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Abstract

:

Blepharophimosis, ptosis, and epicanthus inversus syndrome (BPES) is a craniofacial disorder caused by heterozygous variants of the forkhead box L2 (FOXL2) gene. It shows autosomal dominant inheritance but can also occur sporadically. Depending on the mutation, two phenotypic subtypes have been described, both involving the same craniofacial features: type I, which is associated with premature ovarian failure (POF), and type II, which has no systemic features. The genotype–phenotype correlation is not fully understood, but it has been hypothesised that type I BPES involves more severe loss of function variants spanning the whole gene. Type II BPES has been linked to frameshift mutations that result in elongation of the protein rather than complete loss of function. A mutational hotspot has been identified within the poly-alanine domain, although the exact function of this region is still unknown. However, the BPES subtype cannot be determined genetically, necessitating informed genetic counselling and careful discussion of family planning advice in view of the associated POF particularly as the patient may still be a child. Following puberty, female patients should be referred for ovarian reserve and response assessment. Oculofacial features can be managed with surgical intervention and regular monitoring to prevent amblyopia.
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1. Introduction


Blepharophimosis, ptosis, and epicanthus inversus syndrome (BPES; OMIM #110100) is a rare autosomal dominant disease, with an estimated prevalence of 1 in 50,000 births, primarily affecting the development of the mid-face structures [1]. The four major clinical signs are dysplasia of the eyelids with shortening of the horizontal fissures (blepharophimosis), droopy upper lids reducing the vertical palpebral aperture (ptosis), bilateral skin fold arising from the medial lower eyelid ascending to the upper lid (epicanthus inversus), and an increased distance between the medial canthi (telecanthus). Two main phenotypes of BPES have emerged, and each harbour the four key ocular signs: (i) type I (BPES-I), which is also associated with premature ovarian failure (POF) involving secondary amenorrhoea before 40 years of age, leading to early menopause and infertility, and (ii) type II (BPES-II) with no systemic associations.



BPES can be caused by heterozygous variants involving the forkhead box L2 (FOXL2) gene, which encodes for a transcription factor expressed predominantly in the developing mesenchyme of eyelids and ovaries [2]. In mice, Foxl2 expression is localised to the protruding ridges of the developing eyelids and in ovarian follicular cells. Up to 75% of affected individuals may have detectable FOXL2 mutation, leading to haploinsufficiency [3,4,5,6]. Transmission of BPES-I is usually by affected males as fertility in affected females is reduced due to ovarian dysfunction. BPES-II can have transmission occurring through both males and females.



In this review, FOXL2 gene will be detailed with respect to the two types of BPES and the most common variants in the poly-Alanine tract will be reported. Clinical features and management of patients at different stages of life, including referral for ovarian reserve, will be described.




2. Genetics of BPES


2.1. FOXL2 Gene


FOXL2 is a single-exon gene consisting of 2.9 kb (NM_023067.4) located on chromosome 3q22.3. The transcribed protein is 376 amino acids and belongs to the family of forkhead/winged helix transcription factors. FOXL2 regulates a number of genes that control cellular processes including inflammation, transcription, proteolysis, apoptosis, and steroidogenesis including gonadotrophins [7,8]. It is highly conserved among species, with 100% of homology for human, mouse, rat, cow, goat, pig, and rabbit, and consists of a 110 amino acid forkhead DNA-binding domain at position 54 to 148 [9]. It also contains a strictly conserved poly-alanine tract of 14 amino acids between position 221 and 234, whose role remains unknown; however, it is a hotspot for expansions from 14 to 24 alanine residues accounting for ≈30% of all intragenic FOXL2 pathogenic variants leading to predominantly BPES-II [6,9].



Haploinsufficiency of FOXL2 remains the only reported cause of BPES, and the first autosomal gene implicated in syndromic POF [2]. FOXL2 can be disrupted by intragenic mutations as well as larger genomic deletions involving the gene locus [10]. More than 250 variants are associated with BPES [11]: intragenic mutations of FOXL2 account for 81% and can be subdivided into indel frameshift (44%), in-frame deletions (33%), nonsense (12%), missense (11%), and duplications [11]. Whole-gene deletions and larger sub-microscopic deletions encompassing FOXL2 and neighbouring genes represent 12% and 5% of molecularly confirmed cases, respectively [11].



At least 460 patients have been reported with FOXL2-related BPES [1,6,10,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62]. The most common variants affect two intragenic regions (Figure 1): (i) the poly-alanine region with c.663_692dup p.(Ala221_Ala231dup) reported in 12 patients (four BPES-II cases and eight with undefined type) [6,14,16,30,31,32], c.664_693dup p.(Ala222_Ala231dup) reported in five patients (two BPES-II, two BPES-I, and one with undefined type), and c.672_701dup p.(Ala225_Ala234dup), which was reported in at least 80 patients (24 BPES-II, 2 BPES-I, and 54 with undefined type) [6,14,16,22,26,30,31,32,54,61,63], and (ii) the poly-proline region, which encompasses amino acids at positions 284 to 292, has two duplications variants: c.843_859dup p.(Pro287Argfs*75) reported in 46 patients (3 BPES-I, 2 BPES-II, and 41 with undefined type) [6,14,16,31,32,63] and c.855_871dup p.(His291Argfs*71) in 15 patients (3 BPES-I and 12 undefined type) [6,14,16,24,38,63], and the deletion c.855_871del p.(Pro287Alafs*71) in 5 patients (3 BPES-I, 1 BPES-II, and 1 with undefined type) [6,14,34,40,63].



A classification (groups A-H) of intragenic variants in ≈500 FOXL2 cases was previously proposed by De Baere et al. in order to determine a genotype–phenotype correlation [6]. However, as ovarian function was largely unavailable due to the young age or sex of the patient, this was not possible. A tendency was observed with variants leading to an expanded poly-alanine region, such as c.663_692dup p.(Ala221_Ala231dup), c.664_693dup p.(Ala222_Ala231dup), and c.672_701dup p.(Ala225_Ala234dup), which are mostly associated with BPES-II [6,14,16,22,26,30,31,32,43,45,51,54,61,63]. Interfamilial variability was observed for these variants, where some cases are reported to be associated with BPES-I. Of note, one family reported a BPES-II-affected mother and her BPES-I-affected daughter, both carrying c.822C>G p.(Tyr274*), revealing possible intrafamilial phenotypic variability [6].




2.2. Intragenic Variants in FOXL2


As FOXL2 is composed of one exon, it may be resistant to nonsense mediated decay (NMD) as in other cases [64]. Thus, null variants in FOXL2 will result in a truncated protein leading to partial or complete loss of the forkhead domain and poly-alanine tract [6] or in a shorter protein without the N-terminal region, due to a re-initiation of translation, as observed in COS-7 cell lines transfected with the c.157C>T p.(Gln53*) construct [65]. Whereas duplications within or downstream of the forkhead domain can be predicted to result in an extended protein, mutations involving only part of the forkhead domain may give rise to haploinsufficiency and BPES-II by reducing the transactivation activity of the gene without affecting its DNA binding [66]. The effect of missense mutations can vary depending on their location, which may be in a functionally important region as the gene is highly conserved [66]. Most are mapped to the forkhead DNA binding domain, and these are likely to be pathogenic. However, as missense mutations have been reported in both BPES-I and -II, no prediction can be made regarding the genotype–phenotype correlation [6].




