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Abstract
Premature ovarian insufficiency (POI) is a clinically and etiologically heterogeneous disorder characterized by menstrual 
irregularities and elevated levels of FSH before age of 40 years. Genetic anomalies are among the recognized causes of POI.  
Here, we aimed to identify the genetic cause of POI in an inbred pedigree with nine POI and two ichthyosis-affected mem-
bers. Inheritance of POI and ichthyosis were, respectively, dominant and recessive. Reproduction-related information and 
measurements of relevant hormones were obtained. Genetic studies included homozygosity mapping, linkage analysis, exome 
sequencing, and screening of candidate variants. A mutation within ALOX12B, which is a known ichthyosis causing gene, 
was identified as cause of ichthyosis. ALOX12B encodes a protein involved in steroidogenesis and lipid metabolism. Consid-
ering the importance of steroidogenesis in reproduction functions, the possibility that the ALOX12B mutation is also cause 
of POI was considered. Screenings showed that the mutation segregated with POI status. Linkage analysis with respect to 
POI identified a single strongly linked locus (LOD > 3) that includes ALOX12B. Exome sequencing on POI-affected females 
identified the mutation in ALOX12B and also a sequence variation in SPNS2 within the linked locus. A possible contribution 
of the SPNS2 variation to POI was not strictly ruled out, but various data presented in the text including reported association 
of variations in related gene ALOX12 with menopause-age and role of ALOX12B in atretic bovine follicle formation argue 
in favor of ALOX12B. It is, therefore, concluded that the mutation in ALOX12B is the likely cause of POI in the pedigree.
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Abbreviations
POI  Primary ovarian insufficiency
FSH  Follicle stimulating hormone
StAR  Steroidogenic acute regulatory protein
ALOX12B  12(R)-Lipoxygenase (12R-LOX)
ARCI  Autosomal recessive congenital ichthyosis
LH  Luteinizing hormone
AMH  Anti-Müllerian hormone
SNP  Single-nucleotide polymorphisms
LOD  Logarithm of the odds
NCIE  Nonbullous congenital ichthyosiform 

erythroderma
PCR  Polymerase chain reaction

Introduction

Premature ovarian insufficiency (POI) is a clinically and 
etiologically heterogeneous disorder characterized by 
menstrual irregularities (amenorrhea or oligomenorrhea) 
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before the age of 40 years (Chapman et al. 2015; Qin et al. 
2015a, b; Tucker et al. 2016; Huhtaniemi et al. 2018; Jiao 
et al. 2018; Venturella et al. 2019; Yatsenko and Rajkovic 
2019). Elevated levels of gonadotropins, particularly folli-
cle stimulating hormone (FSH), are confirmatory diagnos-
tic measurements. POI is estimated to affect one percent 
of women of reproductive age (Coulam et al. 1986; Qin 
et al. 2015a, b; Tucker et al. 2016). Recognized causes of 
POI include iatrogenic causes such as surgery, radiation, or 
chemotherapy, metabolic and storage diseases, infections, 
autoimmune disorders, and genetic factors (Goswami and 
Conway 2007; Chapman et al. 2015; Qin et al. 2015a, b; 
Tucker et al. 2016; Yatsenko and Rajkovic 2019). The lat-
ter are estimated to account for approximately 20–25% 
of the cases. A genetic component for POI was originally 
suggested by familial clustering and later substantiated 
by identification of over 60 causative and many suscep-
tibility genes (Table S1) (Tucker et al. 2019). Each of 
several of these genes was first identified in studies on a 
single pedigree (de Vries 2014; Wang 2014; AlAsiri et al. 
2015; Qin et al. 2015a, b). Many POI cases are idiopathic 
and it is believed that multiple genetic defects, some in 
yet unidentified genes, may contribute to the etiology of 
these cases (Chapman et al. 2015). Genetic forms of POI 
show variable patterns of inheritance. Not unexpectedly, 
some genes whose protein products affect steroidogen-
esis are among known POI-causing genes. These include 
CYP17A1, CYP19A1, and STAR  (Conte et al. 1994; Miura 
et al. 1996; Bose et al. 1997). The first two are involved in 
estrogen production, and the protein steroidogenic acute 
regulatory protein (StAR) encoded by STAR  is responsible 
for transport of cholesterol into mitochondria of theca cells 
for conversion into steroids.

