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Idiopathic hypogonadotropic hypogonadism (IHH) is characterized by the absence

of pubertal development and subsequent impaired fertility often due to

gonadotropin-releasing hormone (GnRH) deficits. Exome sequencing of two

independent cohorts of IHH patients identified 12 rare missense variants in

POU6F2 in 15 patients. POU6F2 encodes two distinct isoforms. In the adult

mouse, expression of both isoform1 and isoform2 was detected in the brain,

pituitary, and gonads. However, only isoform1 was detected in mouse primary

GnRH cells and three immortalized GnRH cell lines, twomouse and one human. To

date, the function of isoform2 has been verified as a transcription factor, while the

function of isoform1 has been unknown. In the present report, bioinformatics and

cell assays on a human-derived GnRH cell line reveal a novel function for isoform1,

demonstrating it can act as a transcriptional regulator, decreasing GNRH1

expression. In addition, the impact of the two most prevalent POU6F2 variants,

identified in five IHH patients, that were located at/or close to the DNA-binding

domain was examined. Notably, one of thesemutations prevented the repression of

GnRH transcripts by isoform1. Normally, GnRH transcription increases as GnRH cells

mature as they near migrate into the brain. Augmentation earlier during

development can disrupt normal GnRH cell migration, consistent with some

POU6F2 variants contributing to the IHH pathogenesis.
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Introduction

Idiopathic hypogonadotropic hypogonadism (IHH) is a rare

genetic disorder characterized by complete or partial pubertal

failure caused by gonadotropin-releasing hormone (GnRH)

deficiency. According to the olfactory function, IHH is divided

into two major forms, normal sense of smell (normosmic IHH,

nIHH) and inability to smell, anosmia, defined as Kallmann

syndrome (KS). Although nearly 50 genes have been reported to

be associated with IHH (1, 2), they account for only 50% of all cases

indicating that other associated genes remain to be discovered.

Delineating new genes involved in the development and/or function

of GnRH neurons is relevant for understanding the basis of IHH

pathogenesis in humans.

Exome sequencing (ES) of two independent cohorts of IHH

patients identified missense variants in POU6F2. Most POU family

members act as transcriptional regulators, with many of them

controlling cell type-specific differentiation pathways (3, 4). In

addition, several POU domain-containing gene products

modulate the development, expression, and function of GnRH

neurons (5–7). To date, few reports examine the function of

POU6F2. POU6F2 was originally cloned from human retina and

is also known as retina-derived POU-domain factor-1 (8). POU6F2

plays a role in corneal development and is a potential risk factor for

glaucoma in humans (9). POU6F2 has been reported to be

expressed also in the developing midbrain (8), pituitary (10), and

kidneys (11), and mutations of POU6F2 have been identified in

prolactinomas (12) and in a hereditary predisposition to Wilms

tumor (nephroblastomas; 13). Notably, POU6F2 has two distinct

isoforms, with isoform2 being a transcriptional regulator while the

function of isoform1 is unclear. In this communication, we present

evidence that POU6F2 isoform1 can function as a transcription

factor repressing GNRH1 expression and that one of the POU6F2

variants identified in IHH patients reduced the transcriptional

activity of isoform1, increasing GnRH expression. Together, these

data are consistent with mutations in POU6F2 contributing to the

pathogenesis of IHH.
Materials and methods

Human experimental protocols were approved by either the

Ethics Committee of the Cukurova University Faculty of Medicine

and the institutional review board of the University of Mississippi

Medical Center or the Human Research Committee at the MGH,

Boston, MA. All individuals and/or their legal guardians provided

written informed consent.
Patients

Two large cohorts of IHH patients were screened for POU6F2

variants. The Cukurova cohort consisted of 416 IHH patients (nIHH,

n = 331 and KS, n = 85) from 357 independent families recruited in

Turkey. The Harvard Reproductive Endocrine Sciences Center’s IHH
Frontiers in Endocrinology 02
cohort included 677 nIHH and 632 KS patients recruited nationally

and internationally. Reproductive phenotypes suggestive of IHHwere

deemed present if they exhibited at least one of the following IHH-

related phenotypes: micropenis or cryptorchidism (boys), absent

puberty by age 13 in girls and by age 14 in boys, primary

amenorrhea (girls), and/or a biochemical observation of

hypogonadotropic hypogonadism. The KS patients additionally had

anosmia/hyposmia as determined by self-reporting and/or physical

examination by administering culturally appropriate formal or

informal smell tests. Other causes of hypogonadotropic

hypogonadism were ruled out by pituitary/hypothalamic imaging

and additional anterior pituitary hormone testing. All of the patients

except for B II-5 was older than age 17 years at the time of the last

evaluation. Therefore, their final diagnosis as IHH or CDGP (A II-1)

was achieved.
DNA sequencing and rare variant analyses

DNA samples for ES were prepared as an Illumina sequencing

library, and in the second step, the sequencing libraries were

enriched for the desired target using the Illumina Exome

Enrichment protocol. The captured libraries were sequenced

using Illumina HiSeq2000 Sequencer. The reads were mapped

against UCSC (https://genome.ucsc.edu/cgi-bin/hgGateway) hg19.

The variants in ES data were filtered against population

polymorphism databases TR Variome (14) and gnomAD in the

Cukurova cohort and against gnomAD in the Harvard cohort to

obtain rare sequence variants (RSVs), defined as variants with

<0.001 minor allele frequency (MAF). The resulting RSVs were

then screened for variants in POU6F2 (NM_007252). The presence

and segregation of significant variants within pedigrees were

verified by Sanger sequencing on an Applied Biosystems PRISM

3130 auto sequencer. ES data were also screened for potentially

significant variants in known IHH-associated genes (15).
Expression of Pou6f2 isoforms

All animal procedures were approved by NINDS Animal Care and

Use Committee and performed in accordance with NIH guidelines.