2.3. Poly-Alanine Tract Expansion Variants


Studies have confirmed the existence of a mutational hotspot in the poly-alanine tract of FOXL2 in families of different ethnicities [6,67]. This highly conserved region consists of 14 Alanine residues, and the secondary protein structure is predicted to be an α helix, which may become distorted when mutated and disrupt an essential function [6]. Poly-alanine tract expansion is the most common mutation to have been described in BPES-II [67]. Eight different alanine tract expansions (c.663_692dup30 p.(Ala221_Ala231dup), c.664_693dup30 p.(Ala222_Ala231dup), c.664_701dup p.(Ala222_Ala234dup), c.667_702dup p.(Ala223_Ala234), c.672_701dup30 p.(Ala225_Ala234dup), c.684_698dup p.(Ala228_Ala232dup), c.684_698trip15 p.(Ala228_Ala232trip), c.696_728dup p.(Ala232_Ala243dup)) have been described, with the most common consisting of a repeat of 30 bases [6,14,16,22,24,30,31,32,41,54,55,61,63]. These expansions may be caused by slippage of DNA polymerase when duplicating trinucleotide repeats, accounting for about 33% of all intragenic mutations in BPES overall [6,11,41,67]. Whilst expansions are more likely to be associated with BPES-II (without ovarian involvement) and truncated proteins are correlated with BPES-I (with ovarian involvement) [68], some poly-alanine expansions such as c.664_693dup30 p.(Ala222_Ala231dup) and c.672_701dup p.(Ala224_Ala234dup) have resulted in some degree of ovarian dysfunction [14,45]. There has only been one autosomal recessive consanguineous Indian family with evidence of a homozygous poly-alanine tract expansion, c.684_698dup p.(Ala228_Ala232dup), with ovarian failure; segregated carrier parents and siblings were not affected. As such, BPES is mainly regarded as an autosomal dominant disorder [41].



Further functional analyses have been performed to study mutation consequences at a cellular level. Luciferase assays revealed some nonsense variants, such as p.(Glu19*), produced a shorter protein with an alternative initiation codon and formed nuclear aggregates, while wild-type protein was diffuse in the nucleus [65]. Caburet et al. showed protein mislocalisation from the nucleus to the cytoplasm with mutated FOXL2 poly-alanine tract expansions leading to its cytoplasmic aggregation [69]. Moreover, these poly-alanine tract expansions lead to decreased expression of several genes involved in apoptosis, transcriptional regulation, mediation of inflammation, cholesterol metabolism, and reactive oxygen species detoxification [70]. Two models were suggested to explain BPES phenotype with or without POF: (1) a higher dose of functional FOXL2 might be required to target promoters in the developing eyelid than in ovarian follicular cells, or (2) the number of FOXL2 binding sites in promoters is the same in both tissues, but aggregation and mislocalisation of mutant protein are stronger in the eyelids than ovaries, due to different tissue-specific proteomics [70]. Some missense variants, such as c.931C>T p.(His311Tyr) associated with BPES-I [6] or with undefined type due to the young age of female patients [62], were also reported to affect the expression of targeted genes, such as the steroidogenic acute regulatory gene (STAR, OMIM 600617) [62].




2.4. Chromosomal Translocations and Involvement of FOXL2 Regulatory Genes


Translocation breakpoints in chromosome 3 close to the FOXL2 gene and FOXL2 regulatory genes such as PISRT1 in nine patients carrying t(1;3)(p21;q22), t(1;3) associated with a 1.2 Mb deletion in 3q23 upstream of the FOXL2 transcription unit, t(2;3)(q33;q23), t(3;4)(q23;p15), t(3;7)(q23;q32), t(3;11)(q22.3;q14.1), t(3;15)(q23;q25), t(3;20)(q22;q13), and t(3;21)(q23;q22.1) were shown to be correlated with BPES [6,12,25,48,52,59,71,72]. Only the patient with t(3;11)(q22.3;q14.1) was known to have BPES-I [48]. Although the FOXL2 gene itself carried no mutation, positional effects are prevalent in human genetic diseases involving transcriptional factors, for example, PAX6 and PITX2 genes, which are involved in aniridia and Axenfeld–Rieger syndrome, respectively [73].



Genomic alterations in loci outside of the FOXL2 region such as deletion of upstream or downstream regulatory regions close to FOXL2 or PISTR1 deletion have also been found to account for about 5% of BPES [53]. Larger deletions encompassing 3q22.3-3q24 are associated with an undefined type of BPES, Dandy–Walker malformation, and Wisconsin syndrome [47], whereas smaller deletions of FOXL2 or PISTR1 gene lead to just undefined BPES [63]. Upstream regions of FOXL2 and PISTR1 genes are highly conserved in goat, mouse, and human [74], and their deletion leads to polled goats due to PIS (polled intersex syndrome) mutation [75]. This model is characterised by cranio-facial defects, female sterility, and XX sex reversal, associated with decreased expression level of FOXL2 and PISTR1 in the ovaries [75]. Luciferase assay revealed the identified genomic deletions in loci outside of the FOXL2 region affect gene expression in ovarian cell lines [21]. Rearrangements, such as large chromosomal deletion or translocation occurring in these regions, can dissociate the transcription unit from its regulatory elements, resulting in the same phenotype as intragenic mutations [5]. Total and partial gene deletions as well as microdeletions mapping upstream and downstream of FOXL2 have been found in cases of sporadic and familial cases of BPES [5]. These deletion points are scattered and lie in transcription factor-binding sites and the goat PIS locus requiring further investigation to fully understand the intergenic regulatory elements [5]. Deletions were shown to be conserved between different generations of affected family members, revealing meiotic stability. A number of microdeletions, such as a 197 kb deletion upstream of FOXL2, have been correlated with BPES-like disorders associated with microcephaly and intellectual disability [13].




2.5. FOXL2 and Primary Ovarian Failure (POF)


FOXL2 is the earliest known but not the sole regulator of sex differentiation in mammals [76]. It is involved in foetal development as well as maintenance of the mature ovary. In the postnatal ovary, FOXL2 supports follicular growth. Ablation of FOXL2 in mice led to atresia of the oocytes with no maturation of secondary follicles. It has been shown that the STAR protein, which is a marker of granulosa cell differentiation, is a direct target of FOXL2, acting as a repressor of STAR. It was concluded that the entire alanine/proline-rich carboxyl terminus is important for the repressor activity of FOXL2 and that truncating variants may preferentially lead to BPES and ovarian dysfunction by accelerated differentiation of granulosa cells and secondary depletion of the primordial follicle pool. The identification of a considerable number of ovarian FOXL2 targets may be essential to reveal more insights into phenotypic effects of FOXL2 pathogenic variants in the adult ovary. Digenic inheritance might contribute to POF associated with BPES through a synergistic effect of FOXL2 mutations and other genes involved in ovarian function. This may also explain the apparent pleiotropism of FOXL2 mutations.



The phenomena of waxing and waning gonadotrophin levels which suggest infertility may be partially reversible in BPES type I. Varying gonadotrophin levels in female patients with BPES type I may not necessarily meet the diagnostic criteria for POF. POF is commonly defined as the presence of four or more months of secondary amenorrhea, postmenopausal levels of follicle-stimulating hormone (FSH; >40 IU/L) all before the age of 40 years [77]. However, there is no universal definition of POF, and coupled with the large normal variation in ovarian reserve, it can be difficult to make a diagnosis of a POF [78,79]. Moreover, spontaneous pregnancies and pregnancies post-stimulation with gonadotrophins have been reported in individuals with FOXL2 mutations and in women with POF alone [22,80].