Ichthyosis that is characterized by abnormal skin scal-
ing over the whole body is also a heterogeneous disorder 
(Williams and Elias 1985; Takeichi and Akiyama 2016). 
Like POI, ichthyosis can very adversely affect quality of 
life. Nearly all forms of ichthyosis have a genetic basis, and 
approximately 40 causative genes have till now been identi-
fied (Schmuth et al. 2013; Youssefian et al. 2017). Ichthyo-
sis presents with variable patterns of inheritance, includ-
ing autosomal recessive inheritance. Autosomal recessive 
congenital ichthyosis (ARCI) itself comprises various types 
which together have a prevalence of approximately 1/100 
000 or less in various Western populations (Pigg et al. 1998; 
Oji and Traupe 2006; Hernández-Martín et al. 2012; Yousse-
fian et al. 2017). As the lipid barrier of the skin malfunctions 
in ichthyosis, it is also not surprising that the products of 
several known ARCI causing genes have lipid-related func-
tions. These include ALOX12B coding 12(R)-lipoxygenase 
(12R-LOX), ALOXE3 coding lipoxygenase-3, and FATP4 
coding fatty acid transport protein (Jobard  et al. 2002; Eckl 
et al. 2005; Klar et al. 2009).

Here, we present a family that has both POI and ichthy-
osis-affected members, and report results of genetic analy-
sis that suggest both anomalies may be caused by mutated 
ALOX12B alleles.

Materials and methods

This research was performed in accordance with the Dec-
laration of Helsinki and with approval of the ethics board 
of the University of Tehran. Participants or their guardians 
consented to participate after being informed of the nature 
of the research.

Subjects

The subjects of this study are members of a highly inbred 
Iranian pedigree (IA-105) that includes individuals affected 
with ARCI and/or reproductive anomalies that may justify 
diagnosis of POI (Fig. 1) (Alavi, Shahshahani et al. 2012). 
Ichthyosis was initially diagnosed in two individuals (V-32 
and VI-4) based on standard criteria by several dermatolo-
gists experienced in keratinization diseases. The affected 
individuals exhibited generalized scaling and mild eryth-
roderma; one had been born as a collodion baby (Fig. 2, 
Table 1).

Some members of the pedigree who were contemplat-
ing marriage were concerned about the possibility of giving 
birth to ARCI affected children. Conversations with these 
individuals made apparent that several female members of 
pedigree IA-105 had reproduction-related problems (Fig. 1, 
Table  2). Reliable information on reproduction-related 
features of individuals of generations I–III, all of whom 
are deceased, is not available. However, information on 
16 females and 13 males distributed in three generations 
(IV–VI) of pedigree IA-105 was gathered by interviews. 
None of the interviewed males claimed reproduction-related 
anomalies, and none agreed to undergo clinical examination 
or laboratory testing. Present age of 7 interviewed females 
of generation IV ranged between 58 and 68 years. Although 
documentation of hormone levels in these older females 
was not available, there were indications of reproduction-
related anomalies in five as miscarriages and/or curettages 
were experienced by three and menstrual irregularities 
were reported by all five (Table 2). Age at menopause, 
defined as age at which natural menstruation ceases, was 
early (between 30 and 35 years) in these females. Menstrual 
irregularities and early menopause are consistent with POI 
diagnosis. Steroid treatment-induced menstruation contin-
ued for a few years, and menstruation rapidly stopped after 
termination of the treatment. Age at menopause in the two 
unaffected females of generation IV (IV-6 and IV-8) who 
had not been given steroid hormones were 55 and 45 years.
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Nine females of generation V were interviewed 
(Table 2). Their present ages range from 27 to 49 years. 
Three of the females, V-27, V-31, and V-32, reported hav-
ing had menstruation-related problems. Individual V-27 
had ceased to menstruate since the age of 32. Neverthe-
less, she unexpectedly became pregnant at the age of 
39 years and, subsequently, gave birth to an apparently 
healthy child. Her hormone levels during pregnancy were 
normal. Spontaneous pregnancy in women with POI has 
often been reported and has been estimated to occur in 
approximately 5% of affected females (Bidet et al. 2011; 
Fritz  2012; Calik-Ksepka et al. 2018). Individual V-31 
had normal menstruation till the age of 28 years, after 
which she experienced excessive bleeding. At the age of 
32 years, she was diagnosed with POI. Prior to initiation 
of estrogen and progesterone therapy, her serum FSH and 
luteinizing hormone (LH) levels had reached, respectively, 
73 mIU/ml and 29.3 mIU/ml and the anti-Müllerian hor-
mone (AMH) level was decreased to < 0.2 ng/ml. V-31, 