Total RNA was extracted from adult mouse brain, pituitary, testis, and

ovaries using TRIzol reagent (Invitrogen, 15596-026) according to the

manufacturer’s instructions. Total RNA (1 µg) was used for cDNA

synthesis with oligo(dT)16 primer and SuperScript III Reverse

Transcriptase (Invitrogen, 18080-044) following the manufacturer’s

protocol. cDNAs generated with Superscript III or IV from primary

GnRH cells maintained in explants for 7–9 days (16; GnRH cells

removed from explants at this time show many characteristics of

GnRH cells examined in brain slices of adult animals; 17) and two

mouse GnRH cells lines (18, 19) were also analyzed. PCR analysis was

performed using specific primers on Pou6f2 exon 8 (forward, 5’-

ACACAGACTCAGGTGGGACAA-3’) and exon 9 (reverse, 5’-

TTCCCGGTCGTAGTTTAG-CTT-3’) or isoform2-specific primers

(forward, 5’-GCCATCTGCAGGTTTGAAA-3’; reverse, 5’-
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CGTGTTGCTTTAAGCGTTTG-3’) and products compared on 2%

agarose gels. cDNA from a human GnRH cell line (20, 21) was made as

described above, and human brain cDNA was purchase from

GenScript (Piscataway, NJ). PCR analysis for isoform1 and isoform2

was performed using Pou6f2 exon 10 PRIMERS (forward, 5’-

GGACAGGCTCTCAGTGCTAC-3’) and exon 11 (reverse, 5’-

AACTCGGTCAGGTTCTGCAT-3’) or Pou6f2 exon9 primers

(forward, 5’-CAGCCTCCCAAGGCAACCTTCTGC-3’) and exon 11

(reverse, 5’-TCAGGGCTTGCCTCT-TATTG-3’). Both sets of primers

see isoform1 and isoform2 (primer set 1: isoform1 = 281 bp,

isoform2 = 173 bp; primer set 2: isoform1 = 721 bp, isoform2 = 613

bp). Products generated using the first set of primers were subsequently

used as template for a nested PCR using isoform2-specific primers (126

bp; forward, 5’-GCCATCTGCAGGTTTGAAAAG-3’; reverse, 5’-

AACTCGGTCAGGTTCTGCAT-3’). Products were compared on

1.5%–2% agarose gels.
Molecular modeling

POU6F2 isoform1 and isoform2 were generated using C-I-

TASSER (22) from their amino acid sequences (UniProtKB codes:

P78424-1 and P78424-2). Three-dimensional DNA structures were

produced using w3DNA (23). POU6F2-DNA docking was

simulated by HDOCK using template-free docking settings for

the OCT1 DNA-binding site (24, 25). As predicted, POU6F2

isoform1 did not bind to this site. Since isoform1 was previously

reported to bind to Fshb (10), we tested isoform1 against the Fshb-
protected site (5’-ATAAGCTTAAT-3’) and separately against an

aligned site in the proximal promoter region of GNRH1 (5’-

AAAAGCATAGT-3’). Mutant proteins and folding free energy

values for both isoforms were calculated by DynaMut (26).

Natural protein flexibility was detected using CABS-flex dynamics

(27). Wild-type (WT) vs. mutant protein-DNA-binding free energy

values were predicted by SAMPDI (28). All models were rendered

using PyMOL molecular graphics software.
In vitro assay for isoform1 variants

Since only isoform1 was found in GnRH cells, an in vitro assay for

changes in GNRH1 expression was performed using a human GnRH

cell line, FNC-B4-hTERT. FNC-B4 cells were first isolated from fetal

olfactory neuroepithelium (20). Telomerase-mediated immortalization

was performed on these cells, and the humanGnRH cell line (FNC-B4-

hTERT) was established (21). Cells were grown in monolayer (37°C,

5% CO2) in F-12 Coon’s modification medium (Sigma, F6636)

supplemented with penicillin-streptomycin (Gibco, 15140-122) and

10% fetal bovine serum (Sigma, F7524). FNC-B4-hTERT cells were

seeded into six-well plates and cultured until ~80% confluency. Cells

were then transfected with mock [pcDNA-3.1(+)IRES-GFP], WT-

POU6F2-isoform1 (WT), or one of the two isoform1 mutant

plasmids (MT1, MT2) using FuGENE® HD (Promega, E2311)

following the manufacturer’s instructions. Transfection efficiency was

examined in cells 32 h after transfection. The coverslips were fixed, and

GFP-labeled cells/defined area was determined. Conditions were
Frontiers in Endocrinology 03
determined such that ~50% of the cells were GFP-positive in each

group. Experimental groups were then transfected, and 32 h after

transfection, culture media were changed to serum-free media for 16 h

prior to GnRH stimulation (20). Cells were treated with GnRH (0.2

µM, [D-Trp6]-LH-RH, Sigma, L9761) for 3 h and harvested for RNA

preparation. Experiments were performed in triplicate. Total RNA was

extracted using TRIzol reagent. Here, 250 ng of total RNA of each

group was reverse-transcribed into cDNA using 50 µM oligo(dT)20 and

SuperScript III reverse transcriptase. All cDNA was stored at -20°CC

until analysis of GnRH transcript levels using RT-qPCR. qPCR was

performed with primers specific for human Beta-Actin (ACTB;

forward: 5’-CACCATTGGCAATGAGCGGTTC-3’; reverse, 5’-

AGGTCT-TTGCGGATGTCCACGT-3’) and GnRH (GnRH1;

forward, 5’-CAACGCTTCGAATGCACCA-3 ’; reverse, 5’-

ATGTGCAACTTGGTGTAAGGATT-3’). The primer efficiency of

Beta-Actin was 92.3% with an R2 = 0.9997. The primer efficiency of

GnRH was 126.71% with an R2 = 0.9877, falling within a “good”

efficiency and amplification factor for qPCR (29). qPCR was performed

using SsoAdvanced Universal SYBR® Green Supermix (BioRad,

1725271) and StepOne Real-Time PCR System (Applied

Biosystems). Samples amplified with the Beta-Actin primers were

diluted 1:100. Samples amplified with GnRH primers were diluted

2:3. Each sample was run in triplicate. Each group was run together on

the qPCRmachine that resulted in three unique runs. The average of all

of the automatic thresholds was taken and used to set a manual

threshold. DDCт was calculated to compare GnRH expression across

treatment groups. This was done by first calculating the mean of the

technical triplicates for each sample for each primer. The DCтwas then
calculated by taking the mean Cт value for GnRH and subtracting the

mean Cт value for Beta-Actin for each sample. The DDCт was

calculated by subtracting the reference treatment condition (Mock)