3. Clinical Features


BPES is mainly a clinical diagnosis based on recognition of the four cardinal signs of bilateral dysplasia of the eyelids with shortening of the horizontal fissures (blepharophimosis), droopy upper lids reducing the vertical palpebral aperture (ptosis), bilateral skin fold arising from the medial lower eyelid ascending to the upper lid (epicanthus inversus), and an increased distance between the medial canthi (telecanthus) at birth (Figure 2). The ptosis is always bilateral, but can be asymmetrical with variability in levator function, but is normally poor [81]. The orbital bones develop normally, and thus the interpupillary distance is usually normal in BPES. Other associated signs, but that are not always present, include turning out of the lower lids (ectropion), lacrimal duct anomalies, strabismus, refractive error amblyopia, broad nasal bridge, thick highly arched brows, short philtrum, and anterverted (low-set) ears [82]. BPES has two phenotypes, with type I associated with premature ovarian failure whereas type II has no associated systemic features. As the genotype–phenotype correlation is unclear, cases of female BPES should be referred to an endocrinologist or fertility specialist. The onset of POF is variable and the diagnosis difficult to make, but an early adolescence referral would be sensible to try and assess ovarian reserve, follicle count, and ovarian response [78,79]. A family history of similar appearance or premature ovarian failure can assist diagnosis.



3.1. Differential Diagnoses


Other congenital disorders may have similar features to BPES, especially two of the cardinal features, blepharophimosis and ptosis. These include hereditary congenital ptosis 1 (OMIM #178300; autosomal dominant, one of three subtypes involving ptosis and blepharophimosis only), OHDO syndrome (OMIM #249620 autosomal dominant with cognitive impairment, congenital heart disease, ptosis, hypoplastic teeth, and blepharophimosis; OMIM #300895 x-linked with coarse facial features, cognitive impairment, and blepharophimosis; and OMIM #603736 autosomal dominant subtype, previously known as Say–Barber–Biesecker–Young–Simpson syndrome), 3MC syndrome (OMIM #257920 autosomal recessive with high arched eyebrows, cognitive impairment, hearing loss, craniosynostosis, hypertelorism, ptosis, and blepharophimosis), Noonan syndrome (OMIM #163950 autosomal dominant with short stature, congenital heart defects, broad forehead, down slanting palpebral fissures, a high-arched palate, and low-set posteriorly rotated ears and hypertelorism), Marden–Walker syndrome (OMIM #248700 cognitive impairment, motor impairment, micrognathia, high arched palate, cleft palate, low-set ears, kyphoscoliosis, joint contractures, hydrocephalus, and blepharophimosis), Dubowitz syndrome (OMIM #223370 autosomal recessive with microcephaly, variable cognitive ability, ptosis, and blepharophimosis), and Smith–Lemli–Optitz syndrome (OMIM #270400 autosomal recessive with cognitive impairment, microcephaly, hypotonia, male hypospadias, multiple internal organ maldevelopment, and ptosis). Blepharophimosis may be observed in aneuploidies which involve deletion of chromosome 3p. If oculofacial features are present without a clear family history or there is any cognitive impairment, these differentials must be considered. Although de novo mutations in BPES are possible, cognitive impairment is not a feature. Early diagnosis is important to allow for appropriate management of both ocular and systemic concerns in these complex patients.




3.2. Management


The management of BPES requires coordination within a multi-disciplinary team, which includes a paediatric ophthalmologist and oculoplastic surgeon, general paediatrician, paediatric endocrinologist, gynaecologist, clinical geneticist, and genetic counsellor. Examination by a paediatric ophthalmologist for visual acuity, refractive error, strabismus, and further management of any amblyopia is essential. An oculoplastic surgeon may evaluate a strategy for surgical correction of the oculofacial abnormalities in order to maximise visual potential. Genetic testing and counselling should be provided by clinical genetics and a genetic counsellor. Referral of female patients to an endocrinologist or gynaecologist during late childhood, puberty, or early adolescent to assess for any onset of POF by looking at ovarian reserve, follicle count, and ovarian response is recommended.




3.3. Genetic Counselling and Testing


A full family history is taken with a pedigree. In those without a family history, there may be reduced or non-penetrance, variable expressivity, or a de novo sporadic change. Severity and prognosis can differ for family members sharing the same disease causing variant termed intrafamilial variability, something that is particularly relevant for POF and poses a challenge for counselling. This variability may be caused by the effects of the environment, epigenetics, and/or modifier genes [6].



Being autosomal-dominant, the patient’s offspring have a 50% risk of inheriting BPES, but as females with type I have limited infertility which reduces their chance of having children, BPES-I is skewed towards male transmission. Parents of a proband with no previous family history should undergo segregation testing of FOXL2 to delineate whether it is a de novo variant and to establish the risk of having further affected children. It is important to consider non-biological explanations such as alternate paternity or undisclosed adoption [83]. A patient’s sibling has minimum risk of having the disease if neither parents are affected and they are born without any eyelid abnormalities, although germline mosaicism has been documented with BPES [3]. If the parent of the proband is affected, the risk to siblings is 50%.



Genetic testing can involve different approaches. Cytogenetic testing using microarray-based comparative genomic hybridisation (array-CGH) can be used to detect chromosomal abnormalities or copy number variations (CNVs), which contribute to a significant number of BPES patients. If negative, single-gene screening of FOXL2 or a targeted gene panel including this gene can be undertaken. However, whole-genome sequencing (WGS) is likely to replace this in the future, as it has the capability of detecting CNVs locating the genomic alteration upstream or downstream of FOXL2 and variants involving non-coding regulatory elements.



As mentioned in Section 3.1, several syndromes may have overlapping symptoms of BPES, and therefore genetic testing can help to clarify the diagnosis. Despite having a FOXL2 molecular diagnosis, the two types of BPES cannot be distinguished until puberty due to the lack of robust genotype–phenotype correlation. The disclosure of future reproductive potential is a delicate issue when children are tested. There is a general consensus that genetic testing for disorders with purely reproductive implications for the child should be delayed until the child is old enough to understand the implications of the test and make their own decision regarding testing [4]. This principle, however, could delay diagnostic clarification and timely ovarian tissue cryopreservation, and thus these factors must be evaluated when deciding on the age to discuss family planning and carrying out further genetic counselling. At present, families should be offered help and advice regarding the possibility that the diagnosis of BPES may have the implication of female infertility and support given when informing their offspring of this [4]. It would be appropriate to offer genetic counselling to young females who are affected including discussion of potential risk to offspring and reproductive options [83].



Family planning options include natural conception, assisted conception, in vitro fertilisation, ovarian tissue harvesting, gamete/embryo donation, pre-implantation genetic diagnosis, adoption, or deciding not to have a child. Collection of primordial follicles for embryo or oocyte cryopreservation is also a possibility. It is possible to prevent gene transmission using preimplantation diagnosis, or post-implantation genetic diagnosis of foetal cells via amniocentesis (during 15 to 18 week of gestation), chorionic villus sampling (10 to 12 weeks of gestation), and newer non-invasive prenatal testing (NIPT), which uses a blood sample from the pregnant mother containing cell-free DNA (cfDNA) from the placenta that carries the DNA of the foetus [84]. Significant advances in genetic therapies are being made, and approaches such as CRISPR-Cas9 gene editing, gene replacement, or use of mutation targeting drugs such as nonsense suppression therapy may be applicable in the future [85,86].




