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The access of testosterone and estradiol to target tissues is regulated by sex hormone-binding glob-
ulin (SHBG) in human blood. Serum SHBG levels are low in patients with hyperandrogenism, espe-
cially in association with polycystic ovarian syndrome (PCOS) and in individuals at risk for diabetes
and heart disease. Here, we identify SHBG coding region variations from a compound heterozygous
patient who presented with severe hyperandrogenism during pregnancy. Serum SHBG levels in this
patient measured 2 years after her pregnancy were exceptionally low, and her non-protein-bound
testosterone concentrations greatly exceeded the normal reference range. A single-nucleotide poly-
morphism within the proband’s maternally derived SHBG allele encodes a missense mutation, P156L,
which allows for normal steroid ligand binding but causes abnormal glycosylation and inefficient
secretion of SHBG. This polymorphism was identified in four other patients with either PCOS, ioio-
pathic hirsutism, or ovarian failure. The proband’s paternal SHBG allele carries a single-nucleotide
deletion within exon 8, producing a reading-frame shift within the codon for E326 and a premature
termination codon. CHO cells transfected with a SHBG ¢cDNA carrying this mutation fail to secrete
the predicted truncated form of SHBG. To our knowledge, these are the first examples of human
SHBG variants linked to hyperandrogenism and ovarian dysfunction.

J. Clin. Invest. 109:973-981 (2002). DOI:10.1172/JCI1200214060.

Introduction

Human sex hormone-binding globulin (SHBG) trans-
ports testosterone and estradiol in the blood (1, 2).
Blood concentrations of SHBG are a major determi-
nant of the metabolic clearance of these sex steroids
and their access to target tissues (3), and their meas-
urements provide a means of estimating the amounts
of circulating non-protein-bound, or “free,” sex
steroids (4). Abnormally low serum SHBG levels are fre-
quently found in women with polycystic ovarian syn-
drome (PCOS) and contribute to hyperandrogenic
symptoms such as hirsutism and acne (1). Serum
SHBG levels are also reduced in patients with type 2
diabetes and coronary heart disease (3, 6). The reason
that SHBG levels are low in serum samples from many
of these individuals is unclear, but it has been reported
that SHBG deficiencies are inherited (7, 8).

Human SHBG is a homodimeric plasma glycoprotein
encoded by a 4-kb gene spanning eight exons on the
short arm (p12—p13) of chromosome 17 (9, 10). It is
produced by hepatocytes (11, 12) under the control of
various hormonal and metabolic regulators (13, 14).
Exon 1 of human SHBG contains the coding sequence

for the secretion signal polypeptide, while exons 2-8
encode two contiguous laminin G-like (LG) domains
(9, 15). The amino-terminal LG domain encoded by
exons 2-4 contains the steroid-binding site (15), the
dimer interface (16), and several cation-binding sites
(17). The functional significance of the carboxy-termi-
nal LG domain of SHBG is less well established, but
removal of only a few amino acids from the carboxy-ter-
minus of the rat orthologue of human SHBG, which is
generally known as the androgen-binding protein
(ABP), prevents secretion of a functional protein when
expressed in mammalian cells (18). This domain also
normally contains two sites for N-glycosylation, one of
which is invariably conserved in SHBG molecules
across a wide range of mammalian species (19).

A single-nucleotide polymorphism (SNP) within the
human SHBG coding sequence is responsible for a
common electrophoretic variant with an additional
N-glycosylation consensus sequence within the carboxy-
terminal LG domain (20). An additional carbohydrate
chain at this position has no impact on the steroid-
binding activity of SHBG, but it may reduce the plasma
clearance of SHBG and account for a modest accumu-
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lation of the variant protein in the blood (21). More
recently, we have identified a polymorphic (TAAAA),
repeat in the human SHBG promoter that influences its
transcriptional activity (22), but it remains to be deter-
mined whether this pentanucleotide repeat contributes
to the differences in plasma SHBG levels between indi-
viduals. In this report, we have identified two sequence
variations in the coding region of human SHBG that
account for unusually low serum SHBG levels in a
patient with severe hyperandrogenism. Furthermore, at
least one of these sequence variations is associated with
hyperandrogenic states and ovarian dysfunction in sev-
eral other patients.

