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Abstract

Background: FOXL2 is the gene involved in blepharophimo-
sis, ptosis, and epicanthus inversus syndrome (BPES). There
have been few single case reports of growth hormone defi-
ciency (GHD) with this syndrome, and Fox/2 is known to be
involved in pituitary development in mice. Our aim was to
analyze the prevalence of FOXL2 gene alteration in a series
of patients with congenital hypopituitarism and eyelid
anomalies. Methods: FOXL2 was analyzed in 10 patients with
hypopituitarism (ranging from isolated GHD to complete pi-
tuitary hormone deficiency) and eyelid anomalies (typical

BPES in 4 patients and milder anomalies in 6 patients). In pa-
tients with an FOXL2 mutation, we ruled out other possible
molecular explanations by analyzing a panel of 20 genes
known to be associated with hypopituitarism, and a candi-
date gene approach was used for patients without an FOXL2
mutation. Results: Three patients had an FOXL2 mutation. All
3 had typical BPES. Their pituitary phenotype varied from
GHD to complete pituitary hormone deficiency and their pi-
tuitary morphology ranged from normal to an interrupted
pituitary stalk. No mutations were found in genes previously
associated with hypopituitarism. Conclusion: Our study
shows that some patients with BPES have hypopituitarism
with no molecular explanation other than FOXL2 mutation.
This points toward an involvement of FOXL2 in human pitu-
itary development.



Introduction

Congenital hypopituitarism is a rare disease character-
ized by isolated or multiple pituitary hormone deficien-
cies. This condition is diagnosed once other causes of or-
ganic hypopituitarism, such as tumors, have been exclud-
ed. It can be induced by mutations of genes coding for
transcription factors involved in pituitary development
[1]. This rare disease may reveal structural anomalies in
the hypothalamic-pituitary region and is sometimes as-
sociated with extrapituitary anomalies [2].

Our knowledge of the molecular causes of congenital
hypopituitarism has improved in recent years [3, 4]. Stud-
ies of patients with associated extrapituitary malforma-
tions, notably of the eyes, can point toward new candidate
genes. Thereby, the genes HESX1 (septo-optic dysplasia;
OMIM [Online Mendelian Inheritance in Man] No.
182230) [5], OTX2 (Axenfeld-Rieger syndrome: ectopic
iris, polycoria, and sometimes glaucoma) [6], SOX2 (an-
ophthalmia or severe microphthalmia) [7], PROKR2 (sep-
to-optic dysplasia) [8], FGFRI (septo-optic dysplasia) [9],
and ARNT?2 (blindness and neurological and renal diseas-
es) [10] are now known to be implicated in hypopituitarism
with eye anomalies. However, a molecular cause is only
found in a minority of cases of congenital hypopituitarism,
with previous studies identifying proportions of about 10%
in Western Europe [3] and 30% in Eastern Europe [11].
This suggests that other factors involved in hypothalamo-
pituitary development remain to be discovered.

FOXL2 encodes a transcription factor from the fork-
head family involved in embryonic development and is
expressed by cranial neural crest cells and cranial meso-
dermal cells which give rise to the skeletal and muscular
components of the head [12]. FOXL2 is a protein of
367 amino acids composed of a DNA-binding forkhead
domain and a polyalanine tract of unknown function
[13]. Mutations in FOXL2 cause blepharophimosis, pto-
sis, and epicanthus inversus syndrome (BPES; OMIM No.
110100), an autosomal dominant genetic disorder respon-
sible for eyelid anomalies (a narrowing of the eye opening
and an upward fold of the skin of the lower eyelid near the
inner corner of the eye) and premature ovarian failure
[14]. FOXL2 plays an essential role in maintaining ovarian
identity in humans, with haploinsufficiency blocking fol-
licle development [15]. Damage to the gonads is not sys-
tematic with BPES; however, female patients with type 1
BPES have premature ovarian failure, while female pa-
tients with type 2 BPES maintain normal gonadal function
[16]. Other ocular malformations, such as lacrimal duct
anomalies, strabismus, amblyopia, or defective refraction,

