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SUMMARY

Dehydroepiandrosterone (DHEA) sulfotransferase, known as SULT2A1, converts the
androgen precursor DHEA to its inactive sulfate ester, DHEAS, thereby preventing
the conversion of DHEA to an active androgen. SULT2A1 requires 3*-phospho-
adenosine-5-phosphosulfate (PAPS) for catalytic activity. We have identified com-
pound heterozygous mutations in the gene encoding human PAPS synthase 2 (PAPSS2)
in a girl with premature pubarche, hyperandrogenic anovulation, very low DHEAS
levels, and increased androgen levels. In vitro coincubation of human SULT2A1 and
wild-type or mutant PAPSS2 proteins confirmed the inactivating nature of the muta-
tions. These observations indicate that PAPSS2 deficiency is a monogenic adrenocorti-
cal cause of androgen excess.

YPERANDROGENIC ANOVULATION IS A MAJOR CLINICAL FEATURE OF

the polycystic ovary syndrome,2 which affects 5 to 15% of women and is

associated with an increased incidence of the metabolic syndrome.37 It has
been suggested that premature pubarche, characterized by the growth of pubic hair
in girls younger than 8 years of age, may be an early sign of the polycystic ovary
syndrome.?° Premature pubarche is most often the manifestation of premature
adrenarche,’® defined by an early increase in the levels of the adrenal androgen
precursor DHEA and its sulfate ester, DHEAS, which is the most abundant steroid
in human circulation.

DHEA is the principal precursor of androgen synthesis in women.'»*? Unconju-
gated DHEA molecules can be converted directly to androgens, whereas the con-
version of DHEAS molecules to androgens first requires cleavage of the sulfate group.
Sulfation appears to be the predominant direction of the interconversion between
DHEA and DHEAS,** which suggests that increased DHEA sulfation would limit
the amount of DHEA available for androgen synthesis. Conversely, impaired sulfa-
tion would increase the amount of available DHEA and thus the levels of active
androgens.

SULT2A1 is the major enzyme responsible for DHEA sulfation, converting DHEA
to DHEAS mainly in the adrenal glands and the liver.** The sulfate donor PAPS is
required by all sulfotransferases, including SULT2A1.*# In humans, PAPS is syn-
thesized by the two isoforms of PAPS synthase, PAPSS1 and PAPSS2.** A homozy-
gous PAPSS2 mutation that has been found in spondyloepimetaphyseal dysplasia,
Pakistani type (Online Mendelian Inheritance in Man [OMIM] number +603005),*>
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is thought to be caused by impaired proteoglycan
sulfation in growth-plate chondrocytes.*>

Here we report on the case of a girl with an-
drogen excess, premature pubarche, hyperandro-
genic anovulation, and serum DHEAS levels be-
low the limit of detection. We hypothesize that a
defect in DHEA sulfation may explain the phe-
notype.

CASE REPORT

An 8-year-old girl, the daughter of nonconsanguin-
eous parents of Turkish origin, was first referred
for evaluation of pubic and axillary hair growth
that had begun 2 years earlier. Pubic-hair develop-
ment was classified as Tanner stage 4 and breast
development as Tanner stage 2. Blood pressure
was normal at 115/85 mm Hg. Bone age was ac-
celerated (12 years, according to the classification
of Greulich and Pyle). Her height was 125 cm (stan-
dard-deviation score for chronologic age, -1, and
for bone age, —4.4). The ratio of her sitting height
to her standing height was 0.54 (standard-devia-
tion score for chronologic age, 0, and for bone
age, +1.7), and her weight was 36.2 kg (standard-
deviation score for weight according to height,
+3). Target height (the patient’s expected final
height based on her parents’ height and her sex)
was 166.5 cm (standard-deviation score, —0.5). The
father reported having had normal growth and
pubertal development and the mother reported
normal pubarche and menarche, but when she was
in her early 30s, obesity, oligomenorrhea, and hir-
sutism had developed.

