAGGT TACAGT GAGCCGAGAT CGTGCCAT TGCACT CCAGCCTGGGCAACAAAGCGAMETCCATCT 1650
CAAAATAAATAAATAARA TARAATGCGTCAGGGAGEGT CGGGCC TTGTGGCTAATGCCTGTAAT CCAGGTACT T T6GGAGGCTGAGGT GGGCGGATCATT TCAGGTCAGAGGTTCGAGATCAGCCTGGGCAACGTGGTGAAATCCCEGTC 1800
TCTACTAAAAACACAAAAAAAT T TGCTGGGCGTGGTGGTGCGTGCACCTGTAGY CCCAACTACTAAGGAGGC TGAGACAGGAGGAT CGCT 1GAACT CGAGAGGCAGAGGCAGCAGT GAGCCGAGATCACTCCACTGCACTCCAGCCTGGG 1950
TGATAGAGCAAGACTCTGTCTAAAATAAAATAAAATAAAATAAAATAAAATTGGGTCAGGGAGT GGGTGATTTCTACTGCTAGACTGT TTAGGCCCTGTAATAAATGGATAAGGGAAGATAACT GAGAGGCGGGGGGCAGGTCCCTTCTT 2100
AATATTCACIGAATCATACACACAGACAATACCT TC T1GGGAGACAGGCC TCAGAGGL T TCAGACCAGATGCCAGGCACTGTGCC TGCAT T1 TCTCAATGAACCCTCT TTCACAGTCACCCCGTAAAG 2250
TATTATTTCCTCAT TTTACAGCAAGGACACTGAAGCACAAAGGT GAAGTGACTTGGCCCAAGGT CACT CAGGGACAGAAATC T TGGAGGACCTAGATCAGGCCC TAGAGGAGGAGAGGGGAGAT GGAA TATCCTCTCCCAGT TCAGARAC 2400
TTTCTCGGCAGT GGAGGATGATAGTGGAGGGACTCTGTCL TTCACCCCAT TGATCCCCAGAGGGGTGATAGC TGAGTCTTGTGACTGGGCCCCTGGGCAGGGGT CAAGGGTCAGTGCCCCTGTTTCCT TTACCCCCTECTCCCCGGGCAA 2550

SHBG MWESRGPLATSRLLLLULLLULL
CCTTTAACCCTCCACCGECCACACGCAAGGCTGCCTGCCTCTACACAT TCTCCCAAGAGT TGTCTGAGECGCCGAGTGGACAGTGGLTGAT TATGGAGAGCAGAGGCCCACT GGCTACCTCGCGCCTGLTGCTGTTGCTGCTGTTGETAC 2700

L LR HNTRQGWVALRPYLPT QO
TACTGCGTCACACCLGLC CCTGAGACCTGY TCTCCCCACCCAGGTGCAGGAGCGGGACAGGGCACTCAGCTCATGCAGTCTTCCCTTCTCTCCTCTGGCCCTGTAGCAGGGECTCTCCCTCTGTCTGTCTCTGACATGTC 2850

S AHDPPAVHLSNGPGQEPIAVNENTFODLTEKILT
CEIACYCABCTXHs"TGIIHCTCXtTCYGATAUGIQCCCACGACCClCCGEUGTCEACCTUGCMIGGCCCAGGACAACAGCCIAICGCTM‘CA'GACC"TGAI:C'CACCMGAICACMAGU'GGGG”EGCCUGECCYTG 3000

Ex3 _
ACCCAGTCCCCTGGTTCTGECCTCTCTCCATCAGETCTTCTCTTFTCCCTGTCTTCCTTTCCTTATCTGTGAACACCATCTCCCCCAAACCCACACTGGT TCTCAAAGGACACATGACATACACAATCTTTCCTTCTGTGTCCTTCCAGA 3150

T SSSFEVRTWDP GV1IFY&DTNPK DWFMNLGLRDGRPE HoMHVAQLTV
AccrcuccxccnmcmrcmccmcuccumccmmunnrlArcccmucuAcccrncmtu:vccvvumcvcsmc1rcucAcmumccrmmrccucrmcnmctccnccum:nncm;m 3300