3.4. Treatment of Oculofacial Features


Treatment in early infancy and childhood is directed towards ensuring full visual development and preventing amblyopia (both unilateral and bilateral). Over 50% of BPES cases will have some degree of amblyopia, mainly from ptosis and strabismus [81,87]. A third of BPES cases will have a refractive error requiring spectacle use [88]. The most obvious cause is occlusion amblyopia from the upper eyelid, obscuring the visual axis. It is common for the baby to develop a chin-up posture early on to allow light to enter the eye, and this does not mean that the vision is developing poorly. A chin-up posture alone is therefore not an absolute indication for ptosis surgery, and this head position can carry on unnoticed by the patient into adulthood. BPES associated with strabismus may also contribute to the failure of development of binocular single vision, and this may require squint surgery to be corrected [81]. Regular vision assessment is paramount during the whole of the child’s visual development phase, normally up until the age of 8.



If the eyelid is causing an occlusion amblyopia, then a surgical option should be considered. There are multiple ways of lifting the eyelid, and the method used depends on the child’s age and function of the levator palpebrae superioris. Within the first few weeks of life up until the age of 5 years and in the presence of poor levator function, a frontalis suspension using an artificial material can be used [89]. With a mild or moderate levator function ptosis, an anterior or posterior approach ptosis repair can be used [90]. The anterior approach is often described as a supermax levator advancement and the posterior approach also involves a maximal levator advancement [91]. Over the age of 4 and with a poor levator function, tensor fascia lata (autologous or allogenic) can be used for a more permanent solution, but this may be a considered as part of a staged procedure if the epicanthus inversus and telecanthus are to be addressed, as both structures can alter eyelid height [92]. Nevertheless, as with any congenital ptosis, multiple procedures are often required during a lifetime and should be mentioned during the consent process.



Cosmetic surgery can also be offered to correct the ptosis, epicanthus inversus, horizontal palpebral aperture, and telecanthus. These operations should be personalised to the patient and the family’s needs. Sporadic cases of BPES often undergo cosmetic surgery early on in childhood if the proband is the only one in the family who has the condition. In contrast, inherited cases with multiple family members may wait for when the child is old enough to make their own decision on the need for any cosmetic correction. There is always the “do nothing” option, and this should always be explained to the family and patient when consenting for any surgical procedure. It is possible that early correction during childhood and subsequent ongoing growth of the orbit may allow for a better outcome compared to carrying out the same procedures as an adult when growth has stopped; however, the literature has not described reconstruction in adult BPES.



Asymmetry between the two eyes is another indication for cosmetic treatment in an attempt to balance the two sides of the face and reduce unwanted attention. Cosmetic reconstruction commonly involves a two-stage procedure which consists of primary surgery correcting the epicanthus inversus and/or telecanthus at around age 3 to 4 and a subsequent operation for the ptosis approximately 6 to 12 months after the initial reconstruction [92]. Various surgical techniques have been applied in the correction of the epicanthus inversus and telecanthus: Y-V plasty, Roveda procedure, Mustardé double Z plasty, and titanium epicanthoplasty [93,94,95,96,97]. A Mustardé double Z plasty is the correction of the telecanthus by removing subcutaneous tissue plus shortening the medial canthal tendon using a suture fixation just posterior to the medial canthal tendon insertion, providing a good cosmetic outcome and avoiding the need for an implant or wire [92,98].




3.5. Treatment of Premature Ovarian Failure


Female patients with BPES type I co-inherit infertility with the oculo-facial deformities. These patients can be fertile in their early years with normal secondary sexual characteristics. As mentioned, POF is commonly defined as the presence of four or more months of secondary amenorrhea and postmenopausal levels of FSH (>40 IU/L) all before the age of 40 years, although this definition is not universal [77,78,79]. Detection of high-serum FSH, luteinising (LH), and low oestrogen and progesterone levels can indicate the presence of ovarian failure. Follicle count and response to ovarian stimulation may help to assess the ovarian reserve. Pelvic ultrasound may show a hypoplastic uterus and a bone scan may reveal low bone mineral density. Hormone replacement therapy (HRT) long term can be given to alleviate early menopausal symptoms and prevention of sequelae of oestrogen deficiency such as osteoporosis [99]. Advice to improve bone and cardiovascular health should also be employed. Further studies are required to clarify whether ovarian function can be predicted from genotype. Diagnostic difficulty also arises in non-informative families of probands regarding family history and the prevalence of premature ovarian insufficiency due to other causes in patients with BPES. This emphasises the importance of correct assessment of ovarian function in all female patients with BPES despite their genotype. As such, female patients with BPES should be referred to an endocrinologist and/or gynaecologist to be evaluated for POF, although at what age is difficult to ascertain.



BPES patients with primary ovarian insufficiency may consider egg stimulation and retrieval, in vitro fertilisation, and medically induced ovulation. Banking tissue for a future family prior to POF is a newer option and involves ovarian tissue cryopreservation. The tissue can be reimplanted into the ovary for a natural conception if the correct hormonal milieu exists with a normal uterus; alternatively, the eggs can be retrieved from the ovarian tissue and undergo in vitro fertilisation, and then the embryo is implanted into the patient’s uterus or a surrogate. Female patients also require personal and emotional support to deal with the diagnosis and its impact on their health and relationships [99].





4. Conclusions


BPES requires a multidisciplinary team not only during childhood to ensure maximum visual potential, but into adulthood with often life-long monitoring. The role of FOXL2 in the pathogenesis of BPES is well established; however, the genotype–phenotype correlation is unclear, even within the same family pedigree, making the prediction of POF in a female individual difficult. Genetic counselling is paramount, with newer testing methods such as whole-genome sequencing highlighting newer mutations and novel therapeutics being discovered. Long-term regular monitoring of vision from birth to prevent amblyopia with swift treatment of any ptosis crossing the visual axis along with any associated refractive error or strabismus is critical to prevent sight loss. Cosmetic reconstruction is personal to the patient and family, but the timing of any intervention will have some effect on outcome, and if desired, both the epicanthus inversus plus telecanthus can be repaired before the ptosis in a two-staged procedure. Puberty will be an uncertain time for all female patients, and when to discuss family planning options is unclear. This should be tailored to each individual family; however, with newer techniques, the ability to have children is greater than ever before.







Author Contributions


C.M., C.N., M.M., and J.C.B. wrote the manuscript (original draft preparation, review, and editing). All authors have read and agreed to the published version of the manuscript.




Funding


The research was supported by the Wellcome Trust (grant no. 205174/Z/16/Z) and Kings College Hospital NHS Foundation Trust Pring Legacy Eye Clinic Fund.




Institutional Review Board Statement


This study adhered to the tenets set out in the Declaration of Helsinki and was approved by the London—Camden and Kings Cross Research Ethics Committee (12/LO/0141).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from the patient’s guardian to publish this paper.




