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Lipoid congenital adrenal hyperplasia (LCAH) is caused by mutations in STAR and characterized by a
defect in steroidogenesis and lipid droplet accumulation in steroidogenic cells. Patients with 46,XY and
classic LCAH will typically present with female-type external genitalia. However, those with nonclassic
LCAH will have masculinized external genitalia. The rarity of the nonclassic form has precluded the
clarification of the long-term outcomes of testicular function in nonclassic LCAH. We report the cases of
three adult males with nonclassic LCAH in whom primary adrenal insufficiency had been diagnosed at
5 days, 4 years, and 5 years of age. All exhibited complete male external genitalia and had completed
pubertal development without androgen replacement. The endocrinological data showed preserved
gonadal function in patients 1 and 2 and hypergonadotropic hypogonadism in patient 3. Semen analyses
showed normozoospermia in patient 1 and mild oligozoospermia in patient 2. Electron microscopic
analysis of a testicular biopsy specimen from patient 2 at 13 years of age revealed prominent lipid
accumulation in the cytosol of Leydig cells. Patients 1 and 2 shared the same compound heterozygous
mutations in STAR (p.Glu258* and p.Arg272Cys). Patient 3 possessed a heterozygous dominant-negative
mutation in STAR (p.Gly22_Leu59del). A functional assay of a variant STAR-Arg272Cys determined
the residual activity as 35% of the wild-type STAR. The results from the present case series and a
review of four previously reported adult cases indicate that testosterone synthesis can be preserved in
most males with nonclassic LCAH to complete pubertal development and induce germ cell maturation
despite lipid accumulation in the Leydig cells.
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Lipoid congenital adrenal hyperplasia (LCAH; OMIM 201710) is caused by loss-of-function
mutations in the STAR encoding steroidogenic acute regulatory protein (StAR) [1]. Because
StAR functions as a cholesterol transporter from the outer to the inner mitochondrial
membrane in the first step of steroidogenesis [2], LCAH is characterized clinically by the

LCAH, lipoid congenital adrenal hyperplasia; PAI, primary adrenal insufficiency; StAR, STAR encoding steroidogenic acute reg-
ulatory protein.
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Classic LCAH Non-classic LCAH

Figure 1. Histopathological features of a testicular biopsy specimen. (A) Classic LCAH at 1
y of age (not from the patients in the present report). (B) Patient 2 at 5 y of age. (C) Patient
2 at 13 y of age. (A,B) The findings were obtained using light microscopy with hematoxylin-
eosin (HE) staining. (C) The findings were obtained using electron microscopy (EM). Yellow
arrowheads indicate spermatocytes. Le, Leydig cell; N, nucleus.

impairment of steroidogenesis in the adrenal glands and gonads and pathologically by the
accumulation of cholesterol ester in the cytosol of adrenal and gonadal steroidogenic cells [1].
Patients with LCAH will typically exhibit neonatal-onset or early infantile-onset primary ad-
renal insufficiency (PAI) and female-type or minimally masculinized external genitalia, re-
gardless of their chromosomal sex.

Baker et al. [3] reported patients with atypical 46,XY who had had late infantile-onset
or childhood-onset PAI and completely masculinized external genitalia. They defined
these cases as a nonclassic form of LCAH [3]. Thirteen families with nonclassic LCAH,
including those reported by Baker et al. [3] have been reported, including 13 males who
showed complete male external genitalia or hypospadias [3—8]. Testicular biopsy and
semen analysis were described in only one case each [7]. To the best of our knowledge, the
testicular function through puberty into adulthood of males with nonclassic LCAH has not
been comprehensively elucidated. We present the pubertal and adult testicular functions
of three Japanese adult males with nonclassic LCAH and assessed whether their tes-
tosterone synthesis was sufficient for pubertal development or germ cell maturation.

1. Case Report

A. Patient 1

A boy was born as the only child of nonconsanguineous Japanese parents through a
vaginal delivery at 40 weeks of gestation. His birth weight and length was 3690 g and 54.5
cm, respectively. He had complete male external genitalia with descended testes. At 1
year of age, hyperpigmentation of the lips was noticed. The hyperpigmentation gradually
spread to the skin and buccal mucosa. At 5 years of age, PAI was diagnosed based on high
plasma ACTH (>6000 pg/mL; >1320 pmol/L) and low serum cortisol (1.7 pg/dL; 46.9 nmol/L)
levels. He was subsequently treated with hydrocortisone and fludrocortisone. Detailed in-
formation on pubertal development for this patient was not available.

