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Abstract

3βHSD2 enzyme is crucial for adrenal and gonad steroid biosynthesis. In enzyme defi-
ciency states, due to recessive loss-of-function HSD3B2mutations, steroid flux is altered
and clinical manifestations result. Deficiency of 3βHSD2 activity in the adrenals pre-
cludes normal aldosterone and cortisol synthesis and the alternative backdoor and
11-oxygenated C19 steroid pathways and the flooding of cortisol precursors along
the Δ5 pathway with a marked rise in DHEA and DHEAS production. In gonads, it pre-
cludes normal T and estrogen synthesis. Here, we review androgen-dependent male
differentiation of the external genitalia in humans and link this to female development
and steroidogenesis in the developing adrenal cortex. The molecular mechanisms
governing postnatal adrenal cortex zonation and ZR development were also revised.
This chapter will review relevant clinical, hormonal, and genetic aspects of 3βHSD2 defi-
ciency with emphasis on the significance of alternate fates encountered by steroid hor-
mone precursors in the adrenal gland and gonads. Our current knowledge of the
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process of steroidogenesis and steroid action is derived from pathological conditions. In
humans the 3βHSD2 deficiency represents a model of nature that reinforces our knowl-
edge about the role of the steroidogenic alternative pathway in sex differentiation in
both sexes. However, the physiological role of the high serum DHEAS levels in fetal life
as well as after adrenarche remains to be elucidated.

1. ROLE OF 3β-HYDROXYSTEROID DEHYDROGENASE
IN STEROID FORMATION

Type 2 3β-hydroxysteroid dehydrogenaseΔ4–Δ5 isomerase (3βHSD2)

is a bifunctional microsomal and mitochondrial nicotinamide adenine

dinucleotide (NAD)+-dependent membrane-bound enzyme that catalyzes

the conversion of the three principal endogenous Δ5-steroid precursors,

pregnenolone, 17α-hydroxypregnenolone, and dehydroepiandrosterone

(DHEA) into their respective Δ4-ketosteroids, namely progesterone, 17α-
hydroxyprogesterone (17OHP), and androstenedione (A4), all with similar

efficiency (apparent Km and apparent Vmax) (Lee, Miller, & Auchus, 1999;

Rh�eaume et al., 1991). The first reaction is the oxidation of the 3β-hydroxyl
group to the ketone by dehydrogenase activity; during this process, NAD+ is

reduced toNADH.The intermediateΔ5,3-ketosteroid remains tightly bound

to the enzyme with nascent NADH, and the presence of NADH in the

cofactor-binding site activates the Δ4–Δ5-isomerase activity, residing in the

same enzyme that adapts different conformation (Thomas, Boswell, Scaccia,

Pletnev, & Umland, 2005; Thomas, Frieden, Nash, & Strickler, 1995).

Therefore, 3βHSD2 is essential for the biosynthesis of all classes of active

steroid hormones, including aldosterone, cortisol in the adrenal cortex, and

sex steroids in the adrenals and gonads.

1.1 Human Steroidogenesis
Steroidogenesis entails processes by which cholesterol is converted to

biologically active steroid hormones. These processes are repeated in each

steroidogenic tissue with cell-type-specific patterns that are dictated by

the cell-specific expression of specific steroidogenic enzymes.

The cleavage of cholesterol to pregnenolone is the first, rate-limiting,

and hormonally regulated step ( John, John, Boggaram, Simpson, &

Waterman, 1986) in the biosynthesis of steroid hormones common to all

steroidogenic cells. The cholesterol side-chain cleavage enzyme, P450scc

(CYP11A1), supported by its electron transport system consisting of reduced
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nicotinamide adenine dinucleotide phosphate, adrenodoxin reductase

(FDXR), and adrenodoxin (FDX1) (Miller, 2005), catalyzes three sequential

reactions: 20α-hydroxylation, 22-hydroxylation, and cleavage of the 20–22
carbon bond of cholesterol to yield pregnenolone. Because P450scc resides

on the inner mitochondrial membrane (Black, Harikrishna, Szklarz, &

Miller, 1994), steroid acute regulatory (StAR) protein, as part of a mul-

tiprotein complex, termed transduceosome (Rone, Fan, & Papadopoulos,

2009), facilitates the movement of cholesterol from the outer to the inner

mitochondrial membrane, thus providing the substrate for steroid hormone

biosynthesis (Lin et al., 1995). The specific repertoire of enzymes distal to

CYP11A1 in a cell determines the fate of pregnenolone metabolism and

defines the function of that cell.

A schematic overview of steroidogenesis, including the classic androgen

synthesis pathway and the two alternative androgen synthesis pathways

(11-oxygenated 19 carbon steroid and alternative pathway to DHT), is

shown in Fig. 1.

1.2 Adrenal Steroidogenesis
The coexpression of 3β-hydroxysteroid dehydrogenase/Δ4–Δ5 isomerase,

3βHSD (HSD3B1 (Doi et al., 2014) and HSD3B2), and aldosterone

synthase, P450c11AS (CYP11B2) in the zona glomerulosa (ZG) leads to

aldosterone production under regulation by the renin/angiotensin system.

The adrenal zona fasciculata (ZF) does not express angiotensin II receptors

or P450c11AS, but instead expresses the ACTH receptor, MC2R, and

11β-hydroxylase, P450c11 (CYP11B1). The coexpression of 3βHSD type

2 (HSD3B2) and cytochrome P450 17α-hydroxylase/17,20-lyase,
P450c17 (CYP17A1) along with P450c11 in the ZF, results in the produc-

tion of cortisol under the influence of ACTH. By contrast, the zona

reticularis (ZR) expresses relatively very little 3βHSD2 and large amounts

of P450c17, cytochrome b5, which selectively activates the 17,20-lyase

activity of P450c17 (Auchus, Lee, & Miller, 1998), and DHEA-

sulfotransferase (SULT2A1) (Suzuki et al., 2000). Consequently, the C19

steroid DHEA is produced, much of which is sulfated to DHEAS

(Miller & Auchus, 2011; Turcu, Smith, Auchus, & Rainey, 2014). This

Δ5 pathway is the preferred route to C19 steroid production in humans

as the 17,20-lyase activity of human CYP17A1 does not efficiently convert

17α-hydroxyprogesterone (17OHP) to androstenedione (A4) (Auchus,

Lee, &Miller, 1998; Fig. 1). Androgen production in human adrenal cortex
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is zonally and developmentally regulated. The 3βHSD2-deficient ZR is

indistinct during infancy, but a continuous layer of reticularis cells starts

to develop and thicken around 4–5 years (Remer, Boye, Hartmann, &

Wudy, 2005). This process, known as adrenarche, is followed by a rise in

circulating concentrations of DHEAS, with clinical signs physiologically

observed between the ages of 6 and 10 (Auchus, 2011; Belgorosky,

Baquedano, Guercio, & Rivarola, 2008). The human adrenal gland also

makes little A4 and testosterone (T). It has been proposed that A4 is pro-

duced from DHEA in a layer of cells in the interface of the ZF and ZR

which expresses CYP17A1, cytochrome b5, and 3βHSD2 (Nakamura

et al., 2015, 2011). The expression of aldo-ketoreductase 1C3 (AKR1C3),

also known as 17β-hydroxysteroid dehydrogenase type 5 (17βHSD5),

in the ZR would be responsible for the conversion of DHEA and

A4 to androstenediol and T, respectively (Nakamura, Hornsby, et al.,

2009; Fig. 1).

Furthermore, the advent of comprehensive analyses of steroid profiles by

sensitive and specific liquid chromatography (LC) and gas chromatography/

tandem mass spectrometry (GC-MS/MS) revealed adrenal alternative

androgen synthesis pathways (Homma et al., 2006; Jones et al., 2017;