Acknowledgments


We would like to thank the family who kindly assisted us with the images. We gratefully acknowledge the support of the National Institute for Health Research (NIHR) Biomedical Research Centre based at Moorfields Eye Hospital NHS Foundation Trust and UCL Institute of Ophthalmology. The views expressed are those of the authors and not the funding organisations.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Chawla, B.; Bhadange, Y.; Dada, R.; Kumar, M.; Sharma, S.; Bajaj, M.S.; Pushker, N.; Chandra, M.; Ghose, S. Clinical, Radiologic, and Genetic Features in Blepharophimosis, Ptosis, and Epicanthus Inversus Syndrome in the Indian Population. Investig. Opthalmol. Vis. Sci. 2013, 54, 2985–2991. [Google Scholar] [CrossRef] [PubMed]

	



Cocquet, J.; Pailhoux, E.; Jaubert, F.; Servel, N.; Xia, X.; Pannetier, M.; De Baere, E.; Messiaen, L.; Cotinot, C.; Fellous, M.; et al. Evolution and Expression of FOXL2. J. Med. Genet. 2002, 39, 916–921. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H. Blepharophimosis, Ptosis, and Epicanthus Inversus Syndrome. In Atlas of Genetic Diagnosis and Counseling; Springer: New York, NY, USA, 2012; pp. 233–238. [Google Scholar] [CrossRef]

	



Fokstuen, S.; Antonarakis, S.E.; Blouin, J.-L. FOXL2-Mutations in Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome (BPES); Challenges for Genetic Counseling in Female Patients. Am. J. Med. Genet. Part A 2002, 117, 143–146. [Google Scholar] [CrossRef]

	



Beysen, D.; Raes, J.; Leroy, B.P.; Lucassen, A.; Yates, J.R.W.; Clayton-Smith, J.; Ilyina, H.; Brooks, S.S.; Christin-Maitre, S.; Fellous, M.; et al. Deletions Involving Long-Range Conserved Nongenic Sequences Upstream and Downstream of FOXL2 as a Novel Disease-Causing Mechanism in Blepharophimosis Syndrome. Am. J. Hum. Genet. 2005, 77, 205–218. [Google Scholar] [CrossRef]

	



De Baere, E.; Beysen, D.; Oley, C.; Lorenz, B.; Cocquet, J.; De Sutter, P.; Devriendt, K.; Dixon, M.; Fellous, M.; Fryns, J.-P.; et al. FOXL2 and BPES: Mutational Hotspots, Phenotypic Variability, and Revision of the Genotype-Phenotype Correlation. Am. J. Hum. Genet. 2003, 72, 478–487. [Google Scholar] [CrossRef]

	



Batista, F.; Vaiman, D.; Dausset, J.; Fellous, M.; Veitia, R.A. Potential Targets of FOXL2, a Transcription Factor Involved in Craniofacial and Follicular Development, Identified by Transcriptomics. Proc. Natl. Acad. Sci. USA 2007, 104, 3330–3335. [Google Scholar] [CrossRef]

	



Leung, D.T.; Fuller, P.J.; Chu, S. Impact of FOXL2 Mutations on Signaling in Ovarian Granulosa Cell Tumors. Int. J. Biochem. Cell Biol. 2016, 72, 51–54. [Google Scholar] [CrossRef]

	



Cocquet, J.; De Baere, E.; Gareil, M.; Pannetier, M.; Xia, X.; Fellous, M.; Veitia, R. Structure, Evolution and Expression of the FOXL2 Transcription Unit. Cytogenet. Genome Res. 2003, 101, 206–211. [Google Scholar] [CrossRef]

	



D’Haene, B.; Nevado, J.; Pugeat, M.; Pierquin, G.; Lowry, R.; Reardon, W.; Delicado, A.; García-Miñaur, S.; Palomares, M.; Courtens, W.; et al. FOXL2 Copy Number Changes in the Molecular Pathogenesis of BPES: Unique Cohort of 17 Deletions. Hum. Mutat. 2010, 31, E1332–E1347. [Google Scholar] [CrossRef] [PubMed]

	



Beysen, D.; De Paepe, A.; De Baere, E. FOXL2 Mutations and Genomic Rearrangements in BPES. Hum. Mutat. 2008, 30, 158–169. [Google Scholar] [CrossRef] [PubMed]

	



Alao, M.; Laleye, A.; Lalya, F.; Hans, C.; Abramovicz, M.; Morice-Picard, F.; Arveiler, B.; Lacombe, D.; Rooryck, C. Blepharophimosis, Ptosis, Epicanthus Inversus Syndrome with Translocation and Deletion at Chromosome 3q23 in a Black African female. Eur. J. Med. Genet. 2012, 55, 630–634. [Google Scholar] [CrossRef]

	



Bertini, V.; Valetto, A.; Baldinotti, F.; Azzarà, A.; Cambi, F.; Toschi, B.; Giacomina, A.; Gatti, G.L.; Gana, S.; Caligo, M.A.; et al. Blepharophimosis, Ptosis, Epicanthus Inversus Syndrome: New Report with a 197-kb Deletion Upstream of FOXL2 and Review of the Literature. Mol. Syndr. 2019, 10, 147–153. [Google Scholar] [CrossRef] [PubMed]

	



Beysen, D.; De Jaegere, S.; Amor, D.; Bouchard, P.; Christin-Maitre, S.; Fellous, M.; Touraine, P.; Grix, A.W.; Hennekam, R.; Meire, F.; et al. Identification of 34 Novel and 56 Known FOXL2 Mutations in Patients with Blepharophimosis Syndrome. Hum. Mutat. 2008, 29, E205–E219. [Google Scholar] [CrossRef] [PubMed]

	



Bouman, A.; Van Haelst, M.; Van Spaendonk, R. Blepharophimosis–Ptosis–Epicanthus Inversus Syndrome Caused by a 54-KB Microdeletion in a FOXL2 Cis-Regulatory Element. Clin. Dysmorphol. 2018, 27, 58–62. [Google Scholar] [CrossRef] [PubMed]

	



Chacon-Camacho, O.F.; Salgado-Medina, A.; Alcaraz-Lares, N.; López-Moreno, D.; Barragan-Arevalo, T.; Nava-Castañeda, A.; Rodríguez-Uribe, G.; Lieberman, E.; Rodríguez-Cabrera, L.; Angel, A.G.-D.; et al. Clinical Characterization and Identification of Five Novel FOXL2 Pathogenic Variants in a Cohort of 12 Mexican Subjects with the Syndrome of Blepharophimosis-Ptosis-Epicanthus Inversus. Gene 2019, 706, 62–68. [Google Scholar] [CrossRef]

	



Chai, P.; Li, F.; Fan, J.; Jia, R.; Zhang, H.; Fan, X. Functional Analysis of a Novel FOXL2 Indel Mutation in Chinese Families with Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome Type, I. Int. J. Biol. Sci. 2017, 13, 1019–1028. [Google Scholar] [CrossRef] [PubMed]

	



Chouchene, I.; Derouiche, K.; Chaabouni, A.; Cherif, L.; Amouri, A.; Largueche, L.; Abdelhak, S.; El Matri, L. Identification of a Novel Mutation inFOXL2Gene That Leads to Blepharophimosis Ptosis Epicanthus Inversus and Telecanthus Syndrome in a Tunisian Consanguineous Family. Genet. Test. Mol. Biomarkers 2010, 14, 145–148. [Google Scholar] [CrossRef]

	



Corrêa, F.J.S.; Tavares, A.B.; Pereira, R.W.; Abrão, M.S. A New FOXL2 Gene Mutation in a Woman with Premature Ovarian Failure and Sporadic Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome. Fertil. Steril. 2010, 93, 1006.e3–1006.e6. [Google Scholar] [CrossRef] [PubMed]

	



Dean, S.J.; Holden, K.R.; Dwivedi, A.; Dupont, B.R.; Lyons, M.J. Acquired Microcephaly in Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome Because of an Interstitial 3q22.3q23 Deletion. Pediatr. Neurol. 2014, 50, 636–639. [Google Scholar] [CrossRef]

	



D’Haene, B.; Attanasio, C.; Beysen, D.; Dostie, J.; Lemire, E.; Bouchard, P.; Field, M.; Jones, K.; Lorenz, B.; Menten, B.; et al. Disease-Causing 7.4 kb Cis-Regulatory Deletion Disrupting Conserved Non-Coding Sequences and Their Interaction with the FOXL2 Promotor: Implications for Mutation Screening. PLoS Genet. 2009, 5, e1000522. [Google Scholar] [CrossRef]

