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Context: Hypergonadotropic hypogonadism presents in females with delayed or arrested puberty,
primary or secondary amenorrhea due to gonadal dysfunction, and is further characterized by
elevated gonadotropins and low sex steroids. Chromosomal aberrations and various specific gene
defects can lead to hypergonadotropic hypogonadism. Responsible genes include those with roles
in gonadal development or maintenance, sex steroid synthesis, or end-organ resistance to gonad-
otropins. Identification of novel causative genes in this disorder will contribute to our understand-
ing of the regulation of human reproductive function.

Objectives: The aim of this study was to identify and report the gene responsible for autosomal-
recessive hypergonadotropic hypogonadism in two unrelated families.

Design and Participants: Clinical evaluation and whole-exome sequencing were performed in two
pairs of sisters with nonsyndromic hypergonadotropic hypogonadism from two unrelated families.

Results: Exome sequencing analysis revealed two different truncating mutations in the same gene:
SOHLH1 c.705delT (p.Pro235fs*4) and SOHLH1 c.27C�G (p.Tyr9stop). Both mutations were unique
to the families and segregation was consistent with Mendelian expectations for an autosomal-
recessive mode of inheritance.

Conclusions: Sohlh1 was known from previous mouse studies to be a transcriptional regulator that
functions in the maintenance and survival of primordial ovarian follicles, but loss-of-function
mutations in human females have not been reported. Our results provide evidence that homozy-
gous-truncating mutations in SOHLH1 cause female nonsyndromic hypergonadotropic
hypogonadism. (J Clin Endocrinol Metab 100: E808–E814, 2015)
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The diagnosis of hypergonadotropic hypogonadism,
also known as primary or gonadal hypogonadism, is

based on the clinical finding of absent/delayed or arrested
puberty and primary or secondary amenorrhea. Biochem-
ically it is associated with elevated plasma FSH and LH as
well as low estradiol levels in females. Failure of normal
estradiol and inhibin production by the ovaries causes el-
evated FSH and LH secretion from the pituitary due to
impaired negative feedback on the synthesis of gonado-
tropins. Hypergonadotropic hypogonadism can occur
commonly due to acquired damage of the ovaries (such as
surgery, autoimmune diseases, infections, irradiation and
chemotherapy) or congenital disorders that affect normal
ovarian development and function (1).

Hypergonadotropic hypogonadism may be either syn-
dromic or nonsyndromic. Syndromic hypergonadotropic
hypogonadism may be associated with Turner syndrome
(45,X), carbohydrate-deficient glycoprotein syndromes
(GALT) (MIM#230400), pseudohypoparathyroidism type
1a (GNAS1) (MIM#103580), progressive external ophthal-
moplegia (POLG) (autosomal dominant: MIM#157640,
autosomal recessive: MIM#258450), autoimmune polyg-
landular syndrome type 1 (AIRE) (MIM#240300), ovarian
leukodystrophy (EIF2B2) (MIM#603896), ataxia telangi-
ectasia (ATM) (MIM#208900), Demirhan syndrome
(BMPR1B) (MIM#609441), blepharophimosis-ptosis-epi-
canthus inversus syndrome (FOXL2) (MIM#110100) (2),
or Perrault syndrome (PRLTS) (HSD17B4, HARS2, CLPP,
LARS2, C10orf2) (PRLTS1: MIM#233400, PRLTS2:
MIM#614926, PRLTS3: MIM#614129, PRLTS4:
MIM#615300, PRLTS5: MIM#616138) (3–6). Nonsyn-
dromic hypergonadotropic hypogonadism patients are fe-
males with 46,XX karyotype and they can have different
modes of inheritance. Nonsyndromic hypergonadotropic
hypogonadism patients can be classified according to the
effects of the related gene defects on the reproductive system,
such as: genes affecting steroidogenesis and follicular func-
tion (eg, FSH�, FSHR, LH�, LHR, NR5A1, CYP17, and
CYP19), genes having a role in oogenesis (eg, NOBOX) or
genes affecting folliculogenesis (eg, BMP15) (2, 7).

Here we report four patients diagnosed with nonsyn-
dromic hypergonadotropic hypogonadism, sister pairs
from two unrelated consanguineous families. Genomic
analysis of these families led to the identification of
SOHLH1 as the critical gene for autosomal-recessive hy-
pergonadotropic hypogonadism. Sohlh1 was shown pre-
viously to be expressed during oogenesis in mice and to
play a critical role in early folliculogenesis (8). We now
describe phenotypic consequences of loss-of-function mu-
tations of SOHLH1 in human females.