may also arise [17]. A number of other morphological fea-
tures (including a wide nasal bridge, low-set ears, and a
short philtrum) and a few rare cases of cardiomyopathy
and psychomotor retardation have more rarely been as-
sociated with FOXL2 mutations [18]. FOXL2 is also in-
volved in pituitary function, as indicated by its expression
in mouse gonadotrophs and thyreotropes and human go-
nadotrophs [19] and the altered gonadotropic and so-
matotropic function of mutant mice [19, 20]. Interesting-
ly, there have been 5 reported cases of BPES patients with
growth hormone deficiency (GHD) [13, 21, 22]. The aim
of this study was therefore to understand the role of FOXL2
in patients with hypopituitarism and eyelid anomalies.

Method

This was an observational analytical study involving the Pe-
diatric Endocrinology Departments of the Hopital Femme Me-
re Enfant (rare disease reference center for pituitary disorder
DEHFY, Lyon, France), the Hopital de la Timone (rare disease
reference center for pituitary disorder HYPO, Marseille, France),
and the Hopitaux Universitaires de Genéve (Geneva, Switzerland).

Patients

The inclusion criteria were: (1) GHD suggested by a short stat-
ure <-2 SD and/or a low growth rate <—1 SD for children, and a
stimulated peak GH level <10 ug/L, in isolation or associated with
other pituitary hormone deficiencies, and (2) eyelid anomalies, in-
cluding typical BPES or milder eyelid anomalies such as isolated
blepharophimosis, isolated ptosis, or isolated epicanthus inversus.

Genetic Analysis

Patients or their parents provided informed written consent for
the genetic analysis.

FOXL2 was sequenced and analyzed by multiplex ligation-de-
pendent probe amplification (MLPA) in 10 patients with hypopi-
tuitarism and eyelid anomalies.

In patients with an FOXL2 mutation, we performed next-gen-
eration sequencing (NGS) targeting a panel of genes known to be
associated with combined pituitary hormone deficiency or isolated
GHD, i.e.,, ARNT2, FGF8, FGFR1, GH1, GHRHR, GHSR, GLI2,
HESX1, IGSF1, LHX3, LHX4, OTX2, PAX6, PROP1, POUIFI,
PROKR2, RNPC3, SOX3, SOX2, and TBX19.

In patients with no FOXL2 mutation, FGFRI, GHI, GHRH,
GLI2, HESX1, LHX3, LHX4, OTX2, PROP1, POUIFI, PROKR2,
and SOX3 were investigated by Sanger sequencing using a candi-
date gene approach, based on clinical and radiological phenotype
data from the literature [2].

Molecular Genetic Analysis of the FOXL2 Gene

Sanger Sequencing. Genomic DNA was extracted from EDTA-
preserved whole blood using a Nucleon BACC3 Kit (GE health-
care, Chalfont Saint Giles, Buckinghamshire, UK).

The coding exon of the FOXL2 gene was selectively amplified
in 2 fragments by PCR using specific primers (available on re-
quest). The exons and exon-intron boundaries were sequenced



Table 1. Clinical, biological, radiological, and genetic characteristics of the patients