who remained unmarried, stopped steroid medication after 
8 years and no longer menstruates. Individual V-32, who 
is the ichthyosis-affected sister of V-31, similarly but yet 
more severely experienced bleeding from the early age of 
25 and was diagnosed with POI at age of 28 years. After 
hormone-induced ovulation and in vitro fertilization with 
her husband’s sperms, her embryo was implanted into the 
uterus of a surrogate carrier. FSH, LH, and AMH levels 
of V-32 prior to start of hormone treatment were, respec-
tively, 87 mIU/ml, 19.3 mIU/ml, and < 0.1 ng/ml. Karyo-
typing and mutation screening of the FMR1gene have been 
performed for individuals V-27, V-31, and V-32. FMR1 
encodes fragile X mental retardation 1 protein. Chromo-
some abnormalities (Turner’s syndrome) and premutation 
in FMR1 are the most common causes of POI (Goswami 
and Conway 2005). Their karyotypes were normal and 
a premutation status in FMR1was not observed in the 
DNA of these individuals (Supplementary Fig. S1). The 
remaining six females of generation V (V-2, V-19, V-20, 

Fig. 1  Pedigree IA-105 with POI and ichthyosis-affected mem-
bers. Phenotypes of individuals of generations I and II are unknown. 
Generations IV–VI: circle with crossed lines, POI-affected,  filled 
circle, asymptomatic POI status likely due to young age (see “Sub-
jects” within “Methods” section), filled square, ichthyosis-affected; 

circle with alternate filled and unfilled squares, POI and ichthyosis-
affected, unfilled circle, unfilled square: presently clinically normal. 
The ALOX12B genotypes of individuals screened with respect to 
p.Arg442Gln mutation are presented: N, normal allele; M, mutant 
allele
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V-22, V-24, and V-30) did not report reproduction-related 
anomalies. Five, including the oldest (V-30, 49 years) 
presently menstruate normally. The somewhat high FSH 
level (27 mIU/ml) of individual V-30 at the age of 40 years 
may at least partially be due to severe stress that she was 
experiencing at that time due to marital problems (Schliep, 
Mumford et al. 2015). V-19 is a 32-year-old woman and 
the sixth female of generation V without reproduction 
problems; she is presently breast feeding and not men-
struating. Two females of generation VI (VI-2 and VI-3) 
who are 13 and 15 years old menstruate normally. VI-8 is 
only 2 years old.

We considered the possibility that POI in the pedigree 
may have a genetic basis and may be related to presence 
of ichthyosis in the same pedigree.

Genetic analysis

DNA was isolated from peripheral blood cells of available 
pedigree members by standard protocols. Initially, genome-
wide single-nucleotide polymorphisms (SNP) genotyping on 
two ichthyosis-affected (V-32 and VI-4) and three ichthyo-
sis unaffected pedigree members (V-29, V-30, and V-31) 
was performed using the HumanCytoSNP-12v1-0_L Bead-
Chips (www.illum ina.com). These chips allow genotyping 
of approximately 300,000 tag SNPs distributed throughout 
the human genome. Call rates for SNPs on these chips are 
generally > 95%. Data analysis was done as earlier reported 
(Alavi et al. 2012; Suri et al. 2018). Briefly, homozygous 
regions common to the two affected individuals with a mini-
mum physical length of 1 Mb and absent in the non-affected 

Fig. 2  Clinical manifestations in autosomal recessive congenital ichthyosis in two affected members of IA-105. A. Patient IV-32. B. Patient 
VI-4. Photographs show hyperlinearity in hands and feet (a: i, ii, iii; b: i), scaling (a: iv, v; b: ii), and erythroderma (a: vi; b: iii)

http://www.illumina.com
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individuals were sought using the Homozygosity Detector 
tool within the GenomeStudio program (Illumina). The SNP 
chip data output was subsequently exported to Microsoft 
Excel software and homozygous regions were confirmed 
within the EXCLUDER spreadsheet. Additionally, the SNP 
genotyping data were used to perform a parametric link-
age analysis and to obtain a logarithm of the odds (LOD) 
score using MERLIN under an autosomal recessive model 
of ichthyosis inheritance (Abecasis et al. 2001). The exons 
and bordering intronic sequences of candidate ichthyosis 
causing genes within a locus that was identified by both 
homozygosity mapping and linkage analysis were screened 
for mutations by direct DNA sequencing using the Sanger 
dideoxy-nucleotide termination protocol, and potential dis-
ease-causing mutations were subsequently assessed for seg-
regation with disease status in the pedigree. The candidate 
ichthyosis causing mutation ultimately identified was also 
screened by an allele-specific PCR protocol in 300 ethni-
cally matched control individuals. In this protocol, two PCR 
reactions are performed on the DNA of each individual. One 
primer is common to both reactions, but the second primer 
differs in the two reactions. The second primer in one reac-
tion is designed to amplify only the wild-type sequence, and 
the second primer in the other reaction is designed to allow 
amplification of only the mutated sequence. The results 
of the two PCR reactions allow genotype assessment with 
respect to the candidate mutation site.