Methods

Patients and clinical samples. The proband was a 27-year-
old patient from the north of France. Her body weight
was normal, and she had a history of regular menstru-
al cycles. She reported a mild hirsutism that increased
dramatically during pregnancy, and this was associat-
ed with other symptoms of virilism including deepen-
ing of the voice and enlargement of the clitoris. Her
pregnancy was otherwise normal, and she delivered
twin girls with no signs of virilization. Two years after
this pregnancy, hirsutism was scored between 14 and
16 according to the scoring system of Ferriman and
Gallwey (23), but other symptoms of virilism were no
longer apparent. Blood samples were taken at this
time, and serum total testosterone, androstenedione,
17-hydroxyprogesterone, and dehydro-epiandros-
terone (DHEAS) levels were within the ranges for nor-
mal women. In contrast, serum SHBG was unde-
tectable using a routine immunoassay. She was then
placed under treatment with 50 mg cyproterone
acetate and 2 mg estradiol taken orally 21 days each
month. Under this treatment, additional blood sam-
ples were taken for more detailed studies of serum
SHBG levels and for genetic analysis. Blood samples
were also taken from the proband’s father and sister
for DNA sequence analysis and serum SHBG meas-
urements. At the time of blood sampling, her father
was under treatment for hypertension and her sister
was taking an oral contraceptive containing 20 Ug
ethinyl estradiol and 150 pg gestodene.

Blood samples were also taken from the following
groups of women for DNA sequence analysis and serum
SHBG measurements: group I, 88 nonobese fertile
women with regular menstrual cycles (i.e., normal con-
trols); group II, 132 normal-weight women (body mass
index < 25 kg/m?) with symptoms of hirsutism, as
defined by Ferriman and Gallwey (23); group II1, 93 over-
weight women (body mass index > 25 kg/m?) with symp-
toms of hirsutism; group IV, 69 women with no evidence
of androgen excess, but with irregular menstrual cycles
due to a variety of clinical problems including obesity,
anorexia nervosa, precocious menopause, and hyper-
prolactinemia; group V, 53 women with 21-hydroxylase
deficiency; group VI, 47 women with a variety of other
endocrine disorders. Approximately 5% of the controls

and patients studied were of North African origin, while
the remainder were French Caucasian.

SHBG and testosterone assays. Two different immuno-
radiometric assays (SHBG-RIACT kit from CIS Bio
International, Gif-sur-Yvette, France; and SHBG IRMA
kit from Orion Diagnostica, Oulunsalo, Finland) were
used to determine SHBG concentrations in serum sam-
ples, and these gave similar results. The values report-
ed are those obtained using the SHBG-RIACT kit. The
method used to measure the very low steroid-binding
capacity of SHBG in the proband serum, and its bind-
ing affinity by Scatchard analysis, was based on an
established ligand-binding assay (24) except that an
anti-SHBG mAb-Sepharose (kindly provided by
Catherine Grenot, Institut National de la Santé et de la
Recherche Médicale, U 329) was used instead of con-
canavalin A-Sepharose. A conventional steroid-binding
capacity assay (25) and a time-resolved immunofluo-
rometric assay (26) were also used to measure SHBG
levels in serum samples and cell culture medium. West-
ern blotting was used to examine the electrophoretic
properties of SHBG in serum (21), as well as in culture
medium samples and cell extracts (27). In order to
obtain sufficient SHBG from the proband serum for
Western blot analysis, the SHBG in serum samples was
first isolated by immunoaffinity adsorption (21).

Total serum testosterone levels (normal female refer-
ence range: 0.42-1.49 nM) and the amounts of
non-SHBG-bound testosterone (normal female refer-
ence range: 62-236 pM) were determined in serum
samples by radioimmunoassay (28). The serum distri-
bution of testosterone was measured using the cen-
trifugal ultrafiltration/dialysis method (3).

Screening for SHBG sequence variations. Two primer
pairs were used to amplify the entire coding sequence
for the SHBG precursor polypeptide from the
proband’s genomic DNA. The 5’ amplicon primer set
comprised a 5" untranslated region-specific oligonu-
cleotide sequence, 5’-GAGTTGTCTGAGCCGCCG-3’; and
an oligonucleotide complementary to an intron 4
sequence, 5'-AGCCACCCAGCAGTGCTT-3’. The 3" ampli-
con primer set comprised an intron 3-specific oligonu-
cleotide, 5’-ACAGGAAGGTGGCAGAAA-3’; and an
oligonucleotide complementary to a region 3 to the
polyadenylation site in exon 8, 5'-GCCTGGTACATTGC-
TAG-3’. The PCR products were inserted in the pCR-
Blunt II-TOPO vector from Invitrogen Life Technolo-
gies (Invitrogen Canada Inc., Burlington, Ontario,
Canada) and sequenced. Exon sequences that deviated
from the consensus SHBG sequence (GenBank acces-
sion no. M31651) were reamplified in a PCR using
exon-specific primer pairs (20) and sequenced.