6 A GPRLDDGRUWHMHDOGQ
GGTGCTGCACCACGGCTGGA CAGGTAAGCTAGCTCTGGTCCTC CTGGAGCTGGTC AAGGGAACAAAACCAAGT TATTGGGCATCCCTTTACCACTGTCATCTCGTTTAATCCACA 3450
CGMCCCCUCAMG’AGCVA"C'YGGCCCCAICV"!CTGA1GEGAAYlClAAGGCYCAGTCAGYATAUAG!GACMGAGCTGAGTGACCCMGGCCMGGAYGCUEEIGCT1C"YMGGCATGYICIT\'CCAUATIGIACIAG 3600

EVKNWNEGDSVLLEVYDGETEVLRLRDO

Vs G
GC!GCCYCACAGGAAGGYGGCAGAMCAGHCCCAGGGGCCTCIGATU!Gc”CCCACCTTCCTGCAGEYGGAAGTCMU1 TCTGTGCTGE TGCGCC TCTCTGGGE 3750

PLTSKRHPTIMRIALGGLLTFPASSELR RL
CCCCIQACCAGCMACGCCAYCCCMCATGAGGMIGCGCIIGGGGGGCIGCTCTTCCCCGC”CCMCCYICGGTIGCCGGMACTACACCCCAGGGG!GGMCCC'AGCCMGACTTGE!WGUCIGC'GWTGGCYGICGTGW 3900
AATCTAAGTCCACACTTTTAGGGAGA T TGAGAGCTG CAAATGC CAACTGAGGGCAGGGAGGTCGGGACT GCGCLTCCGATGCCCTGATTTCTACATCCCCGTATCTTATCTCIGTCA 4050

ExS LVPALDGSG L K @A E1 SASAPIT SLRSCDVESNPGEIFLPPGT
CACICCAGCIGGTICCY!}CCCTGGA'GGCYGCCYCCUECGGGAIYCCVGGUGGACMACAGGCCGACATCTCABCAYCTECCCCCACTAGCCIEAGAAGCYGIUTGIAGAAYCAMTCCCGGGAIAI"ETCECTCUGGGACYCAG\‘; 4200

AEF N LR Ex6
CAGMT‘CMYCIECGAOGHEAIIYCCTCGGAGKC“YY"YCCCACCCTGGCCAGCYCAGCCIGCCTCIGTCCCCC'CIACCACTCGCCCCTTTCEYCC”GAE!CC\ZCAGL"YGAGGCCTCAG&AYMICHTYUCCCC‘CAGAC 4350

1 PQP M AEPWUAFSLDLGLEKQAAGSGHNHLILALGTPEMNPSWYLSLHNLOQG@D Q__
ATTCCCCAGCCTCATGCAGAGCCCTGGGCCTTCTCT TTGGACCT GGGACTCAAGCAGGCAGCAGGC TCAGGCCACCTCCT TGCTCT TGGGACACCAGAGAACCCATCTTGGE TCAGTCTCCACCTCCAAGAT CAAGTAAGGGACAGTGGG 4500
CATTGCCTGTAYTCAGTGGAGCCT GGAGCAATGAGGAAGAGGGAGT CCAACATGTCAATAT TAGGAAGGT T TCCAGCCCAGGGAACATAACAAGACTGGCTCCACAGAATTGTTTTTCAT TAATAATTAGCCAGGCATGGTGGTGGTGET 4450
TGCCTGTAATCCCAGGTGCTGGAGGCCAAGACCAGAGGAT CACT TGAGGCCAGGAGY T TGACACCAGCCT GGGCAACATAGCAGAGACCTCTGTCTAAAAAAAAAAAAAAAT TAGCCAGGCATGGTAGCACATGTCTGCT GCCCTAGCTA 4800
TTTAGGAGCCTGAGGCAGGAGGTTCACT TGAGCCCAGGAGT ] TGAAGCTGCAGT GAGCTATGATGT GCCACTGCACTCTGACCTGGGCCACAGT GAGACCCTGTCTCAAAAAAATAAAAATAAAAATAAGGC TTATGGATGGCACTCAGG 4950
TGGGTGGTAGGGGCGAGGGACATATCTTGAAGCT CCCCACAGCAAGCAAACAGT TTTGAC T TAGACTGCATATTTACT TGGGGCAGGTGTGG T T TCAAAAAGGGTCAAGCCAAAAAAAAT TGGGGCAGGATTTAAGTGGTGAGAATGGCC 5100