With respect to POI in IA-105, in light of potential 
involvement of steroid/lipid-related anomalies in both POI 
and ichthyosis, initially the mutation that was identified 
as cause of ichthyosis was screened by direct sequencing 
in nine POI-affected and seven POI unaffected females 
of the pedigree to assess possible segregation with POI 
status. Subsequently, genome-wide SNP genotyping was 
performed as described above on six additional members 
of IA-105 (IV-2, IV-6, IV-8, IV-12, IV-18, and V-27) who 
were not among the five individuals who had been earlier 
genotyped. In all, genotyping data on nine females, six of 
whom were POI-affected, became available. Homozygo-
sity mapping was performed essentially as described above 
on the data pertaining to the six POI-affected individu-
als (IV-2, IV-12, IV-18, V-27, V-31, and V-32) to assess 
the possibility of recessive inheritance of POI in pedigree 
IA-105. A more stringent criterion was applied as shared 
homozygous regions with a minimum physical length of 
0.5 Mb were sought. Subsequently, parametric linkage 
analysis for POI that included the SNP genotyping data 
of all 11 IA-105 members was performed using Merlin 
under an autosomal dominant model. Finally, whole-exome 
sequencing (WES) was performed on the DNA of two (IV-
18 and V-31) POI-affected members of the pedigree, nei-
ther of whom was affected with ichthyosis. Exons were 
enriched using the SureSelect V6-Post kit and sequencing Ta
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was done using the Illumina HiSeq 4000 system (Illumina). 
Sequence alignment was performed against human refer-
ence genome GRCH37/hg19, and variant callings were 
done using ENSEMBL Variant Effect Predictor (https ://
asia.ensem bl.org/Tools /VEP) and wANNOVAR (https ://
wanno var.wglab .org/). Initial filtering was done by remov-
ing sequence variations with a MAF of > 0.01 in the dbSNP 
database and the Trans-Omics for Precision Medicine pro-
gram (https ://www.ncbi.nlm.nih.gov/), the 1000 Genomes 
database (www.1000g enome s.org), the NHLBI Exome 
Sequencing Project (https ://evs.gs.washi ngton .edu/EVS/), 
the Exome Aggregation Consortium database (https ://
exac.broad insti tute.org/), the Genome Aggregation Data-
base (https ://genom ad.inbro adins titut e.org/), or Iranome 
database (https ://irano me.com/). Variations that did not 
affect amino acid change or splicing were also filtered out. 
Among the remaining variations, those that were present 
in the DNA of both POI-affected individuals IV-18 and 
V-31 and also positioned within the locus identified by 
linkage analysis were considered candidate POI-causing 
mutations in IA-105. Sequence variations outside the 
locus, but within previously reported POI genes were also 
identified. Candidate disease-causing variations within the 
linked locus and within previously identified POI-causing 
genes were screened for segregation with disease status 
by direct sequencing. Multiple in silico bioinformatics 
tools, including SIFT (https ://sift.jcvi.org/) and Poly-
Phen-2 (https ://genet ics.bwh.harva rd.edu/pph2/) that are 
most commonly used, were employed to predict the func-
tional consequences of segregating sequence variations that 
caused amino acid changes. These tools are largely based 
on sequence homology and physical properties of amino 
acids. The Combined Annotation-Dependent Depletion 
tool (CADD; https ://cadd.gs.washi ngton .edu/info) scores 
the deleteriousness of mutations based on over 63 distinct 
annotations.

Table 3 summarizes the genetic analyses performed on 
different individuals of pedigree IA-105. Sequence of prim-
ers used in various PCR amplifications or sequencing reac-
tions are available upon request.