DCт from each of the DCт of the treatment conditions (WT, MT1, and

MT2). Lastly, the relative expression of GnRH in each group was

determined by taking 2 to the power of the negative DDCт. In addition,
MT1 and MT2 reside in exon 11 known for containing splicing events

that distinguish isoform1 and isoform2. As such, the cDNAs from the

same experimental groups assayed by qPCR were examined for

POU6F2 isoform1 and isoform2 expression using standard PCR

methods as described above.
Statistical analysis

Data are expressed as mean ± SEM, and statistical evaluation

was performed using unpaired t-tests (Prism for macOS, v9.3.1).

For qPCR, the Mock DDCтwas set to 1 and the remaining treatment

conditions were adjusted accordingly to compare across

experimental runs. Statistical significance between groups was

compared using unpaired t-tests across biological triplicates.
Results

Twelve rare missense POU6F2 variants (HGNC: 21694) in 15

patients from 12 unrelated families were identified. The pedigrees

with clinical phenotypical features are depicted in Figure 1 and
frontiersin.org
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Table 1. Molecular genetic characteristics of the variants are shown

in Table 2. Three POU domain variants (MT1, MT2, MT8) reside in

regions necessary for proper protein function or dimerization

(Figure 2). The remaining variants (MT3–MT7) are in the

transactivation domain. Ten of the 12 variants had CADD scores

>20 and either were not seen in the largest reference population

database (gnomAD) or occurred at an extremely rare minor allele

frequency <0.0005. However, MT2 was found to be significantly

more common in the newly published Turkish Variome at 0.002

(14) (Table 2). No variant was previously reported in ClinVar. All

were classified as variants of uncertain significance (VUS), except

MT4 and MT7 that were categorized as “likely pathogenic” by

ACMG/AMP classification (30). However, Polyphen-2 (31) and

SIFT (32), two well-validated in silico prediction programs,

indicated most of these variants to be harmful (Table 2). No

other potentially harmful variants in the known IHH-associated

genes other than those listed in Figure 1 and Table 1 were found.

In Family-A, three brothers born from a consanguineous union

presented with pubertal failure implicating an autosomal recessive

mode of inheritance. All three brothers carried a homozygous variant

(p.Gly601Arg). The two younger siblings had complete IHH. The

oldest sibling received monthly testosterone injections at 15 years

because of pubertal delay and by age 17 had started puberty. On a

physical examination at age 24, he had testicular volumes of 25 ml

bilaterally. Different from his brothers, the milder reproductive

phenotype of this patient is consistent with constitutional delay in

growth and puberty, also known as self-limited delayed puberty. It has

been previously observed that variants in IHH genes can also cause self-

limited delayed puberty, even sometimes within the same kindreds,

indicating that self-limited delayed puberty shares an underlying

pathophysiology with IHH (33, 34). The pattern of inheritance in

Family-A is clearly autosomal recessive (Figure 1). MT8 (p.Arg494Trp)

in Family-I arose de novo. A perfect segregation of an autosomal
Frontiers in Endocrinology 04
recessively inherited variant with pubertal failure phenotype in

multiplex families such as in Family-A was given high scores in the

Clinical Genome Resource (ClinGen) framework to define and

evaluate the validity of gene–disease pairs across a variety of

Mendelian disorders (35). Likewise, the de novo variant in Family-I

provides strong genetic evidence supporting causality of mutations in

novel gene–disease associations (35).

The inheritance in the other pedigrees is consistent with autosomal

dominant with variable penetrance and expressivity, a phenomenon

commonly observed in IHH (2, 36, 37). The male patients in Family-B,

Family-H, and Family-L had cryptorchidism, indicating severe

congenital hypogonadism. In congenital IHH, fetal pituitary

gonadotropin secretion is low, leading to inadequate fetal serum

testosterone levels. As the testicular descent and growth of phallus

are androgen-dependent during fetal and neonatal periods, boys with

severe IHH present with micropenis and/or cryptorchidism at birth

(38). The younger patient in Family-B was diagnosed with IHH based

on hypogonadal features plus prepubertal gonadotropins and

testosterone level at 2 months of age, a time window known as

minipuberty, a poorly understood transient activation of the

hypothalamic-pituitary-gonadal (HPG) axis between 2 and 6 months

of age. With an appropriate physical examination and laboratory

findings, it is possible to make a diagnosis of IHH during this very

early window of human life (39).

In Family-C, the 17-year-old female proband has the same

variant as the one in Family-B. In addition, she carries a distinct rare

variant in another POU family gene, POU6F1 (see Discussion for a

detailed assessment). The probands in the remaining eight families

(other than in families A, B, C, and H) had variants in the non-POU

domain part of the gene (Figure 2), the function of which remains

poorly defined. We did not perform functional studies on these

non-POU domain variants. However, these extremely rare variants

were predicted to be deleterious by in silico analysis (Table 2).
FIGURE 1

The pedigrees of the families with POU6F2 variants. Affected male and female family members are represented by black squares and black circles,
respectively. White square symbols indicate unaffected male family members, white circle symbols represent unaffected female family members, and
the double line indicates consanguinity. Under each symbol are the genotypes in the same order as the gene and variant descriptions, with WT and
M denoting wild type and mutant, respectively. The legend denotes phenotypes as IHH, anosmia, and delayed puberty.
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Three variants (MT1, MT2, and MT8) are in the POU-specific