Patient Ocular phenotype  Pituitary Extrapituitary anomalies MRI Genetic
No. deficiency
1 BPES GH, TSH,  Ogival palate, low-set ears, dental embedding APH, Chiari type 1, FOXL2+, NGS-
ACTH anomalies syringomyelia
2 BPES GH None PSIS FOXL2+, NGS-
3 BPES GH, TSH, None Normal FOXL2+, NGS-
ACTH,
LH-FSH
4 BPES, strabismus, ~ GH, TSH, Renal hypoplasia, plagiocephaly, macrocephaly, PSIS FOXL2-, HESX1-,
amblyopia ACTH, retrognathia, mild developmental delay, feeding OTX2-, PROKR2-,
LH-FSH problems, balance problems LHX4—-, SOX3-,
ARNT2-
5 Blepharophimosis ~ GH, ACTH POF, CHD, congenital muscular torticollis and Normal FOXL2-
metatarsus varus, developmental delay
6 Blepharophimosis ~ GH, TSH, High forehead, low-set ears, single palmar crease, PSIS FOXL2-, HESX1-,
LH-FSH, kyphosis, macrocephaly, mild developmental delay, OTX2-, PROKR2-,
ACTH muscular dystrophy LHX4-, SOX3-
7 Blepharophimosis, ~GH, TSH Hyperlaxity, obesity, developmental delay APH, ventricular FOXL2-, HESXI1-,
ptosis dilatation, periventricular OTX2-, PROPI-,
heterotopia LHX3-, POUIFI-
8 Blepharophimosis, = GH, TSH, CHD, feeding problems, anemia, cholesteatoma, APA withe and grey FOXL2-, HESX1-,
cataract ACTH, Hirshsprung disease, spondyloepiphyseal dysplasia, matter anomalies OTX2-, LHX3-,
LH-FSH encephalitis, fistula auris, ogival palate, genu valgum, GLI2-
dental agenesia, pectus excavatum
9 Blepharophimosis, ~GH Double incisor tooth APH FOXL2-, HESX1-,
epicanthus inversus OTX2-, GHI-,
GHRHR-, GLI2-,
FGFRI-
10 SOD, ptosis GH, LH- Flat nasal bridge, long face, pectus excavatum, Agenesis of CC, SP,and ~ FOXL2-, HESX1-,
FSH occipital menigocele, epilepsy, spastic paraplegia, olfactive bulbs; ONH, OTX2-, PROKR2-

autism

cortical dysplasia

APA, anterior pituitary aplasia; APH, anterior pituitary hypoplasia; CC, corpus callosum; CHD, congenital hip dysplasia; ONH, optic nerve hypoplasia;
POF, premature ovarian failure; PSIS, pituitary stalk interruption syndrome; SOD, septo-optic dysplasia; SP, septum pellucidum.

conventionally using the Sanger dideoxy technique and Big-Dye
terminators. The sequencing products were loaded onto an ABI-
3730XL sequencer and analyzed using the software SeqScape v3
(Thermofisher Scientific, Watham, MA, USA). Sequence variants
were designated according to Human Genome Society recommen-
dations (www.hgvs.org/rec.html) using the NCBI reference se-
quences NC_000003.11, NM_023067.3,and NP_075555.1 built on
the GRCh37/hg19 human genome.

Multiplex Ligation-Dependent Probe Amplification. In order to
detect duplications or deletions, MLPA analysis was performed
using a SALSA P054-C1-FOXL2-TWIST1 Probemix Kit (MRC
Holland, Amsterdam, The Netherlands).

Molecular Genetic Analysis of the Genes Involved in Pituitary

Development

NGS and Analysis. Genomic DNA was extracted with a
QiaSymphony DS DNA Midi Kit (Qiagen®, France) from blood
lymphocytes (standard EDTA samples). Exons and 20-bp flanking

introns of 20 genes confirmed as causal in combined pituitary hor-
mone deficits and/or isolated growth hormone (GH) deficits
(ARNT2, FGF8, FGFR1, GHI1, GHRHR, GHSR, GLI2, HESXI,
IGSF1, LHX3, LHX4, OTX2, PAX6, PROP1, POUIFI, PROKR2,
RNPC3 SOX3, SOX2, and TBX19) were amplified using a QIAseq
Targeted DNA Custom Panel (Qiagen®).

The preparation of the library was completed according to the
manufacturer’s instructions. All sample preparations were then se-
quenced on MiseqDx (Miseq V2 Reagent Kit; 500 cycles) (Illumi-
na®, San Diego, CA, USA). Data issued from sequencing were ex-
ported and further analyzed (base calling, read filtering, alignment
with the human genome; GRCH37/hg19) and annotated using
Biomedical Genomic Workbench v4.1.1. software (Qiagen GmbH,
Hilden, Germany). Variant calling analysis was completed on
VariantStudio v2.2 (Tllumina®). All of the regions targeted had a
depth of coverage above 30x (16 samples in a run).