Kamrath, Hochberg, Hartmann, Remer, & Wudy, 2012; O’Reilly et al.,

2017; Rege et al., 2013; Turcu et al., 2016). 17OHP is also a substrate

for an alternative, so-called backdoor pathway to androgen synthesis, which

generates DHT without the intermediacy of DHEA, A4, or T (Auchus,

2004). This pathway depends on the 5α- and 3α-reduction of 17OHP to

Fig. 1 Pathways of human steroid hormone synthesis. The biosynthetic pathways shown
are relevant to the gonads and the adrenal cortex. Inwhite boxes are shown enzymes that
are common to adrenals and gonads; in purple, those related to gonadal steroids, and in
yellow boxes those related to adrenal-specific pathways. The classical androgen synthesis
pathway is showed in orange.Δ5 pathway involving pregnenolone throughDHEA, andΔ4

pathway involving progesterone through testosterone are indicated. Minor routes indi-
cated by dashed arrows. The alternative “backdoor” androgen pathway is in red, and
the 11oxC19-steroid pathway is showed in blue. In green are depicted enzymes involved
in routes to androgens and estrogens in the periphery. A small amount of DHEA
is converted in the adrenal by HSD3B2, and larger amounts derive fromperipheral metab-
olism, mediated by HSD3B1. 11KA4, 11-ketoandrostenedione; 11KT, 11-ketotestosterone;
11OHA4, 11β-hydroxyandrostenedione; 11OHT, 11β-hydroxytestosterone; 17OHP, 17α-
hydroxyprogesterone; A4, androstenedione; CYB5A, cytochrome b5;DHEA, dehydroepian-
drosterone; DHEAS, dehydroepiandrosterone sulfate; DHT, 5α-dihydrotestosterone;
pdiol, 17-hydroxyallopregnenolone (5α-pregnane-3α,17α-diol-20-one); pdione, 17-
hydroxydihydroprogesterone (5α-pregnane-17α-ol-3,20-dione); T, testosterone.
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produce 17-hydroxyallopregnenolone (pdiol), followed by 17,20-lyase

activity of P450c17 and 17βHSD dehydrogenase activity, yielding

androstanediol, and finally a 3α-oxidation step to DHT (Fig. 1) (Auchus,

2004). In contrast to the classical pathway, human CYP17A1 has a very high

affinity for backdoor pathway intermediate, pdiol, which is an excellent

substrate for its 17,20-lyase activity, not dependent from cytochrome b5,

leading to androsterone production (Auchus, 2004; Gupta, Guryev, &

Auchus, 2003). Recent evidence showed that the human adrenal cortex

would express the enzymes to complete all the steps in the backdoor path-

way to DHT (Baquedano et al., 2014; Fl€uck et al., 2011; Marti et al., 2017)

and that this pathway would contribute to the androgen production in path-

ological states in which 17OHP accumulates, including 21α-hydroxylase
and POR deficiencies (Homma et al., 2006; Jones et al., 2017; Kamrath,

Hochberg, Hartmann, Remer, & Wudy, 2012). Moreover, recent studies

have demonstrated that human adrenal also produces a unique set of

11-oxygenated C19 steroid (110xC19) (Fig. 1) (O’Reilly et al., 2017;Rege

et al., 2013; Turcu et al., 2016). The first step of the 11-oxygenated androgen

pathway is dependent on the adrenal CYP11B1-catalyzed 11β-hydroxylation
of A4 to 11β-hydroxyandrostenedione (11OHA4), which is a major product

of adrenal steroidogenesis (Rege et al., 2013; Turcu et al., 2016). Low quan-

tities of the 11-oxygenated C19 steroid 11-ketoandrostenedione (11KA4),

11β-hydroxytestosterone (11OHT), and 11-ketotestosterone (11KT)

are also produced by the human adrenal (Rege et al., 2013; Turcu et al.,

2016; Fig. 1). 11KT and its peripheral 5α-reduced metabolite, 11-keto-

5α-dihydrotestosterone (11KDHT), are potent agonists of the human

androgen receptor (AR) with affinities and potencies similar to that of

T and 5α-dihydrotestosterone (DHT), respectively (Pretorius et al., 2016;

Rege et al., 2013; Storbeck et al., 2013).

1.3 Gonadal Steroidogenesis
Testicular synthesis of T follows a pathway that is similar to C19-steroid pro-

duction in the adrenal ZR, but the stimulus for steroidogenesis is transduced

by the LH receptor rather than MC2R and Leydig cells express abundant

3βHSD2 and 17βHSD3, but no SULT2A1 (Miller & Auchus, 2011). Thus,

DHEA produced in the testis is not sulfated but is readily converted to A4

and/or androstenediol and then T via 3βHSD2 and 17βHSD3 (Fig. 1). As in

the adrenal, the principal pathway to C19-steroids is via Δ5 steroids to

DHEA. Testicular T is converted to DHT in peripheral tissues, such as
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prostate and genital skin, by steroid 5α-reductase type 2 (SRDA2)

(Auchus & Miller, 2012). Gonadal T is not an important precursor for

adrenal 11β-hydroxylated 11OHT and 11KT (Turcu et al., 2016).

In the ovary, enzymatic steps of steroidogenesis are partitioned between

the granulosa and theca cells, which surround the oocyte and form a follicle.

Furthermore, the patterns of steroidogenesis vary during the cycle: estradiol

is the principal product in the follicular phase, and progesterone is produced

in the luteal phase. Granulosa cells do not express P450c17 (Voutilainen,

Tapanainen, Chung, Matteson, & Miller, 1986). Thus, steroidogenesis is

initiated in granulosa cells under the influence of LH, which stimulates

the P450scc expression (Voutilainen, Tapanainen, Chung, Matteson, &

Miller, 1986). Pregnenolone and progesterone from granulosa cells

diffuse into adjacent theca cells, where P450c17 and 3βHSD2 catalyze A4

synthesis. Small amounts of this A4 are secreted or converted to T by

AKR1C3/17βHSD5, but most A4 returns to the granulosa cells where

P450 aromatase (CYP19A1) and 17βHSD1 convert it to estrone and then

to estradiol, respectively, under the influence of FSH.

Recent gene and protein expression studies revealed that human gonads

express all genes necessary for DHT production via the backdoor pathway

(Fl€uck et al., 2011; Marti et al., 2017). Furthermore, the expression of the

backdoor pathway in the fetal testis appears to play an important role during

male sexual differentiation (Fl€uck et al., 2011; see below).

1.4 Gonadal and Adrenocortical Organogenesis. Human
Sexual Differentiation

The adrenal cortex and gonads derive from a common embryological adre-

nogonadal precursor lineage. In human embryos, these adrenogonadal pro-

genitors, referred to as the adrenogonadal primordium, can be identified

from about 3 weeks postconception (wpc) as a thickening on the inner sur-

face of the mesonephros, the equivalent to the primitive kidney system

(Else & Hammer, 2005; Parker et al., 2002). As this primordium grows,

these cells subsequently differentiate and the gonadal primordium and adre-

nal primordium then separate. This occurs at 33 dpc (Goto et al., 2006).

In the 7th wpc, the bipotential gonad begins to differentiate into a testis

or an ovary, depending on the genetic sex of the individual and, during 8–12
wpc, the sexual dimorphism of the external genitalia is established. The male

gonad initiates the expression of the sex-determining region of the

Y chromosome (SRY) gene in the cells destined to become Sertoli cells,

which secrete anti-M€ullerian hormone leading to regression of the
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mesonephric ducts, which would otherwise give rise to the female internal

genitalia (Wilhelm, Palmer, & Koopman, 2007). A few days later, a second

wave of differentiation within the testis gives rise to a population of Leydig

cells that secrete androgens, which virilize the male internal and external

genitalia (Sobel, Zhu, & Imperato-McGinley, 2004). The evidence shows

that both testicular T converted to DHT in genital skin by 5α-reductase type
2 and DHT from testicular backdoor pathway are needed for normal male

sexual development (Fl€uck et al., 2011). DHT signals to the bipotential

external genitalia via the AR to elicit differentiation irrevocably along a male

pathway: the urethral folds fuse in the midline to close the urogenital sinus,

the genital swellings develop into the scrotum, and the phallus enlarges into a

penis. Thus, during this narrow window of sexual differentiation (8–12
wpc), maintaining the appropriate intrauterine hormone environment is

critical (Asby, Arlt, & Hanley, 2009; Hanley & Arlt, 2006).

Meanwhile, the cells of the adrenal primordium continue to proliferate,

and at about 48 dpc, chromaffin cells originating from the neural crest

migrate to the area where the adrenogonadal primordium is developing

(Xing, Lerario, Rainey, & Hammer, 2015). At the same time, the adrenal

cortex becomes encapsulated and by 50–52 dpc, two discrete zones are

detectable in the adrenal cortex, the inner fetal zone (FZ), and the smaller

outer zone, or definitive zone (DZ) (Goto et al., 2006; Xing, Lerario,

Rainey, & Hammer, 2015). All key steroidogenic enzymes, including

StAR, CYP11A, CYP17, and CYP21, are first detected robustly at

50–52 dpc within the nascent inner FZ and weaker within the outer DZ,

except for CYP17 that is absent (Goto et al., 2006). Importantly, 3βHSD2

is detected in a wave of expression from 8 wpc until the end of the first

trimester at the interface between the DZ and FZ. The presence of 3βHSD2

facilitates de novo cortisol biosynthesis, but it would also be relevant to

androgen biosynthesis by either classical or alternative pathways. In the for-

mer, DHEA is converted to androstenedione by 3βHSD2; in the latter,

3βHSD2 would be a means of providing progesterone from pregnenolone

(Auchus, 2004; Hanley & Arlt, 2006). Indeed, Goto and coworkers have

demonstrated that the anterior pituitary–adrenal axis does appear mature

as early as 50–52 dpc and that ACTH stimulates the secretion of A4 and

T by the fetal adrenal cortex during the first trimester (Goto et al., 2006).