Results

The Homozygosity Detector tool of the GenomeStudio pro-
gram identified three genomic regions that were homozy-
gous in both ichthyosis-affected individuals of pedigree 
IA-105, but not homozygous in any of the three unaf-
fected individuals genotyped (Fig. 3a). The homozygous 
regions were on chromosomes 2q24.2 [~ 4,3 Mb delim-
ited by markers rs6756623 (158,574,077) and rs2909450 
(162,867,791)], 16q23 [~ 4,2 Mb delimited by markers 
rs1983093 (79,024,344) and rs10514587 (83,256,377)], 
and 17p13.1 [~ 2.2 Mb delimited by markers, rs888327 
(5,778,528) and rs9892725 (7,987,516)]. The loci with 
the maximum LOD scores (~ 3.0) identified by linkage 
analysis overlapped with regions identified by homozy-
gosity mapping (Fig.  3b). The locus on chromosome 
17p13.1 was considered the best candidate locus, because 
it included the previously identified ARCI-associated 
gene ALOX12B (7,975,954–7,991,021 bp; NC_000017, 
NM_001139; NP_001130) (Jobard et al. 2002). ALOXE3, 
another ARCI-associated gene (7,999,218–8,022,365 bp; 
NC_000017.10, NM_001165960.1; NP_001159432.1), 
was positioned adjacent to this locus (Jobard et al. 2002). 
The loci on chromosomes 2 and 16 did not include known 
ichthyosis causing genes. Screening of the exons and bor-
dering intronic sequences of ALOX12B and ALOXE3 by 
sequencing identified c.G1325A in ALOX12B that causes 
p.Arg442Gln as the candidate ichthyosis causing mutation 
(Table 4). It was observed in the homozygous state in both 

Table 3  Summary of genetic analyses on members of pedigree IA-105

Genotyping of c.1325 G > A in ALOX12B by 
Sanger sequencing

Whole genome SNP genotyping for 
homozygosity mapping and linkage 
analysis for ichthyosis

Whole genome SNP genotyping for 
homozygosity mapping and linkage 
analysis for POI

Whole exome 
sequencing

IV2, IV-4, IV-6, IV-7, IV-8, V-29, V-30, V-31, V-32, VI-4 IV-2, IV-6, IV-8, IV-12, IV-18, IV-18, V-31
IV-11, IV-12, IV-13, IV-17, IV-18, V-27, V-29, V-30, V-31,
V-1, V-2, V-17, V-18, V-19, V-20, V-32, VI-4
V-22, V-23, V-24, V-26, V-27, V-28,
V-29, V-30, V-31, V-32, VI-4, VI-5

Fig. 3  Localization of ichthyosis causing gene by SNP genotyping 
to chromosome locus 17p13.1 in pedigree IA-105. a Homozygosity 
mapping shows that the two ichthyosis-affected individuals (bottom 
two samples) are homozygous (homozygosity shown as bookmarks) 
in the region bordered by rs888327 (5,778,528  bp) and rs9892725 
(7,987,516  bp) on chromosome 17. The three unaffected individu-
als (top three samples) are not homozygous in this region. Similarly, 
only the ichthyosis-affected individuals were homozygous for two 
other loci on chromosomes 2q24.2 and 16q23 (not shown; see text). 
b LOD plot of locus on chromosome 17p13.1 pertaining to ichthyosis 
obtained under recessive model based on genotypes of two affected 
and three unaffected pedigree members

◂
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https://exac.broadinstitute.org/
https://genomad.inbroadinstitute.org/
https://iranome.com/
https://sift.jcvi.org/
https://genetics.bwh.harvard.edu/pph2/
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affected individuals. Subsequent segregation analysis in 14 
additional available members of the pedigree showed that 
only the ichthyosis-affected individuals carried the mutation 
in the homozygous state, thus confirming segregation with 

ichthyosis status (Fig. 1 and Table 4). The variation was not 
observed in the DNA of 300 control individuals. Arginine 
at position 442 in the human 12(R)-lipoxygenase protein 
encoded by ALOX12B is evolutionarily well conserved 
among various human lipoxygenases and also among 12(R)-
lipoxygenases of various species (Table 5). Finally, the same 
p.Arg442Gln-causing variation was earlier reported as one 
of two mutations in ALOX12B in a Japanese ichthyosis-
affected individual (Akiyama et al. 2010). These findings 
evidence that c.G1325A in ALOX12B in the homozygous 
state is cause of ichthyosis in affected members of IA-105, 
and that nonbullous congenital ichthyosiform erythroderma 
(NCIE) is the form of ichthyosis that presents in the pedigree 
(Jobard et al. 2002).