All variants of interest were visually inspected in the Integrative
Genomics Viewer (https://www.broadinstitute.org/igv) to evalu-
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Fig. 1. Pedigrees and respective FOXL2 mutations for patients 1 (c855_871dup) (a), 2 (c.675_1008del) (b), and
3 (c.611G>A) (c). Index patients are indicated by an arrow. Affected individuals are indicated by closed symbols;
BPES is indicated by a black square in the right upper part of the symbol, primary ovarian insufficiency is indi-
cated by a grey square in the left upper part of the symbol, and hypopituitarism is indicated by a black square in
the left lower part of the symbol. Individuals who tested positive for FOXL2 are indicated by a+, and those who

tested negative are indicated by a—.

ate the mapping and variant calling quality. The variants were then
classified into 5 main categories using American College of Med-
ical Genetics and Genomics guidelines, i.e., pathogenic, likely
pathogenic, variants of uncertain clinical significance, likely be-
nign, and benign.[23]

Results

The clinical characteristics of the patients in this co-
hort are presented in Table 1.

Our cohort included 10 patients (patients 1-10) with
hypopituitarism and eyelid anomalies. Four had typical
BPES. The eyelid anomalies of the other 6 were less se-
vere, i.e., blepharophimosis, ptosis, and epicanthus inver-
sus in association or isolation. The pituitary phenotypes
ranged from isolated GHD to complete hypopituitarism.

Structural pituitary anomalies were identified for 8 of the
patients, and these ranged from isolated adenohypophy-
seal hypoplasia to pituitary stalk interruption syndrome
(PSIS).

Three out of 10 patients had loss-of-function FOXL2
mutations (patients 1-3 in Table 1; family trees in Fig. 1):

Patient 1 was found to carry the mutation c855_871dup
or p.(His291Argfs*71). At the protein level, the forkhead
domain should be unmodified as the polyalanine tract,
but the C-terminus is completely modified. (Fig. 2). Fre-
quency databases (dbSNP and gnomAD) were searched
to determine whether the variant had already been re-
ported. It has a dbSNP ID because it is reported in Clin-
Var as a pathogenic variant. It was not reported in control
databases such as GnomAD. This mutation has already
been described and is reported in the LOVD database
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Fig. 2. FOXL2 mutations. The FOXL2 coding sequence is the central portion of the figure. The mutations de-
tected in our 3 patients are in bold, at the cDNA level above and at the protein level below the sequence; the mu-
tations described in the literature are in regular font. The grey boxes indicate isolated GHD and the dotted box-
es indicate complete pituitary hormone deficiency.

Table 2. Hypopituitarism in BPES patients

Study BPES Clinical information MRI Molecular analysis Predicted protein change
Wales [21] Familial, GHD in an Pituitary hypoplasia None NA
type 2 11-year-old boy
Varghese etal.  Familal, GH deficiency in a Atrophic anterior NA NA
[22] type unknown 14-year-old boy pituitary
Beysen et al. Familial, GH deficiency in c.650C>T AA substitution downstream
[13] type unkown 2 sisters (family FOXL2_00087)  of the forkhead domain
Beysen et al. Type unknown GH deficiency ¢.672_701dup Polyalanine expansion
[13] (family FOXL2_00033)
This study Familial, GH, ACTH, and Adenohypophyseal ¢855_871dup Truncated protein with a
type unknown TSH deficiency in a hypoplasia complete forkhead domain
10-year-old boy Type 1 Chiari and polyalanine tract but a
Facial dysmorphia malformation completely modified C-terminus
and dental anomalies Syringomyelia
This study Sporadic, GH deficiency in a Pituitary stalk €.675_1008del Truncated polyalanine tract
type unknown 5-year-old girl interruption syndrome
This study Familial, GH, TSH, ACTH, Normal hypophyseal c.611G>A Truncated polyalanine tract
type 1 LH-FSH deficiency region

in a woman

Cases reported to date are shown. NA, not available.