At presentation, the patient’s plasma DHEAS
level was below the detection limit, whereas the
DHEA level was close to the upper limit of the
normal range, and androstenedione and testoster-
one levels were about twice as high as normal
levels for her sex and age (Table 1). Dexametha-
sone (0.5 mg administered every 6 hours for 48
hours) suppressed the plasma cortisol level to less
than 0.02 nmol per liter (<0.0007 ug per deciliter),
reduced the DHEA level from 15.0 to 1.6 nmol
per liter (4.3 to 0.5 ug per liter), and reduced the
androstenedione level from 4.1 to 2.9 nmol per
liter (1.2 to 0.8 ug per liter), findings that ruled
out autonomous steroid production by an adrenal
or gonadal tumor. Congenital adrenal hyperpla-
sia was also ruled out (for details see the Supple-
mentary Appendix, available with the full text of
this article at NEJM.org). Plasma gonadotropin

levels were within the normal prepubertal range
at baseline (luteinizing hormone, <0.2 U per li-
ter; follicle-stimulating hormone, 0.7 U per liter)
and after intravenous administration of 100 ug
of gonadotropin-releasing hormone (luteinizing
hormone, 4.5 U per liter; follicle-stimulating hor-
mone, 8.5 U per liter). Levels of 173-estradiol (36
pmol per liter [9.8 pg per milliliter]) were also in
the normal range (<18 to 52 pmol per liter [<4.9 to
14.2 pg per milliliter]). The absence of a clearly
pubertal response of levels of estradiol or luteiniz-
ing hormone to the administration of gonado-
tropin-releasing hormone, as well as the short
history of breast budding, argued against the pos-
sibility that central precocious puberty was a major
contributor to the patient’s advanced bone age.
The patient was closely followed but received no
further treatment.

Menarche occurred at 11 years of age. At the
age of 12 years, the patient’s bone age was 16.5
years, her height was 139.0 cm (standard-devia-
tion score, for chronologic age, —2.4, and for bone
age, —4.6), the ratio of her sitting height to her
standing height was 0.55 (standard-deviation score
for chronologic age, +2.6, and for bone age, +2),
and her weight was 58.3 kg (standard-deviation
score for weight according to height, +3.0). Her
body-mass index (the weight in kilograms divided
by the square of the height in meters) was 30.2.
Radiographs revealed mild lumbar scoliosis, flat-
tened vertebrae (platyspondyly) with irregular ver-
tebral end plates in the thoracolumbar region (see
Fig. 1 in the Supplementary Appendix), and short-
ened tubular bones, but no epiphyseal or meta-
physeal changes. The patient now had pubic-hair
development at Tanner stage 5, breast develop-
ment at Tanner stage 4, and clinically significant
hirsutism and acne. At 13 years of age, second-
ary amenorrhea developed. The patient’s height at
14.5 years remained 139.0 cm (standard-deviation
score, —4.1).

Endocrine reassessment at 12 years of age (Ta-
ble 1) mirrored the findings at 8 years, with an-
drostenedione and testosterone levels that were
twice as high as the upper limits of the normal
ranges, a DHEA level at the upper limit of the nor-
mal range, and a DHEAS level below the limit of
detection. Reassessment with a more sensitive as-
say (detection limit, 0.08 pmol per liter [29.5 ng per
liter]) showed plasma DHEAS levels at 0.27 pmol
per liter (99.5 ng per liter). DHEAS levels remained
below 0.4 pmol per liter (147.4 ng per liter)
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Table 1. Serum Hormone Concentrations in the Patient at Initial Presentation (8 Years of Age) and during Follow-up (12 Years of Age).*

Patient at 8 Years Sex- and Age-Specific Patient at 12 Years  Sex- and Age-Specific

Hormone of Age Reference Range of Age Reference Range
DHEAS (umol/liter) <0.40 0.6-4.6 <0.40 1.4-10.4
DHEA (nmol/liter)
Baseline 15.0 1.3-18.0 20.0 2.0-22.0
60 min after intravenous administration 43.0
of 250 pg of cosyntropin
Androstenedione (nmol/liter) 4.1 0.14-2.4 27.0 <12.0
Testosterone (nmol/liter) 1.2 0.03-0.65 2.1 0.51-1.26
Dihydrotestosterone (nmol/liter) 0.36 0.05-0.25
Luteinizing hormone (U/liter)
Baseline <0.2 <0.2-1.3 3.2 <0.05-20.2
30 min after intravenous administration 4.5
of 100 pig of GnRH
Follicle-stimulating hormone (U/liter)
Baseline 2.0 <0.2-3.7 5.2 0.14-8.8
30 min after intravenous administration 8.5
of 100 pg of GnRH
17B-estradiol (pmol/liter) 36 <18-52 220 110-370
Estrone (pmol/liter) 260 65-220
17a-Hydroxyprogesterone (nmol/liter)
Baseline 1.30 0.2-5.8
60 min after intravenous administration 3.1 (<20)

of 250 pg of cosyntropin
17a-Hydroxypregnenolone (nmol/liter)
Baseline 2.9 0.3-6.1