With respect to POI, sequencing revealed that the 
c.G1325A mutation in ALOX12B, which in the homozygous 
state had been identified as cause of ichthyosis, was present 
in the heterozygous state in all five POI designated females 
of generation IV (IV-2, IV-4, IV-11, IV-12, and IV-18) of 
pedigree IA-105 (Fig. 1, Table 4). Two females (IV-6 and 
IV-8) of this generation who were not POI-affected did not 
carry the mutated allele. In generation V, POI designated 
individuals V-27 and V-31 were heterozygous carriers of 
the mutation, and V-32, who is ichthyosis and POI-affected, 
was homozygous for the mutation. Of six females of genera-
tion V who did not report reproduction-related anomalies, 
five (V-2, V-20, V-22, V-24, and V-30) were homozygous 
for the wild-type sequence, but one (V-19) was a heterozy-
gous carrier. The latter was 28 years old when our results on 

Table 4  Genotypes pertaining to c.G1325A in ALOX12B that causes 
p.Arg442Gln in members of IA-105 pedigree

N normal allele, M mutant allele
 +  affected, − not affected

Individual ALOX12B Ichthyosis POI

ID Genotype Status Status
V32 MM  +  + 
VI-4 MM  + Male
IV MN −  + 
IV-4 MN −  + 
IV-6 NN − −
IV-8 NN − −
IV-11 MN −  + 
IV-12 MN −  + 
IV-18 MN −  + 
V-2 NN − −
V-19 MN −  + 
V-20 NN − −
V-22 NN − −
V-24 NN − −
V-27 MN −  + 
V-30 NN − −

Table 5  Conservation during evolutionary of arginine at positions corresponding to amino acid 442 of ALOX12B in orthologous protein of vari-
ous species and in various human lipoxygenases

a Sequence IDs from UniProt (https ://www.unipr ot.org/)

ALOX12B of different species Sequence  IDa Human ALOX family members Sequence  IDa

HUMAN RYTVQINSIG R AVLLNEGG O75342 ALOX12B RYTVQINSIG R AVLLNEGGL O75342
CHIMPANZEE RYTVQINSIG R AVLLNEGG H2QC68 ALOXE3 RYTLQVNTIA R ATLLNPEGL Q9BYJ1
MACACA MULATTA RYTVQINSIG R AVLLNEGG F6WGW5 ALOX15 RYTLEINVRA R TGLVSDMGI P16050
BABOON RYTVQINSIG R AVLLNEGG A0A096P2T3 ALOX5 RFTIAINTKA R EQLICECGL P09917
GIANT PANDA RYTIQINSIG R ALLLNEGG G1L7R9
BOVIN RYTIQINSIG R AVLLNEGG F1MXD8
HORSE RYTIQINSIG R ALLLNEGG F6PXL3
SHEEP RYTIQINSIG R AVLLNEGG W5QBJ9
PIG RYTIQINSIG R AILLNEGG F1SSY8
Dog RYTIQINSIG R ALLLNEGG E2RS35
CAT RYTIQINSIG R ALLLNEGG M3WM43
RABIT RYTVQINSIG R ALLLNEGG G1TMI8
MOUSE RYNVQINSIG R ALLLNKGG O70582
RAT RYNVQINSIG R ALLLNKGG Q2KMM4
OPOSSUM RFTIQINSIG R ALLLNEGG F7FZA5
BAT RYTIQINSIG R AILLNEGG G1PAF4
XENOPUS LAEVIS RYTLEINTLA R QTLIGPDG Q5FWK8

https://www.uniprot.org/
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ALOX12B sequencing in pedigree IA-105 became available; 
she was the youngest female of generation V who was found 
to carry a mutated allele. She was informed of her genotype, 
and given the potential association being observed between 
the c.G1325A mutation and POI, quickly became pregnant 
to avoid potential onset of problems. She is now breast feed-
ing and not menstruating. All generation V females with a 
normal genotype presently have normal menstruation. The 
three females of generation VI were not genotyped.