Ex? _X ¥V V¥ LSS &S 6FPG
AGTAGGTGGAGGCA TAGCGAAGAGGCAGAATTAAGGCAGCTAGGGG TGAGGCCACAGGCAGTAGGCCCGGCTCATTCTTCCCTCTCTCTCTACCGTCCCT YTCCCACACACTCTGE TGTCTTCTGGGTCGGGGLCAGG 5250

LOLPLVYLGLPLOLCKL NS RVYV s Qo P
GCYGGMCYGCCCCYGGYUYGGGANCCCYC”CADUGMGCYGAGHYGYCUGGGYGGYC”MGCWGGGYCGAAEATWGGCCCYVGCCCYGCUCCC"AGGCCTGCTtCCCYCCC’TMCCYCTOGGCWGCCYCMGG 5400

R LFLGALTP
GCGTCTCTTCCTGGGGGLTT TACCAGGTAAGAGAGAATGATGT TCAAGTTCATGAGCACAACAT TGGAAACAGC TCAAGGGAGGCGGCACATTTT! CTC CAC/ TATG 5550

Ex8 EDS ST S FCL
CGGGCAGTGWCG'ACTGC"”GCMACICAGUTGGAGGAGIGGAMAGYEGGGAWGATTC'GGMCCGAGCCACCYYAATGCTCIMTGCCACCTT'GCAETACCICCCTCIAGUWGAC!CI".‘CACCYCT"I‘\‘GCC!GA 5700

N 6ELWVAQGORLDVDO QALNRSIHEIUWTHSCPOQSPGNGTODASH

ATGGCCTTTGGGCACAAGGT CAGAGGCT GGAT GTGGACCAGGCCCT GAACAGAAGCCATGAGATCTGGACTCACAGCT GCCCCCAGAGCCCAGGCAATGGCACT GACGCT TCLCAT IAMGC‘CUCCIMGMCCCCC"YWG"N 5850
CTGATTATTCATTTATTCAACAAATATTCACTGTGCACTAGCAATGTACCAGGCACTGTGCCAAGTAT TGAGTTGTCT TAATGAGCAAAARCACTCTGGT TCCTACCCTCTTGGTGCCCACAGT CCCATAGGGAAGCAGACATCCATCAA 6000
AGGCTAACTAATAAGTGGATAGTTGGAAGCACTGA TTGGAGAGT ATGGAGACTGGCGGGCGTGTGGCTC
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Fig. 3. Nucleotide Sequence of the Human SHBG Gene

An approximately 6100-bp portion of human genomic DNA spanning the human SHBG gene was sequenced and is numbered
in the 5 to 3’ direction along the righthand margin. Exons were identified by comparisons to an SHBG cDNA (16), and consensus
splice sites are overlined. The corresponding amino acid sequence (single letter code) is shown in boldface. The 5’ exons for
SHBG (comprising its deduced signal peptide), SHBGr-2 (with deduced amino acids), and SHBGr-3 (boxed) are indicated, and
remaining exons are number (no. 2-8). The SHBG mRNA polyadenylation site is indicated by a square bracket at the end of exon
8. The four Alu sequences within the SHBG/ABP gene are underlined, and a dashed underline denotes the location of a putative

liver-specific enhancer element (18).

ture rat testicular library, and its 5’ sequence of 31 bp
may be part of a separate exon (14). This sequence
does not, however, resemble either of the unique 5’
regions of the human testicular cONAs and cannot be
identified within the human SHBG gene sequence we
have obtained so far. Nevertheless, it is possible that
these variations in SHBG- or ABP-related cDNAs rep-
resent testis-specific MRNA species that are produced
in different amounts in immature and adult testes. It
also raises the question of whether they are derived
from separate genes or are formed by alternative splic-
ing of exons within a single gene; to clarify this it was
necessary to isolate and characterize genomic frag-
ments that encode for SHBG and its related testicular
mRNA species.