Expression of SHBG in Chinese hamster ovary cells. We
used a pRc/CMV vector (Invitrogen Life Technologies)
to express wild-type and mutated SHBG cDNAs in Chi-
nese hamster ovary (CHO) cells, as described previous-
ly (27). At near confluence, the transfected cells were
washed with PBS and cultured for a further 2 days in
serum-free DMEM (Invitrogen Life Technologies). The
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SHBG content of cell culture medium was examined by
Western blot analysis (27). In addition, we measured
the SHBG content of the CHO cells grown in this way
by Western blotting. To accomplish this, soluble pro-
teins were extracted from the CHO cells by homoge-
nization in 40 mM Tris, pH 7.5, 1 mM EDTA, 150 mM
NaCl, while insoluble protein was extracted from the
resulting pellet using 10 mM Tris, pH 8, 100 mM
EDTA containing 0.5% sodium-dodecyl-sulphate.

Consensus and variant SHBG alleles were also insert-
ed as 4-kbp HindIII-Xbal genomic DNA cassettes in
pRc/CMV. The HindIII site was introduced within the
5" untranslated sequence 36 bp from the translation
initiation codon in exon 1, while the Xbal site was intro-
duced after 68 bp of noncoding sequence 3’ from the
stop codon within exon 8. These constructs were trans-
fected into mouse BW-1 hepatoma cells (29) and
human HepG2 hepatoblastoma cells using LIPOFEC-
TOMINE, as recommended by Invitrogen Life Tech-
nologies, and pools of stable transformants were
obtained by culture under G418 selection (27). Cell cul-
ture medium was harvested from near confluent cul-
tures grown in serum-free medium for 2 days for West-
ern blotting. In addition, the transfected BW-1 cells
were also harvested from near-confluent cultures
grown in tMEM containing 10% FBS for RNA extrac-
tion using TRIzol solution (Invitrogen Life Technolo-
gies).The RNA obtained in this way was used for
RT-PCR and Northern blot (30) analyses of SHBG tran-
scripts. The primer sequences used for the RT-PCR
analyses were as follows: exon 3 forward primer, 5"-GAC-
CCAGAGGGAGTGATTT-3’; exon 4 forward primer, 5’
GAGGGGGACTCTGTG-3"; exon S reverse primer, 5’
GAATTCTGCCTGAGT-3'.

In addition, the rates of SHBG secretion from pools
of BW-1 cells that constitutively express the Mspl vari-
ant or consensus alleles were assessed by growing repli-
cate (n = 3) cultures to near confluence, and then
removing the culture medium, washing the cells once
with PBS, and replacing the medium. Samples of cul-
ture medium were then removed at timed intervals over
6 hours for SHBG measurements using an ultrasensi-
tive, time-resolved immunofluorometric assay (26). At
the end of this experiment, cells were harvested for
RNA extraction to assess the relative amounts of SHBG
transcripts by Northern blotting (30).

Results

Identification of two different coding sequence variations with-
in the SHBG alleles of a single individual. We measured the
proband’s serum SHBG levels by two different
immunoassays and conventional steroid-binding
capacity assays. In each case, the values obtained (0.5-1
nmol/l) were approximately an order of magnitude
lower than those found in other hyperandrogenic
patients, and about 50 times lower than those in nor-
mal age-matched women (30-69 nmol/l). These results
were even more remarkable because the proband was
being treated at the time of blood sampling with an

oral estrogen and antiandrogen formulation that
would normally be expected to increase serum SHBG
levels (see Methods). Overlapping genomic fragments
spanning the entire transcription unit encoding SHBG
(9, 12) were therefore PCR-amplified using the
proband’s DNA (Figure 1a). Sequence analysis of the
PCR products revealed two alleles based on the pres-
ence or absence of an SNP (P;) within exon 4 (Figure
1b). This occurs on one allele (Figure 1b) and converts
the codon (CCG) for P156 into a leucine codon (CTG).
On the other allele, there is a single-nucleotide deletion
(P,) within exon 8 (Figure 1b). The transcription units
of both SHBG alleles were completely sequenced, and
no other deviations from the published human SHBG
sequences (9, 31) were noted. This analysis also includ-
ed the 800-bp SHBG promoter sequence (GenBank
accession no. M31651).