	



Fan, J.; Zhou, Y.; Huang, X.; Zhang, L.; Yao, Y.; Song, X.; Chen, J.; Hu, J.; Ge, S.; Song, H.; et al. The Combination of Polyalanine Expansion Mutation and a Novel Missense Substitution in Transcription Factor FOXL2 Leads to Different Ovarian Phenotypes in Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome (BPES) Patients. Hum. Reprod. 2012, 27, 3347–3357. [Google Scholar] [CrossRef]

	



Fan, J.-Y.; Han, B.; Qiao, J.; Liu, B.-L.; Ji, Y.-R.; Ge, S.-F.; Song, H.-D.; Fan, X.-Q. Functional Study on a Novel Missense Mutation of the Transcription Factor FOXL2 Causes Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome (BPES). Mutagenesis 2010, 26, 283–289. [Google Scholar] [CrossRef]

	



Fan, J.-Y.; Wang, Y.-F.; Han, B.; Ji, Y.-R.; Song, H.-D.; Fan, X.-Q. FOXL2 Mutations in Chinese Families with Blepharophimosis Syndrome (BPES). Transl. Res. 2011, 157, 48–52. [Google Scholar] [CrossRef]

	



González-González, C.; Garcia-Hoyos, M.; Calzón, R.H.; Díaz, C.A.; Fanego, C.G.; Sánchez, I.L.; Sánchez-Escribano, F. Microdeletion Found by Array-CGH in Girl with Blepharophimosis Syndrome and Apparently Balanced Translocation t(3;15) (q23;q25). Ophthalmic Genet. 2011, 33, 107–110. [Google Scholar] [CrossRef] [PubMed]

	



Gulati, R.; Verdin, H.; Halanaik, D.; Bhat, B.V.; De Baere, E. Co-Occurrence of Congenital Hydronephrosis and FOXL2-Associated Blepharophimosis, Ptosis, Epicanthus Inversus Syndrome (BPES). Eur. J. Med. Genet. 2014, 57, 576–578. [Google Scholar] [CrossRef] [PubMed]

	



Haghighi, A.; Verdin, H.; Haghighi-Kakhki, H.; Piri, N.; Gohari, N.S.; De Baere, E. Missense Mutation outside the Forkhead Domain of FOXL2 Causes a Severe Form of BPES Type II. Mol. Vis. 2012, 18, 211–218. [Google Scholar] [PubMed]

	



Hu, J.; Ke, H.; Luo, W.; Yang, Y.; Liu, H.; Li, G.; Qin, Y.; Ma, J.; Zhao, S. A novel FOXL2 Mutation in Two Infertile Patients with Blepharophimosis–Ptosis–Epicanthus Inversus Syndrome. J. Assist. Reprod. Genet. 2020, 37, 223–229. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.; Guo, J.; Wang, B.; Wang, J.; Zhou, Z.; Zhou, G.; Ding, X.; Ma, X.; Qi, Y. Genetic Analysis of the FOXL2 Gene Using Quantitative Real-Time PCR in Chinese Patients with Blepharophimosis-Ptosis-Epicanthus In-versus Syndrome. Mol. Vis. 2011, 17, 436–442. [Google Scholar]

	



Jiang, H.; Huang, X.; Su, Z.; Rao, L.; Wu, S.; Zhang, T.; Li, K.; Quan, Q.; Zhang, K. Genetic Analysis of the Fork-head Transcriptional Factor 2 Gene in Three Chinese Families with Blepharophimosis Syndrome. Mol. Vis. 2013, 19, 418–423. [Google Scholar]

	



Kaur, I.; Hussain, A.; Naik, M.N.; Murthy, R.; Honavar, S.G. Mutation spectrum of Fork-Head Transcriptional Factor Gene (FOXL2) in Indian Blepharophimosis Ptosis Epicanthus Inversus Syndrome (BPES) patients. Br. J. Ophthalmol. 2011, 95, 881–886. [Google Scholar] [CrossRef] [PubMed]

	



Krepelova, A.; Simandlova, M.; Vlckova, M.; Kuthan, P.; Vincent, A.L.; Liskova, P. Analysis of FOXL2 Detects Three Novel Mutations and an Atypical Phenotype of Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome. Clin. Exp. Ophthalmol. 2016, 44, 757–762. [Google Scholar] [CrossRef]

	



Kumar, A.; Babu, M.; Raghunath, A.; Venkatesh, C.P. Genetic Analysis of a Five Generation Indian Family with BPES: A Novel Missense Mutation (p.Y215C). Mol. Vis. 2004, 10, 445–449. [Google Scholar]

	



Leon-Mateos, A.; Ginarte, M.; Ruiz-Ponte, C.; Carracedo, A.; Toribio, J. Blepharophimosis Ptosis Epicanthus Inversus Syndrome (BPES). Int. J. Dermatol. 2007, 46, 61–63. [Google Scholar] [CrossRef] [PubMed]

	



Li, F.; Chai, P.; Fan, J.; Wang, X.; Lu, W.; Li, J.; Ge, S.; Jia, R.; Zhang, H.; Fan, X. A Novel FOXL2 Mutation Implying Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome Type, I. Cell. Physiol. Biochem. 2018, 45, 203–211. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Gu, Y. Genetic and Functional Analyses of Two Missense Mutations in the Transcription Factor FOXL2 in Two Chinese Families with Blepharophimosis–Ptosis–Epicanthus Inversus Syndrome. Genet. Test. Mol. Biomarkers 2018, 22, 585–592. [Google Scholar] [CrossRef] [PubMed]

	



Lim, B.C.; Park, W.Y.; Seo, E.-J.; Kim, K.J.; Hwang, Y.S.; Chae, J.H. De Novo Interstitial Deletion of 3q22.3-q25.2 Encompassing FOXL2, ATR, ZIC1, and ZIC4 in a Patient with Blepharophimosis/Ptosis/Epicanthus Inversus Syndrome, Dandy-Walker Malformation, and Global Developmental Delay. J. Child Neurol. 2011, 26, 615–618. [Google Scholar] [CrossRef]

	



Lin, W.-D.; Chou, I.-C.; Lee, N.-C.; Wang, C.-H.; Hwu, W.-L.; Lin, S.-P.; Chao, M.-C.; Tsai, Y.; Tsai, F.-J. FOXL2 Mutations in Taiwanese Patients with Blepharophimosis, Ptosis, Epicanthus Inversus Syndrome. Clin. Chem. Lab. Med. 2010, 48, 485–488. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Aguayo, A.; Poggi, H.; Cattani, A.; Molina, M.; Romeo, E.; Lagos, M. A Novel Insertion in the FOXL2 Gene in a Chilean Patient with Blepharophimosis Ptosis Epicanthus Inversus Syndrome Type I. J. Pediatr. Endocrinol. Metab. 2014, 27, 181–184. [Google Scholar] [CrossRef]

	



Méduri, G.; Bachelot, A.; Duflos, C.; Bständig, B.; Poirot, C.; Genestie, C.; Veitia, R.; De Baere, E.; Touraine, P. FOXL2 Mutations Lead to Different Ovarian Phenotypes in BPES Patients: Case Report. Hum. Reprod. 2010, 25, 235–243. [Google Scholar] [CrossRef] [PubMed]

	



Nallathambi, J.; Moumné, L.; De Baere, E.; Beysen, D.; Usha, K.; Sundaresan, P.; Veitia, R.A. A Novel Polyalanine Expansion in FOXL2: The First Evidence for a Recessive Form of the Blepharophimosis Syndrome (BPES) Associated with Ovarian Dysfunction. Qual. Life Res. 2006, 121, 107–112. [Google Scholar] [CrossRef] [PubMed]