In our initial experiments we screened several bac-
teriophage A-human genomic libraries without success

because primary signals could not be rescued by further
cloning, and this suggested that sequences within the
human SHBG gene may limit the propagation of recom-
binant phage or their bacterial host. Eventually, nine
clones were obtained from a human cosmid genomic
library (17), and all grew considerably slower than col-
onies containing other human genomic fragments. Re-
striction map analyses demonstrated that these clones
all contained different genomic inserts that span an
approximately 90-kb region of human DNA. Further-
more, comparisons of human placental DNA and one
of these clones by Southern analyses revealed restric-
tion fragments of similar size when hybridized with the
human SHBG cDNA probes (16). Taken together, these
observations indicate that a single gene is not only
responsible for the production of SHBG by the liver, but
also contains coding sequences for three SHBG-related
mRNAs in human testis.
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Fig. 4. Partial Restriction Map and Organization of the Human SHBG Gene, and Exon Composition of SHBG and Its Related

(SHBGr) Testicular Transcripts

Exons are represented by boxes. The SHBGr-1 cDNA is identical to the SHBG cDNA (16), and its 5'-end is located 69 bp from
the 5’ splice site of exon 2. Those containing the unique 5’ regions of the SHBG (hatched), SHBGr-2 (shaded), and SHBGr-3
(stippled) cDNAs are indicated with reference to their corresponding transcripts. The positions of Alu sequences are shown below
the gene map. The sequence inversion in SHBGr-3 is indicated by dashed lines. Restriction endonuclease sites are shown for

EcoRlI (E), BamHI (B), Pvull (P), and Pstl (Pt).
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Fig. 5. Northern Blot of SHBG-Related mRNAs in Human Liver
and Testis

Poly(A)* RNA (10 ug) from human liver (lane 1), testis (lane
2), and ovary (lane 3) was subjected to formaldehyde gel
electrophoresis (36) and transferred to a nylon membrane by
capillary blotting (37). The blot was hybridized with 2p_{abeled,
human SHBG cDNA probes. The position of denatured HindllI-
digested ADNA molecular size markers in kilobases are shown
on the left.

_ Sequence analysis of hgSHBG-6 indicated that the
coding sequence for SHBG is distributed over eight
exons, spanning 3.2 kb of genomic DNA. When com-
pared with the rat ABP gene (14), the positions of intron/
exon junctions are perfectly conserved, but there are
notable differences in the sizes and sequences of in-
trons, especially those between exons 5, 6, 7, and 8.

The sequence of the human SHBG gene also revealed
a potential initiation codon for the SHBG precursor in
an optimal context for translation (21), and the deduced
signal peptide for human SHBG exhibits extensive se-
quence identity with that for rat ABP (12). Furthermore,
it is preceeded by a similar 5’ noncoding region to that
observed in the rat ABP ¢cDNA (12) and gene (14). We
also extended our sequence of the 5’ region of the
SHBG gene and in doing so located exons for the
unique 5’ regions of the SHBG-related testicular
cDNAs. Although the 3’ ends of these exons are adja-
cent to consensus splice sites (22), our cDNA se-
quences do not allow us to define their 5" boundaries.
There are, however, several reasons to believe that
they are not the first exons in the transcription unit(s)
for their corresponding mRNAs. First of all, the different
cDNA sequences indicate that all three 5" exons are
alternatively used and are, therefore, separate entities.
Secondly, the first two exons must be separated by
only a small intervening sequence (<55 bp), and if the
second one comprises part of an open reading frame,
there is no initiation codon within at least 600 bp
extending 5’ from its 3’ boundary.