Fig. 3. Photograph of patient 1 with typical BPES.

(https://lovd.cmgg.be/index.php?select_db=FOXL2) but
not in the HGMD (free version) [14, 24, 25]. According
to the ACMG/AMP standard guidelines [23] the variant
is classified as pathogenic (Table 2). This patient had typ-
ical hereditary BPES (Fig. 3), as well as facial dysmorphia
(ogival palate and low-set ears) and dental embedding
anomalies. The birth size was normal, but then growth
stunting down to -2 SD from the median and delayed
bone maturation occurred, leading to a diagnosis of se-
vere GHD at the age of 10 years (decreased IGF1 and
IGFBP3 and stimulated GH peaks at 2.3 and 2.4 pg/L after
ornithine and propranolol-glucagon, respectively), asso-
ciated with partial TSH and ACTH deficiencies. Magnet-
ic resonance imaging (MRI) revealed adenohypophyseal
hypoplasia, a type 1 Chiari malformation and C5 to C7
syringomyelia. He responded particularly well to L-thy-
roxin and GH treatment, gaining 4.5 SD in total and
growing to a final height in accordance with the midpa-
rental target. His treatment has been maintained into
adulthood because of persisting GH deficiency. No patho-
genic variant was found in the panel of 20 hypopituita-
rism-associated genes. The patient’s father, paternal un-
cle, and grandfather also had BPES. No other family
member is known to have hypopituitarism. FOXL2 was
analyzed in 5 members of the family, and mutations were
only found in 3 patients with BPES (Fig. 1).
Patient2wasfoundtocarrythemutationc.675_1008del.
This deletion of 334 bp leads to a frameshift mutation
(p-Ala226Profs*19). This leaves the forkhead domain in-
tact but the polyalanine tract is truncated. (Fig. 2). This
variant is not reported in any database to date (dbSNP,
gnomAD, ClinVar, and HGMD), but this region is not
well sequenced in the control databases by exome or ge-
nome sequencing. According to ACMG/AMP standard
guidelines [23] the variant is classified as pathogenic (Ta-
ble 2). No FOXL2 mutations were found in the patient’s
mother; the patient’s father refused to be tested. She has
typical BPES without dysmorphia. Her family history is

unremarkable. Her gonadotropin levels are currently not
elevated at the age of 8 years. Specific pituitary function
tests were performed at the age of 5 years despite the ab-
sence of symptoms, specifically to investigate the possible
association with GHD. Isolated partial GHD, i.e., a low
normal IGF1 level (94 pg/L; reference range for age and
Tanner stage 85.9-152.6 ug/L), a GH concentration peak
at 4.6 pg/L after clonidine stimulation, was identified.
MRI showed PSIS with a very thin barely visible stalk, ad-
enohypophyseal hypoplasia (1 mm), and an ectopic neu-
rohypophysis. This patient had not yet been treated with
GH at the time of reporting because her growth velocity
had so far remained normal. No pathogenic variant was
found in the panel of 20 hypopituitarism-associated
genes. No other family members had BPES or hypopitu-
itarism. FOXL2 was only analyzed in the patient’s mother,
and no mutation was found.