This intimately ties the developing adrenal gland to the process of sexual

differentiation and led to the hypothesis that the transient fetal cortisol pro-

duction is capable of attenuating ACTH stimulation of the adrenal and sub-

sequent upregulation of androgen production, thereby acting as a safeguard

mechanism for normal female sexual development (Goto et al., 2006).
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Regardless of the source of androgen production, the target tissue

responds by male sexual differentiation of the external genitalia during a

period spanning from approximately 8 weeks of fetal development until

the end of the first trimester. From the second trimester onward, the poten-

tial for further virilization, even in the presence of androgen excess, is limited

at least partly by diminishing expression of the AR in females (Shapiro,

Huang, & Wu, 2000) and the onset of fetal P450 aromatase (CYP19A1)

expression in both sexes (Grumbach & Auchus, 1999).

During the second and third trimesters, the adrenal glands continue to

grow rapidly, largely due to an increase in the size of the FZ, which produce

large amounts of DHEA and DHEAS (Ishimoto & Jaffe, 2011). A third cor-

tical zone becomes evident by 14 weeks (Goto et al., 2006). This transitional

zone (TZ) is located between the DZ and the FZ. After 23–24 weeks’

gestation, 3βHSD2 expression is again detectable in the DZ and TZ

(Ishimoto & Jaffe, 2011). Immediately before birth, there is a second peak

in cortisol production that is required for fetal organ maturation.

After birth, a strong remodeling of the adrenal gland occurs; the fetal

zone undergoes apoptosis, followed by encapsulation of the medulla and

final zonation of the adult cortex. These morphologic changes are accom-

panied by a rapid drop in DHEA and DHEAS production due to the invo-

lution of the fetal zone. In preadrenarche children, the ZG and the ZF are

clearly present, but only focal islands of ZR cells, insufficient to influence

serum DHEAS levels, can be identified at the ages 3–5 years (Belgorosky,

Baquedano, Guercio, & Rivarola, 2008; Dardis, Saraco, Rivarola, &

Belgorosky, 1999; Gell et al., 1998; Nakamura, Gang, Suzuki, Sasano, &

Rainey, 2009; Suzuki et al., 2000). After adrenarche, there is a development

and thickening of a continuous ZR associated with detectable increases in

circulating DHEA and DHEAS (de Peretti & Forest, 1976; Endoh,

Kristiansen, Casson, Buster, & Hornsby, 1996; Havelock, Auchus, &

Rainey, 2004; Hui et al., 2009).

2. HUMAN 3βHSD2 DEFICIENCY

In enzyme deficiency states, steroid flux is altered and clinical mani-

festations often result (Ghayee & Auchus, 2007). Deficiency of 3βHSD2

activity in the adrenals precludes normal aldosterone and cortisol synthesis

and the flooding of cortisol precursors along the Δ5 pathway with a marked

rise in pregnenolone, 17α-hydroxypregnenolone, DHEA, DHEAS, and

androstenediol production (Fig. 2). Deficiency of 3βHSD2 activity in

gonads precludes normal T and estrogen synthesis. The blockage caused
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Fig. 2 See legend on opposite page.



by 3βHSD2 deficiency precludes flux to the backdoor pathway and

11-oxygenated C19 steroid synthesis due to very low intraadrenal

17OHP and A4 substrate levels, respectively (Fig. 2). However, peripheral

3βHSD type 1 (3βHSD1) conversion of Δ5 steroids to Δ4 steroids can result

in high serum 17OHP and A4 (see below) (Fig. 2).

2.1 Molecular Genetics of Human 3βHSD2 Deficiency
In humans there are two closely linked 3βHSD genes and cognate enzymes.

Type 1 (HSD3B1) and type 2 (HSD3B2) 3βHSD genes map to the short

arm of chromosome 1 (1p13.1) with identical intron/exon organizations

(Luu et al., 1989; Rh�eaume et al., 1991). The structure of each of the

HSD3B1 and HSD3B2 genes consists of four exons, which are included

within a DNA fragment of 7.8kb (Lorence, Corbin, Kamimura,

Mahendroo, & Mason, 1990; Fig. 3A). HSD3B1 gene encodes an enzyme

of 372 amino acids predominantly expressed in placenta, breast, liver, brain,

and some other peripheral tissues (Simard et al., 2005). HSD3B2 gene,

which encodes a protein of 371 amino acids (Fig. 3B), shares 93.5% identity

with the type 1 and is almost exclusively expressed in the adrenals and gonads

(Lorence et al., 1990; Rh�eaume et al., 1991). The purified 3βHSD2 enzyme

has a Michaelis constant (Km) of 47μM and a maximal velocity (Vmax) of

82nmol/minmg for 3βHSD substrate (DHEA) and aKm of 88μMandVmax

of 970nmol/minmg for the isomerase substrate (5-androstene-3,17-dione),

while 3βHSD1 has a Km of 3.7μM and a Vmax of 43nmol/minmg for

3βHSD substrate (DHEA) and aKm of 28μMandVmax of 598nmol/minmg

for the isomerase substrate (5-androstene-3,17-dione) (Thomas, Mason,

Blanco, & Veisaga, 2001). The higher affinity of 3βHSD1 could facilitate

Fig. 2 Altered steroid pathways in 3βHSD2 deficiency. The block of adrenal cortisol and
aldosterone synthesis hunts precursors to 19-carbon steroids. Deficiency of 3βHSD2 activ-
ity in gonads precludes normal testosterone and estrogen synthesis. Peripheral 3βHSD1-
catalyzed conversion of Δ5 steroids to Δ4 steroids results in high 17OHP and A4 in
46,XX patients. However, the alternative androgen synthesis pathways (11-oxygenated
19 carbon steroids and the “backdoor” pathway to DHT) are precluded due to very
low intraadrenal Δ4 steroids. Steroids that are produced in excess have larger font.
Steroids that are deficient are graphically not emphasized, with minor pathways
shown with dotted arrows. 11KA4, 11-ketoandrostenedione; 11KT, 11-ketotestosterone;
11OHA4, 11β-hydroxyandrostenedione; 11OHT, 11β-hydroxytestosterone; 17OHP, 17α-
hydroxyprogesterone; A4, androstenedione; CYB5A, cytochrome b5;DHEA, dehydroepian-
drosterone; DHEAS, dehydroepiandrosterone sulfate; DHT, 5α-dihydrotestosterone;
pdiol, 17-hydroxyallopregnenolone (5α-pregnane-3α,17α-diol-20-one); pdione,17-
hydroxydihydroprogesterone (5α-pregnane-17α-ol-3,20-dione); T, testosterone.
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steroid formation from relatively low concentrations of substrates usually

present in peripheral tissues.

The HSD3B2 gene is mutated in 3βHSD deficiency, while HSD3B1

gene mutations have never been described, possibly because placental

3βHSD1 deficiency would preclude progesterone production during

pregnancy. Mutations throughout the HSD3B2 gene have been reported.

To date, a total of 50 mutations (including frameshift, nonsense, in-frame

deletion, splicing, and missense mutations) have been identified in the

HSD3B2 gene in 82 individuals from 66 families suffering from classical

3βHSD deficiency as shown in Table 1. Gene conversions with theHSD3B1

gene have not been described, and founder mutations account for only small

cluster of cases in remote areas.

2.2 Clinical Features of Human 3βHSD2 Deficiency
Recessive loss-of-functionHSD3B2mutations cause a rare form of congen-

ital adrenal hyperplasia (CAH) that impairs both adrenal and gonadal ste-

roidogenesis. It is one of the rarest forms of CAH with an incidence of

only 1 in approximately 1,000,000 births and no ethnic pockets with higher

prevalence have been described. Cortisol deficiency leads to an increase in

corticotropin (ACTH) secretion through the feedback mechanism that

results in increased production of Δ5 steroid precursors, such as pregneno-

lone, 17α-hydroxypregnenolone, DHEA, and androstenediol from the

adrenal cortex. Aldosterone deficiency causes the salt wasting, and combined

cortisol and aldosterone deficiencies cause adrenal crisis if the affected sub-

jects are not early identified and treated (Auchus & Chang, 2010; Auchus &

Miller, 2012; Pang, 2001; Simard, Moisan, & Morel, 2002).