Screening for the MspI polymorphism. The SNP within
exon 4 disrupts an Mspl site (CCGG) at the boundary
between exon 4 and intron 4 (CC/TGGT, intron splice
junction underlined) in the consensus SHBG sequence
(9). We therefore established a PCR-based assay to
screen for this Mspl polymorphism within the
proband’s family, as well as in 88 healthy control
women and several groups of patients with various
reproductive and/or endocrine disorders (see Table 1).
The proband’s father and sister do not carry the Mspl
polymorphism (Figure 2), and this allowed us to
deduce that her deceased mother was a heterozygous
carrier of this allele (see also below). The MspI poly-
morphism was not present in any of the control sub-
jects tested, but four other heterozygous carriers of this
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Figure 1

Identification of SHBG sequence variations in a DNA sample from
the proband. (a) Schematic representation of the 4.3-kb genomic
fragment comprising the human SHBG transcription unit showing
the transcription start site (arrow), and the positions of exons in rela-
tion to the two overlapping amplicons generated for sequence analy-
sis. (b) The sequence variations in exons 4 and 8 within separate
SHBG alleles from the proband are compared with the consensus
SHBG sequences on the proband’s other allele. The SNP in exon 4 is
designated as Py, while the single-nucleotide deletion in exon 8 is des-
ignated as P,. Separate alleles were identified based on the presence
or absence of Py within the exon 4 sequences of the overlapping 5’
and 3’ amplicons shown in a. Arrows indicate the positions of

sequence variations.
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Table 1
Details of normal women and various patient groups screened for
the Mspl polymorphism

Group n BMI SHBG Mspl
(kg/m?)  (nmol/l) polymorphism
I. normal women 88 21.1+21 55+£29 0
Il. nonobese/hirsute 132 21.3+2.0 39+22 3
11l. obese/hirsute 93 31.8+59 25+17 0
IV. ovarian dysfunction 69 28.0+8.7 37+30 1
V. 21-hydroxylase deficiency 53 24.6+6.8 39+17 0
VI. endocrine diseases 47 243+52 42+24 0

Shown are numbers of subjects in each group screened, mean + SD body
mass index (BMI) and serum SHBG levels, and number of Mspl polymor-
phism carriers identified.

Mspl polymorphism were identified among the
patients tested, and these individuals were French Cau-
casians. Three of them were within group II
(nonobese/hirsute), two of whom had PCOS (Figure 2,
patients CV and DC) and one of whom had idiopathic
hirsutism and was taking I-thyroxine (150 pg daily)
after a surgically removed thyroid cancer (not shown).
The other carrier of this MspI polymorphism (Figure 2,
patient CS) was identified within a group of women
with ovarian dysfunction (Table 1, group IV). Her body
mass index was normal, but she suffered from a preco-
cious menopause at age 19.

Both PCOS patients with the MspI polymorphism in
group II were of normal weight and had serum SHBG
levels (17-27 nmol/L) that were below the normal female
reference range (30-69 nmol/l). The serum SHBG level
(35 nmol/l) in the other patient from group II was in the
low normal range, but this is a low level considering that
she was under treatment with thyroid hormone (1). The
two patients with PCOS had total serum testosterone
(1.75 nM for patient CV and 1.90 nM for patient DC)
and non-SHBG-bound testosterone levels (288 pM for
patient CV and 576 pM for patient DC) that were above
the normal range. Although the serum testosterone
measurements in the two other patients with an Mspl
polymorphism were within normal ranges (see Meth-
ods), these values may have been influenced by their
unusual clinical conditions and/or treatments.

Screening for the single-nucleotide deletion in exon 8. The sin-
gle-nucleotide deletion (P,) within exon 8 causes a
frameshift within the codon for E326 and introduces a
novel carboxyl-terminal coding sequence (S-L-P-P-L-F-
A) followed by a stop codon (Figure 3a). Although this
results in the loss of a BbsI site, the development of a
screening assay was complicated because this occurs in
close proximity to a relatively common SNP (Ps), which
introduces an additional consensus site for N-glycosyla-
tion (Figure 3a) due to a D327N substitution (20). Nev-
ertheless, discrimination between P; and P, could be
accomplished by separate digestions of PCR products
spanning this region with BbsI and Hinfl (Figure 3b). In
subjects with either the P, or P3 sequence variations, a
Bbsl site in the consensus SHBG sequence is disrupted
(Figure 3b). However, alleles containing P; also lack the

Hinfl site present in the consensus sequence, which is
preserved in the allele containing P, (Figure 3b).

This analysis demonstrated that the proband and her
sister inherited the single-nucleotide deletion (P,) in
exon 8 from their father (Figure 3b) and confirms that
the proband’s SHBG allele containing the MspI poly-
morphism was inherited from her deceased mother. We
failed to identify other carriers of P, in the 482 women
(Table 1) who had been tested for the MspI polymor-
phism. Therefore, although P, is clearly transmitted
within the pedigree we have examined, it remains to be
determined whether it exists within other patient
groups characterized by low plasma levels of SHBG, or
in other ethnic groups.