	



Ng, J.K.; Stout, A.U.; Aaby, A.A.; Ng, J.D. Blepharophimosis Syndrome with Absent Tear Production. Ophthalmic Plast. Reconstr. Surg. 2015, 31, e62. [Google Scholar] [CrossRef] [PubMed]

	



Ni, F.; Wen, Q.; Wang, B.; Zhou, S.; Wang, J.; Mu, Y.; Ma, X.; Cao, Y. Mutation Analysis of FOXL2 Gene in Chinese Patients with Premature Ovarian Failure. Gynecol. Endocrinol. 2009, 26, 246–249. [Google Scholar] [CrossRef] [PubMed]

	



Niu, B.-B.; Tang, N.; Xu, Q.; Chai, P.-W. Genomic Disruption of FOXL2 in Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome Type 2. Chin. Med. J. 2018, 131, 2380–2383. [Google Scholar] [CrossRef] [PubMed]

	



Nuovo, S.; Passeri, M.; Di Benedetto, E.; Calanchini, M.; Meldolesi, I.; Di Giacomo, M.C.; Petruzzi, D.; Piemontese, M.R.; Zelante, L.; Sangiuolo, F.; et al. Characterization of Endocrine Features and Genotype–Phenotypes Correlations in Blepharophimosis–Ptosis–Epicanthus Inversus Syndrome Type 1. J. Endocrinol. Investig. 2015, 39, 227–233. [Google Scholar] [CrossRef] [PubMed]

	



Raile, K.; Stobbe, H.; Tröbs, R.B.; Kiess, W.; Pfäffle, R. A New Heterozygous Mutation of the FOXL2 Gene Is Associated with a Large Ovarian Cyst and Ovarian Dysfunction in an Adolescent Girl with Blepharophimosis/Ptosis/Epicanthus Inversus Syndrome. Eur. J. Endocrinol. 2005, 153, 353–358. [Google Scholar] [CrossRef]

	



Ramineni, A.; Coman, D. De Novo 3q22.3q24 Microdeletion in a Patient with Blepharophimosis–Ptosis–Epicanthus Inversus Syndrome, Dandy-Walker Malformation, and Wisconsin Syndrome. Child Neurol. Open 2016, 3, 2329048–16666362. [Google Scholar] [CrossRef]

	



Schlade-Bartusiak, K.; Brown, L.; Lomax, B.; Bruyère, H.; Gillan, T.; Hamilton, S.; McGillivray, B.; Eydoux, P. BPES With Atypical Premature Ovarian Insufficiency, and Evidence of Mitotic Recombination, in a Woman with Trisomy X and a Translocation t(3;11) (q22.3;q14.1). Am. J. Med. Genet. Part A 2012, 158A, 2322–2327. [Google Scholar] [CrossRef]

	



Settas, N.; Anapliotou, M.; Kanavakis, E.; Fryssira, H.; Sofocleous, C.; Dacou-Voutetakis, C.; Chrousos, G.P.; Voutetakis, A. A Novel FOXL2 Gene Mutation and BMP15 Variants in a Woman with Primary Ovarian Insufficiency and Blepharophimosis–Ptosis–Epicanthus Inversus Syndrome. Menopause 2015, 22, 1264–1268. [Google Scholar] [CrossRef]

	



Tan, H.; Yang, P.; Li, H.; Pan, Q.; Liang, D.; Wu, L. A Novel FOXL2 Mutation in a Chinese Family with Blepharophimosis, Ptosis, Epicanthus Inversus Syndrome. Hum. Genome Var. 2015, 2, 15008. [Google Scholar] [CrossRef] [PubMed]

	



Tang, S.; Wang, X.; Lin, L.; Sun, Y.; Wang, Y.; Yu, H. Mutation Analysis of the FOXL2 Gene in Chinese Patients with Blepharophimosis–Ptosis–Epicanthus Inversus Syndrome. Mutagenesis 2006, 21, 35–39. [Google Scholar] [CrossRef]

	



Tzschach, A.; Kelbova, C.; Weidensee, S.; Peters, H.; Ropers, H.-H.; Ullmann, R.; Erdogan, F.; Jurkatis, J.; Menzel, C.; Kalscheuer, V.; et al. Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome in a Girl with Chromosome Translocation t(2;3) (q33;q23). Ophthalmic Genet. 2008, 29, 37–40. [Google Scholar] [CrossRef] [PubMed]

	



Verdin, H.; D’Haene, B.; Beysen, D.; Novikova, Y.; Menten, B.; Sante, T.; Lapunzina, P.; Nevado, J.; Carvalho, C.M.B.; Lupski, J.R.; et al. Microhomology-Mediated Mechanisms Underlie Non-Recurrent Disease-Causing Microdeletions of the FOXL2 Gene or Its Regulatory Domain. PLoS Genet. 2013, 9, e1003358. [Google Scholar] [CrossRef]

	



Wang, J.; Liu, J.; Zhang, Q. FOXL2 Mutations in Chinese Patients with Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome. Mol. Vis. 2007, 13, 108–113. [Google Scholar]

	



Xu, Y.; Lei, H.; Dong, H.; Zhang, L.; Qin, Q.; Gao, J.; Zou, Y.; Yan, X. FOXL2 Gene Mutations and Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome (BPES): A Novel Mutation Detected in a Chinese Family and a Statistic Model for Summarizing Previous Reported Records. Mutagenesis 2009, 24, 447–453. [Google Scholar] [CrossRef]

	



Xue, M.; Zheng, J.; Zhou, Q.; Hejtmancik, J.F.; Wang, Y.; Li, S. Novel FOXL2 Mutations in Two Chinese Families with Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome. BMC Med. Genet. 2015, 16, 73. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Li, T.; Xing, Y. Identification of a Novel FOXL2 Mutation in a Single Family with Both Types of Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome. Mol. Med. Rep. 2017, 16, 5529–5532. [Google Scholar] [CrossRef]

	



Yang, X.-W.; He, W.-B.; Gong, F.; Li, W.; Li, X.-R.; Zhong, C.-G.; Lu, G.-X.; Lin, G.; Du, J.; Tan, Y.-Q. Novel FOXL2 Mutations Cause Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome with Premature Ovarian Insufficiency. Mol. Genet. Genom. Med. 2018, 6, 261–267. [Google Scholar] [CrossRef]

	



Yang, Y.; Yang, C.; Zhu, Y.; Chen, H.; Zhao, R.; He, X.; Tao, L.; Wang, P.; Zhou, L.; Zhao, L.; et al. Intragenic and Extragenic Disruptions of FOXL2 Mapped by Whole Genome Low-Coverage Sequencing in Two BPES Families with Chromosome Reciprocal Translocation. Genomes 2014, 104, 170–176. [Google Scholar] [CrossRef] [PubMed]

	



Zahanova, S.; Meaney, B.; Łabieniec, B.; Verdin, H.; De Baere, E.; Nowaczyk, M.J. Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome Plus. Clin. Dysmorphol. 2012, 21, 48–52. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, L.; Han, R.; Guan, L.; Fan, B.; Liu, M.; Ying, M.; Peng, H.; Li, N. Identification of the Forkhead Transcriptional Factor 2 (FOXL2) Gene Mutations in Four Chinese Families with Blepharophimosis Syndrome. Mol. Vis. 2013, 19, 2298–2305. [Google Scholar]

	