A HSD3B2 gene

3bHSD enzyme

Cofactor-
binding
domain

Membrane-
spanning
domain

Membrane-
spanning
domain

Conserved
region

Putative
substrate-

binding
domain

Substrate-
binding
domain

1 372

142 bp

1 2 3 4

165 bp 812 bp

5¢ 3¢

B

Fig. 3 (A) Genomic organization for HSD3B2 gene. Numbered boxes represent exons.
Lines represent introns. The HSD3B2 gene has four exons, whereof exon 1 and the 50

part of exon 2 are not translated. (B) A cartoon of the different functional domains of
the 3βHSD2 enzyme.
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Table 1 HSD3B2 Gene Mutations and Their Residual In Vitro Activity Reported in 3βHSD2-Deficient Patients

Mutation Variant ID Activity In Vitro (% of wt) Domain of the protein

Evidence
of Protein
Instability References

Missense

p.Leu6Phe

c.16C>T

CM000720 Δ5-P to P 47.8%,

DHEA to Δ4-A 39.3%

Yes Zhang et al. (2000)

p.Ala10Glu

c.29C>A

CM001196

rs28934880

DHEA to Δ4-A 0% Putative NAD-binding

domain

Yes Alos et al. (2000)

p.Ala10Val

c.29C>T

CM993167 DHEA to Δ4-A 29.1% Putative NAD-binding

domain

No Moisan et al. (1999)

p.Gly12Glu

c.35G>A

rs756607591 ND ND Benkert et al. (2015)

p.Gly15Asp

c.44G>A

CM952220 Δ5-P to P 0% Putative NAD-binding

domain

No Rh�eaume et al. (1995)

p.Ala82Thr

c.244G>A

CM940954

rs757033996

DHEA to Δ4-A 7.6% No Mendonça et al. (1994)

p.Ala82Pro

c.244G>C

CM124707 ND Membrane-binding domain Yes Rabbani, Mahdieh, Haghi

Ashtiani, Setoodeh, &

Rabbani, 2012)

p.Ala82Asp

c.245C>A

ND ND Nordenstr€om, Forest, and

Wedell (2007)

p.Asn100Ser

c.299A>G

CM950653 Δ5-P to P 2.7%, DHEA

to Δ4-A 11%

No M�ebarki et al. (1995)

Continued



Table 1 HSD3B2 Gene Mutations and Their Residual In Vitro Activity Reported in 3βHSD2-Deficient Patients—cont’d

Mutation Variant ID Activity In Vitro (% of wt) Domain of the protein

Evidence
of Protein
Instability References

p.Leu108Trp

c.323T>G

CM940955 Δ5-P to P 0% Yes Sanchez, M�ebarki, et al.
(1994), Sanchez, Rh�eaume,

et al. (1994)

p.Gly129Arg

c.385G>A

CM940956 Δ5-P to P 2%, DHEA

to Δ4-A 4.7%

Cofactor binding domain No Rh�eaume et al. (1994)

p.Glu142Lys

c.424G>A

CM930411

rs80358219

Δ5-P to P 0% No Simard et al. (1993)

p.Pro155Leu

c.464C>T

CM993168

rs779418168

DHEA to Δ4-A 0% YXXXK sequence located

in the active site of short-

chain alcohol

dehydrogenases

No Moisan et al. (1999)

p.Ala167Val

c.500C>T

CM985528 ND ND Nayak, Lee, and Witchel

(1998)

p.Leu173Arg

c.518T>G

CM940957

rs762479018

DHEA to Δ4-A 52.8% No Moisan et al. (1999)

p.Thr181Ile

c.542C>A

ND ND Johannsen et al. (2005)

p.Pro186Leu

c.557C>T

CM940958 Δ5-P to P 0% Yes Sanchez, M�ebarki, et al.
(1994), Sanchez, Rh�eaume,

et al. (1994)



p.Tyr190Cys

c.569A>G

Δ5-17P to 17-OHP

<5%, Δ5-P to P <1%,

DHEA to Δ4-A <1%

Between the two putative

substrate-binding domains.

3D model: extremely close

to the putative substrate-

binding pocket

No Takasawa et al. (2014)

p.Leu205Pro

c.614T>C

CM950654 DHEA to Δ4-A 0% No Moisan et al. (1999)

p.Ser213Thr

c.638G>C

CM040433

rs137867568

DHEA to Δ4-A 40% ND Codner et al. (2004)

p.Ser213Gly

c.637A>G

CM995305

rs759422374

DHEA to Δ4-A
58.4 � 0.6%

No Moisan et al. (1999)

p.Lys216Glu

c.646A>G

CM995306 DHEA to Δ4-A 58.9% No Moisan et al. (1999)

p.Ser218Pro

c.652T>C

Δ5-17P to 17-OHP

<10%, Δ5-P to P <1%,

DHEA to Δ4-A <1%

Between the two putative

substrate-binding domains.

3D model: extremely close

to the putative substrate-

binding pocket

No Takasawa et al. (2014)

p.Pro222Gln

c.665C>A

CM993169

rs765547422

DHEA to Δ4-A 0% No Moisan et al. (1999)

p.Pro222His DHEA to Δ4-A 0% No Moisan et al. (1999)

p.Pro222Thr

c.664C>A

CM023090

rs80358220

Δ5-P to P 0%, DHEA

to Δ4-A 0%

Adjacent flanking substrate-

binding domain

Yes Pang et al. (2002)

Continued



Table 1 HSD3B2 Gene Mutations and Their Residual In Vitro Activity Reported in 3βHSD2-Deficient Patients—cont’d

Mutation Variant ID Activity In Vitro (% of wt) Domain of the protein

Evidence
of Protein
Instability References

p.Leu236Ser

c.707T>C

CM993170

rs35887327

DHEA to Δ4-A 100% No Moisan et al. (1999)

p.Ala245Pro

c.733G>C

CM930412 Δ5-P to P 11.9%,

DHEA to Δ4-A 13.1%

No Simard et al. (1993)

p.Gly250Val

c.749G>T

CM1210438 Δ5-P to P 20%, DHEA

to Δ4-A 27%

Loop next to a beta-sheet

structure in the cofactor

domain

No Baquedano et al. (2015)

p.Tyr253Asn

c.757T>A

CM930413 Δ5-P to P 0%, DHEA

to Δ4-A 0%

No Simard et al. (1993)

p.Tyr254Asp

c.760T>G

CM940959 Δ5-P to P 0%, DHEA

to Δ4-A 0%

Substrate-binding domain No Sanchez, M�ebarki, et al.
(1994), Sanchez, Rh�eaume,

et al. (1994)

p.Thr259Arg

c.776C>G

CM950656 DHEA to Δ4-A 0% Substrate-binding domain Yes Moisan et al. (1999)

p.Thr259Met

c.776C>T

CM993171

rs80358221

DHEA to Δ4-A 0% Substrate-binding domain Yes Moisan et al. (1999)

p.Ser284Arg

c.852C>G

CM040434 DHEA to Δ4-A 32% ND Codner et al. (2004)

p.Gly294Val

c.881G>T

CM993172 DHEA to Δ4-A 20.5% Membrane-spanning

domain

No Moisan et al. (1999)



p.Tyr339Cys

c.1016A>G

ND ND Bahı́llo-Curieses, Loidi

Fernández de Trocóniz, del

Cañizo López, and

Martı́nez-Sopena (2016)

p.Pro341Leu

c.1022C>T

CM081307 Δ5-P to P 2%, DHEA

to Δ4-A 6%

C-Terminal part of the

protein

Yes Welzel et al. (2008)

p.Ter373Cys

c.1119A>C

CM021276 Δ5-P to P 27%, DHEA

to Δ4-A 27%

C-Terminal part of the

protein

Yes Pang et al. (2002)

Nonsense

p.Glu25Ter

c.73G>T

No predicted activity ND Huang et al. (2014)

p.Glu135Ter

c.403G>T

CM970746 No predicted activity ND Marui et al. (1998)

p.Trp171Ter

c.512G>A

CM920363

rs80358216

No predicted activity ND Rh�eaume et al. (1992)

p.Trp230Ter

c.690G>A

No predicted activity ND Nordenstr€om, Forest, and

Wedell (2007)

p.Arg249Ter

c.745C>T

CM950655

rs80358217

No predicted activity ND Tajima et al. (1995)

p.Tyr308Ter

c.924C>G

CM950657 No predicted activity ND Tajima et al. (1995)

Continued



Table 1 HSD3B2 Gene Mutations and Their Residual In Vitro Activity Reported in 3βHSD2-Deficient Patients—cont’d

Mutation Variant ID Activity In Vitro (% of wt) Domain of the protein

Evidence
of Protein
Instability References

p.Gln334Ter

c.1000C>T

CM125506 No predicted activity C-Terminal part of the

protein

ND Jeandron and

Sahakitrungruang (2012)

p.Arg335Ter

c.1003C>T

CM081308

rs148200568

Δ5-P to P 2 %, DHEA

to Δ4-A 2%

C-Terminal part of the

protein

Yes Welzel et al. (2008)

p.Trp355Ter

c.1064G>A

CM081309 Δ5-P to P 1.5 %,

DHEA to Δ4-A 2%

C-Terminal part of the

protein

Yes Welzel et al. (2008)

Deletions

p.Ala168Valfs

c.503delC

No predicted activity ND Probst-Scheidegger,

Udhane, l’Allemand, Fl€uck,
and Camats (2016)

p.Trp230_Ala238del

c.687_713del

CG994940 DHEA to Δ4-A 0% Yes Moisan et al. (1999)

p.Asn266ThrfsTer6

c.797delA

CD000265 No predicted activity ND McCartin et al. (2000)

p.Lys273ArgfsTer7

c.818_819delAA

CD941706

rs754609778 No predicted activity ND Simard et al. (1994)

p.