Biochemical properties of the proband’s SHBG and its influ-
ence on the serum distribution of testosterone. The small
amount of SHBG in the proband’s serum was semipu-
rified by immunoaffinity adsorption, and a Western
blot indicated that the molecular sizes of its major elec-
trophoretic isoforms are essentially normal (Figure 4a).
However, it lacks a minor electrophoretic isoform (see
bold arrow in Figure 4a) that corresponds to SHBG
monomers in which the N-glycosylation sites are par-
tially utilized (32).

The steroid-binding properties of the SHBG isolated
from the proband’s serum were also examined by
Scatchard analysis and were very similar to SHBG in
normal male and female serum samples (Figure 4b).
Thus, the SHBG in the proband’s blood is capable of
binding steroid, and we assessed its impact on the
serum distribution of testosterone (Figure 4c). This
indicated that even the small amount of SHBG in the
proband’s blood exerts some influence on the serum
distribution of testosterone (Figure 4c). However, the
percentage of non-protein-bound, or “free,” testos-
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Figure 2

Identification of an SNP (P;) that disrupts an Mspl site within the
exon 4/intron 4 boundary of human SHBG in DNA samples from
the proband and female patients with reproductive disorders.
Ethidium bromide-stained polyacrylamide electrophoresis gel of
PCR-amplified exon 4 sequences digested with Mspl. The enzyme
fails to completely digest PCR products from the variant allele in
samples from the proband and three other patients (patients CV,
DC, and CS). By contrast, PCR products (sizes, in bp, shown on the
left) from the proband’s father and sister and three patients
(patients TD, BE, and GS) are digested completely by Mspl. Geno-
types are: homozygous consensus sequence (+/+) and heterozygous
carriers of the Mspl SNP (+/P).
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Figure 3

Identification of a single-nucleotide deletion (P;) in exon 8 of the human
SHBG in DNA samples from the proband and her family members. (a)
P, disrupts a Bbsl site in the consensus SHBG sequence and causes a
frameshift in codon E326 that introduces a novel sequence followed by
a stop codon. A common SNP (Ps3) also disrupts this Bbsl site, as well
as a Hinfl site that is preserved in P,. The solid oval indicates the posi-
tion of an additional N-glycosylation site introduced by the D327N sub-
stitution caused by Ps. (b) Ethidium bromide-stained polyacrylamide
electrophoresis gel of PCR-amplified exon 8 sequences digested with
either Bbsl or Hinfl. Approximately half of the PCR products from the
proband and from her father and sister are resistant to Bbsl digestion
but are completely digested with Hinfl. By contrast, patients who are
homozygous (patients TD and BE) or heterozygous (patient CV) for P3
show either complete or partial resistance to Bbsl and Hinfl digestion,
respectively. The PCR products (sizes, in bp, shown on the left) from
patients in which the consensus exon 8 sequence is present (patients
DG, CS, and GS) are digested completely by Bbsl and Hinfl. Genotypes
are: homozygous consensus sequence (+/+), heterozygous carriers of
the single-nucleotide deletion (P;) in exon 8 (+/P,), homozygous carri-
ers of P3 (P3/Ps3), and heterozygous carriers of P3 (+/P3).

terone in the proband’s serum (9.2%) is very much
higher than in a normal control (Figure 4c), or in nor-
mal women (1.4%) of similar age with a mean serum
SHBG concentration of 47 nM (33). As a result, the
concentration of free testosterone (99 pM) in the
proband’s serum far exceeds the female reference range
(6-22 pM) based on an average percentage free testos-
terone of 1.5%, and this undoubtedly accounts for her
hyperandrogenic symptoms. The amount of
non-SHBG-bound testosterone (i.e., albumin-bound
and free) in the proband’s serum (697 pM) was also
measured in an independent assay (28) and also great-

ly exceeds the normal reference range (62-236 pM).
Moreover, when compared with the total testosterone
concentration in the proband’s serum (1.1 nM), these
results confirm our estimates of the distribution of
testosterone in the proband’s serum: 9.2% free, 58.4%
albumin-bound, and 32.4% SHBG-bound.