The findings described above show segregation of the 
p.Arg442Gln-causing mutation in ALOX12B with POI status 
among 16 females of pedigree AI-105. Despite segregation 
in this large number of individuals, the possibility of POI 
being associated with mutations in other genes was consid-
ered. Additional whole-genome SNP genotypings were per-
formed and ultimately data on 11 IA-105 members became 
available. Call rates for the SNPs for the individuals were 
reported to range between 0.969 and 0.998, signifying high-
quality genotyping (Table S2). Initial analysis of the data 
pertaining to six POI-affected individuals by homozygosity 
mapping confirmed that POI inheritance in AI-105 is not 
recessive; a shared homozygous region of ≥ 0.5 Mb among 
these individuals was not found (Table S3). Linkage analy-
sis using the data pertaining to all 11 individuals under a 
dominant inheritance model showed a maximum LOD score 
(3.1) associated with a region on chromosome 17p13.1 that 
includes ALOX12B; 1.5 was the maximum LOD score asso-
ciated with any region elsewhere in the genome (Fig. 4, Fig. 
S2). The linked region expanded approximately 4.2 Mb 
delimited by proximal and distal markers, respectively, 
rs1516801 (3,822,278 bp) and rs2304906 (7,983,681 bp). 
This result is consistent with the proposal that the POI-caus-
ing mutation is positioned within 17p13.1.

Exome sequencing on the genome of two POI-affected 
individuals (IV-18 and V-31) was done to ascertain 
whether the c.G1325A in ALOX12B is the only candidate 
causative mutation within the POI linked locus. The spec-
ifications of the exome data reflect high-quality sequenc-
ing; 95.3 or 94.6% of target sequences had coverage of 
more than 10X, and 90.6 or 86.7% had coverage of more 
than 20X (Table S4). The filtering protocol applied identi-
fied 331 sequence variations common to the two individu-
als (Table S5). Two of these, c.G1325A in ALOX12B and 
c.C677T in SPNS2 that causes p.Thr226Met, were posi-
tioned within the linked locus on chromosome 17. SPNS2 
encodes sphingosine-1-phosphate transporter SPNS2. The 
ALOX12B and SPNS2 variations are separated by approxi-
mately 3.5 Mb. The variation (rs202089427) in SPNS2 
has previously been reported at low frequencies (≤ 0.001) 
in various databases. Screening of the SPNS2 variation 
among females of IA-105 showed that, like the ALOX12B 
mutation, it segregated with POI status; all nine affected 
individuals carried the mutation and six unaffected indi-
viduals were homozygous for the wild-type allele. Never-
theless, while acknowledging that the contribution of the 
SPNS2 variation was not critically ruled out, the variation 
in ALOX12B was favored as the more likely POI-associ-
ated mutation. The SPNS2 variation was assessed as non-
damaging by nine of eleven predictor softwares (CAAD 
score = 24.9), whereas ten of the softwares assessed that 
the ALOX12B variation is damaging (CAAD score = 33.0) 
(Table 6). More importantly, functions attributed to the 
protein encoded by ALOX12B (see “Discussion”) strongly 
support its potential contribution to POI etiology.

The exome sequence data allowed interrogation of pos-
sible contribution of known POI-causing genes to POI 
status in affected females of IA-105. Indeed, sequence 
variations in two POI genes, MCM9 (NM_017696) encod-
ing minichromosome maintenance complex component 
9 (c.A2448C that causes p.Glu816Asp; rs116048760) 
and EIF4ENIF1 (NM_019843) that encodes a trans-
lational factor (c.C1612T that causes p.Pro363Ser; 
rs142530811) were observed in the DNA of both indi-
viduals. Both mutations were present in the heterozygous 
state. Homozygous MCM9 mutations have been reported 
in a few POI families and heterozygous carriers were 
reported to be unaffected (Wood-Trageser et al. 2014; 
Fauchereau et al. 2016; Yatsenko and Rajkovic 2019). 
Direct sequencing evidenced that the MCM9 mutation did 
not segregate with POI status in IA-105; POI unaffected 
individual IV-8 carried the mutation and affected indi-
viduals IV-4 and IV-12 were homozygous for the wild-
type allele (Table S6). Similarly, the sequence variation 
in EIF4ENIF1 did not segregate as unaffected individual 
V-30 carried the mutated allele and affected individual 
IV-4 was homozygous for the wild-type allele (Table S6). 

Fig. 4  Localization of POI-causing gene by SNP genotyping to chro-
mosome locus 17p13.1 in pedigree IA-105. LOD plot pertaining to 
POI obtained under dominant model based on genotypes of 11 pedi-
gree members
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Based on the composite results of the various analyses, it 
was surmised that the c.G1325A mutation in ALOX12B 
likely makes a significant contribution to POI status in 
affected members of pedigree IA-105. Throughout the 
analysis presented, it has been presumed that the genetic 
cause of POI is the same in the nine affected members of 
IA-105. This sort of assumption is common and usually 
justified in genetic studies on pedigrees. Nevertheless, it 
is possible that sequence variations in other genes present 
in some of the POI individuals may also contribute to POI 
presentations in those individuals.