Methods and Materials

Patients
This study was approved by the institutional review boards at

Baylor College of Medicine and University of Washington. In-
stitutional review board–approved informed consent was ob-
tained from all participants (patients and their kindred that took
part in the study) prior to enrollment. All subjects were evaluated
by one or more pediatricians, endocrinologists, and clinical ge-
neticists. Participants provided venous blood samples, and
genomic DNA was extracted from whole blood using the Gentra
Puregene Blood Extraction Kit based on the manufacturer’s pro-
tocol (QIAGEN, http://www.qiagen.com/).

Sequencing
Genomic DNA from four affected individuals (BAB4619,

BAB4620, CF1374.03, and CF1374.04) from the two unrelated
families was sequenced and analyzed at Baylor College of Med-
icine Human Genome Sequencing Center (family HOU1852) (9)
and at the King laboratory of the University of Washington (fam-
ily CF1374). Genomic DNA samples were prepared and se-
quenced, and variants identified according to previously de-
scribed protocols (10, 11). Candidate variants identified by
exome sequencing were confirmed by Sanger sequencing of all
available family members.

Results

Patient characteristics
From family HOU1852, two sisters were referred to the

pediatric endocrinology clinic at Marmara University
Hospital with primary amenorrhea and lack of secondary
sex characteristics at 16.25 and 14.25 years of age, re-
spectively. Further hormonal investigations revealed ele-
vated FSH and LH levels with decreased progesterone con-
centrations. The estradiol level was low in patient 1
(BAB4619) but patient 2 (BAB4620) had a detectable es-
tradiol level (Table 1). Bone ages for the patients were 12.5
and 12 years, respectively. There was no history of chronic
disease, radiation exposure, or chemotherapy. Pelvic ul-
trasound imaging revealed hypoplastic ovaries (Figure 1)
and prepubertal sized uteri in both patients (Table 2).
Karyotype analyses were normal and no other significant
clinical or dysmorphic features were identified; the pa-
tients were clinically diagnosed with nonsyndromic hy-
pergonadotropic hypogonadism. Hormone replacement
therapy (HRT) was initiated with estrogen and then cyclic
estrogen and progesterone, which resulted in breast de-
velopment and menstrual cycles in both patients.

From family CF1374, two sisters were referred to the
pediatric endocrinology department of Dokuz Eylul Uni-
versity Faculty of Medicine, Izmir, Turkey, with amenor-
rhea, lack of secondary sex characteristics, and short stat-
ure. A detailed clinical description of the family was
previously reported (12). At age 15, patient 3 (CF1374.03)
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had elevated FSH and LH levels with decreased estradiol
levels (Table 1). Her height was 152.5 cm (fifth to tenth
percentile) and bone age was 12 years. At age 11, patient
4 (CF1374.04) had prepubertal serum gonadotropin lev-
els. Her height was 132.7 cm (fifth to tenth percentile) and
her bone age was 10 years. Follow up of this patient at the
age of 12 revealed elevated FSH and LH levels with de-
creased estradiol (Table 1). Pelvic ultrasound imaging re-
vealed an infantile uterus and lack of ovaries (Table 2).
Karyotype analyses were normal and no other significant
clinical or dysmorphic features were identified. A pre-
sumptive clinical diagnosis of nonsyndromic hypergo-
nadotropic hypogonadism was made and estrogen re-

placement therapy was initiated with cyclic progesterone
addition by the end of the first year. By the third year of
treatment, menstrual cycles for both patients became reg-
ular and the height and weight attained were at the 20–
50th percentile.

Genetic analyses
Given that all parents were unaffected and neither fam-

ily had a history of the trait, we hypothesized that the
daughters’ hypergonadotropic hypogonadism would be
recessively inherited. Given consanguinity of the parents,
we also anticipated that the critical allele in each family
would be homozygous in both affected sisters. From com-

plete exome sequences of each fam-
ily, we therefore identified all vari-
ants that were homozygous, shared
by affected sisters, and with pre-
dicted functional effect. Exome se-
quencing of the two pairs of sisters
revealed two different homozygous
truncating mutations in SOHLH1
(Figure 2).