At 35 years of age, his height and weight were 159.1 cm and 52.7 kg, respectively. The
hydrocortisone dosage was 25 mg/d. His plasma ACTH and serum cortisol levels during re-
placement therapy were 109.0 pg/mL (24.0 pmol/L) and 16.9 pg/dL (466.2 nmol/L), respectively.
Fludrocortisone replacement was discontinued after he developed hypertension. The plasma
active renin concentrations (range, 9.2 to 37.3 pg/mL; 0.22 to 0.88 pmol/L)) were not elevated
during hydrocortisone replacement. The stretched penile length, testicular volume, and serum
gonadotropin and testosterone levels were within the normal range (Table 1). Semen analysis
revealed a sperm count of 60 X 10%/mL (lower reference limit, 15 X 10%/mL) with a motility of 60%
(lower reference limit, 40%) and normal morphology of 23.5% (lower reference limit, 4%).


http://dx.doi.org/10.1210/js.2019-00086

doi: 10.1210/js.2019-00086 | Journal of the Endocrine Society | 1369

‘[¢] 1o 12 SueniSunmyeyes Aq 2, Jusnyed pue ‘[9] 7p g2 o £q 9 yuenied ‘[L] 7p 12 [[0IOYISIN £q polroder arem ¢ pue  sjusned Jo sesed oY,
“(Iowu T°Lg « €°61) 1591 uoye[NWIS UIdor)OPEUOS JTUOLIOYD UBWNH,

"1s9) UonR[NWNS YUy,

‘9U0191803897 ‘T, “IYSII ‘Y ‘d[qe[leAr j0U ‘YN :1Jo[ ] :SUOIIRIALIqqY

oxgoggned Juoweor[dex serpedsodAy
198.9g9Ud"d VN VN €0 '8L°0 L9t (<) VN VN Lg usdorpue paimbey VN SI9A9F L
SJSTHY Py, d
10815241 d VN VN €% ‘699 c'L €L VN 14 62 VN GTL s [eWION 9
sA)ggTday-d pojerduroo serpedsodAy
(s£pggrsayd [ewIoN VN 7’1 60% VN LCT VN TewIoN 8% A[snosuejuodg VN Iguery) [
s&pge18ay-d
84Dge131y"d VN VN 0'T:087% 4 4 VN VN 9¢ VN VN VN ¥
,89s80 pojaodar A[snorasig
pojordurod
Pp6gnoT ggird VN VN L'T'80°¢ (443 8'81 Al ¢ 02 Asnosuejuodg g1l S[eW [BULION €
s&DgLesay d q0L°0T o708 »9°06 pojorduwod
x8GgurD'd ¥I 09 < gg'¢ <79 <78 Al g1 ‘02yd 0¢ Asnosuejuodg 911 a[ewW [eWION 14
s£)zLz3ay d pajerduwiod
x8ggurd 09 8¢ G'GT ‘9F'F L'e [ AT 02 <49 Asnoaugjuodg VN d[eW [eULION T
$9SBO INn()
adA£jousx) (Tuy,01 % T ‘owmnjoA /[owu /N1 /NI (98e)g aouue]) T £ ‘uoryenjeay juawdofara(q £ ‘Anyuy eI[eIuay) ase)
YV.IS ‘guno)) wrredg udweg quysu ‘1, ‘HSA ‘HT arey oqng ‘QuIn[oA ye 93y [exeqng ejeqng [euxdIxXyy
Ie[NOIISI T, e a3y
HVD'T OISSE[OUON [} SO[BIA JO Uonoun,f 1e[nonsa, npy I 2[qeL