Discussion

The data presented suggest that the same p.Arg442Gln-
causing mutation in ALOX12B may be cause of both ich-
thyosis and POI in pedigree IA-105. Whereas the mutation 
clearly causes the NCIE form of ichthyosis in the homozy-
gous state, it causes POI in a dominant fashion (Jobard 
et al. 2002).The contribution of ALOX12B to POI in the 
pedigree was assessed by extensive genetic analysis on 
a large number of affected females that included muta-
tion screening, linkage analysis, and exome sequencing. 
12R-LOX is involved in arachidonic acid metabolism and 
catalyzes conversion of arachidonic acid to 12(R)-hydrox-
yeicosatetraenoic acid (Krieg and Fürstenberger 2014). 
With respect to ichthyosis, it is to be noted that 12R-LOX 
is involved in the processing of ω-hydroxyceramides that 
are essential components of water sealing lipid structures 
in the stratum corneum (Krieg and Fürstenberger 2014). 
With respect to POI, steroid hormones including pro-
gesterone, estrogen, and testosterone are present in the 
extended metabolic pathway that includes ALOX12B and 
arachidonic acid (Krieg and Fürstenberger 2014). Further-
more, as arachidonic acid affects STAR  gene and protein 
expression, ALOX12B indirectly affects StAR activity; 
StAR is involved in the early and rate-limiting stages of 
steroid synthesis (Cooke et al. 1991; Romanelli et al. 1995; 
Wang et al. 2000,2003; Stocco et al. 2005). It is interest-
ing that the skin which is the target of ichthyosis is now 
considered an organ capable steroidogenesis (Nikolakis 
et al. 2016). It has been shown that STAR  and other genes 
of steroidogenesis pathways are expressed in keratinocytes 
(Gingras et al. 2003; Inoue et al. 2012; Anuka et al. 2013). 
It is intriguing to consider the possibility that defects in 
hormone synthesis by the skin caused by an ALOX12B 
mutation may contribute to POI anomalies (Feingold and 
Elias 1988; Paus 2016).

In addition to biochemical and physiologic considera-
tions, existing genetic data also support the possibility 
that ALOX12B mutations may have roles in POI. Asso-
ciation between SNP markers within ALOX12 and age Ta
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at menopause that has been reported in two studies sug-
gests that lipoxygenase activities affect menopause (Liu 
et al. 2010; Xiao et al. 2012). ALOX12 is a member of the 
lipoxygenase family of genes and the catalytic activity of 
its encoded protein is the same as 12R-LOX except that the 
products are enantiomers. Finally, ALOX12B was among 
differentially expressed genes identified in a recent com-
parison of the transcriptome of healthy and atretic bovine 
follicles (Hatzirodos et al. 2014). To the best of our knowl-
edge, data on ALOX12B expression in human embryonic 
stages are not available. However, several databases report 
its expression at the RNA level in various reproduction-
related tissues including the cervix, vagina, ovary, uterus, 
breast, prostate, and testes (https ://www.prote inatl as.org/
ENSG0 00001 79477 -ALOX1 2B/tissu e; https ://www.genec 
ards.org/cgi-bin/cardd isp.pl?gene=ALOX1 2B#expre ssion 
; https ://genec ards.weizm ann.ac.il/v3/cgi-bin/cardd isp.
pl?gene=ALOX1 2B#prote in_expre ssion ).

The substantial information in the literature described 
above lends support to proposed existence of a role for 
ALOX12B in POI. For further substantiation and also for 
quantitative assessment of contribution of ALOX12B muta-
tions to POI etiology, mutation screenings of the gene or 
exome sequencing of POI cohorts need to be performed. POI 
in NCIE pedigrees whose ichthyosis status is known to be 
caused by mutations in ALOX12B should also be critically 
assessed. POI incidence and inheritance in such pedigrees 
may be overlooked unless intentionally investigated. Par-
ents of ichthyosis diagnosed offspring concentrate on and 
are most attentive to the severe disease of their offspring, 
and they may even wish to avoid additional pregnancies. In 
addition to this, it is to be noted that POI presentations in 
affected members of IA-105 were not severe as evidenced 
by fertility in the majority of its affected females. It may 
be that ALOX12B mutations generally promote mild POI. 
Finally, it is of important that the functional consequences 
of ALOX12B mutations be assessed in molecular and cellular 
studies and also in animal models.
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