domain (POUS, MT8), the linker region between the POUS and the

POU homeodomain (POUH, MT1), or in the POUH (MT2,

Figure 2A) (8, 40). R494 (MT8) is in the first alpha helix of the

POUS domain that is highly conserved in orthologs and conserved

among paralogs as positively charged amino acids R or K. As such, a

mutation changing R to W may alter the structure of this alpha

helix. However, data from other POU family members indicate that

it is residues of the third alpha helix in the POUS domain that are

involved in hydrogen bonding with DNA base pairs (41). As such,

we performed in silico analysis (Supplementary Figure S1) but not

functional studies of MT8. In contrast to MT8, R601 (MT1) and

N629 (MT2) are located at/or close to the edge of alpha helixes that

compose the POUH domain, and these are less conserved among

paralogs but well conserved in orthologs. Notably, MT1 and MT2

were the most prevalent variants identified, found in five of the 15

patients with POU6f2 variants and are on exon 11, which is

alternatively spliced to form isoform1 and isoform2 (Figure 2). As
Frontiers in Endocrinology 05
such, functional studies were performed on MT1 and MT2

(see below).
Pou6f2 isoforms are differentially
expressed in mouse hypothalamic-
pituitary-gonadal axis tissue

To determine which isoform might be pertinent to patients

exhibiting IHH and thus our functional studies on the variants, the

expression of POU6F2 isoforms in HPG axis-relevant mouse tissues

was performed using RT-PCR (Figure 3). Pou6f2 is well conserved

between human and mouse, except with respect to the 5’ UTR,

which is located on exon 1 and exon 2 in human, while mouse

Pou6f2 has a shorter 5’ UTR with its coding region starting from

exon 1 (compare Figure 2, human and Figure 3A, mouse). Thus,

mouse Pou6f2 has nine exons that correspond to exon 3–11 in the

human. To date, only one Pou6f2 mRNA sequence has been
TABLE 1 Clinical characteristics of individuals with POU6F2 variants.

Family/
individual
no.

Variant
Age at

diagnosis
(years)

Sex Ethnicity

Initial basal LH
(mIU/ml)

/Estradiol (ng/dl)
or Testosterone

(ng/dl)

Stimulated
maximum LH
(mIU/ml)

Olfaction Reproductive
phenotype

A II-1 p.Gly601Arg 15 M Turkish NA NA Normosmic
Delayed puberty,
Constitutional delay
in growth and puberty

A II-2 p.Gly601Arg 18 M Turkish NA NA Normosmic
Absent puberty,
Infertility

A II-3 p.Gly601Arg 14 M Turkish 0.14/<10 0.98 Normosmic Absent puberty

B II-3 p.Asn629His 15 M Turkish <0.1/<10 3.3 Anosmic
Absent puberty,
cryptorchidism

B II-5 p.Asn629His 0.1 M Turkish <0.1/<10 0.78 NA
Absent mini puberty,
microphallus 1 cm,
cryptorchidism

C II-2 p.Asn629His 17 F Arabic 0.2/0.4 0.2 Normosmic
Absent puberty,
primary amenorrhea

D II-2 p.Pro74Leu 16 F Turkish 0.1/1.1 0.1 Normosmic
Absent puberty,
primary amenorrhea

E II-1 p.Gly92Glu 16 M Turkish 0.1/NA <10 Normosmic Absent puberty

F II-1 p.Pro287Arg 17 M Turkish <0.1/<12 3.6 Normosmic Absent puberty

G II-1 p.Val336Leu 18 M
American
Caucasian

NA NA Normosmic Absent puberty

H II-1 p.Pro408Leu 18 M
American
Caucasian

NA NA Anosmic
Absent puberty,
cryptorchidism

I II-1 p.Arg494Trp 18 M
Ashkenazi
Jew

NA NA Anosmic Absent puberty

J II-1 p.Asn118Ser 20 M Turkish NA NA Normosmic Absent puberty

K II-1
p.Ser264Ala
p.Ser264Tyr

35 M
Ashkenazi
Jew

NA NA Normosmic Absent puberty

L II-1 p.Arg445Trp 18 M Asian NA NA Anosmic
Absent puberty,
microphallus at birth,
cryptorchidism
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cataloged in NCBI; however, the alternative splicing of the last exon

was analyzed in mouse retina cDNA and revealed the presence of

both isoform1 and isoform2 (40). In brain, pituitary, and gonads

from mice (Figure 3B), both isoforms were present, although the

expression of isoform1 was more abundant than that of isoform2.

Analysis of primary mouse GnRH cells (Figure 3C) and two mouse

GnRH cell lines (Supplementary Figure S2) with primers that detect

both isoform1 and isoform2 showed isoform1 transcript present in

cells that showed robust GnRH product. To ensure that isoform2

was not being missed due to low expression, the primary GnRH

cells were rescreened with isoform2 only specific primers

(Figure 3C). After 45 cycles of amplification, no isoform2

transcripts were detected in any of the GnRH cells, although

brain cDNA was positive. Thus, in primary mouse GnRH cells,

isoform1 is the predominant Pou6f2 isoform that is expressed.
Frontiers in Endocrinology 06
POU6F2 modeling

Although POU6F2 has yet to be crystallized, a closely related

paralog human POU6F1 has been crystallized bound to an octamer

motif (41), which increases the accuracy of homology modeling

(42). C-I-TASSER produced structures for POU6F2 isoform1 and

isoform2 (Figure 3D) using the POU6F1 crystal template with good

resolution (PDB code: 3D1N; resolution = 2.51 Å). The POU

domains for each POU6F2 isoform were in the same fold as

POU6F1 (TM-scoreiso1 = 0.66, RMSDiso1 = 1.03; TM-

scoreiso2 = 0.80, RMSDiso2 = 0.81). Highly variant N-terminal

domains upstream of the POU domains were not detected in the

original POU6F1 crystal and were disordered in POU6F2 structures

and thus were omitted in downstream structural experiments. In

silico analysis was next used to validate our modeling. Previous
TABLE 2 The molecular genetic characteristics of the POU6F2 variants.

Family
/individual
no.