Patient 3 was found to carry the mutation c.611G>A
or p.(Trp204*) (Fig. 2). It is a nonsense mutation that
truncates the protein (p.Trp204*), leaving the forkhead
domain intact, but with a deletion of the polyalanine
tract. The variant is not identified in control population
databases such as GnomAD but has already been de-
scribed and is reported in the LOVD (https://lovd.cmgg.
be/index.php?select_db = FOXL2) and HGMD databas-
es. According to ACMG/AMP standard guidelines [23]
the variant is classified as pathogenic (Table 2). The pa-
tient has typical hereditary BPES and hypogonadism
with, unexpectedly, low gonadotrophin levels. This led to
exploration of her pituitary function, which revealed se-
vere GHD (peak concentration after insulin-induced hy-
poglycemia at 0.3 pud/L), TSH deficiency (normal TSH,
low T4 level at 11.1 pmol/L, normal range >11.5 pmol/L)
and partial ACTH deficiency (cortisol peak concentra-
tion after insulin-induced hypoglycemia, 14,5 ug/dL; re-
peated 8:00 a.m. cortisol levels of about 5 pg/dL during
follow-up). MRI showed a normal hypophyseal region.
She had reached a normal adult height without GH treat-
ment, and hormone substitution was initiated upon diag-
nosis of hypopituitarism at the age of 47 years. Several
members of the family also have BPES, and all the other
BPES females have premature ovarian insufficiency with
elevated gonadotrophins typically associated with BPES
type 1. The FOXL2 mutation was identified in 11 mem-
bers of the family, and in one other member linkage anal-
ysis revealed cosegregation with the disease phenotype
(the analysis for this patient was performed before FOXL2
was known).

None of the 3 patients with FOXL2 mutations and hy-
popituitarism (patients 1-3) was found to have patho-



genic or likely pathogenic variants in hypopituitarism-
associated genes.

No pathogenic or likely pathogenic variants in FOXL2
or the hypopituitarism-associated genes were found in
the remaining 7 patients.

Discussion

This is the first reported case series of BPES patients
with hypopituitarism and an FOXL2 mutation. A com-
plete molecular analysis of hypopituitarism-related genes
was performed by NGS and Sanger sequencing.

These results indicate that FOXL2 mutations can be
associated with congenital hypopituitarism in patients
with BPES. This has already been suggested by a few sin-
gle case reports in the literature [13, 21, 22], but our study
is the first that formally implicates FOXL2 in hypopitu-
itarism (Table 2). Wales [21] described isolated GHD
with pituitary hypoplasia in an 11-year-old boy with
BPES without associating it with a molecular cause [21].
Varghese et al. [22] reported the case of a 14-year-old boy
with BPES, isolated GHD since early childhood, and an
atrophic anterior pituitary gland [22]. Crisponi et al. [14]
described a patient with BPES and growth retardation but
did not test his somatotropic function. More recently,
Beysen et al. [13] reported the cases of 2 sisters with BPES,
GHD, and an FOXL2 mutation (c.650C>T, p.Ser217Phe)
and of another patient with BPES, GHD, and a different
FOXL2 mutation (c.672_701dup, p.Ala225_Ala234dup).
While these 5 patients presented isolated GHD, the endo-
crine phenotype of our patients is more variable, from
isolated GHD to combined pituitary hormone deficiency
(Table 1), suggesting that FOXL2 plays a role in human
pituitary deficits in somatotropic, thyrotropic, gonado-
tropic, and corticotropic cell lines. Patient 2 has isolated
partial GHD with no growth retardation. Although a bio-
chemical GH defect is insufficient to confirm GHD or
hypopituitarism, here the fact that the MRI data show
PSIS proves that the pituitary is affected. GHD is de-
scribed in the majority of PSIS cases and may evolve with
time [26]. Some children with GHD in the context of PSIS
maintain a normal growth velocity without any treatment
[26].