Production and secretion of SHBG variants encoded by the
proband’s SHBG alleles. To determine whether the very low
SHBG levels in serum samples from the proband are due
to a defect in the production or secretion of the SHBG
P156L variant and/or the carboxy-terminally truncated
SHBG, we first expressed the variant alleles as cDNAs in
CHO cells and performed a Western blot analysis of the
resulting culture medium and transfected cell extracts.
This indicated that the SHBG P156L variant is produced
and secreted by CHO cells (Figure 5a, lanes 1 and 2), and
that its steroid-binding characteristics are normal (Fig-
ure 5b). However, the relative abundance of the two
major electrophoretic isoforms associated with SHBG
P156L and normal SHBG differ (Figure Sa, lane 1 vs.
lane 2), with the low-mobility isoform being predomi-
nant in SHBG P156L. A similar pattern is also seen when
comparing the partially glycosylated monomers of
SHBG P156L and SHBG in the insoluble cell extracts
(Figure 5a, lane 7 vs. lane 8). By contrast, expression of a
cDNA containing the single-nucleotide deletion found

O
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Figure 4

Biochemical properties of SHBG in serum from the proband and her
family members, and from a normal female control and two patients
(patients DC and CS) identified as heterozygous carriers of the Mspl
polymorphism (P;). (a) Western blot of SHBG immunoprecipitated
from serum samples. Genotypes are: homozygous consensus
sequence (+/+), heterozygous carriers of the Mspl SNP (+/P7), het-
erozygous carriers of single-nucleotide deletion in exon 8 (+/P;), and
proband heterozygous for Py and P, (P1/P2). (b) Scatchard plots
obtained for SHBG isolated from the proband (Kq = 4.1 nM), and
from male (Kg = 3.6 nM) and female (K = 3.3 nM) controls, using
[®H]DHT as labeled ligand (see Methods for details). (c) Distribu-
tion of testosterone between the SHBG-bound (gray bars), albumin-
bound (white bars), and non-protein-bound, or “free” (black bars),
fractions in serum from the proband and a normal female control.
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Figure 5

Comparison of the electrophoretic properties and steroid-binding
characteristics of the products of the consensus and variant human
SHBG cDNA sequences expressed in CHO cells. (a) Western blot of
culture media and cell extracts from CHO cells transfected for stable
expression of consensus (+) and variant (P; or P;) SHBG cDNA
sequences. Py, the Mspl polymorphism; P, the single-nucleotide dele-
tion in exon 8. Lanes are numbered under the blot. (b) Scatchard
plots for human SHBG (K4 = 1.8 nM) and the SHBG P156L variant
(K4 = 2.2 nM) produced by CHO cells.

in exon 8 resulted in no SHBG in the culture medium
(Figure 5a, lane 3), and only trace amounts of an approx-
imately 34-kDa immunoreactive truncation product
within the insoluble extract of the transfected cells (Fig-
ure 5a, lane 9). In addition, since there was no evidence
of a truncated form of SHBG on the Western blot of
SHBG isolated from the proband’s serum (Figure 4a),
the very small amount of SHBG in the proband’s serum
must represent the product of the allele encoding the
SHBG P156L variant.

Effect of the Mspl polymorphism on SHBG expression. Apart
from the MspI polymorphism (P;), the allele encoding the
SHBG P156L variant showed no other deviations from
the consensus SHBG sequence that might contribute to
areduction in its expression. This sequence analysis also
included the 800-bp proximal promoter responsible for
human SHBG expression in the liver (12). Since the Mspl
polymorphism is located close to the exon 4/intron 4
boundary, we performed an experiment to determine
whether it influences the splicing or relative abundance
of SHBG transcripts, ot their translation in hepatocyte-
derived cell lines. This was done by introducing the
sequences of the P; variant or consensus SHBG into
BW-1 mouse hepatoma cells and human HepG2 hepato-
blastoma cells. These genomic fragments span the trans-
lation start site for the SHBG precursor polypeptide and
the polyadenylation sequence within exon 8 of human
SHBG (9, 12) and were expressed constitutively under the
control of a CMV promoter. RT-PCR and Northern blot
analysis of SHBG mRNA from stable transformants
obtained after neomycin selection indicated that cells

producing SHBG P156L contained only appropriately
spliced SHBG transcripts, as did cells expressing the con-
sensus SHBG sequences (Figure 6a). The relative abun-
dance of Mspl variant and consensus SHBG transcripts in
these cells was also essentially identical, but a Western
blot indicated that the variant sequence consistently
resulted in less SHBG P156L in the culture medium of
these cells (data not shown). As in the case of the SHBG
produced by CHO cells (Figure Sa), the electrophoretic
isoform with reduced mobility associated with the SHBG
P156L variant was always relatively more abundant than
that in the normal protein, irrespective of the liver cell line
in which it is expressed (data not shown). This is also con-
sistent with the unique electrophoretic profile of the
SHBG isolated from the proband’s serum (Figure 4a),
and these data indicated that the SHBG P156L variantis
glycosylated abnormally and that its production and/or
secretion might be reduced when compared with the
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Figure 6