http://dx.doi.org/10.1210/js.2019-00086

1370 | Journal of the Endocrine Society | doi: 10.1210/js.2019-00086

B. Patient 2

A boy was born as the first child of nonconsanguineous Japanese parents through an
elective cesarian section because of uterine inertia at 44 weeks of gestation. His birth
weight and length was 2985 g and 52.0 cm, respectively. He had complete male external
genitalia. He showed hyperpigmentation of the lips at 3 years of age. At 4 years of age,
hyperpigmentation of the skin was noticed when he had an episode of recurrent vomiting.
PAI was diagnosed based on a high plasma ACTH level (4600 pg/mL; 1012 pmol/L), a low
serum cortisol level (2.4 pg/dL; 66.2 nmol/L), high plasma renin activity (24.0 ng/mL/h), and
relatively low serum aldosterone level (59.0 pg/mL; 163.7 pmol/L) and was subsequently
treated with hydrocortisone only. He underwent orchiopexy of his left testis at 5 years of
age. Testicular biopsy revealed the presence of germ cells in the seminiferous tubules with
hyaline-like hypertrophy of the basement membrane and the broad interstitial regions
without Leydig cell hyperplasia (Fig. 1B). The second testicular biopsy at 13 years of age
detected prominent accumulation of lipid droplets in the cytosol of Leydig cells using light
and electron microscopy (Fig. 1C). These biopsy specimens were histologically analyzed
using the same method as in our previous study [9]. His testicular volume had increased to
3mL at 11.6 years of age and had gradually increased to 20 mL in the right and 12 mL in the
left [10]. His pubic hair had started to develop at 14.1 years of age, and his voice had
deepened at 14.5 years.

Although he had been continuously instructed to take hydrocortisone (30 mg/d), he had
stopped taking hydrocortisone and attending regular follow-up examinations at 17 years of
age. He had experienced three episodes of severe fatigue and nausea at 24, 25, and 30 years of
age. At 30 years of age, he returned to the outpatient clinic for reevaluation of these episodes.
His height was 170.6 cm and weight, 76.5 kg. He had severe hyperpigmentation of the skin,
lips, and buccal mucosa. At 7 aM, the plasma ACTH level was 5960 pg/mL (1311 pmol/L) and
serum cortisol level was 7.6 pg/dL (209.7 nmol/L)). A standard ACTH stimulation test
showed a blunted response of the serum cortisol levels from 6.5 to 7.4 pg/dL (179.3 to
204.2 nmol/Ll). An abdominal computed tomography scan revealed multiple irregularly
shaped nodules in the adrenal glands. He agreed to resume hydrocortisone replacement at
15 mg/d. During replacement therapy, his plasma ACTH and serum cortisol levels were 739
pg/mL (162.8 pmol/L) and 6.5 pg/dL (179.3 nmol/L), respectively. Although the response of
serum gonadotropin to GnRH appeared to be brisk, the serum gonadotropin and testosterone
levels at baseline were within the normal range (Table 1). A testicular ultrasound scan at 31
years of age detected two microcalcifications in the left testis. Semen analysis revealed a
sperm count of 14 X 10% /mL. The patient refused to undergo further analysis of fertility.

C. Patient 3

A boy was born as the second child of nonconsanguineous Japanese parents through an
uneventful vaginal delivery at 41 weeks of gestation. His birth weight and length was 3090 g
and 49.0 cm, respectively. He had complete male external genitalia with descended testes.
Skin hyperpigmentation was already observed at birth. At 5 hours of age, he showed in-
termittent movements, indicating seizure. His plasma glucose, serum sodium, potassium,
and chloride level was 26 mg/dL (1.4 mmol/L), 139 mEq/L, 5.6 mEq/L, and 111 mEq/L,
respectively. PAI was diagnosed based on a high plasma ACTH level (4858 pg/mL; 1069 pmol/
L), low serum cortisol level (0.3 wg/dL; 8.3 nmol/L), and high plasma renin activity (>80.0 ng/
mL/h). He was subsequently treated with hydrocortisone and fludrocortisone.

His testicular volume had increased to 3 mL at 11.3 years of age and to 5 mL at 12.5 years of
age but did not increase further [10]. His pubic hair had started to develop at 15.3 years of age.
At 20 years of age, the hydrocortisone and fludrocortisone dosage was 20 mg/d and 0.05 mg/d,
respectively. His height and weight was 152.2 cm and 40.2 kg, respectively. His plasma ACTH
and serum cortisol levels during replacement therapy were 360.0 pg/mL (79.3 pmol/L) and
15.1 pg/dL (416.6 nmol/L), respectively. The high serum gonadotropin levels indicated the
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presence of hypergonadotropic hypogonadism (Table 1). A testicular ultrasound scan did not
show any abnormalities, other than small testes. He decided not to undergo a semen analysis.