Met290CysfsTer10

c.867delG

CD994557

rs767167623

No predicted activity ND Moisan et al. (1999)



p.Thr318LysfsTer50

c.953delC

CD962037 No predicted activity ND Zhang, Sakkal-Alkaddour,

Chang, Yang, and Pang

(1996)

p.Val319AlafsTer49

c.956delT

No predicted activity 3D modeling predicts a

conformational change in

the substrate-binding

pocket

ND Bizzarri et al. (2016)

p.Lys368SerfsTer129

c.1103delA

No predicted activity ND Johannsen et al. (2005)

Insertions

p.Thr187HisfsTer17

c.558insC

CI920941

rs770815049

No predicted activity ND Rh�eaume et al. (1992)

Indels

p.Val248AsnfsTer2

c.742_746delinsaact

CX931241 No predicted activity ND Chang, Kappy, et al. (1993)

Splicing

c.308-6G>A CS942333

rs755048400

No predicted activity ND Rh�eaume et al. (1994)

All mutations were designated following the recommendations of the Human Genome Variation Society and HUGO Gene Nomenclature Committee (den Dunnen
et al., 2016). Nucleotides change considering reference sequences: NM_001166120.1, NP_001159592.1, and CCDS902.1.DHEA, dehydroepiandrosterone;ND, not
determined; P, progesterone; Δ4-A, androstenedione; Δ5-P, pregnenolone; Δ5-17P, 17OH pregnenolone; 17-OHP, 17 OH progesterone.

ncbi-n:NM_001166120.1
ncbi-p:NP_001159592.1


The clinical phenotype in the affected patients is significantly heteroge-

neous with different degrees of genital ambiguity and adrenal failure in both

sexes (Table 2 and 3).

Clinical symptoms of adrenal failure could be present early after birth.

Mineralocorticoid deficiency with salt wasting, hypotension, and hyper-

kalemia is observed in 60%–70% of the reported cases (Simard, Moisan, &

Morel, 2002). No functional 3βHSD2 isoenzyme is expressed in the adrenals

and gonads of these patients. The nonsalt-wasting form of 3βHSD2 deficiency

results from variations in the HSD3B2 gene causing an incomplete loss of

enzymatic activity (Baquedano et al., 2015; Moisan et al., 1999).

Testicular steroidogenic defect leads to different degrees of under

virilization in 46,XY affected subjects. The phenotypic spectrum includes

patients with severe under virilization and female appearance. Most fre-

quently affected individuals present with genital ambiguity, hypospadias,

microphallus, and cryptorchidism (Auchus & Miller, 2012; Pang, 2001).

Mild genital virilization with clitoromegaly with or without partial labial

fusion, and even normal female genitalia has been reported in the 46,XX

affected subjects (Auchus & Chang, 2010; Benkert et al., 2015; Pang,

2001). This lesser genital virilization, compared to 21-hydroxylase and

11-hydroxylase deficiencies, is related to peripheral conversion of the DHEA

excess through the homologous enzyme 3βHSD1 into more potent andro-

gens. The absence of adrenal 3βHSD activity precludes elevation of intra-

adrenal 17OHP and the production of backdoor-derived DHT and

11-oxygenated androgens, which would be the major source of virilizing

androgens in other forms of CAH ( Jones et al., 2017; Kamrath, Hochberg,

Hartmann, Remer, & Wudy, 2012; Turcu et al., 2016). The underrepresen-

tation of 46,XX patients in this autosomal recessive disorder may be explained

by the milder genital phenotype that could delay diagnosis and/or lead to

unrecognized cause of infant death (Alos et al., 2000; Moisan et al., 1999).

Peripheral conversion does not rescue cortisol and aldosterone defi-

ciency, because the 21-carbon steroid precursors do not efficiently return

to the adrenal for subsequent hydroxylations. Peripheral cytochromes

P450 cannot substitute for the adrenal 21α- and 11α-hydroxylases to make

significant amounts of cortisol, but progesterone 21α-hydroxylation
through CYP3A4 and CYP2C9 in the liver can partially compensate for

the mineralocorticoid deficiency by making 11-deoxycorticosterone in

older children and adults (Casey & MacDonald, 1982).

As mentioned earlier, patients with less severe enzymatic defects can

maintain a normal hydroelectrolyte balance. If not treated, they will develop

symptoms of androgen excess later in life (body odor, pubarche, axilarche,

94 Maria Sonia Baquedano et al.



Table 2 Ethnic Origin, Genotype, and Clinical Findings of 46,XY Described Patients
At Diagnosis

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

I.1 Japanese p.[Arg249Ter];

[Arg249Ter]

Birth Skin pigmentation.

Hypospadias with

micropenis, bifid

scrotum, palpable

gonads

Yes Gynecomastia

at 7.6 years.

Spontaneous

pubertal

development

Yoshimoto et al.

(1997)

II.1 American p.[Trp171Ter];

[Thr187HisfsTer17]

Yes 1 month Mild hypospadias Yes Spontaneous

puberty.

Gynecomastia.

Fathered two

children

Parks,

Bermudez,

Anast,

Bongiovanni,

and New (1971),

Rh�eaume et al.

(1992)

III.1 Mexican

Hispanic

p.[Val248AsnfsTer2];

[Val248AsnfsTer2]

Birth Peineal hypospadias,

micropenis, bifid

scrotum, scrotal

testes

Yes Gynecomastia

at 12 years

Chang, Kappy,

et al. (1993)

IV.1 Dutch p.[Tyr253Asn];

[Thr187HisfsTer17]

Birth Urethral diverticula,

hypospadias

Yes Simard et al.

(1993)

V.1 American p.[Glu142Lys];

[Trp171Ter]

1 week Perineal hypospadias,

bifid scrotum

Yes Simard et al.

(1993)

VI.1 Turkish p.[Ala245Pro];

[Ala245Pro]

Yes 4 years Scrotal hypospadias,

bifid scrotum

No Simard et al.

(1993)

Continued



Table 2 Ethnic Origin, Genotype, and Clinical Findings of 46,XY Described Patients—cont’d
At Diagnosis

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

VII.1 Pakistani p.[Lys273ArgfsTer7];

[Lys273ArgfsTer7]

Birth Hypospadias Yes Simard et al.

(1994)

VIII.1 Afghan p.[Lys273ArgfsTer7];

[Lys273ArgfsTer7]

Birth Sever hypospadias,

bifid scrotum,

palpable gonads

Yes Simard et al.

(1994)

IX.1 Afghan p.[Lys273ArgfsTer7];

[Lys273ArgfsTer7]

Yes Birth Severe hypospadias,

bifid scrotum

Yes Simard et al.

(1994)

X.1 Brazilian p.[Ala82Thr];

[Ala82Thr]

Birth Ambiguous genitalia Compensated

salt loss

(elevated

renin activity)

Assigned female.

Gonadectomized

Mendonça et al.

(1994), Moisan

et al. (1999)

X.2 Brazilian p.[Ala82Thr];

[Ala82Thr]

Birth Perineal hypospadias,

bifid scrotum

Compensated

salt loss

(elevated

renin activity)

Assigned female.

Spontaneous

typically male

puberty at

14 years. No

gynecomastia.

Reassigned male

at 17 years

Mendonça et al.

(1994), Moisan

et al. (1999)



XI.1 Spanish/

Portuguese

p.[Leu108Trp];

[Pro186Leu]

Birth Perineal hypospadias,

bifid scrotum

Yes De Peretti,

Forest, Feit, and

David (1980),

Sanchez,

M�ebarki, et al.
(1994), Sanchez,

Rh�eaume, et al.

(1994), Moisan

et al. (1999)

XII.1 American c.[385G>A];

[308-6G>A]

p.[Gly129Arg]

6 years Premature pubarche.

History of multiple

surgeries for perineal

hypospadias and

bilateral

cryptorchidism

No Spontaneous

puberty

at 12 years

Pang et al.

(1983), Chang,

Kulin, et al.

(1993),

Rh�eaume et al.

(1994), Moisan

et al. (1999)

XIII.1 Scottish p.[Leu173Arg];

[Leu173Arg]

5 years Ambiguous genitalia No Assigned female

at birth.

Gonadectomized

Russell et al.

(1994), Moisan

et al. (1999)

XIV.1 Algerian p.[Gly15Asp];

[Gly15Asp]

Birth Perineoscrotal

hypospadias, bifid

scrotum

Yes Gendrel,

Chaussain,

Roger, and Job

(1979),

Rh�eaume et al.

(1995), Moisan

et al. (1999)

XV.1 French,

English

p.[Asn100Ser];

[Asn100Ser]

20 months Perineal hypospadias,

palpable testes

Compensated

salt loss

(elevated

renin activity)

Assigned female.

Gonadectomized

De Peretti et al.

(1980), M�ebarki
et al. (1995),

Moisan et al.

(1999)

Continued



Table 2 Ethnic Origin, Genotype, and Clinical Findings of 46,XY Described Patients—cont’d
At Diagnosis

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

XVI.1 Japanese p.[Leu205Pro];

[Leu205Pro]

3 months Hyperpigmentation,

severe hypospadias,

bifid scrotum

Yes Katsumata et al.

(1995), Moisan

et al. (1999)

XVII.1 Japanese p.[Thr259Arg];

[Thr259Arg]

N/A Pigmentation,

hypospadias, palpable

testes in bifid

scrotum

Yes Tajima et al.

(1995), Moisan

et al. (1999)

XVIII.1 Japanese p.[Arg249Ter];

[Arg249Ter]

N/A Pigmentation,

hypospadias, bifid

scrotum

Yes Tajima et al.