Expression of the Mspl variant SHBG allele (P1) and the consensus
SHBG allele (+) under the control of a CMV promoter in mouse
BW-1 cells. (a) Ethidium bromide-stained polyacrylamide elec-
trophoresis gel of RT-PCR amplification products obtained using
primers that span the splice junctions between exons 4-5 and exons
3-5. Positions of DNA size markers are shown on the left. “-” indi-
cates water control for PCR. (b) Northern blot of RNA extracted
from replicate transfections of BW-1 cells with the expression vector
(pRc/CMV) containing either the SHBG consensus or variant (Pq)
genomic sequences. The blot was probed with a human SHBG
cDNA, and a cDNA for 18S RNA as a control for loading and trans-
fer efficiency (30). Signals obtained using a Molecular Dynamics
Phosphorlmager were quantified using ImageQuant software (Sun-
nyvale, California, USA), and SHBG/18S ratios are shown below the
Northern blots. (¢) Rate of SHBG secretion by near-confluent cul-
tures containing similar amounts of SHBG transcripts, as shown in
b. Data points are the means + SEM of SHBG levels in culture medi-
um from replicate cultures of cells (n = 3) expressing the consensus
SHBG allele (filled circles) or the Mspl variant allele (open circles).
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SHBG produced by the consensus SHBG allele. We con-
firmed this by comparing the secretion rate of the SHBG
P156L variant and the normal SHBG protein from
BW-1 cells transfected with either the variant or consen-
sus human SHBG sequences under the control of a CMV
promoter. The relative abundance of SHBG transcripts in
these cells was similar (Figure 6b), while the amount of
SHBG P156L in the culture medium, and the rate at
which it accumulated, were clearly much reduced when
compared with the SHBG produced by the consensus
SHBG sequence (Figure 6¢).

Discussion

We have identified sequence variations within the cod-
ing regions of separate SHBG alleles from a female
patient who presented with severe hyperandrogenism
during pregnancy. The level of SHBG in a blood sam-
ple taken 2 years after her pregnancy was exceptionally
low, and we suspected a genetic abnormality might
account for this. In an earlier report of a familial SHBG
deficiency (7), the proband also suffered from symp-
toms (hirsutism and amenorrhea) consistent with
androgen excess and ovarian dysfunction. Although
the sensitivity of the assay used to measure serum
SHBG in this previous report was only 10 nM (7),
SHBG was also undetectable in serum from her sister
during mid-gestation (7), at a time when serum SHBG
levels are usually in excess of 100 nM (1). However,
serum SHBG levels below 10 nM are occasionally
detected in patient samples using more sensitive
immunoassay techniques, and it is therefore unclear
whether the subjects investigated in this earlier report
actually suffered from a total lack of SHBG.

The serum SHBG levels in the proband we identified
were remarkably low, despite the fact that she had a nor-
mal body mass index and was under an estrogenic/
antiandrogenic treatment, which normally increases
serum SHBG levels markedly. It is therefore likely that
plasma SHBG levels must have also been very low during
her pregnancy, and this would explain the severe hyper-
androgenic symptoms she experienced at that time. What
is also remarkable is that the twin girls she delivered
showed no signs of virilization at birth. However, given
the unusual maternal hormonal environment under
which these infants developed, and the effects that expo-
sures to endocrine active substances may have on health
issues during later life (34), clinical monitoring of such
infants is advisable.

The discovery of two novel mutations in the coding
regions of separate SHBG alleles within a single
patient is remarkable. The mendelian transmission of
the two variant SHBG alleles within the proband’s
family is unambiguous, and she inherited the allele
containing a deletion in exon 8 from her father, as did
her sister. Her father’s serum SHBG level (52 nmol/l)
was within the normal reference range for men (9-54
nmol/l), but he was under treatment for hypertension
and we cannot exclude the possibility that his med-
ication influences SHBG production or its plasma

half-life. Her sister’s serum SHBG level (30 nmol/l)
was only just within the normal female reference
range, but at the time of blood sampling she was tak-
ing an oral contraceptive formulation that increases
serum SHBG levels (35). This would be consistent
with our findings that a cDNA representing the vari-
ant allele she inherited from her father is incapable of
producing SHBG in CHO cells. It is also in line with
previous observations that carboxy-terminal trunca-
tion mutants of rat ABP are not secreted when
expressed in mammalian cells (18). However, mutant
mRNAs that contain a frame-shift are known to
undergo rapid degradation via a nonsense-mediated
decay pathway (36), and this could also account for a
lack of SHBG production from the proband’s pater-
nal SHBG allele. Although we have only detected this
particular variant SHBG allele in the proband’s imme-
diate family, it is a null allele, and it will be important
to screen other populations to determine whether
individuals homozygous for this allele exist.