D. Genetic and Functional Studies

The patients or their parents provided written informed consent for the molecular studies,
which were approved by the ethics committee of Keio University School of Medicine. We
extracted genomic DNA from their peripheral lymphocytes and analyzed STAR using PCR-
based Sanger sequencing. The primer sequences and PCR conditions are provided in an
online repository [11]. We identified compound heterozygous mutations (p.Glu258* and
p-Arg272Cys) in patients 1 and 2 and a heterozygous mutation (p.Gly22_Leu59del) in patient
3. The results of the genetic analysis of patients 1 and 2 have been previously reported [12].
p.Glu258* is a functionally null mutation that has been reported to be the most common
mutation of STAR in East Asia [4]. p.Arg272Cys has been previously reported but has not
been functionally analyzed [13]. We assessed the activity of STAR-Arg272Cys to enhance
pregnenolone production using in vitro analysis in COS-1 cells, which were cotransfected by a
plasmid F2 expressing the NH2-CYP11A1-FDXR-FDXI1 fusion protein (a gift from Dr. Walter
Miller, University of San Francisco, San Francisco, CA) [14]. We found that STAR-Arg272Cys
retained 35% of the wild-type STAR activity (Table 2). STAR-Gly22_Leu59del was previously
reported as having a dominant-negative effect on wild-type STAR [8].

2. Review of Reported Data

Thirteen males with nonclassic LCAH have been previously reported [3, 5-7]. All 13 males
had required glucocorticoid replacement, and 4 had also required mineralocorticoid re-
placement. Of these 13 patients, 3 had “normal” male external genitalia, and 4 showed
abnormal virilization, including glanular hypospadias in 2, severe hypospadias in 1, and
micropenis in 1. Testicular function during adulthood was reported for only 4 of these 13
patients (Table 1). Of these four patients, three showed hypergonadotropic hypogonadism. Of
the three patients, patient 5 exhibited a normal sperm count without androgen replacement
[7], patient 4 had impaired fertility [7], and patient 7 had required androgen replacement
therapy for pubertal development [5].

3. Discussion

We reported the cases of three adult males with nonclassic LCAH, two of whom had the same
compound heterozygous mutations and one of whom had the heterozygous mutation in
STAR. We had previously identified p.Arg272Cys in Japanese female patients with non-
classic LCAH who had presented with preserved estradiol and progesterone syntheses
sufficient enough to enable normal pubertal development and even successful pregnancy and
delivery without progesterone replacement [13]. To the best of our knowledge, the present

Table 2. Functional Analysis of STAR-Arg272Cys

Variable Pregnenolone, ng/mL/48 h
pRK5 5.3 = 0.29
pRK-wild-type STAR 58.1 + 3.1¢
pRK-STAR-Arg272Cys 20.3 + 0.95%°

Data presented as the pregnenolone concentrations in the culture media obtained from four independent experi-
ments, each performed in quadruplicate, and shown as the mean = SEM (n = 4).

Abbreviation: pRK5, empty plasmid.

“P < 0.01 vs pRKS5.

®P < 0.01 vs pRK-wild-type STAR.
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study is the first to have determined that the residual activity of STAR-Arg272Cys is 35% of
the wild type. This activity is consistent with those of other mutant proteins causing
nonclassic LCAH, with a range of 6% to 40% [3-7]. p.Gly22_Leu59del has been already
reported as a dominant-negative mutation in a Brazilian female patient with 46, XY and
LCAH with neonatal-onset PAI and severe undermasculinization [8]. Considering that the
reported residual activity of STAR-Gly22_Leu59del was ~60% [8], it is not surprising that
the p.Gly22_Leu59del was identified in our male-assigned case of nonclassic LCAH. Patient
3 showed the earliest onset of PAI in association with nonclassic LCAH. The onset age of
PAI overlaps between classic and nonclassic LCAH and likely depends on the timing and
degree of physical stress. Thus, it is quite difficult to differentiate between these two forms
of LCAH, especially in 46,XX females who exhibit female external genitalia, regardless of
the form of LCAH. These results have expand our knowledge of the genotypic and phe-
notypic variability of nonclassic LCAH.