Exome sequencing of the affected
sisters (BAB4619 and BAB4620) in
HOU1852 yielded average 106�

depth of coverage with 92% of tar-
geted bases covered at least 20-
fold. The affected sisters were both
homozygous for SOHLH1 c.705delT;
p.Pro235fs*4 in exon 6 (NM_
001012415; chr9:138,587,065 TA�T
[hg19]), which is predicted to result in
protein truncation at codon 238.
Haplotype block analysis based on
single nucleotide polymorphism

Figure 1. Pelvic ultrasound imaging of the patients (BAB4619 and BAB4620). The red arrows
indicate the visualization of the ovaries and the red stars indicate the ovarian boundaries. These
images were captured while the patients were under hormone replacement therapy. Note that
the ovaries can be visualized but they are still hypoplastic (BAB4619, right: 21 � 15 mm; left:
29 � 9 mm. BAB4620, right: 12 � 5 mm; left: 11 � 5.5 mm).

Table 1. Genetic and Hormonal Characteristics of the Patients

Patient BAB4619 BAB4620 CF1374.03 CF1374.04 Normal Range

Age, y 16.25 14.25 15 12
SOHLH1 allele c.705delT c.705delT c.27C�G c.27C�G
Karyotype 46,XX 46,XX 46,XX 46,XX
FSH, mIU/mL 98.8 109 30.04 59.3 F: 2.5–10.2
LH, mIU/mL 25 24.5 29.44 8.31 F: 1.9–12.5
Estradiol, pg/mL �5 42 �20 �20 F: 27–122
ACTH test, IV, 250 mcg

Peak cortisol, mcg/dL 36.3 30.2 – 28.1 3–25
Peak androstenedione, ng/mL 0.78 1.61 – – 0.22–2.25
Peak 17OH-Progesterone, ng/mL 1.49 – – – 1–10

Progesterone, ng/mL 0.24 0.51 – – 5–20
DHEA-S, mcg/dL 87.8 161 – – 35–430
Prolactin, pg/mL 11.3 6.35 – – F: 2.28–29.2
TSH, mIU/mL 1.6 1.49 3.13 5 0.35–5.6
Urinary reducing substances Absent Absent – –

Abbreviation: –, not performed.
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data culled from exome sequencing (ie, B-allele frequency)
showed that this identified novel variant was found in an
�10.4-Mb block of absence of heterozygosity (AOH),
which was overlapping in both siblings (data not shown).

Because of the consanguinity between parents we exam-
ined the other AOH regions in these patients. There were
15 other overlapping AOH blocks (� 0.5 Mb) that ranged
in size from 0.56–16.2 Mb, which in total accounted for

Figure 2. Segregation of SOHLH1 mutations in families and location of the mutations. A, Affected sisters BAB4619 and BAB4620 in family HOU1852
were homozygous (M/M) for c.705delT allele whereas the parents were heterozygous carriers (M/N) and the unaffected sibling was homozygous for the
normal allele (N/N). The c.705delT allele results in a premature stop at residue 238. B, Affected sisters CF1374.03 and CF1374.04 in family CF1374 were
homozygous for c.27C�G mutation which corresponds to a premature stop at residue 9. Both parents were heterozygous for this allele. Affected
individuals are shown with black filled shapes, the locations of mutations are indicated with arrows and the resulting premature stop codons are shown
(red). C, Locations of the loss of function mutations are shown in SOHLH1 and in the protein encoded by the gene.

Table 2. Pelvic Ultrasound and MR Imaging Studies of the Patients

Patient HRT
Uterus
length, cm Right ovary, mm Left ovary, mm Pelvic MRI

BAB4619 Before 2.2 NV NV NV bilateral ovaries
After 7.4 21 � 15 29 � 9

BAB4620 Before – – – NV bilateral ovaries
After 3.7 12 � 5 11 � 5.5

CF1374.03 Before - – – NV bilateral ovaries
After 4.5 10 � 5 NV

CF1374.04 Before 2.1 NV NV NV bilateral ovaries
After 5.3 NV NV

Pubertal normal ranges 3.4–8.8 25–50 � 15–30 25–50 � 15–30

Abbreviations: HRT, hormone replacement therapy after 9–12 months of low-dose estrogen (0.5 mg 17�-Estradiol); NV, nonvisualized; –, not performed.