60 min after intravenous administration 15.1 <40
of 250 pg of cosyntropin

11-Deoxycortisol (nmol/liter)
Baseline <0.17 <0.17

60 min after intravenous administration 1.70 <7
of 250 pg of cosyntropin

Cortisol (nmol/liter)
Baseline 140 100-500

60 min after intravenous administration 650 >500
of 250 pg of cosyntropin

st

“ To convert the values for DHEAS to nanograms per milliliter, divide by 0.002714. To convert the values for DHEA to micrograms per millili-

ter, divide by 3.467. To convert the values for androstenedione to micrograms per liter, divide by 3.492. To convert the values for testoster-
one to nanograms per milliliter, divide by 3.467. To convert the values for dihydrotestosterone to nanograms per milliliter, divide by 3.443.
To convert values for 17B-estradiol to picograms per milliliter, divide by 3.671. To convert the values for estrone to picograms per milliliter,
divide by 3.699. To convert the values for 17a-hydroxyprogesterone to micrograms per milliliter, divide by 3.026. To convert the values for
17-hydroxypregnenolone to nanograms per milliliter, divide by 3.008. To convert the values for 11-deoxycortisol to micrograms per deciliter,
divide by 3.754. To convert the values for cortisol to micrograms per deciliter, divide by 27.59. GnRH denotes gonadotropin-releasing hor-
mone.

throughout a cosyntropin stimulation test, where- ug per liter, respectively). Analysis of urinary ste-
as plasma DHEA levels increased during the test roid metabolites over a 24-hour period showed in-
from 20.0 nmol per liter (5.8 ug per liter) at creased excretion of the major androgen metabo-
baseline to 38.0 nmol per liter at 30 minutes and lite androsterone (5376 ug per 24 hours; normal
43.0 nmol per liter at 60 minutes (11.0 and 12.4 range, 287 to 2215).
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METHODS

HORMONE ASSAYS

Plasma levels of DHEA, DHEAS, androstenedione,
and testosterone were determined by radioimmu-
noassay.'® DHEAS levels were also measured with
a luminescence immunoassay (Architect immuno-
analyzer, Abbott), with a lower detection limit of
0.08 wmol per liter (29.5 ng per milliliter). Uri-
nary excretion of steroid metabolites was ana-
lyzed by means of gas chromatography-mass spec-
trometry.t®

DNA SEQUENCE ANALYSIS

Genetic studies were carried out with the written
informed consent of the patient and her parents
and were approved by the South Birmingham Re-
search Ethics Committee. The coding sequences
of the human genes SULT2A1, PAPSS1, and PAPSS2
were amplified from genomic DNA obtained from
the patient and her parents, and direct sequencing
was performed (for details, see the Supplemen-
tary Appendix). Polymerase-chain-reaction—restric-
tion-fragment-length polymorphism (PCR-RFLP)
analysis was used to confirm the presence of
mutations. Mutation numbering refers to the ami-
no acid position in the human PAPSS2a protein
(GenBank accession number, NP_004661). We
analyzed both strands of all PAPSS2 exons identi-
fied as harboring a mutation in 100 white per-
sons of mixed European origin and 100 persons
of Turkish origin, after obtaining their written
informed consent.

ANALYSIS OF MESSENGER RNA EXPRESSION
Qualitative and quantitative analyses of messen-
ger RNA (mRNA) expression were carried out for
SULT2A1, PAPSS1, and PAPSS2 (for details, see the
Supplementary Appendix) with the use of human
fetal adrenal tissue and cartilage, obtained accord-
ing to the ethical and informed-consent guide-
lines of the Polkinghorne Committee,2° and hu-
man adultliver, adrenal, testis, and ovary specimens
(Clontech).

FUNCTIONAL ANALYSIS OF PAPSS2 MUTATIONS

Copies of mutant PAPSS2 complementary DNA
(cDNA) generated in vitro by means of site-directed
mutagenesis were used for the bacterial expres-
sion of PAPSS2—glutathione s-transferase (GST)
fusion proteins. Western blot analysis was per-
formed*® with the use of polyclonal human anti-
body to GST (Amersham). Wild-type and mutant

PAPSS2 proteins were incubated with human
SULT2A1 wild-type protein to measure the ability
of PAPSS2 to facilitate sulfation of DHEA to
DHEAS. Steroid extraction and quantification were
performed as described previously.?* All assays
were performed in three independent triplicate
experiments; data are reported as means (+SE).
Further details on the functional assay are pro-
vided in the Supplementary Appendix.