There is evidence for an additional exon associated
with a rat ABP cDNA as well as other transcriptional
start sites in the rat ABP gene (14). Moreover, there is
a general lack of common eukaryotic promoter ele-
ments within the proposed 5’ flanking region of the rat
ABP gene (14). It is, therefore, interesting that the
sequences of the human SHBG and rat ABP genes
show considerable similarity in this region. Furthermore,
at the point at which they diverge, the SHBG gene
contains a sequence that closely resembles an element
necessary for liver-specific expression of the human a-
proteinase inhibitor gene (18). Its absence in the rat
ABP gene (14) may, therefore, contribute to a lack of
ABP gene expression in the aduit rat liver.

Another interesting feature of the human SHBG gene
is the presence of Alu sequences in the introns preced-
ing differentially used exons. In this context, it is per-
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haps pertinent to note that a rat equivalent of the human
Alu sequence is also present in the intron preceding
exon 6 in the rat ABP gene (14), and that this exon has
recently been reported to be differentially used in the
fetal rat liver (23). Repetitive Alu-like DNA sequences
have been implicated as a mediator of chromosomal
recombination events leading to gene rearrangements
(24), and our observations suggest that they may also
influence the differential utilization of exons within the
human SHBG and rat ABP genes.

Apart from ABP, the products of differential expres-
sion of the human SHBG gene in the testis are not
known, but it would appear from Northern blot analyses
that testicular mRNAs that hybridize with the SHBG
cDNA are essentially the same size as the major mRNA
species for SHBG in the liver. In addition, the major
reading frame within all three testicular cDNAs corre-
sponds to that for SHBG. Although the one that resem-
bles SHBG does not contain the first exon comprising
its amino-terminus and signal peptide, this probably
represents ABP. On the other hand, the largest of the
testicular cDNAs contains a reading frame for a SHBG-
related polypeptide with a unique amino-terminal region,
which is predominantly hydrophobic and could, there-
fore, represent a leader sequence. However, when
compared with the SHBG sequence (8, 16) this reading
frame terminates prematurely because of a deletion of
exon 7, and this replaces 118 amino acids from the
carboxy-terminus of SHBG with nine different residues.
This deleted region contains consensus sites for the
only two N-linked oligosaccharide chains associated
with SHBG (8, 16, 25) as well as a domain that probably
contains at least a portion of the steroid-binding site
(16, 26). This may explain why SHBG-related polypep-
tides have not been identified during the course of ABP
isolation from human testicular extracts by steroid affin-
ity chromatography. The third type of SHBG-related
cDNA (SHBGr-3) also contains a unique 5’ sequence,
but this contains a stop codon that is inframe with the
SHBG sequence. Therefore, if this reading frame is
used one would predict that the initiating AUG would
correspond to the Met-30 in the SHBG sequence (8,
16), and that the resulting polypeptide would lack a
leader sequence. However, the 3’ sequence inversion
in the cDNA precludes any further comment on the
possible nature of its product in the testis.

The fact that the two novel SHBG-related cDNAs we
have identified in the adult human testicular library have
not previously been identified in immature rat testicular
libraries (12, 13) is intriguing. The human testicular
library was constructed from mRNA isolated from a
healthy 50-yr-old who had not received hormonal treat-
ment, and it is, conceivable that these different SHBG
gene products may be produced in different amounts
at different stages of testicular development. It will,
therefore, be of interest to examine the differential
expression of the SHBG gene in the human testis and
to determine the biological significance of its various
products with respect to developmental changes in
testicular maturation and function.
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MATERIALS AND METHODS
Materials

Restriction endonucleases, T, DNA ligase, RNase-A, and
oligo(dT)-cellulose were obtained from Pharmacia (Piscata-
way, NJ). Sequencing reagents, including Sequenase (T7 DNA
polymerase), were purchased from U.S. Biochemical Corp.
(Cleveland, OH). Cloning vectors were pBluescript (Stratagene
Cloning Systems, La Jolla, CA) and Sequenest transposon
deletion vectors from Gold Biotechnology, Inc. (St. Louis, MO).
Radiolabeled nucleotides ([*3P]dCTP and [**S]dATP) were pur-
chased from New England Nuclear (Boston, MA). The human
SHBG cDNA used in these studies was amplified as 5’ (0.64
kb) and 3’ (0.55 kb) EcoRl fragments in pBR322, as described
previously (16). Both fragments were isolated from 6% poly-
acrylamide gels by electroelution and labeled with [*P]dCTP
using the random primer method (27) to yield specific activities
of approximately 10° cpm/ug DNA. The hybridization solution
used for Northern and Southern blotting experiments con-
tained 5 X Denhardt’s solution (0.1% Ficoll 400, 0.1% polyvi-
nylpyrrolidone, and 0.1% BSA), 5 X SSPE (0.75 m NaCl, 50
mm NaH,PO,, and 5§ mm EDTA), 0.1% sodium dodecyl sulfate
(SDS), and 100 pg/ml denatured salmon sperm DNA. The SSC
(0.15 M NaCl and 0.015 M sodium citrate) wash buffer con-
tained 0.1% SDS.