Ovaries could be more visible at US after increasing uterine volume with estrogen treatment.
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�1.5% of the human genome (46 273 916 base pairs).
None of these AOH regions included a homozygous-trun-
cating mutation that occurred in both siblings. Both par-
ents were heterozygous and the unaffected sister was ho-
mozygous for the normal allele at this SOHLH1 variant
site (Figure 2A).

Exome sequencing of the affected sisters (CF1374.03
and CF1374.04) of family CF1374 yielded median 101�

depth of coverage with 94% of targeted bases covered at
least 10-fold. The affected sisters were both homozygous
for SOHLH1 c.27C�G; p.Tyr9stop in exon 1
(NM_001012415; chr9:138,591,287 G�C [hg19]) and
both parents were heterozygous for this mutation (Figure
2B). The mutation is located in a 2.3-Mb segment between
chr9:138,518,010 and chr9:140,777,306 that is shared,
homozygous, and identical by descent in the two affected
siblings. In the entire exome sequence, this variant in
SOHLH1 was the only truncating mutation that was ho-
mozygous and shared by both sisters.

In contrast with the affected homozygous females,
heterozygous carriers for these truncating mutations had
no recognizable pathologic finding in sexual or gonadal
development. In family HOU1852, the mother had nor-
mal menarche at age 13 years. She still had regular men-
strual cycles at age 41 years and no significant clinical
abnormality. In family CF1374, the mother had normal
menarche at age 14 years and regular menstrual cycles
until natural menopause at age 49 years. Both fathers re-
ported normal histories of pubertal maturation.

Neither of these SOHLH1 mutations was reported in
any public database, including the 1000 Genomes Project
(http://www.1000genomes.org), the National Heart,
Lung, and Blood Institute Exome Sequencing Project
(http://evs.gs.washington.edu/evs/), The Single Nucleo-
tide Polymorphism Database, or the Exome Aggregation
Consortium (http://exac.broadinstitute.org/). Nor was ei-
ther allele identified in our internal database of more than
3000 exomes, including more than 700 persons of Turkish
ancestry or in exome data of the Atherosclerosis Risk in
Communities study (https://www2.cscc.unc.edu/aric/).
Each mutation seems unique to its family of origin con-
sistent with a Clan Genomics hypothesis (13). SOHLH1
was fully sequenced in 21 other persons of Turkish an-
cestry with nonsyndromic hypergonadotropic hypogo-
nadism; no rare damaging variants were identified.

Discussion

Homozygous lossof functionmutations in SOHLH1 were
identified in two families with nonsyndromic hypergo-
nadotropic hypogonadism. This condition has also been

described because of mutations in FSH�, FSHR, LH�,
LHR, NR5A1, CYP17, CYP19, NOBOX, or BMP15 (2,
7, 14, 15). SOHLH1 (Spermatogenesis- and oogenesis-
specific basic helix-loop-helix protein 1) contains eight
exons and encodes a 328–amino acid basic helix-loop-
helix (bHLH) transcription factor with homologs in hu-
mans and other placental mammals (8). The protein has an
helix-loop-helix DNA-binding domain encoded by exons
2 and 3. Loss-of-function mutations in SOHLH1 have not
previously been associated with any phenotype in human
females. The identified frame-shift mutation in our study,
c.705delT, in family HOU1852, is located at the sixth
exon of the gene resulting in a premature stop codon at
residue 238 (Figure 2C) and is likely to be subject to non-
sense-mediated decay. In family CF1374, homozygous
c.27C�G mutation located at the first exon of the protein
and causes a premature stop at residue 9 (Figure 2C).

Studies in mice reveal that Sohlh1 is expressed during
oogenesis and is critical for early folliculogenesis (8).
Sohlh1 transcripts are present in primordial follicles in the
newborn ovary and preferentially expressed in primordial
oocytes of adult ovaries, but disappear rapidly as the
oocytes begin to differentiate to primary and secondary
follicles. Sohlh1 �/� female mice are infertile with atro-
phic ovaries that lack oocytes; Sohlh1 �/� females have
normal fertility and ovaries. On histological examination,
ovaries from newborn wild-type and Sohlh1 �/� mice
showed no apparent differences in morphology or histol-
ogy, suggesting that embryonic germ cell migration and
proliferation is normal in newborn Sohlh1 �/� females.
In contrast, on postnatal day 3, Sohlh1 �/� ovaries lack
primary follicles, suggesting that loss of Sohlh1 leads to a
defect in follicle development during the primordial-to-
primary follicle transition (8). Sohlh1 also apparently
plays a role in spermatogonial differentiation, with mu-
tations leading to nonobstructive azoospermia identified
in mice, in macaques, and in two human patients (16–19).
Recently, known variants of SOHLH1 were suggested to
be potentially associated with secondary amenorrhea in
Chinese and Serbian populations (20).