RESULTS

DNA SEQUENCING
Hypothesizing that the concurrent excess of an-
drogens and very low levels of DHEAS might be
explained by a defect in DHEA sulfation, we se-
quenced the genes encoding the key enzymes of
the DHEA-DHEAS sulfation system. No mutations
were found in SULT2A1 or PAPSS1. However, direct
sequencing of the PAPSS2 gene revealed a heterozy-
gous substitution of cytosine for guanine at nu-
cleotide position 143 (c.143C-G; g.49,330C-G) in
exon 2 of PAPSS2 in the patient and her father.
This missense mutation substitutes an arginine
for threonine at position 48 of the PAPSS2 pro-
tein (T48R). This residue is located in the adeno-
sine 5-phosphosulfate (APS) kinase domain of
the enzyme and is highly conserved across spe-
cies (Fig. 1). Furthermore, sequencing revealed
a heterozygous substitution of cytosine for thymi-
dine in complementary DNA (cDNA) position 985
(c.985C—T; g.67,422C-T) in exon 8 of PAPSS? in the
patient and her mother, introducing a premature
stop codon that is predicted to truncate the protein
at position 329 (R329X), thereby disrupting the
ATP sulfurylase domain of PAPSS2 (Fig. 1A).
PCR-RFLP analysis confirmed the two muta-
tions identified by direct sequencing (Fig. 1C). No
mutations were found on direct sequencing of
PAPSS2 exons 2 and 8 in 200 controls, including
100 Turkish persons, thereby excluding the possi-
bility that the identified mutations represent pop-
ulation-specific sequence variants.

EXPRESSION OF mRNA
Qualitative mRNA-expression analysis of the ma-
jor sites of DHEA sulfation — the adrenal glands
and the liver — showed that both tissues expressed
SULT2A1 and PAPSS2b, whereas the shorter splice
variant, PAPSS2a, which lacks exon 7B,?? was ex-
pressed only in adrenal tissue (Fig. 2A). In con-
trast, fetal chondrocytes from three different lo-
cations in the skeletal system expressed PAPSS2a,
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Figure 1. Location and Sequencing of the PAPSS2 Mutations.
Panel A shows the location of the mutations identified in the gene encoding PAPS synthase 2 (PAPSS2) and the two
functional domains of the PAPSS2 protein. The patient (P) was a compound heterozygote for the mutations, where-
as the father (F) and mother (M) were heterozygous carriers. Panel B shows the cross-species alignment of the
PAPSS2 region containing missense mutation T48R and provides a schematic depiction of their respective protein
structures. Panel C shows the results of the polymerase-chain-reaction—restriction-fragment—length polymorphism
(PCR-RFLP) analysis of PAPSS2 mutations identified by direct sequencing, which confirm that the patient and her
father were heterozygous carriers of the c.143C»G point mutation yielding T48R, and the patient and her mother
both carried a heterozygous c.985C>T mutation resulting in the R329X nonsense mutation. Control DNA was con-
firmed as wild type through direct sequencing. (The protein-sequence alignments shown in Panel B were generated
with the use of ClustalX2 [www.clustal.org] and of the deposited sequences for PAPSS2 in humans [GenBank acces-
sion number NP_004661], mice [NP_035994], yeast [CAA46252 and CAA60932], bacteria [ALAEU4 and AAG57859],
and plants [CAA53426 and CAB78510].)
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Figure 2. Tissue-Specific Expression and Functional
Assessment of the DHEA Sulfation System.

Panel A shows tissue-specific mMRNA expression of
the DHEA sulfation system, including DHEA sulfo-
transferase (SULT2A1), PAPS synthase 1 (PAPSSI),
and PAPS synthase 2 (PAPSS2), with splice variants
PAPSS2a and PAPSS2b. In Panel B, a schematic repre-
sentation of the DHEA sulfation system, PAPSS2 gen-
erates the sulfate donor PAPS through the successive
activities of ATP sulfurylase and APS kinase. DHEA
sulfotransferase (SULT2A1) requires PAPS for efficient
DHEA sulfation. Unconjugated DHEA molecules are
ultimately converted to active androgens. In Panel C,
the inactivating nature of the PAPSS2 mutations is
clearly depicted in a graphic representation of the re-
sults of an in vitro DHEAS generation assay involving
coincubation of human DHEA sulfotransferase
(SULT2A1) and wild-type and mutant PAPSS2a pro-
teins. The Western blot analysis shows that the wild-
type and mutant PAPSS2 preparations are equal in
terms of protein content. In Panel D, three-dimension-
al modeling of wild-type and mutant PAPSS2 shows
that PAPSS2 contains two domains, ATP sulfurylase
and APS kinase. Mutant S475X (as previously report-
ed'®) and maternally inherited R329X result in early
truncation of the ATP sulfurylase domain, whereas pa-
ternally inherited T48R affects the APS kinase P loop
(blue), an area that is crucial for enzymatic activity.
Mutation locations in the S475X, R329X, and T4&R pro-
teins are indicated in red. (The radiographic structure
of human PAPSS12® served as the template for model-
ing wild-type and mutant PAPSS2 with the use of
Swiss-Pdb-Viewer [Swiss Institute of Bioinformatics]
and POV-Ray 3.6 [POV-Team].)

but not PAPSS2b and also lacked expression of
SULT2A1. PAPSSI was expressed in all tissues ex-
amined (Fig. 2A).