(1995)

XIX.1 Japanese p.[Arg249Ter];

[Arg249Ter]

N/A Pigmentation, severe

undervirilization

Yes Tajima et al.

(1995)

XX.1 Japanese p.[Tyr308Ter];

[Tyr308Ter]

Yes N/A Pigmentation,

perineal hypospadias,

bifid scrotum

Yes Tajima et al.

(1995)

XXI.1 French p.[Pro155Leu];

[Gly294Val]

Birth Perineal hypospadias,

palpable testes in

scrotum

No Moisan et al.

(1999), Gendrel

et al. (1979)

XXI.2 French p.[Pro155Leu];

[Gly294Val]

Birth Perineal hypospadias,

scrotal testes

No Moisan et al.

(1999), Gendrel

et al. (1979)



XXII.1 Egyptian p.[Ala10Val];[Ala10Val] 6 months Perineoscrotal

hypospadias, scrotal

testes

No Moisan et al.

(1999)

XXII.2 Egyptian p.[Ala10Val];[Ala10Val] 4 months Perineoscrotal

hypospadias,

micropenis, scrotal

testes

No Moisan et al.

(1999)

XXIII.1 Algerian p.[Pro222Gln];

[Pro222Gln]

Birth Perineal hypospadias,

micropenis, scrotal

testes

Yes Moisan et al.

(1999)

XXIV.1 French,

American

p.[Leu236Ser];

[Met290CysfsTer10]

Birth Perineal hypospadias

with micropenis, no

palpable testis

No Moisan et al.

(1999)

XXV.1 French p.[Tyr259Met];

[Met290CysfsTer10]

Birth Perineal hypospadias,

scrotal testes

Yes Moisan et al.

(1999)

XXVI.1 Sri-Lankan p.[Trp230_Ala238del];

[Trp230_Ala238del]

Birth Perineal hypospadias

with micropenis,

scrotal testes

Yes Moisan et al.

(1999)

XXVII.1 Sri-Lankan p.[Trp230_Ala238del];

[Trp230_Ala238del]

Birth Perineal hypospadias Yes Moisan et al.

(1999)

XXVIII.1 English p.[Asn266ThrfsTer6];

[Asn100Ser]

11 years Perineal hypospadias,

micropenis with

normal testes

No Premature

pubarche

(7 years)

McCartin et al.

(2000)

XXVIII.2 English p.[Asn266ThrfsTer6];

[Asn100Ser]

9 years Perineal hypospadias

with normal testes

Compensated

salt loss

(elevated

renin activity)

McCartin et al.

(2000)

Continued



Table 2 Ethnic Origin, Genotype, and Clinical Findings of 46,XY Described Patients—cont’d
At Diagnosis

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

XXIX.1 ND p.[Ala82Thr];

[Ala82Thr]

Yes 10 months Perineal hypospadias,

inguinal testes

Compensated

salt loss

(elevated

renin activity)

McCartin et al.

(2000)

XXX.1 Pakistani p.[Leu6Phe];[Leu6Phe] Birth Hyperpigmented

scrotum, severe

hypospadias, scrotal

gonads

No Zhang et al.

(2000)

XXXI.1 Taiwanese p.[Thr259Met];

[Thr259Met]

Birth Perineal hypospadias,

chordee

Yes Assigned female.

Gonadectomized

Zhang et al.

(2000), Moisan

et al. (1999)

XXXII.1 French-

Canadian

p.[Ala10Glu];

[Ala10Glu]

13 days Perineal hypospadias

with micropenis,

palpable testes in

bifid scrotum

Yes Spontaneous

puberty at

10.5 years. No

gynecomastia.

Testicular

adrenal rest.

Azoospermia at

18.5 years

Alos et al. (2000)

XXXIII.1 ND p.[Ser284Arg];NDa 7 years Midshaft hypospadias No Codner et al.

(2004)

XXXIV.1 ND p.[Ser213Thr];NDa 12.9 years Scrotal hypospadias,

bilateral

cryptorchidism,

chordee, precocious

pubarche

No Codner et al.

(2004)



XXXV.1 Brazilian p.[Pro222Gln];

[Pro222Gln]

Birth Perineal hypospadias,

palpable testes in

bifid scrotum

Yes Mermejo et al.

(2005)

XXXVI.1 Lebanese p.[Pro341Leu];

[Pro341Leu]

Birth Micropenis, broad

urogenital sinus,

palpable gonads

Yes Welzel et al.

(2008)

XXXVII.1 Turkish p.[Arg335Ter];

[Arg335Ter]

Elevated Birth Micropenis, scrotal

hypospadias, a broad

urogenital sinus,

palpable testes

Yes Welzel et al.

(2008)

XXXVII.2 Turkish p.[Arg335Ter];

[Arg335Ter]

Elevated Birth Micropenis,

penoscrotal

hypospadias,

maldescended testes.

Incomplete cleft lip

Yes Welzel et al.

(2008)

XXXVIII.1 Bangladeshi p.[Trp355Ter];

[Trp355Ter]

Birth Micropenis, perineal

hypospadias, bifid

scrotum, palpable

testes

Yes Welzel et al.

(2008)

XXXIX.1 Caucasian p.[Pro222Gln];

[Pro222Gln]

2 months Normal male,

unilateral

cryptorchidism

Yes Lusa et al. (2010)

XL.1 Iranian p.[Ala82Pro];

[Ala82Pro]

20 days Mild

hyperpigmentation,

micropenis with

chordee, bifid

scrotum, scrotal

testis, perineal

hypospadias

Yes Rabbani,

Mahdieh, Haghi

Ashtiani,

Setoodeh, and

Rabbani (2012)

Continued



Table 2 Ethnic Origin, Genotype, and Clinical Findings of 46,XY Described Patients—cont’d
At Diagnosis

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

XLI.1 Brazilian p.[Pro222Gln];

[Pro222Gln]

Elevated 3 months 2.5cm phallus,

penoscrotal proximal

hypospadias,

incompletely fused

labioscrotal folds,

bilaterally palpable

gonads

Yes de Araújo, de

Oliveira,

Gameleira, Cruz,

and Lofrano-

Porto (2014)

XLII.1 Sri-Lankan p.[Trp230_Ala238del];

[Trp230_Ala238del]

Birth Severe hypospadias,

cryptorchidism,

undervirilization.

Perinatal asphyxia

Yes Severe cerebral

palsy. pH 3 at

6.3 years.

Spontaneous

puberty.

Gynecomastia.

Testicular biopsy

at 15.5 years.

Few germ cells

with

spermatogenic

arrest, no

evidence of

malignancy

Burckhardt et al.

(2015)



XLIII.1-6 Old Order

Amish of

North

America

p.[Gly12Glu];

[Gly12Glu]

Variable Variable Hypospadias Yes Postnatal

virilization

(premature

pubarche).

Gynecomastia.

Testicular

adrenal rests in 2

Benkert et al.

(2015)

XLIV.1 Italian p.[Val319AlafsTer49];

[Val319AlafsTer49]

Birth Perineal hypospadias,

palpable testes within

the labial scrotal folds

and a micropenis.

Yes Bizzarri et al.

(2016)

XLV.1 Spanish p.[Ala82Thr];

[Tyr339Cys]

Elevated 15 days Female assigned at

birth. Mild

clitoromegaly,

urogenital sinus

No Bahı́llo-

Curieses, Loidi

Fernández de

Trocóniz, del

Cañizo López,

and Martı́nez-

Sopena (2016)

XLVI.1 Caucasian UPD Crh1

p.[Glu142Lys];

[Glu142Lys]

Bordeline

elevation

7 days Perineal hypospadias,

bifid scrotum, penile

chordee, scrotal

testes. Hypotonia,

nonspecific

dysmorphic facial

findings

Yes Panzer,

Ekhaguere,

Darbro, Cook,

and

Shchelochkov

(2017)

aHeterozygous reported case, see text for details.
Families are designated with roman numbers and siblings are designated as II.1, II.2.



Table 3 Ethnic Origin, Genotype, and Clinical Findings of 46,XX Described Patients

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

XLVII.1 Swiss p.[Trp171Ter];

[Trp171Ter]

Yes Birth No signs of

virilization. Skin

pigmentation

Yes No spontaneous

breast

development at

14.7 years

Zachmann,

Vollmin, Murset,

Curtius, and

Prader (1970),

Zachmann,

Forest, and De

Peretti (1979),

Rh�eaume et al.

(1992)

XLVIII.1 Swiss p.[Trp171Ter];

[Trp171Ter]

Unknown No signs of

virilization

Yes Rh�eaume et al.

(1992)

X.3 Brazilian p.[Ala82Thr];

[Ala82Thr]

31 years Clinically normal No Spontaneous

puberty and

menarche, regular

menses

Mendonça et al.