Complementary DNA and Genomic DNA Cloning

An adult human testis Agtll library (Clontech Laboratories, Inc.,
Palo Alto, CA) was screened with an equal mixture of 32P-
labeled SHBG 5’ and 3’ EcoRI cDNA fragments using stand-
ard hybridization conditions (28). Positive plaques were res-
creened independently with both probes to ensure that both
fragments were represented. Phage DNA from liquid lysates
(29) was digested with EcoRI and ligated into the EcoRl site
of pBluescript vectors without further purification. Recombi-
nant plasmids were isolated using the alkaline lysis method
(28), digested with EcoRl, and examined by 0.8% agarose gel
electrophoresis.

A cosmid (pCV108) human genomic DNA library was kindly
provided by Dr. Y.-F. Lau (University of California, San Fran-
cisco, CA). Approximately 0.5 x 10° colonies from the library
were grown initially for 6 h at 37 C on 150-mm Lauria broth
(LB)/ampicillin agar plates and then transferred on a nitrocel-
lulose filter to LB/chloramphenicol plates to amplify the cosmid
copy number (18 h at 37 C). The filters were washed and
hybridized with the two ¥P-labeled SHBG EcoRI cDNA frag-
ments. The nine colonies that hybridized with the probe upon
secondary screening grew poorly and required incubation of
up to 48 h at 37 C to reappear on the master plate. Positive
colonies were propagated in LB/ampicillin medium (18 h at 37
C), and cosmid DNA was isolated using the alkaline lysis
method (28).

Southern Hybridization Analysis

Cosmid DNA and human genomic DNA from placenta (30)
were digested for 1-16 h at 37 C with restriction endonu-
cleases, and the products were resolved on a 0.6% agarose
gel and transferred to either a Zeta-Probe nylon membrane
(Bio-Rad Laboratories, Richmond, CA) or nitrocellulose by cap-
illary blotting (31). Duplicate Southern blots were baked (2 h
at 80 C), prehybridized in the presence of 50% formamide at
42 C, and hybridized with either **P-labeled SHBG 5’ or 3’
EcoRI cDNAs, under the same conditions. They were then
washed with 0.1 X SSC at 42 C and autoradiographed at —80
C against a Cronex HI-PLUS intensifying screen (DuPont,
Wilmington, DE).
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DNA Sequence Analysis

Appropriate restriction fragments of human testicular cDONAs
and genomic DNA were subcloned into pBluescript SK(+) and
KS(+) for the production of sequencing templates. Restriction
fragments of genomic DNA were also subcloned into Seque-
nest transposon deletion vectors for the production of overlap-
ping templates (32). In both cases single stranded DNA was
sequenced using the dideoxy chain termination method (33).

Northern Hybridization Analysis

Total RNA was extracted from samples of adult human liver,
testis, and ovary using lithium chloride-urea (34), and poly(A)*
RNA was isolated (35), subjected to 1% agarose gel electro-
phoresis in the presence of formaldehyde (36), and transferred
to a nylon membrane (Zeta-Probe) by capillary blotting (37).
The membrane was baked (2 h at 80 C), prehybridized in the
presence of 50% formamide at 42 C, and hybridized with an
equal mixture of 3?P-labeled SHBG cDNA fragments, under
the same conditions. After washing with 0.1 X SSC at 46 C,
the Northern blot was exposed for 3 days at —80 C, as
described for the Southern blot.
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