Variant
name

Variant at
cDNA level

Variant at
protein level

TRV
AC

TRV
MAF

GnomAD
MAF

CADD
score

GERP PP2 SIFT ACMG/AMP
Other IHH gene

variant
/zygosity

A II-1, II-2,
II-3

MT1 c.1801G>A p.Gly601Arg
1 het
/5170

0.000177 0.000017 28.8 5.28 D D
VUS: PM1,
PP2, PP3

None

B II-3, II-5 MT2 c.1885A>C p.Asn629His
16
hets
/6724

0.0023 0.000439 23.6 2.81 D D
VUS: PM1,
PP2, PP3

CCDC141
p.Cys1042Tyr
Het

C II-2 MT2 c.1885A>C p.Asn629His
16
hets
/6724

0.0023 0.000439 23.6 2.81 D D
VUS: PM1,
PP2, PP3

POU6F1
p.Thr299Ser Het

D II-2 MT3 c.221C>T p.Pro74Leu 0 0 0.000021 25.1 5.84 D D VUS: PP2 None

E II-1 MT4 c.275G>A p.Gly92Glu 0 0 0.000007 27.8 5.84 D D
LP: PM2, PP2,
PP3

None

F II-1 MT5 c.860C>G p.Pro287Arg 0 0 – 25.7 4.24 D D
VUS: PM2,
PP2

HS6ST1
p.Met345Val Het

G II-1 MT6 c.1006G>C p.Val336Leu
1 het
/5174

0.000177 0.000027 23.8 6.17 D T
VUS: PM1,
PP2

None

H II-1 MT7 c.1223C>T p.Pro408Leu 0 0 0.000011 31.0 5.62 D D
LP: PM1,
PM2, PP2,
PP3

None

I II-1 MT8 c.1480C>T* p.Arg494Trp 0 0 0.000020 34.0 5.48 D D
VUS: PM1,
PP2, PP3

None

J II-1 MT9 c.353A>G p.Asn118Ser 0 0 – 19.9 5.02 T D
VUS: PM1,
PM2, PP2

None

K II-1

MT10 c.790T>G p.Ser264Ala 0 0 0.000024 16.2 2.31 T D
VUS: PM1,
PM2, PP2

None

MT11 c.791C>A p.Ser264Tyr 0 0 0.000024 23.9 4.66 D D
VUS: PM1,
PM2, PP2

L II-1 MT12 c.1333C>T p.Arg445Trp 0 0 0.000032 26.7 5.70 D D
VUS: PM1,
PP2

None
Pro-to-Leu change at 74 (MT3) or 408 (MT7) could shift the hydrophilic/hydrophobic balance of this section of the protein toward hydrophobicity. Gly92 (MT4) is conserved in all the orthologs
and most paralogs. This Gly-to-Glu variant, which is predicted likely pathogenic, could add a strong ionic charge that is normally absent in its vicinity. Pro287(MT5) is embedded in a short
proline-rich region, which is well conserved. Mutations in this region have been implicated in prolactinoma (p.Pro280Leu and Gly292Ser) and Wilms tumor susceptibility (p.Ser270Pro and
p.Pro273Leu) (Miao et al., 2019). Val336 (MT6) is well conserved in orthologs and partly conserved in paralogs. This Val-to-Leu variant is an amino acid substitution in the same hydrophobic
group, so it is predicted as a tolerant variation from the SIFT but still deleterious from PP2 prediction.
Het, heterozygous; AC, allele count; MAF, minor allele frequency; TRV, Turkish Variome; GnomAD, The Genome Aggregation Consortium; InterVar, Interpretation of genetic variants by the
ACMG/AMP 2015; VUS, variant uncertain significance; LP, likely pathogenic; PM, pathogenic moderate; PP, pathogenic supporting; CADD, Combined Annotation Dependent Depletion;
GERP, Genomic Evolutionary Rate Profiling. Variants are described according to the RefSeq numbers following the gene names: POU6F2, NM_007252; CCDC141, NM_173648; POU6F1,
NM_001330422; HS6ST1, NM_004807. PolyPhen-2, Polymorphism Phenotyping v2; SIFT, Sorting Intolerant From Tolerant; D, deleterious; T, tolerated.
*A de novo variant.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1203542
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Cho et al. 10.3389/fendo.2023.1203542
experiments indicated that only isoform2 binds to OCT1 consensus

DNA (8). w3DNA was used to predict the structure of the human

OCT1 DNA consensus sequence (5’-A1T2G3C4A5A6A7T8-3’), and

HDOCK predicted a more favorable scoring function of binding for

isoform2 (-303.26au) compared to isoform1 (-258.88au). The

predicted binding mode showed that isoform2 POUS binds to 5’-

A1T2G3C4-3’ and POUH to 5’-A5A6A7T8-3’ by embracing both

faces of dsDNA, whereas isoform1 did not (Figure 3D). This is

consistent with literature (8), validating the structure of our models.
Functional analysis of POU6F2 isoform1 as
a potential transcription factor

Compared to POU6F2 isoform2, the function of POU6F2

isoform1 is unclear. However, using the Yeast One-Hybrid System

with a 5’-upstream region of the porcine Fshb as the bait sequence,

Yoshida et al. (10) cloned a cDNA encoding a partial sequence of the

POU domain from porcine pituitary. The clone was equivalent to

POU6F2 isoform1 and was able to modulate the expression of

developmental pituitary genes using transient transfection assays of

promoter activity in CHO cells. We tested our modeled isoform1

against the predicted Fshb protected site (5’-ATAAGCTTAAT-3’) and

found that not only does isoform1 bind in the correct orientation (i.e.,

insert facing away from DNA) but the POUS binds onto ATAA and

POUH onto TTAA, which agrees with the sites that POU6F1

monomer2 uses to bind CRH (crystal PDB code: 3D1N). Examining
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the GnRH1 promoter, we found a similar site but with three

mismatches (AAAAGCATAGT, region of GnRH1 promoter

sequence that aligned with Fshb). When we tested this site using

HDOCK, isoform1 did not interact with the correct domains/

orientation and the docking solutions were not in agreement with

the binding mode predicted with Fshb. However, we noticed that the

GnRH1 promoter region contains a reverse-complementary version of

the POU6F2 consensus site with one A/T substitution (POU6F2

consensus: 5’-ATGCAAAT-3’; GnRH1 site: 5’-TACGAAAA-3’ = 3-

ATGCTTTT-5’, Figure 4A). Using 3Dmodeling, one sees the POU6F2

consensus site arrangement and appropriate binding for isoform1

(Figure 4B, i.e., POUs to ATGC half and POUH to AAAA half),

which is in fact in agreement with isoform2. The 44-nucleotide insert

on isoform1 sticks away from the complex allowing it to bind. Next,

DynaMut and CABS-flex were used to determine changes in protein

structure that might be induced by MT1 and MT2 on isoform1

(Figures 4C, D). DynaMut predicted that MT1 destabilized while

MT2 stabi l ized isoform1 folding (DDGMT1 = -0.562;