Oogenesis in the human female reproductive system
begins with the formation of primordial germ cells in the
endoderm during early embryonic life and proceeds in
different stages until the secondary oocyte becomes an
ovum soon after fertilization with a sperm. Folliculogen-
esis depends on genetic and hormonal factors. Mouse
studies have revealed the transcriptional regulators that
affect different stages during oogenesis (21), such as:
Pou5f1 (Oct4) and Nanog involved in primordial germ
cell specification, migration, and mitosis (22–24), Figla
and Nobox effecting meiotic arrest and suppressing male-
specific genes (25–29), Tbp2 affecting the growing follicle
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(30), and Lhx8, Foxo3, Sohlh1, and Sohlh2 together with
Figla and Nobox influencing follicle formation, follicular
development, and activation (21, 31, 32). Both SOHLH1
and SOHLH2 are expressed in early folliculogenesis but
not in secondary follicles while FIGLA, NOBOX, and
LHX8 are expressed throughout folliculogenesis. This ex-
pression pattern suggests that SOHLHs may play impor-
tant and unique roles in formation, activation, and sur-
vival of primordial follicles (8, 21, 33, 34). SOHLH1
closely interacts with other transcriptional regulatory pro-
teins (ie, FIGLA, NOBOX, LHX8, and SOHLH2) that set
up a network to coordinate germ cell development (35,
36). Small ovary sizes, very low sex steroids, and absence
of the pubertal findings that were displayed in our patients
support the importance of SOHLH1 in ovarian develop-
ment and function in humans.

In conclusion, the clinical features and the results of
genomic analysis of patients with hypergonadotropic hy-
pogonadism, together with findings observed in mouse
models, strongly suggest that homozygous loss-of-func-
tion mutations in SOHLH1 cause ovarian dysfunction in
humans as well as in mice. Our study will illuminate fur-
ther the regulation of human reproductive functions es-
pecially in familial cases. SOHLH1 is important to human
gonadal development.

Acknowledgments

We thank the families who participated in this study. This work
was supported in part by US National Human Genome Research
Institute/National Heart, Lung, and Blood Institute Grant
U54HG006542 to the Baylor-Hopkins Center for Mendelian
Genomics and by unrestricted gifts to the King laboratory.

Address all correspondence and requests for reprints to:
James R. Lupski, MD, PhD, DSc (hon), Cullen Professor, De-
partment of Molecular and Human Genetics, Baylor College of
Medicine, One Baylor Plaza, Room 604B, Houston, TX 77030.
E-mail: jlupski@bcm.edu. Mary-Claire King, PhD, American
Cancer Society Professor, Department of Medicine and Genome
Sciences, University of Washington School of Medicine, Health
Sciences Room K-160, Seattle, WA 98195–7720. E-mail:
mcking@u.washington.edu.

This work was supported by US National Human Genome
Research Institute/National Heart, Lung, and Blood Institute
Grant U54HG006542 to the Baylor-Hopkins Center for Men-
delian Genomics.

Disclosure Summary: J.R.L. has stock ownership in
23andMe, is a paid consultant for Regeneron Pharmaceuticals,
has stock options in Lasergen, Inc, and is a coinventor of multiple
United States and European patents related to molecular diag-
nostics for inherited neuropathies, eye diseases, and bacterial
genomic fingerprinting. The Department of Molecular and Hu-
man Genetics at Baylor College of Medicine derives revenue
from the chromosomal microarray analysis and clinical exome

sequencing offered in the Baylor Miraca Genetics Laboratory
(http://www.bmgl.com/BMGL/Default.aspx). R.A.G. is interim
Chief Scientific Officer of Baylor Miraca Genetics Laboratory.
Y.B., S.G., T.Gu., A.A., G.Y., H.U.G., Z.A., S.B.P., T.Ga., M.L.,
S.T., E.Bob., M.M.A., T.W., E.K., D.P., S.N.J., D.M., A.Be.,
A.Bu., E.Boe., R.A.G., and M.C.K. have no disclosures relevant
to the manuscript.