Several lines of evidence suggest that the congenital
hypopituitarism in these probands is the consequence of
an FOXL2 signaling defect. FOXL2 is expressed in the hy-
pophysis and it is one of the earliest markers of pituitary
differentiation, seemingly being activated by LHX3 nd
LHX4 independently of PROPI [27]. In mice, its role 1as

mostly been studied in gonadotropic cells [19]. It regu-
lates the expression of the a subunit of the glycoprotein
hormone, which is a component of FSH, LH, HCG, and
TSH [16]. In humans, FOXL2 is mainly expressed in go-
nadotropic cells, with a probable influence on their dif-
ferentiation, but it is also found in thyrotropic cells [28].
While somatotropic expression has never been demon-
strated in humans, FOXL2 knockout mice are significant-
ly smaller and present lower levels of insulin-like growth
factor 1 (IGF1) [14]. Marongiu et al. [20] recently showed
that the GH-IGF1 axis is altered in FOXL2-/- mice.
They investigated the effects on male growth of unbal-
anced female sex hormones and found that the FOXL2
knockout mice were smaller, with a weak pubertal growth
spurt, lower IGF1 levels, upregulation of GHRH in the
hypothalamus, and downregulation of GHRH-R and GH
in the pituitary gland. The location of FOXL2 expression
in the hypothalamus and hypophysis was confirmed by
polymerase chain reaction (PCR) experiments. Skeletal
anomalies (craniofacial and vertebral, with hyperlordosis
and hyperkyphosis) were also identified, along with de-
layed bone and cartilage maturation.

One of the 3 FOXL2 mutations we report here has nev-
er been described previously (patient 2). The FOXL2 mu-
tation identified in the family of patient 1 (c.855_871dup)
has already been described for patients with both type 1
and type 2 BPES [14, 24, 25] but with no pituitary pheno-
type reported. The mutation identified in patient 3
(c.611G>A) was described in 2008 by Beysen et al. [29] in
a 1-year-old female patient with sporadic BPES, but her
pituitary phenotype was not reported. GnomAD provides
constraint metrics that measure how tolerant a gene is to
certain classes of variations such as loss-of-function varia-
tions. These metrics indicate that FOXL2 has a strong
probability of being loss-of-function intolerant and there
is no loss-of-function mutation found in “control” popu-
lations for this gene. No FOXL2 mutations were found in
the remaining 7 patients in our cohort. However, patient
4 has a complete BPES phenotype and patient 5 has bleph-
arophimosis and premature ovarian insufficiency, which
are typical signs of an FOXL2 anomaly (no other gene has
to date been implicated in this phenotype). Our hypoth-
esis is that they may carry a mutation in the regulatory
regions outside FOXL2. Indeed, up to 5% of patients with
BPES show possibly pathogenic variants in distant regions
presumed to be cis-regulatory elements [14]. Even if
MLPA revealed no large deletions in regions as distant as
the ATR gene (up to 6.1 Mb), we cannot exclude the pos-
sible presence of smaller deletions or translocations in
regulatory regions distant from the gene.



A clear genotype-phenotype correlation for FOXL2
mutations is difficult to ascertain. A correlation has
nevertheless been proposed, associating mutations pro-
ducing a protein truncated before the polyalanine tract
with BPES type 1, and those producing a protein with
polyalanine expansion with BPES type 2, whereas for
missense mutations and mutations leading to a trun-
cated or extended protein containing an intact forkhead
domain and polyalanine tract no correlations have been
found. [13, 30] However, inter- and intrafamilial vari-
ability of premature ovarian insufficiency has been de-
scribed [13]. For families 1 and 2, the type of BPES can-
not been determined because in family 1 only males are
affected and in family 2 the patient is too young for her
ovarian function to be evaluated. Gonadal function is
variable in family 3, with some women having prema-
ture ovarian insufficiency (as expected for mutations
leading to a deletion of the polyalanine tract) and our
patient having hypogonadotropic hypogonadism. Our
hypothesis for this family is that BPES type 1 is associ-
ated with hypogonadotropic hypogonadism in our pa-
tient. Interestingly, some fertility problems, oligomen-
orrhea, and irregular cycles with no hypergonadotropic
hypogonadism have been described in several cases of
familial BPES type 2 with mutations leading to a poly-
alanine tract expansion [13, 29, 30]. These symptoms
were explained as possible mild effects of these muta-
tions on ovarian function, giving rise to late-onset ovar-
ian insufficiency [13]. However, another possible expla-
nation is that these patients had hypogonadotropic hy-
pogonadism because of hypopituitarism, as is the case
for patient 3. The fact that for 2 of these patients [13, 29]
the mutation is the same as the one reported for a pa-
tient presenting GHD [13] (c.672_701dup, p.Ala225_
Ala234dup) suggests that this mutation could be in-
volved in hypopituitarism.