DDGMT2 = 1.728). CABS-flex revealed that isoform1 protein

flexibility was decreased only with MT2 (P = 0.0016).

To directly evaluate the transcriptional activity of WT and

mutant isoform1 POU6F2 proteins, in vitro transcription assays

were performed using a human GnRH cell line FNC-B4-hTERT

(21). Consistent with the results obtained in primary GnRH cells

from mice (Figure 3) and two mouse GnRH cell lines

(Supplementary Figure S2), isoform1 was robustly expressed in

FNC-B4-hTERT cells and not isoform2 (Figures 5A, B). For the in
FIGURE 2

Schematic diagram of human POU6F2 isoforms. Exon-intron structure of human POU6F2 isoforms (middle two schematics) drawn to scale using
the Gene Structure Display Server (GSDS 2.0, http://gsds.gao-lab.org). Exons are indicated by boxes to highlight the coding sequence (CDS, pink)
and untranslated region (UTR, gray). Introns are indicated by black lines with a shrinked scale (0.01 ratio to scale of exons). Exon 11 is alternatively
spliced via two splicing acceptor sites, E11-SA1 and E11-SA2, to generate isoform1 (upper schematic) and isoform2 (lower schematic), respectively.
The two conserved DNA-binding domains are indicated by blue boxes and aligned to exons (encoded by exon 10 to 11). Isoform1 has a unique 36aa
insertion on POU-specific domain (black box) not found in any other POU protein family members. The amino acid numbers are shown at the start
and end point of functional domains. Twelve variants identified from IHH patients are indicated by red arrowheads (upper schematic). Mutation 1
(MT1; c.1801G>A, p.G601R in isoform1; c.1693G>A, p.G565R in isoform2) is in the linker region between the two DNA-binding domains. MT2
(c.1885A>C, p.N629H in isoform1; c.1777A>C, p.N593H in isoform2) is in the POU homeodomain. MT3–MT7, MT9–MT12 are in the Transactivation
domain. MT8 (c.1480C>T, p.R494W) is in the POU-specific domain. Orange boxes; Nuclear export signal (NES), green boxes; Nuclear localization
signal (NLS).
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vitro transcription assays, GnRH transcript was measured using

qPCR (Figure 5C). The Mock DDCт was set to 1 and the remaining

treatment conditions were adjusted accordingly to compare across

experimental runs. After transfection, the expression of either WT-

POU6F2 or MT2-POU6F2 isoform1 in these cells significantly

decreases GnRH expression compared to mock (Mock = 1; WT =

0.7547 ± 0.014, ****P < 0.0001; MT2 = 0.8458 ± 0.032, **P < 0.001).

No significant difference was found between WT and MT2

isoform1-treated groups. Notably, MT1 significantly increased

GnRH transcript compared to both WT and MT2 groups

(MT1 = 1.164 ± 0.11, P < 0.05 for both comparisons) but was not

significantly different from the Mock group. Since endogenous

POU6F2 was still present in the transfected cells, our results

suggest that overexpression of MT1 had a dominant-negative effect.

Since MT1 and MT2 reside in exon 11, known for containing

splicing events that distinguish isoform1 and isoform2 (21, 40), the

cDNAs from the same experimental groups assayed by qPCR were

examined for POU6F2 isoform1 and isoform2 expression using
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standard RT-PCR. Consistent with nontransfected FNC-B4-hTERT

cells (Figure 5A), each of the experimental groups expressed only

isoform1 (Figure 5D). These experiments reveal that isoform1

POU6F2 proteins transcriptionally regulate GnRH1 (Figure 5E)

and that a variant identified in three patients with IHH (all

normosmic) prevented the transcriptional regulation of GnRH1.
Discussion

Our findings reveal (a) that GnRH cells express POU6F2

isoform1, (b) that this isoform can act as a repressor (negative

transcription factor) for GnRH1, and (c) that a variant of POU6F2

identified in three IHH patients (MT1) blocks the repression of

GnRH1 expression. The action of POU6F2 isoform1 acting as a

transcription factor is a novel finding and supports the clinical and

molecular genetics data that highlighted POU6F2 variants in 15

patients from 12 independent families who all presented with
A

B

D

C

FIGURE 3

Expression of Pou6f2 isoforms in mouse and bioinformatic prediction of POU6F2 isoforms bound to a DNA octamer. (A) Exon-intron structure of
mouse Pou6f2 (GSDS 2.0, http://gsds.gao-lab.org). In mice, only one isoform has been reported that is composed of nine exons and corresponds to
isoform1 of human POU6F2. Primers used for PCR are shown as arrows on exon 8 and 9. (B) Gel image of RT-PCR analysis performed in mouse
tissue. Top band (447 bp) shows isoform1 and bottom band (339bp) shows isoform2, which is skipping 108 bp by alternative splicing on exon 9.
(C) Gel image of RT-PCR analysis of Pou6f2 isoforms (top and middle gel) in GnRH single cells (bottom gel). A robust signal for GnRH was detected
in three cells, and in two of these cells, only isoform1 was detected. Isoform2 was not detected in any of the GnRH cells. (D) Upper Left,
Superimposition of isoform1 (purple) and isoform2 (gray) structures predicted by C-I-TASSER. The location of MT1 and MT2 is indicated by boxes.
Upper Right, HDOCK prediction of POU6F2 binding to the OCT1 DNA consensus site (5’-ATGCAAAT-3’). Template-free docking was used to prevent
simulation bias. Lower Left and Right, Structural representation of the interaction between each isoform and dsDNA octamers. Two-dimensional
cartoon illustrating the molecular interactions between each POU domain and their predicted binding sites. Satisfactory (for isoform2) and
unsatisfactory (for isoform1) binding modes are indicated.
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pubertal failure and were diagnosed with IHH. The lack of an effect