(1994), Moisan

et al. (1999)

XII.2 American c[385G>A];

[308-6G>A]

p.[Gly129Arg]

8 years Normal genitalia at

birth. Postnatal

virilization:

Premature pubarche

(4 years), acne, mild

clitoromegaly

(8 years)

No Spontaneous

puberty and

menarche,

Irregular menses

Pang et al. (1983),

Chang, Kulin,

et al. (1993),

Rh�eaume et al.

(1994)



XLIX.1 Brazilian p.[Ala82Thr];

[Ala82Thr]

5 years Premature pubarche No Mendonça et al.

(1994), Moisan

et al. (1999)

L.1 Brazilian p.[Thr259Met];

[Thr259Met]

41 years Incidentally

discovered bilateral

accessory adrenal

tissue in the ovaries

and in the paraaortic

region.

Clitoromegaly,

severe virilization

No Paula et al. (1994),

Moisan et al.

(1999)

XIII.2 Scottish p.[Leu173Arg];

[Leu173Arg]

2 years Clinically normal No Russell et al.

(1994), Moisan

et al. (1999)

LI.1 American p.[Tyr254Asp];NDa 17 years Primary

amenorrhea, slight

clitoromegaly,

moderate hirsutism,

enlarged ovaries.

Hyperpigmented

skin

Compensated

salt loss

(elevated

renin activity)

Spontaneous

puberty at 11 years

Rosenfield et al.

(1980), Sanchez,

M�ebarki, et al.
(1994a), Sanchez,

Rh�eaume, et al.

(1994b), Moisan

et al. (1999)

XVI.2 Japanese p.[Leu205Pro];

[Leu205Pro]

11 months Hyperpigmentation,

mild clitoromegaly

Yes Katsumata et al.

(1995), Moisan

et al. (1999)

XVII.2 Japanese p.[Thr259Arg];

[Thr259Arg]

2 weeks Normal genitalia

with severe

pigmentation

Yes Tajima et al.

(1995), Moisan

et al. (1999)

Continued



Table 3 Ethnic Origin, Genotype, and Clinical Findings of 46,XX Described Patients—cont’d

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

LII.1 Pakistani p.[Lys273ArgfsTer7];

[Thr318LysfsTer50]

Birth Pigmentation,

mildly enlarged

clitoris

Yes Spontaneous

puberty,

menarche

(13 years),

secondary

amenorrhea, acne

and hirsutism

Zhang, Sakkal-

Alkaddour,

Chang, Yang, and

Pang (1996) Pang

et al. (2002)

LIII.1 Chilean p.[Glu135Ter];

[Glu135Ter]

20 months Normal, hyper

pigmented external

genitalia

Yes Marui et al. (1998)

XXV.2 French p.[Tyr259Met];

[Met290CysfsTer10]

Birth Normal genitalia Yes Moisan et al.

(1999)

LIV.1 American p.[Ser213Gly];

[Lys216Glu]

7 years Premature pubarche

at 4 years, growth

acceleration

No Moisan et al.

(1999)

LV.1 Brazilian p.[Pro222His];

[Gly129Arg]

7 years Normal genitalia,

premature pubarche

No Marui et al.

(2000), Moisan

et al. (1999)

LV.2 Brazilian p.[Pro222His];

[Gly129Arg]

6.7 years Normal genitalia,

premature pubarche

No Marui et al.

(2000), Moisan

et al. (1999)

LVI.1 Brazilian p.[Thr259Met];

[Thr259Met]

7.8 years Clitoromegaly,

precocious pubarche

No Marui et al.

(2000), Moisan

et al. (1999)



XXIII.2 Algerian p.[Pro222Gln];

[Pro222Gln]

1 month Mild clitoromegaly Yes Moisan et al.

(1999)

LVII.1 French

Canadian

p.[Ala10Glu];

[Ala10Glu]

3 weeks Normal external

genitalia. Enlarged

adrenals

Yes Premature

pubarche at

4 years.

Spontaneous

puberty (8 years)

and menarche

(10.5 years).

Multicystic

enlarged ovaries

Alos et al. (2000)

LVIII.1 Eastern

European

p.[Pro222Thr];

[Pro222Thr]

4 weeks Normal external

genitalia

Yes Pang et al. (2002)

LIX.1 Caucasian p.[Glu142Lys];

[Ter373Cys]

7 years Normal external

genitalia

No Premature

pubarche

(5.5 years).

Increased somatic

growth and acne

(7.3 years).

Telarche (9 years)

Pang et al. (2002)

LX.1 Caucasian p.[Lys368SerfsTer129];

[Thr181Ile]

Elevated 7.6 years Precocious

pubarche

Yes Spontaneous

puberty

(10.1 years)

Johannsen et al.

(2005)

LX.2 Caucasian p.[Lys368SerfsTer129];

[Thr181Ile]

Elevated 3.7 years Sister Yes Johannsen et al.

(2005)

Continued



Table 3 Ethnic Origin, Genotype, and Clinical Findings of 46,XX Described Patients—cont’d

Families/
Patients Population Genotype

Dead
Relatives

Newborn
Screening
(17OHP4)

Chronological
Age Clinical Phenotype Salt Wasting

Long-Term
Follow-up References

LXI.1 Russian p.[Ala82Asp];

[Trp230Ter]

Elevated Birth Neonatal screening Yes Nordenstr€om,

Forest, and

Wedell (2007)

LXII.1 American/

Salvadoran

p.[Gln334Ter];

[Gln334Ter]

Elevated 8 days Normal external

genitalia. Skin

pigmentation

Yes Jeandron and

Sahakitrungruang

(2012)

LXII.2 Salvadoran p.[Gln334Ter];

[Gln334Ter]

28 days Normal external

genitalia

Yes Jeandron and

Sahakitrungruang

(2012)

LXIII.1 Japanese p.[Tyr190Cys];

[Ser218Pro]

Birth Mild virilization

with clitoromegaly.

Skin pigmentation

Compensated

salt loss

(elevated

renin activity)

Takasawa et al.

(2014)

LXIV.1 Chinese p.[Glu25Ter];

[Glu25Ter]

1 month Skin pigmentation.

Clitoromegaly

Yes Spontaneous

puberty (9 years)

and menarche

(12 years).

Oligomenorrhea.

Postmenarcheal

recurrent ovarian

cysts

Huang et al.

(2014)



LXV.1 ND

(adopted)

p.[Gly250Val];

[Gly250Val]

7 months Precocious

pubarche PH II–III
and postnatal

clitoromegaly. Two

orifices, and

nonpalpable gonads

Compensated

salt loss

(elevated

renin activity)

Baquedano et al.

(2015)

XLIII.7–16 Old Order

Amish of

North

America

p.[Gly12Glu];

[Gly12Glu]

Variable Variable Normal female

external genitalia.

No ambiguous

genitalia

Yes Premature

pubarche. Two

adult females

developed

polycystic ovaries

Benkert et al.

(2015)

LXVI.1 Switzerland p.[Trp171Ter];

[Ala168Valfs]

Elevated 8 days Normal female

external genitalia

without virilization

or palpable gonads

Yes Probst-

Scheidegger,

Udhane,

l’Allemand, Fl€uck,
and Camats

(2016)

aHeterozygous reported case, see text for details.
Families are designated with roman numbers and siblings are designated as II.1, II.2.



rapid somatic growth, and advance skeletal maturation) (Baquedano et al.,

2015; Codner et al., 2004; Mendonça et al., 1994; Pang et al., 2002;

Rh�eaume et al., 1994). Signs of androgen excess worsen with age, probably

due to an increase in DHEA production with the development of the ZR in

the adrenal cortex.

Puberty in affected boys showed a broad clinical heterogeneity, but

spontaneous pubertal development, with or without enlarged testes and

gynecomastia, has been reported even in the presence of a severe salt-

wasting form (Alos et al., 2000; Mendonça et al., 1994; Parks, Bermudez,

Anast, Bongiovanni, & New, 1971; Rh�eaume et al., 1992). Indeed, an

affected male with proven severe 3βHSD2 deficiency has fathered children

(Rh�eaume et al., 1992). Testicular adrenal rest tumors (TART) were also

reported in male affected individuals (Benkert et al., 2015).

In affected girls, ovarian estrogen synthesis is compromised and the

development of secondary sexual characteristics is impaired (Auchus &

Chang, 2010). However, spontaneous pubertal development and menarche

have been reported in a few of the affected females with severe mutation in

the HSD3B2 gene without any residual enzyme activity (Alos et al., 2000;

Huang et al., 2014; Moisan et al., 1999). Hirsutism and menstrual disorders

were described in older affected females (Rosenfield et al., 1980).

Taking together the findings observed in affected boys and girls suggest

that Δ4 steroids could originate from gonadal 3βHSD1 activity, because

even though only very low levels of 3βHSD1 mRNA could be detected

in normal gonads, this enzyme possesses a 5- to 10-fold higher activity than

the type 2 isoenzyme and could be stimulated by the increased gonadotropin

secretion that results from low sex steroid levels.

A nonclassic or late-onset clinical form was described in girls presenting

with precocious pubarche and a PCO-like syndrome (Marui et al., 2000;

Pang et al., 1985). The genetic basis for this clinical form has not been prop-

erly described, and use of this terminology and diagnosis is discouraged,

and should be reserved only for patients with markedly elevated ratios of

Δ5 steroid/Δ4 steroids and confirmatory molecular studies.