Nevertheless, there seems to be no correlation between
genotype and pituitary phenotypes. Indeed, the cases that
we report involve either a truncated polyalanine tract (pa-
tients 2 and 3) or an intact polyalanine tract but com-
pletely modified C-terminus (patient 1), while the previ-
ously reported cases of GH deficiency were the conse-
quence of different FOXL2 changes: a missense mutation
in 2 sisters (c.650C>T, p.Ser217Phe) and polyalanine ex-
pansion in 1 other patient (c.672_701dup and p.Ala225_
Ala234dup) [13].

Furthermore, the siblings in families 1 and 3 with
BPES do not have pituitary hormone deficiency. It seems
that there is a variable intrafamilial expressivity of FOXL2
in the pituitary phenotype, as has been described for the

ovarian phenotype [13]. This variable expressivity of
FOXL2 could be the result of interactions with environ-
mental factors and/or oligogenicity, as recently reported
for other hypopituitarism features [31], even if no patho-
genic variants were identified in the genes analyzed in our
series.

About 30 genes have been formally implicated in pi-
tuitary deficiencies [4]. Other genes are suspected of in-
volvement in human pituitary pathologies, but the evi-
dence is so far insufficient (limited or disputed) for their
inclusion in diagnostic panels according to American
College of Medical Genetics and Genomics recommen-
dations [32]. It is therefore possible that our patients’
pituitary deficiency was caused by one or several of these
genes not included in our panel of 20 genes or by other
currently unknown genes. Indeed, molecular causes are
onlyidentified in 84-90% of cases [3, 4], highlighting the
role of other factors in this pathology (genes with sus-
pected but so far unproven involvement, unknown
genes, and compounding effects of multiple genes). Fu-
ture investigations will include whole exome sequenc-
ing, which has contributed to the discovery of several
new genes associated with hypopituitarism in the past
few years [4].

The rate of FOXL2 mutations in our population of pa-
tients with eyelid anomalies and hypopituitarism (3 out
of 10 patients) is much higher than previously reported
mutation rates for genes associated with hypopituitarism
in Western Europe. FOXL2 mutation in our cohort was
found only for patients with typical BPES eyelid anoma-
lies, but, again, a variable expressivity seems possible
since a pathogenic FOXL2 mutation was recently report-
ed in a woman with moderate ptosis [33]. Further studies
are necessary to determine whether FOXL2 should be se-
quenced in patients presenting hypopituitarism with
milder eyelid anomalies.

Since eyelid anomalies are the first signs of this disor-
der, ophthalmologists should be made aware of possible
endocrine involvement. While the need to monitor ovar-
ian function from puberty is now well known, this study
highlights the importance of monitoring growth rates
earlier in childhood. Pituitary function and hypothalam-
ic-pituitary morphology should be investigated in all pa-
tients with BPES, as the results of this study suggest that
FOXL2 mutations can affect all pituitary cell lines. In
some cases, therefore, this can lead to mixed ovarian in-
sufficiency (i.e., primary and secondary in the same pa-
tient), with low LH and FSH levels, as has already been
described for the SF1 mutation [34].



Conclusion

This study identifies a possible association between
hypopituitarism (ranging from isolated GHD to com-
bined pituitary hormone deficiency) and FOXL2 genetic
defects in patients with BPES, suggesting that FOXL2 is
involved in human pituitary pathologies. While mice pi-
tuitary studies have mostly described the role of FOXL2
in gonadotropic cells, our results suggest its implication
in many more pituitary functions, involving all cell lines.
This highlights the importance of monitoring both ovar-
ian and pituitary function in BPES patients.
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