by MT2 is consistent with new Turkish variome data (14) (unlike

that in GnomAD), indicating that this variant is probably too

common in the Turkish population to cause IHH by itself but

may contribute to the phenotype in combination with other

variants. Notably, patients in Family-B and Family-C carry MT2,

but both had additional variants in other genes. Patients in Family-

B possessed a rare heterozygous variant in CCDC141, which

encodes for a protein involved in embryonic GnRH neuron

migration (43) and is a known IHH-causative gene (44). Thus,

the co-occurrence of the rare variant in CCDC141may explain IHH

in these kindred. The proband in Family-C had rare heterozygous

variants in POU6F1. Although little is known about the significance

of the site of the POU6F1 variants, it is possible that the

combination of these variants in the closest paralogs to POU6F2

had an integrated effect to cause the IHH phenotype in this patient.

Since IHH patients have low gonadotropins in the face of

prepubertal serum sex steroid levels, the pathophysiology of this

condition should reside in the pituitary and/or hypothalamus.

POU6F2 has been shown to be highly expressed in the early

embryonic pituitary and stimulate the expression of PROP1 (10),

although the specific isoforms were not examined. PROP1 is well

known to induce POU1F1 and the development of gonadotropes and

corticotropes in the anterior pituitary (45). POU1F1 also induces

differentiation of GH-, PRL-, and TSHB-producing cell lineages in

the anterior pituitary (3) and, when mutated, causes multiple

pituitary hormone deficiency syndrome and hypopituitarism (46).

However, it is unlikely that IHH in our patients is due to impaired

pituitary effects of POU6F2 via PROP1, since our patients have only a

deficiency of LH and FSH and not ACTH or any of the remaining
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three pituitary hormones (growth hormone, prolactin, and TSH)

induced by POU1F1 after PROP1 stimulation.

There are many modulators of reproduction within the

hypothalamus, but most are translated to the pituitary–gonadal axis

via GnRH neurons, and dysregulation of GnRH neurons prenatally or

postnatally can result in an altered HPG axis. In this report, we show

that WT-POU6F2-isoform1 can directly inhibit GnRH1 transcription

and that MT1 alters the transcriptional activity of this isoform. The

recent crystallization of POU6F1 revealed that members of the POU6

family can bind target DNA as dimers such that the POUS and POUH

domains of one monomer bind opposite faces of dsDNA via a flexible

linker region and that the POUS domain of the other monomer binds

adjacent to the first POUS (41). POU6F2 isoform1 was shown to

interact with a region of the FSHb promoter (10). Although a similar

region (three nucleotide changes) was found in the GnRH promoter,

modeling did not show binding. However, an OCT1 consensus-like site

(5’-ATGCTTTT-3’) was identified in the human GnRH1 promoter

(-99 to -92). Three-dimensional modeling predicted that the POUS

bound to ATGC, and the POUH inserted into a groove between both

faces of the dsDNA, contacting both the TTTT and AAAA. Thus, the

results of computational modeling and quantitative RT-PCR of

hGnRH1 are consistent with POU6F2 isoform1 binding to the

GnRH1 promoter and acting as a negative regulator.

Prenatally, GnRH cells migrate from the olfactory placode into the

developing forebrain. Alterations in GnRH expression occur during

migration with the cells pausing at the nasal forebrain junction (47). As

they enter the forebrain, there is a significant increase in GnRH

transcription (48) with concomitant changes in protein expression

(16, 49) as well as neuronal activity (47). Previous studies in mouse

showed that MSX and DLX, non-Hox homeodomain transcription
A
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C

FIGURE 4

Structural analysis of IHH variants MT1 and MT2 on POU6F2 isoform1. (A) OCT1 consensus-like site (5’-ATGCTTTT-3’) is identified in human GnRH1
promoter (-98 to -88). Binding site in 3D modeling uses POUS to ATGC, and the POUH is predicted to insert into a groove between both faces of
the dsDNA, thus contacting both TTTT and AAAA. (B) HDOCK prediction of POU6F2 isoform1 binding to the OCT1 consensus-like site. Template-
free docking was used to prevent simulation bias. (C) DynaMut prediction of WT and mutant proteins for isoform1. Individual amino acid
substitutions are indicated in cyan. (D) Structural evaluation scores indicating how MT1 and MT2 affect POU6F2 isoform1 protein folding (DynaMut),
natural protein flexibility (CABS-flex), and DNA binding (SAMPDI). DynaMut and CABS-flex represent changes in the individual protein structures,
whereas SAMPDI represents changes in the affinity of POU6F2 isoform1 to bind the OCT1 consensus-like site (5’-ATGCTTTT-3’). Characterization of
stabilizing or destabilizing effects are indicated. CABS-flex values analyzed using a paired t-test.
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factors, compete for the same binding site and alter GnRH

transcription differently, with DLX enhancing and MSX repressing

GnRH expression (50). The authors reported that MSX mutant mice

had more GnRH-expressing cells at E13.5, and that most of these cells

were confined to nasal regions being distributed in both expected

regions as well as ectopically in the olfactory epithelium. In addition,

the study reported that the mouse GN11 cell line, a model for

immature migrating GnRH cells, expressed MSX, while the GT1-7

cells, a model for mature mouse GnRH cells, expressed both DLX and

MSX. To date, one knockout POU6F2 animal model has been reported

that removed exon 11 and examined central corneal thickness where

isoform2 is robustly expressed (9). No other phenotypes were

described. To examine the role of isoform1 and some of the variants

associated with IHH patients, we chose to use a human GnRH cell line

that is derived from olfactory mucosa, representing an immature

GnRH cell. Overexpression of WT-POU6F2-isoform1 repressed

GnRH expression in these cells, correlating with low GnRH
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transcription levels observed when GnRH cells are outside the

forebrain, prioritizing migration over maturation. As such, mutations

releasing POU6F2 isoform1 repression, like MT1, increase GnRH

expression that, as observed in MSX mutants (50), likely results in

early cell cessation. This event would be detrimental to the developing

GnRH neuronal system and lead to IHH.