All our patients developed male external genitalia and had completed pubertal devel-
opment without androgen replacement therapy. However, their testicular function during
adulthood varied. Patients 1 and 2 did not show hypergonadotropic hypogonadism. However,
patient 3 had developed compensated hypergonadotropic hypogonadism. Patient 1 showed a
normal sperm count and quality, patient 2 exhibited oligospermia, and patient 3 likely had
impaired fertility due to hypoplastic testes. The compromised spermatogenesis could reflect a
decreased intratesticular testosterone level [15]. Metherell et al. [7] described four males with
nonclassic LCAH, including one (patient 5 in Table 1) with moderately compensated
hypergonadotropic hypogonadism and a normal sperm count at 28 years of age. They re-
ported another case (patient 4 in Table 1) that showed impaired fertility and no lipid ac-
cumulation in the cytosol of possibly hyperplastic Leydig cells at 36 years of age. Inconsistent
with patient 4, we observed prominent lipid droplets in the Leydig cells in patient 2. To the
best of our knowledge, this the first identification in nonclassic LCAH. The lipid accumulation
could vary with age or otherwise depend on the residual activity of mutant STAR. The
estimated residual activity of STAR in patient 2, who was compound heterozygous for
p.Glu258* and p.Arg272Cys (~18%), was less than that in patient 4, who was homozygous for
p.-Arg192Cys (40%). These data indicate that the testosterone-producing capacity can be
preserved in most males with nonclassic LCAH to enable the development of male external
genitalia, achieve complete pubertal development, and, even, induce germ cell maturation
despite lipid accumulation in the Leydig cells.

All our patients with nonclassic LCAH had severe PAI, irrespective of the variable
onset of PAI and variable degrees of hypogonadism. The accumulating evidence for the
phenotype of human patients with nonclassic LCAH and the previously reported phe-
notypes of various mouse models could provide valuable insights into the role of StAR in
the steroidogenesis of different tissues. A BAC transgene of Star-Metl_Trp47del had
rescued PAI in 75% and undermasculinization in 100% of Star knockout mice [16]. Star-
Metl_Trp47del in those mice and STAR-Gly22_Leu59del in patient 3 could lose the
mitochondrial targeting signal in the amino terminus. Both the Star-Metl_Trp47del-
rescued mice and patient 3 exhibited male external genitalia. Thus, the mitochondrial
targeting signal of StAR is not essential for the steroidogenesis of fetal Leydig cells.
Another BAC transgene of Star-Ser195Ala did not rescue PAI but partially rescued
undermasculinization in 33% of Star knockout mice [17]. The phosphorylation at Ser195is
essential for the steroidogenesis of adrenocortical cells. These phenotypes of BAC-rescued
mice and patients with nonclassic LCAH have demonstrated that the steroidogenesis of
fetal Leydig cells might be more retrievable than that of adrenocortical cells in cases in
which the StAR protein has been partially rescued. The difference in terms of StAR
dependency remains unknown. It could be due to the compensation of StAR-independent
steroidogenesis or the vulnerability of cell damage from cytosolic cholesterol ester ac-
cumulation. Collectively, the human and murine phenotypes in partial StAR deficiency
suggest that StAR-dependent steroidogenesis is more important in adrenocortical cells
than in fetal or adult Leydig cells.
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The present study addressed two important issues in the phenotype of nonclassic LCAH.
We found no clear distinction between the classic and nonclassic forms with respect to the
onset of PAI. The nonclassic form clearly applies only to 46,XY patients who develop sufficient
male external genitalia to be considered male. Another issue is the phenotypic variability in
testicular function between male patients with nonclassic LCAH with the same STAR
mutations. Steroidogenesis and spermatogenesis can be affected by other factors, including
cryptorchidism or variations in disease susceptibility genes. These follow-up data could
contribute to the improved treatment of males with nonclassic LCAH.
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