References

1. Deligeoroglou E, Athanasopoulos N, Tsimaris P, Dimopoulos KD,
Vrachnis N, Creatsas G. Evaluation and management of adolescent
amenorrhea. Ann N Y Acad Sci. 2010;1205:23–32.

2. Persani L, Rossetti R, Cacciatore C. Genes involved in human pre-
mature ovarian failure. J Mol Endocrinol. 2010;45:257–279.

3. Morino H, Pierce SB, Matsuda Y, et al. Mutations in Twinkle pri-
mase-helicase cause Perrault syndrome with neurologic features.
Neurology. 2014;83:2054–2061.

4. Pierce SB, Chisholm KM, Lynch ED, et al65. Mutations in mito-
chondrial histidyl tRNA synthetase HARS2 cause ovarian dysgen-
esis and sensorineural hearing loss of Perrault syndrome. Proc Natl
Acad Sci U S A. 2011;108:6543–6548.

5. Pierce SB, Gersak K, Michaelson-Cohen R, et al. Mutations in
LARS2, encoding mitochondrial leucyl-tRNA synthetase, lead to
premature ovarian failure and hearing loss in Perrault syndrome.
Am J Hum Genet. 2013;92:614–620.

6. Pierce SB, Walsh T, Chisholm KM, et al. Mutations in the DBP-
deficiency protein HSD17B4 cause ovarian dysgenesis, hearing loss,
and ataxia of Perrault Syndrome. Am J Hum Genet. 2010;87:282–
288.

7. Simpson JL. Genetic and phenotypic heterogeneity in ovarian fail-
ure: Overview of selected candidate genes. Ann N Y Acad Sci. 2008;
1135:146–154.

8. Pangas SA, Choi Y, Ballow DJ, et al. Oogenesis requires germ cell-
specific transcriptional regulators Sohlh1 and Lhx8. Proc Natl Acad
Sci U S A. 2006;103:8090–8095.

9. Bamshad MJ, Shendure JA, Valle D, et al. The Centers for Mendelian
Genomics: A new large-scale initiative to identify the genes under-
lying rare Mendelian conditions. Am J Med Genet A. 2012;158A:
1523–1525.

10. Lupski JR, Gonzaga-Jauregui C, Yang Y, et al. Exome sequencing
resolves apparent incidental findings and reveals further complexity
of SH3TC2 variant alleles causing Charcot-Marie-Tooth neuropa-
thy. Genome Med. 2013;5:57.

11. Gulsuner S, Walsh T, Watts AC, et al. Spatial and temporal mapping
of de novo mutations in schizophrenia to a fetal prefrontal cortical
network. Cell. 2013;154:518–529.

12. Abaci A, Bober E, Unuvar T, Atas A, Buyukgebiz A. Case report of
two siblings with familial ovarian dysgenesis. Minerva Pediatr.
2007;59:57–59.

13. Lupski JR, Belmont JW, Boerwinkle E, Gibbs RA. Clan genomics
and the complex architecture of human disease. Cell. 2011;147:32–
43.

14. Laissue P, Vinci G, Veitia RA, Fellous M. Recent advances in the
study of genes involved in non-syndromic premature ovarian failure.
Mol Cell Endocrinol. 2008;282:101–111.

15. Cordts EB, Christofolini DM, Dos Santos AA, Bianco B, Barbosa
CP. Genetic aspects of premature ovarian failure: A literature re-
view. Arch Gynecol Obstet. 2011;283:635–643.

16. Suzuki H, Ahn HW, Chu T, et al. SOHLH1 and SOHLH2 coordi-
nate spermatogonial differentiation. Dev Biol. 2012;361:301–312.

17. Toyoda S, Yoshimura T, Mizuta J, Miyazaki J. Auto-regulation of
the Sohlh1 gene by the SOHLH2/SOHLH1/SP1 complex: Implica-
tions for early spermatogenesis and oogenesis. PloS One. 2014;9:
e101681.

doi: 10.1210/jc.2015-1150 jcem.endojournals.org E813

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/100/5/E808/2829757 by guest on 10 June 2020

mailto:jlupski@bcm.edu
mailto:mcking@u.washington.edu
http://www.bmgl.com/BMGL/Default.aspx


18. Ramaswamy S, Razack BS, Roslund RM, et al. Spermatogonial
SOHLH1 nucleocytoplasmic shuttling associates with initiation of
spermatogenesis in the rhesus monkey (Macaca mulatta). Mol Hum
Reprod. 2014;20:350–357.