In the adult, POU6F2 is expressed in the dorsal hypothalamus

in a scattered fashion (8, 10), which may overlap with the dispersed

location of GnRH neurons in the hypothalamus (51). Other POU

domain genes [POU3F1 also known as OCT6 (6, 7) and POU2F1

(also known as OCT1 (5)] have been shown to repress (6) or

enhance (5, 7) GNRH1 expression. Wierman et al. (6) speculated

that POU3F1 is able to turn off and on the transcriptional

machinery in postnatal GnRH cells, influenced by the hormonal

environment (such as sex steroids), when groups of GnRH cells

were reported to be unable to express the mature gene product (52).

Certainly, POU6F2 isoform1 could play a similar role in GnRH cells
A
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FIGURE 5

In vitro transcription assay of isoform1 in immortalized human GnRH cells. (A) Expression of POU6F2 isoforms in human brain and FNC-B4-hTERT
cells. RT-PCR analysis performed in human brain and immortalized human GnRH cells (with or without GnRH stimulation). Top band (281 bp) shows
isoform1 in all tissue samples. In human brain, a bottom band (173 bp) is detected, isoform2 that is skipping 108 bp by alternative splicing on exon 11.
Primers used for PCR are shown as arrows on exon 10 and 11. (B) Nested RT-PCR analysis performed using isoform2-specific primers (shown as
arrows on the junction of exon 10–11 and exon 11). Consistent with the first run, isoform2 (126 bp) was only detected in human brain not in the
FNC-B4-hTERT cells. (C) Quantitative RT-PCR of GnRH1 in FNC-B4-hTERT cells transfected with POU6F2 isoform1s (WT, MT1, MT2). The expression
of GnRH1 was normalized to each experimental Mock group (plasmid only, relative expression level = 1), and the relative values of the other three
groups are shown in the bar graph. MT1 significantly increased GnRH1 transcript compared to both WT and MT2 groups but was not significantly
different from the Mock group. (D) RT-PCR for POU6F2 isoform2 in FNC-B4-hTERT cells transfected with POU6F2 isoform1 WT, MT1, and MT2.
Consistent with non-transfected FNC-B4-hTERT cells (A), each of the experimental groups expressed only isoform1. Since endogenous POU6F2
was still present in the transfected cells, our results suggest that overexpression of MT11 had a dominant-negative effect. cDNA in other lanes: hBr =
human brain, M = mock, W = water. Arrow on left pointing to 600-bp band on ladder. (E) Schematic summary of isoform1 as a transcriptional
regulator generated by Biorender (https://biorender.com/).
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postnatally, since the transcript was expressed in both NLTs and

GT1-7 cells, two immortalized GnRH mouse cell lines often used as

models for immature (19) and mature GnRH cells (18). As an

alternative/additional mechanism of disease via mechanisms post-

GnRH cell migration into the forebrain, the effects of POU6F2

variants to impair pubertal development may occur indirectly to

GnRH cells via the arcuate (infundibular) nucleus. The arcuate

kisspeptin neurons have been proposed as the hypothalamic GnRH

pulse generator driving fertility (53), and Nagae et al. (54) recently

provided direct evidence that kisspeptin neurons maintain

gonadotropin pulses and folliculogenesis. Campbell et al. profiled

gene expression in the arcuate nucleus of the hypothalamus in adult

mice and found that Pou6f2 is highly expressed with a subgroup of

Pomc neurons, a major anorectic gene, which may also give rise to

kisspeptin neurons (55, 56). In addition, a single-cell transcriptome

analysis of the hypothalamic arcuate nucleus in E15 mouse showed

that Pou6f2 was one of the transcription factors showing differential

expression among subclusters (57). Whether these cells also express

isoform1 and, if so, what role it plays in these GnRH-modulating

neurons remain to be determined.

Several identified POU6F2 variants remain to be examined, with

most occurring in the transactivation domain. These regions are

known to act as transcription factor scaffold domains containing

binding sites for other proteins such as transcription coregulators (3).

The N-terminal sequences of some POU factors can, in fact, mediate

repression, including regions from the N terminus of Oct-2 and Oct-

3 (3). Of the eight POU6F2 variants identified in the transactivating

domain, three are associated with anosmia, suggesting a role in

GnRH neuronal development either directly or indirectly via

changes in the olfactory system. An appropriate model is needed to

address the impact of these variants on normal POU6F2 function.

The FNC-B4 cell line, post-immortalization, showed dose-dependent

changes in migration to chemoattractants (21). Here, we show that

this cell line expresses only POU6F2 isoform1 consistent with our

finding in primary GnRH cells in mice. Thus, this cell line may

provide a suitable model for future experiments to evaluate the

functional significance of several of the variants identified in this

paper occurring in the transactivating domain.

In summary, we provide evidence implicating variants in

POU6F2 in the etiology of IHH with mutations in POU6F2

isoform1 directly impacting the GnRH expression.
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SUPPLEMENTARY FIGURE 1

In silico analysis of MT8.
SUPPLEMENTARY FIGURE 2

Gel image of RT-PCR analysis performed on two GnRH mouse cells lines (18,

19). Top band (447 bp) shows isoform1 and bottom band (339bp) shows
isoform2 which is skipping 108bp by alternative splicing on exon 9. Both cell

lines expressed only isoform1. 4div explant= nasal explant (16, 17) was used as
a positive control.
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