The proband must have inherited the allele contain-
ing the MspI polymorphism from her mother, who died
prematurely due to unfortunate circumstances. There
are 15 Mspl sites in human SHBG (GenBank accession
no. M31651), and the mutation we have identified
most likely accounts for an Mspl restriction fragment
length polymorphism (RFLP) that has an allele fre-
quency of 0.04 in the French-Canadian population
(37). No link has been made between this RFLP and
serum SHBG levels, and no homozygotes have been
reported, but the size of this RFLP is consistent with a
polymorphism in the Mspl site at the exon 4/intron 4
boundary. It is also of interest that many French-Cana-
dians originate from the same region in France as does
the proband. Given the prevalence of this Mspl RFLP in
the French-Canadian population, it will be important
to confirm that this RFLP is due to the MspI polymor-
phism we have identified, because this may reveal
homozygous carriers and provide more information
about the clinical phenotype associated with this SNP.

The most intriguing question we faced is why the
proband’s serum SHBG levels were much lower than
we expected given that the allele containing the Mspl
polymorphism appears to be expressed relatively nor-
mally when examined as a transgene in vitro. If we
assume that the allele containing the deletion in exon
8 fails to contribute to the formation of plasma SHBG,
as our expression studies imply, we would have expect-
ed to find at least 10 nM of the SHBG P156L variant in
the proband’s serum unless its production is abnor-
mally low. We therefore first examined the possibility
that the Mspl polymorphism in some way interferes
with the processing of nascent SHBG transcripts due to
its proximity to an exon-intron consensus splice site or
reduces the accumulation of SHBG transcripts within
cells. The results of our experimentsindicate that nei-
ther of these possibilities explain why the proband’s
serum SHBG levels are about an order of magnitude
lower than expected.
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One consistent observation we made is that the rela-
tive abundance of the electrophoretic isoforms associ-
ated with the SHBG P156L variant differs from that of
those associated with normal SHBG, and this can be
attributed to differences in the utilization of the two
sites for N-glycosylation within the carboxy-terminal
domain of the molecule (32). Since this amino acid sub-
stitution occurs within the amino-terminal LG-like
domain of SHBG, it must somehow exert a long-range
effect on posttranslational modifications within the
carboxy-terminal region of the molecule; this is feasible,
since we have observed similar effects when other amino
acids are substituted within the amino-terminus of
SHBG (16). Thus, the P156L substitution appears to
influence the degree of N-glycosylation of SHBG, due
presumably to subtle differences in the folding and
posttranslational processing of the nascent polypeptide.

The P156L substitution occurs within a phylogeneti-
cally conserved region of SHBG (19) adjacent to residues
located within the homodimer interface (16). It also lies
within an inter-f strand loop region that contains a
coordination ligand (A160) for the calcium atom that
plays an important role in maintaining the structural
stability of the SHBG homodimer (15, 27). The substi-
tution of a highly conserved proline at position 156 (19)
might therefore be expected to influence the secondary
structure of SHBG and might explain subtle differences
in its posttranslational modification. It might also influ-
ence the rate of SHBG production/secretion or clearance
from the blood circulation. Our observation that the
SHBG P156L variant is secreted at a much reduced rate
compared with that of normal SHBG from mouse liver
cells, despite the fact that the levels of transcripts encod-
ing them are similar in these cells, suggests that the vari-
ant protein is not processed efficiently during secretion.
This is also consistent with the observation that greater
amounts of immunoreactive SHBG are detected in the
insoluble fraction of CHO cells expressing the SHBG
P156L variant compared with the wild-type protein.

The genetic screening methods reported here will
help identify individuals in whom genetic variants con-
tribute to low serum SHBG levels, as opposed to others
in whom serum SHBG levels are reduced because of
some hormonal or metabolic factor that regulates
SHBG production or metabolism. Our studies so far
have focused on clinical disorders affecting women,
and it will be important to determine whether the
genetic variations we have identified in SHBG are also
linked to clinical conditions in men. In particular, it
will be important to determine whether they are asso-
ciated with reproductive disorders in men, because
SHBG is expressed in the human testis and may play a
role in spermatogenesis (9, 38). Finally, the use of these
genetic screening methods should enable us to define
more accurately how serum SHBG levels might be asso-
ciated with other diseases. In addition, the presence of
abnormally low plasma levels of SHBG in individuals
who carry the SHBG variants described in this report
will undoubtedly lead to increased exposures to free

testosterone and estradiol throughout their lifetimes
and may contribute to the etiology of sex steroid-
dependent cancers of the prostate and breast.
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