19. Choi Y, Jeon S, Choi M, et al. Mutations in SOHLH1 gene associate
with nonobstructive azoospermia. Hum Mutat. 2010;31:788–793.

20. Zhao S, Li G, Dalgleish R, et al. Transcription factor SOHLH1
potentially associated with primary ovarian insufficiency. Fertil
Steril. 2015;103:548–553.e5.

21. Jagarlamudi K, Rajkovic A. Oogenesis: Transcriptional regulators
and mouse models. Mol Cell Endocrinol. 2012;356:31–39.

22. Nichols J, Zevnik B, Anastassiadis K, et al. Formation of pluripotent
stem cells in the mammalian embryo depends on the POU transcrip-
tion factor Oct4. Cell. 1998;95:379–391.

23. Kehler J, Tolkunova E, Koschorz B, et al. Oct4 is required for pri-
mordial germ cell survival. EMBO Rep. 2004;5:1078–1083.

24. Chambers I, Colby D, Robertson M, et al. Functional expression
cloning of Nanog, a pluripotency sustaining factor in embryonic
stem cells. Cell. 2003;113:643–655.

25. Choi Y, Qin Y, Berger MF, Ballow DJ, Bulyk ML, Rajkovic A.
Microarray analyses of newborn mouse ovaries lacking Nobox. Biol
Reprod. 2007;77:312–319.

26. Hu W, Gauthier L, Baibakov B, Jimenez-Movilla M, Dean J. FIGLA,
a basic helix-loop-helix transcription factor, balances sexually di-
morphic gene expression in postnatal oocytes. Mol Cell Biol. 2010;
30:3661–3671.

27. Lechowska A, Bilinski S, Choi Y, Shin Y, Kloc M, Rajkovic A.
Premature ovarian failure in nobox-deficient mice is caused by de-

fects in somatic cell invasion and germ cell cyst breakdown. J Assist
Reprod Genet. 2011;28:583–589.

28. Liang L, Soyal SM, Dean J. FIGalpha, a germ cell specific transcrip-
tion factor involved in the coordinate expression of the zona pellu-
cida genes. Development. 1997;124:4939–4947.

29. Rajkovic A, Pangas SA, Ballow D, Suzumori N, Matzuk MM. NO-
BOX deficiency disrupts early folliculogenesis and oocyte-specific
gene expression. Science. 2004;305:1157–1159.

30. Gazdag E, Rajkovic A, Torres-Padilla ME, Tora L. Analysis of
TATA-binding protein 2 (TBP2) and TBP expression suggests dif-
ferent roles for the two proteins in regulation of gene expression
during oogenesis and early mouse development. Reproduction.
2007;134:51–62.

31. Jagarlamudi K, Reddy P, Adhikari D, Liu K. Genetically modified
mouse models for premature ovarian failure (POF). Mol Cell En-
docrinol. 2010;315:1–10.

32. Liu L, Rajareddy S, Reddy P, et al. Infertility caused by retardation
of follicular development in mice with oocyte-specific expression of
Foxo3a. Development. 2007;134:199–209.

33. Choi Y, Yuan D, Rajkovic A. Germ cell-specific transcriptional reg-
ulator sohlh2 is essential for early mouse folliculogenesis and
oocyte-specific gene expression. Biol Reprod. 2008;79:1176–1182.

34. Toyoda S, Miyazaki T, Miyazaki S, et al. Sohlh2 affects differenti-
ation of KIT positive oocytes and spermatogonia. Dev Biol. 2009;
325:238–248.

35. Choi Y, Rajkovic A. Genetics of early mammalian folliculogenesis.
Cell Mol Life Sci. 2006;63:579–590.

36. Lim EJ, Choi Y. Transcription factors in the maintenance and sur-
vival of primordial follicles. Clin Exp Reprod Med. 2012;39:127–
131. 5

E814 Bayram et al SOHLH1 Mutations in Hypergonadotropic Hypogonadism J Clin Endocrinol Metab, May 2015, 100(5):E808–E814

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/100/5/E808/2829757 by guest on 10 June 2020