Quantitative real-time mRNA-expression analy-
sis confirmed the adrenal glands and the liver as
the major sites of DHEA sulfation, with high lev-
els of expression of SULT2AI and PAPSS2 but rela-
tively low levels of expression of PAPSSI (see Fig. 2
in the Supplementary Appendix). Only very low
levels of expression of SULT2A1 were found in tis-
sues from the ovary and testis, a finding that rules
out the gonads as major contributors to DHEA
sulfation.

PAPSS2 MUTATIONS

Impaired proteoglycan sulfation in chondrocytes
has previously been implicated in the pathogenesis
of spondyloepimetaphyseal dysplasia, Pakistani
type, because of an S475X mutation in PAPSS2.*
Given our finding that fetal chondrocytes expressed
only the PAPSS2a variant (Fig. 2A), we used wild-

N ENGL ) MED 360;22

SULT2A1

PAPSS1

PAPSS2b
PAPSS2a

18S

Adult
Negative Adrenal
(control) Gland

Fetal
Adrenal
Gland

Adult
Liver

Fetal Chondrocytes
Femur Rib Digital

PAPSS2

ATP+SO,
ATP

sulfurylase Androgen

receptor

5a-Dihydrotestosterone \.\
T TN "

P -7

PAPS -

Testosterone ~
SULTZA\

DHEAS DHEA

APS+ATP
APS kinase

Androstenedione

DHEAS Synthesis
(% of wild-type activity)

100

(o]
(=]
1
3
2,
e
7

60

PAPSS2 Western Blot
20

i |
T48R

Wild Type R329X S475X

ATP sulfurylase
domain

APS
kinase
domain

NEJM.ORG

MAY 28, 2009

2315

Downloaded from www.nejm.org by LUIGI GRECO MD on September 30, 2009 .
Copyright © 2009 Massachusetts Medical Society. All rights reserved.



2316

The NEW ENGLAND JOURNAL of MEDICINE

type and mutant PAPSS2a protein for coupled as-
says with SULT2A1. The functional assay repre-
sents an in vitro reconstruction of the DHEA
sulfation system (Fig. 2B), measuring the amount
of DHEAS generated from DHEA by SULT2A1,
a catalytic process in which PAPS, generated by
PAPSS2, is used by SULT2A1 for the sulfation of
DHEA to DHEAS. Assay results confirmed the in-
activating nature of the mutations, with no de-
tectable activity for R329X or S475X and only mi-
nor residual activity for T48R (6.0+0.6% of wild-
type PAPSS2 activity) (Fig. 2C). Structural analysis
revealed that both nonsense mutations result in
considerable truncation of the ATP sulfurylase do-
main, whereas the missense mutation T48R af-
fects the APS kinase domain of the PAPSS2 pro-
tein (Fig. 2D).

DISCUSSION

We identified compound heterozygous mutations
in PAPSS2 that are highly likely to be a novel mo-
nogenic adrenocortical cause of androgen excess.
PAPSS2 encodes human PAPS synthase 2, which
generates PAPS, the sulfate donor required for
the sulfation of DHEA to DHEAS by DHEA sulfo-
transferase (SULT2A1).* In humans, DHEAS is
the most abundant steroid in circulation. How-
ever, only unconjugated DHEA can feed directly
into androgen synthesis, which occurs by means
of rapid conversion to androstenedione through
3B-hydroxysteroid dehydrogenase activity, followed
by further conversion to the active androgens tes-
tosterone and 5a-dihydrotestosterone. Our obser-
vations highlight the crucial role of DHEA sulfa-
tion as a gatekeeper to human androgen synthesis
by showing that impaired DHEA sulfation in-
creases the DHEA pool available for conversion to
active androgens, thus causing androgen excess.
These findings raise questions about the practice
of using high levels of androstenedione to define
ovarian hyperandrogenism and high levels of
DHEAS to define adrenal hyperandrogenism?° —
a practice that would have incorrectly classified
our patient as having androgen excess of ovarian
origin, even though the underlying disorder in-
volves a defect in adrenal sulfation.