The biochemical marker of this steroidogenic disorder is the increased

serum level of Δ5 steroids, especially 17-hydroxypregnenolone, DHEA, and

DHEAS. Peripheral conversion of these Δ5 precursors by 3βHSD1

isoenzyme leads to an increase in serum levels of 17OHP andA4. Even though

androgen excess is less severe than in other forms of CAH, especially than 21α-
hydroxylase deficiency, the increase in 17OHP might lead to misinterpreta-

tions of neonatal screening results. An increase in precursor/product ratio
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(Δ5/Δ4) more than 10 SDS above the normal reference value is very useful

in the diagnosis of this enzymatic disorder (17-hydroxypregnenolone/17-

hydroxyprogesterone, DHEA/androstenedione, pregnenolone/progesterone)

(Auchus &Chang, 2010; Auchus &Miller, 2012; Lutfallah et al., 2002). How-

ever, confirmatory molecular studies are needed.

Initial management and long-term follow-up of the affected patients, as

in other DSD conditions, require the participation of a multidisciplinary

team with experience in the field.

Initial treatment is directed to restore fluid and electrolyte balance. Affected

infants should receive glucocorticoid, mineralocorticoid, and salt supplemen-

tation as in 21α-hydroxylase deficiency. Usually lower hydrocortisone doses

are needed in this period, as androgen excess is easier to control. With the

development of the ZR, androgen excess becomes more problematic and glu-

cocorticoid and mineralocorticoid treatment should continue. T and DHEAS

are used to monitor treatment.

In 3βHSD2 deficiency the variable impairment in gonadal steroidogenesis

could lead to primary hypogonadism that would need sex steroid replacement

therapies to develop and sustain secondary sexual characteristics.

Testicular ultrasound should be considered to detect the presence of

TART (Benkert et al., 2015).

2.3 Genotype–Phenotype Relationships. Structure–Function
Relationships

Mutations in the HSD3B2 gene result in a wide spectrum of molecular

repercussions, which are associated with the different phenotypic manifes-

tations of classical 3βHSD2 deficiency. In almost all the reported cases, the

severity of salt wasting usually showed good correlation with the functional

consequences of HSD3B2 mutations as assayed in in vitro cell systems

(Baquedano et al., 2015; Moisan et al., 1999; Simard, Moisan, & Morel,

2002; Simard et al., 2005; Tables 1–3). Evidences showed that it is more

appropriate to assess the enzymatic activity of transiently expressed mutant

proteins using intact cells rather than homogenates from cells, because addi-

tion of exogenous cofactor can drive a reaction that may not occur in vivo

(Moisan et al., 1999). However, the relationship between the genotype and

the gonadal phenotype in severe 3βHSD2 deficiency is more complex and

fertility is difficult to predict (Mendonca et al., 1987; Mendonça et al., 1994;

Rh�eaume et al., 1992; Zachmann, Forest, & De Peretti, 1979).

As previously mentioned, HSD3B2 gene defects appeared to follow an

autosomal recessive mode of inheritance, as with other steroidogenic

111Mutation of HSD3B2 Gene



enzyme defects. However, heterozygous HSD3B2 gene mutations in a

female patient with nonsalt-losing 3βHSD deficiency diagnose at puberty

(Sanchez, Rh�eaume, et al., 1994) and in two male patients with apparent

idiopathic hypospadias without clear steroidogenic pattern of 3βHSD defi-

ciency (Codner et al., 2004) have been reported. In vitro experiments

argued for its functional impact (Codner et al., 2004; Sanchez, Rh�eaume,

et al., 1994) and dominant-negative properties (Codner et al., 2004). Nev-

ertheless, the absence of symptoms in the heterozygous patients’ relatives

argues against such a dominant effect. Noteworthy, a putative second muta-

tion located in the promoter or within intronic regions potentially affecting

the normal expression of this gene or generating an alternative aberrant

splicing site cannot be refuted. Associated genetic or environmental/hor-

monal influences that may contribute to the clinical phenotype should be

ruled out in those patients.

The amino acid residues that are the sites of missense mutations are gen-

erally in highly conserved regions in members of the vertebrate 3βHSD iso-

enzymes, suggesting the crucial role of these residues for the activity and/

stability of the enzyme. Because the crystal structure of 3βHSD has not been

determined, several 3D model structures of the 3βHSD2 were generated by

the comparative modeling technique to study the potential impact of muta-

tions on the 3βHSD2 structure (Baquedano et al., 2015; Rabbani, Mahdieh,

Haghi Ashtiani, Setoodeh, & Rabbani, 2012). Mutations that impair steroid

binding, nicotinamide cofactor binding, and enzyme stability have all been

described (Fig. 3; Table 1), and in many instances, the enzymatic defect is

complex and multifactorial.

3. CONCLUDING REMARKS

3βHSD2 is essential for the biosynthesis of all classes of active steroid

hormones, including aldosterone, cortisol in the adrenal cortex, and sex ste-

roids in the adrenals and gonads. In the classical steroidogenic pathway,

known as front door steroidogenic pathway, the Δ5 steroids represent the

preferred route for C19 steroid production in humans. In the last decade,

an alternative, so-called backdoor pathway to androgen synthesis has been

described. 17OHP is the substrate fromwhich can be generated DHTwith-

out the intermediacy of DHEA, A4, or T. It has been proposed that this

pathway would contribute to the androgen production in pathological states

in which 17OHP accumulates, including 21α-hydroxylase and POR defi-

ciencies. Furthermore, the expression of the backdoor pathway in the fetal

testis appears to play an important role during male sexual differentiation.
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Recent studies have demonstrated that human steroidogenic tissues also

produce a unique set of 11-oxygenated C19 steroids. 11-Oxygenated

C19 steroid and its peripheral 5α-reduced metabolites are potent agonists

of the human AR with affinities and potencies similar to that of T and

DHT. Androgen production in the adrenal cortex is zonally and develop-

mentally regulated. The 3βHSD2-deficient ZR is indistinct during infancy,

but a continuous layer of reticularis cells starts to develop and thicken around

4–5 years of age. This process, known as adrenarche, is followed by a rise in

circulating concentrations of DHEAS, with clinical signs physiologically

observed between the ages of 6 and 10. In the testes the synthesis of T by

Leydig cells follows a pathway that is similar to C19-steroid production

in the adrenal ZR. Leydig cells express abundant 3βHSD2 and 17βHSD3,

but no SULT2A1 is required to produce sulfo conjugate compounds. Thus,

DHEA produced in the testis is not sulfurylated but is readily converted to

A4 and/or androstenediol and then T via 3βHSD2 and 17βHSD3. In the

ovary, small amounts of A4 are secreted or converted to T in Teca cells,

but most A4 is converted to estradiol by granulosa cells, under the influence

of FSH.

Recessive loss-of-function HSD3B2 mutations cause a rare form of

CAH that impairs both adrenal and gonadal steroidogenesis. Deficiency

of 3βHSD2 activity in the adrenals precludes normal aldosterone and cortisol

synthesis and the flooding of cortisol precursors along theΔ5 pathway with a

marked rise in pregnenolone, 17-hydroxypregnenolone, DHEA, DHEAS,

and androstenediol production which represent serum biomarkers for

suspecting the diagnosis of 3βHSD2 deficiency. In gonads, deficiency of

3βHSD2 activity precludes normal T and estrogen synthesis. The blockage

caused by 3βHSD2 deficiency precludes flux to the backdoor pathway and

11-oxygenated C19 steroid synthesis due to very low intraadrenal 17OHP

and A4 substrate levels, respectively. Peripheral 3βHSD1 conversion of Δ5
steroids to Δ4 steroids can result in high serum 17OHP and A4.

The clinical phenotype in the affected patients is significantly hetero-

geneous with different degrees of genital ambiguity and adrenal failure in

both sexes. Clinical symptoms of adrenal failure could be present early

after birth. Mineralocorticoid deficiency with salt wasting, hypotension,

and hyperkalemia is observed in 60%–70% of the reported cases. No func-

tional 3βHSD2 isoenzyme is expressed in the adrenals and gonads of these

patients. The nonsalt-wasting form of 3βHSD2 deficiency results from

variations in the HSD3B2 gene causing an incomplete loss of enzymatic

activity. Testicular steroidogenic defect leads to different degrees of under

virilization.
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In 46,XX affected patients, mild genital virilization with clitoromegaly

with or without partial labial fusion and even normal female genitalia has

been reported. The absence of adrenal 3βHSD activity precludes elevation

of intraadrenal 17OHP and the production of backdoor-derived DHT and

11-oxygenated androgens, which would be the major source of virilizing

androgens in other forms of CAH.

Finally, in humans the 3βHSD2 deficiency represents a model of nature

that reinforces our knowledge about the role of the steroidogenic alternative

pathway in sex differentiation in both sexes. In addition, the physiological

role of the high serum DHEAS levels in fetal life as well as after adrenarche

remains to be elucidated.
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