The presence of PAPS is a prerequisite for cata-
lytic efficiency in all sulfation reactions, including
those involving proteoglycans, for which sulfation
is a key process in the formation of extracellular
matrix and therefore in bone development and

growth. A homozygous PAPSS2 mutation (S475X)
was identified in a large Pakistani kindred affected
by spondyloepimetaphyseal dysplasia, Pakistani
type,*> manifested as disproportionately short stat-
ure associated with short, bowed lower limbs,
enlarged knee joints, kyphoscoliosis, and gener-
alized brachydactyly.2* Chondroitin 6-O-sulfo-
transferase requires PAPS for catalytic activity;
mutations in CHST3, the gene that encodes chon-
droitin 6-O-sulfotransferase, result in spondyloepi-
physeal dysplasia, Omani type.2> Some features
of the bone phenotype in our patient resemble
those observed in spondyloepimetaphyseal dyspla-
sia, Pakistani type,'* although the bone changes
were milder in our patient and there were no long-
bone epiphyseal or metaphyseal changes. The an-
drogen excess in our patient was probably in-
volved in the acceleration of bone age. However,
the absence of a pubertal growth spurt, the com-
promised final height, and the increased ratio of
sitting height to standing height more likely re-
flect the bone dysplasia.

Affected patients in the Pakistani kindred*s
were homozygous for the inactivating S475X mu-
tation. The maternally inherited R329X mutation
in our patient results in premature truncation of
the ATP sulfurylase domain, rendering PAPSS2
void of activity, as shown in vitro. The paternally
inherited T48R mutation is located in immediate
proximity to the P-loop structure in the APS kinase
domain, a region identified as critical for enzy-
matic activity.2® We detected residual activity of
approximately 6% for this mutant, which might
be sufficient to explain the difference in the se-
verity of the bone phenotype between our patient
and the Pakistani kindred.

There is no information available about bone-
age advancement or a potential androgen-excess
phenotype in the Pakistani kindred, since the af-
fected patients live at the Pakistani-Afghan border,
an area difficult to access; the research team?s
was allowed only limited access to female fam-
ily members (Cohn DH, University of California
at Los Angeles: personal communication). There-
fore, in affected women, the clinical phenotype
regarding signs of androgen excess could not be
ascertained. The mother of our patient, a heterozy-
gous carrier of the completely inactivating R329X
mutation, reported a history suggestive of mild
polycystic ovary syndrome, although no formal
endocrine studies were performed in either par-
ent. Consequently, information on the biochem-
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ical phenotype of heterozygous carriers of PAPSS2
mutations is lacking.

Why the ubiquitously expressed PAPSS1 cannot
compensate for loss of PAPSS2 activity is un-
known. However, since previous in vitro studies
have shown that the catalytic efficiency of PAPSS2
is 10 to 15 times as great as that of PAPSS1,22 we
speculate that PAPSS1 alone might not provide
sufficient quantities of PAPS in tissues with a high
sulfation rate, such as the adrenal glands and liver.
Indeed, we have shown that PAPSS2 mRNA ex-
pression in the adrenal glands and the liver is
considerably higher than that of PAPSSI expres-
sion. In addition, it has been reported that PAPSS1
is predominantly nuclear, whereas PAPSS2 appears
to be predominantly cytosolic?’; this difference
in subcellular compartmentalization might explain
the differential effects of PAPSS1 and PAPSS2 on
cytosolic SULT2A1.

In conclusion, we have uncovered a molecular
defect associated with androgen excess — inac-
tivating mutations in the sulfate donor enzyme
PAPSS2 — that highlights the critical role of
DHEA sulfation in regulating the synthesis of an-
drogens in humans. In our patient, androgen ex-
cess was manifested as premature pubarche and
later as hirsutism, acne, and secondary amenor-
rhea, thus apparently fulfilling the current diag-
nostic criteria for the polycystic ovary syndrome.?
However, this diagnosis is one of exclusion; our

data show that PAPSS2 deficiency should be added
to the list of defined causes of androgen excess
that must be ruled out before diagnosing the
polycystic ovary syndrome. Future studies will
be needed to determine the frequency and func-
tional consequences of PAPSS2 sequence variants?®
in well-characterized cohorts of patients with pre-
mature pubarche and the polycystic ovary syn-
drome in order to further define the role of
PAPSS2 and DHEA sulfation in these androgen-
excess disorders.

Supported by a grant from the United Kingdom Medical Re-
search Council (G116/172, to Dr. Arlt), a doctoral training grant
(to Dr. McNelis), a grant from the Wellcome Trust (GR079865M,
to Dr. Krone), and a grant from the United Kingdom National
Institute for Health Research (to Dr. Hanley).

No potential conflict of interest relevant to this article was
reported.

We thank Dr. Charles A. Strott, National Institute of Child
Health and Human Development, Bethesda, MD, for his kind
donation of expression plasmids containing the coding se-
quences of human SULT2A1 and PAPSS2a; Dr. Daniel H. Cohn,
University of California at Los Angeles, for his critical reading of
an earlier version of this article; Drs. Paul M. Stewart and Cedric
H.L. Shackleton, University of Birmingham, Birmingham, Unit-
ed Kingdom, and Dr. Richard J. Auchus, University of Texas
Southwestern Medical Center, Dallas, for helpful discussions;
Beverly A. Hughes, Hannah E. Ivison, and Dimitra Vassiliadi,
University of Birmingham, Birmingham, United Kingdom, for
their skillful help with gas chromatography—-mass spectrometry
and DNA sequence analysis; and Drs. 1. Sadaf Farooqi and Ste-
phen O’Rahilly, University of Cambridge, Cambridge, United
Kingdom, and Dr. Stephen C. Gough, University of Birming-
ham, Birmingham, United Kingdom, for giving us access to the
genomic DNA of the normal control cohorts.

REFERENCES

1. Rotterdam ESHRE/ASRM-Sponsored 7. Barber TM, McCarthy MI, Wass JA, 13. Hammer F, Subtil S, Lux P, et al. No

PCOS Consensus Workshop Group. Re-
vised 2003 consensus on diagnostic crite-
ria and long-term health risks related to
polycystic ovary syndrome. Fertil Steril
2004;81:19-25.

2. Azziz R, Carmina E, Dewailly D, et al.
Positions statement: criteria for defining
polycystic ovary syndrome as a predomi-
nantly hyperandrogenic syndrome: an An-
drogen Excess Society guideline. J Clin
Endocrinol Metab 2006;91:4237-45.

3. Ehrmann DA. DPolycystic ovary syn-
drome. N Engl J Med 2005;352:1223-36.
4. Escobar-Morreale HF, Luque-Ramirez
M, San Milldn JL. The molecular-genetic
basis of functional hyperandrogenism and
the polycystic ovary syndrome. Endocr Rev
2005;26:251-82.

5. Goodarzi MO, Azziz R. Diagnosis,
epidemiology, and genetics of the poly-
cystic ovary syndrome. Best Pract Res Clin
Endocrinol Metab 2006;20:193-205.

6. Norman RJ, Dewailly D, Legro RS,
Hickey TE. Polycystic ovary syndrome.
Lancet 2007;370:685-97.

Franks S. Obesity and polycystic ovary syn-
drome. Clin Endocrinol (Oxf) 2006;65:137-
45.

8. Ibdfiez L, Dimartino-Nardi J, Potau N,
Saenger P. Premature adrenarche — nor-
mal variant or forerunner of adult disease?
Endocr Rev 2000;21:671-96.

9. Witchel SF. Puberty and polycystic
ovary syndrome. Mol Cell Endocrinol 2006;
254-255:146-53.

10. Auchus RJ, Rainey WE. Adrenarche —
physiology, biochemistry and human dis-
ease. Clin Endocrinol (Oxf) 2004;60:288-
96.

11. Arlt W, Justl HG, Callies F, et al. Oral
dehydroepiandrosterone for adrenal an-
drogen replacement: pharmacokinetics
and peripheral conversion to androgens
and estrogens in young healthy females
after dexamethasone suppression. J Clin
Endocrinol Metab 1998;83:1928-34.

12. Arlt W, Callies F, van Vlijmen JC, et al.
Dehydroepiandrosterone replacement in
women with adrenal insufficiency. N Engl
J Med 1999;341:1013-20.

evidence for hepatic conversion of dehy-
droepiandrosterone (DHEA) sulfate to
DHEA: in vivo and in vitro studies. J Clin
Endocrinol Metab 2005;90:3600-5.

14. Strott CA. Sulfonation and molecular
action. Endocr Rev 2002;23:703-32.

15. ul Haque MF, King LM, Krakow D, et
al. Mutations in orthologous genes in hu-
man spondyloepimetaphyseal dysplasia
and the brachymorphic mouse. Nat Genet
1998; 20:157-62.

16. Kurima K, Warman ML, Krishnan S,
et al. A member of a family of sulfate-
activating enzymes causes murine bra-
chymorphism. Proc Natl Acad Sci U S A
1998;95:8681-5. [Erratum, Proc Natl Acad
Sci U S A 1998;95:12071.]

17. Stelzer C, Brimmer A, Hermanns P,
Zabel B, Dietz UH. Expression profile of
Papss2 (3-phosphoadenosine 5-phospho-
sulfate synthase 2) during cartilage forma-
tion and skeletal development in the mouse
embryo. Dev Dyn 2007;236:1313-8.

18. Swinkels LM, Ross HA, Smals AG,
Benraad TJ. Concentrations of total and

N ENGL) MED 360;22 NEJM.ORG MAY 28, 2009

Downloaded from www.nejm.org by LUIGI GRECO MD on September 30, 2009 .
Copyright © 2009 Massachusetts Medical Society. All rights reserved.

2317



2318

free dehydroepiandrosterone in plasma
and dehydroepiandrosterone in saliva of
normal and hirsute women under basal
conditions and during administration of
dexamethasone/synthetic ~corticotropin.
Clin Chem 1990;36:2042-6.

19. Arlt W, Walker EA, Draper N, et al.
Congenital adrenal hyperplasia caused by
mutant P450 oxidoreductase and human
androgen synthesis: analytical study. Lan-
cet 2004;363:2128-35.

20. Goto M, Piper Hanley K, Marcos J, et
al. In humans, early cortisol biosynthesis
provides a mechanism to safeguard fe-
male sexual development. J Clin Invest
20006;116:953-60.

21. Fuda H, Lee YC, Shimizu C, Javitt NB,
Strott CA. Mutational analysis of human
hydroxysteroid sulfotransferase SULT2B1
isoforms reveals that exon 1B of the
SULT2B1 gene produces cholesterol sulfo-
transferase, whereas exon 1A yields preg-

BRIEF REPORT

nenolone sulfotransferase. J Biol Chem
2002;277:36161-6.

22. Fuda H, Shimizu C, Lee YC, Akita H,
Strott CA. Characterization and expres-
sion of human bifunctional 3-phospho-
adenosine 5-phosphosulphate synthase
isoforms. Biochem ] 2002;365:497-504.
23. Harjes S, Bayer P, Scheidig AJ. The
crystal structure of human PAPS syn-
thetase 1 reveals asymmetry in substrate
binding. ] Mol Biol 2005;347:623-35.

24, Ahmad M, Haque MF, Ahmad W, et
al. Distinct, autosomal recessive form of
spondyloepimetaphyseal dysplasia segre-
gating in an inbred Pakistani kindred.
Am J Med Genet 1998;78:468-73.

25. Thiele H, Sakano M, Kitagawa H, et
al. Loss of chondroitin 6-O-sulfotrans-
ferase-1 function results in severe human
chondrodysplasia with progressive spinal
involvement. Proc Natl Acad Sci U S A
2004;101:10155-60.

26. Deyrup AT, Krishnan S, Cockburn
BN, Schwartz NB. Deletion and site-direct-
ed mutagenesis of the ATP-binding motif
(P-loop) in the bifunctional murine ATP-
sulfurylase/adenosine 5-phosphosulfate
kinase enzyme. J Biol Chem 1998;273:
9450-6.

27. Besset S, Vincourt JB, Amalric F, Gi-
rard JP. Nuclear localization of PAPS syn-
thetase 1: a sulfate activation pathway in
the nucleus of eukaryotic cells. FASEB J
2000;14:345-54.

28. Xu ZH, Freimuth RR, Eckloff B,
Wieben E, Weinshilboum RM. Human
3 -phosphoadenosine 5-phosphosulfate
synthetase 2 (PAPSS2) pharmacogenet-
ics: gene resequencing, genetic polymor-
phisms and functional characterization
of variant allozymes. Pharmacogenetics
2002;12:11-21.

Copyright © 2009 Massachusetts Medical Society.

FULL TEXT OF ALL JOURNAL ARTICLES ON THE WORLD WIDE WEB

Access to the complete text of the Journal on the Internet is free to all subscribers. To use this Web site, subscribers should go
to the Journal’s home page (NEJM.org) and register by entering their names and subscriber numbers as they appear on their
mailing labels. After this one-time registration, subscribers can use their passwords to log on for electronic access to the entire
Journal from any computer that is connected to the Internet. Features include a library of all issues since January 1993 and
abstracts since January 1975, a full-text search capacity, and a personal archive for saving articles and search results of interest.
All articles can be printed in a format that is virtually identical to that of the typeset pages. Beginning 6 months after
publication, the full text of all Original Articles and Special Articles is available free to nonsubscribers.

N ENGLJ MED 360;22

NEJM.ORG MAY 28, 2009

Downloaded from www.nejm.org by LUIGI GRECO MD on September 30, 2009 .
Copyright © 2009 Massachusetts Medical Society. All rights reserved.