Zhou, L.; Wang, J.; Wang, T. Functional Study on New FOXL2 Mutations Found in Chinese Patients with Blepharophimosis, Ptosis, Epicanthus Inversus Syndrome. BMC Med. Genet. 2018, 19, 121. [Google Scholar] [CrossRef]

	



Bunyan, D.J.; Thomas, N.S. Screening of a Large Cohort of Blepharophimosis, Ptosis, and Epicanthus Inversus Syndrome Patients Reveals a Very Strong PA-Ternal Inheritance Bias and a Wide Spectrum of Novel FOXL2 Mutations. Eur. J. Med. Genet. 2019, 62, 103668. [Google Scholar] [CrossRef]

	



Brocke, K.S.; Neu-Yilik, G.; Gehring, N.H.; Hentze, M.W.; Kulozik, A.E. The Human Intronless Melanocortin 4-Receptor Gene Is NMD Insensitive. Hum. Mol. Genet. 2002, 11, 331–335. [Google Scholar] [CrossRef]

	



Moumné, L.; Fellous, M.; Veitia, R.A. Deletions in the Polyalanine-Containing Transcription Factor FOXL2 Lead to Intranuclear Aggregation. Hum. Mol. Genet. 2005, 14, 3557–3564. [Google Scholar] [CrossRef] [PubMed]

	



De Baere, E.; Dixon, M.J.; Small, K.W.; Jabs, E.W.; Leroy, B.P.; Devriendt, K.; Gillerot, Y.; Mortier, G.; Meire, F.; Van Maldergem, L.; et al. Spectrum of FOXL2 Gene Mutations in Blepharophimosis-Ptosis-Epicanthus Inversus (BPES) Families Demonstrates a Genotype-Phenotype Correla-Tion. Hum. Mol. Genet. 2001, 10, 1591–1600. [Google Scholar] [CrossRef] [PubMed]

	



Brown, L.Y.; Brown, S.A. Alanine Tracts: The Expanding Story of Human Illness and Trinucleotide Repeats. Trends Genet. 2004, 20, 51–58. [Google Scholar] [CrossRef] [PubMed]

	



Kosaki, K.; Ogata, T.; Kosaki, R.; Sato, S.; Matsuo, N. A Novel Mutation in the FOXL2 Gene in a Patient with Blepharophimosis Syndrome: Differential Role of the Polyalanine Tract in the Development of the Ovary and the Eyelid. Ophthalmic Genet. 2002, 23, 43–47. [Google Scholar] [CrossRef] [PubMed]

	



Caburet, S.; Demarez, A.; Moumné, L.; Fellous, M.; De Baere, E.A.; Veitia, R. A Recurrent Polyalanine Expansion in the Transcription Factor FOXL2 Induces Extensive Nuclear and Cytoplasmic Protein Aggregation. J. Med. Genet. 2004, 41, 932–936. [Google Scholar] [CrossRef]

	



Moumné, L.; Dipietromaria, A.; Batista, F.; Kocer, A.; Fellous, M.; Pailhoux, E.; Veitia, R.A. Differential Aggregation and Functional Impairment Induced by Polyalanine Expansions in FOXL2, a Transcription Factor in-Volved in Cranio-Facial and Ovarian Development. Hum. Mol. Genet. 2007, 17, 1010–1019. [Google Scholar] [CrossRef]

	



Boccone, L.; Meloni, A.; Falchi, A.M.; Usai, V.; Cao, A. Blepharophimosis, Ptosis, Epicanthus Inversus Syndrome, a New Case Associated with de Novo Balanced Autosomal Translocation [46,XY,t(3;7)(q23;q32)]. Am. J. Med. Genet. 1994, 51, 258–259. [Google Scholar] [CrossRef] [PubMed]

	



Fukushima, Y.; Wakui, K.; Nishida, T.; Ueoka, Y. Blepharophimosis Sequence Andde Novo Balanced Autosomal Translocation [46, XY,t(3;4)(q23;p15.2)]: Possible Assignment of the Trait to 3q23. Am. J. Med. Genet. 1991, 40, 485–487. [Google Scholar] [CrossRef]

	



Kleinjan, D.-J.; Van Heyningen, V. Position Effect in Human Genetic Disease. Hum. Mol. Genet. 1998, 7, 1611–1618. [Google Scholar] [CrossRef] [PubMed]

	



Nikic, S.; Vaiman, D. Conserved Patterns of Gene Expression in Mice and Goats in the Vicinity of the Polled Intersex Syndrome (PIS) locus. Chromosom. Res. 2004, 12, 465–474. [Google Scholar] [CrossRef]

	



Pailhoux, E.; Vigier, B.; Schibler, L.; Cribiu, E.P.; Cotinot, C.; Vaiman, D. Positional Cloning of the PIS Mutation in Goats and Its Impact on Understanding Mammalian Sex-Differentiation. Genet. Sel. Evol. 2005, 37, S55. [Google Scholar] [CrossRef]

	



Uhlenhaut, N.H.; Treier, M. FOXL2 Function in Ovarian Development. Mol. Genet. Metab. 2006, 88, 225–234. [Google Scholar] [CrossRef]

	



Sills, E.S.; Alper, M.M.; Walsh, A.P. Ovarian Reserve Screening in Infertility: Practical Applications and Theoretical Directions for Research. Eur. J. Obstet. Gynecol. Reprod. Biol. 2009, 146, 30–36. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, J.L.; Chabbert-Buffet, N.; Darai, E. Diminished Ovarian Reserve, Premature Ovarian Failure, Poor Ovarian Responder—A Plea for Universal Definitions. J. Assist. Reprod. Genet. 2015, 32, 1709–1712. [Google Scholar] [CrossRef] [PubMed]

	



Pastore, L.M.; Christianson, M.S.; Stelling, J.; Kearns, W.G.; Segars, J.H. Reproductive Ovarian Testing and the Alphabet Soup of Diagnoses: DOR, POI, POF, POR, and FOR. J. Assist. Reprod. Genet. 2018, 35, 17–23. [Google Scholar] [CrossRef]

	



Roth, L.; Alvero, R. Pregnancy in a Woman with Premature Ovarian Insufficiency Associated with Blepharo-phimosis, Ptosis, Epicanthus Inversus Syndrome Type I: A Case Report. Request PDF. J. Reprod. Med. 2014, 59, 87–89. [Google Scholar] [PubMed]

	



Beaconsfield, M.; Walker, J.W.; Collin, J.R. Visual Development in the Blepharophimosis Syndrome. Br. J. Ophthalmol. 1991, 75, 746–748. [Google Scholar] [CrossRef] [PubMed]

	



Tyers, A.G. The Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome (BPES). Orbit 2011, 30, 199–201. [Google Scholar] [CrossRef] [PubMed]

	



Verdin, H.; Baere, E. De Blepharophimosis, Ptosis, and Epicanthus Inversus; Adam, M.P., Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Stephens, K., Amemiya, A., Eds.; 8 Jul. 2004 [updated 5 Feb. 2015]; GeneReviews® [Internet]; University of Washington: Seattle, WA, USA, 1993–2020. Available online: https://pubmed.ncbi.nlm.nih.gov/20301614/ (accessed on 30 January 2021).

	



Drury, S.; Hill, M.; Chitty, L. Cell-Free Fetal DNA Testing for Prenatal Diagnosis. In Advances in Applied Microbiology; Elsevier: Amsterdam, The Netherlands, 2016; Volume 76, pp. 1–35. [Google Scholar] [CrossRef]

	



Richardson, R.; Smart, M.; Tracey-White, D.; Webster, A.R.; Moosajee, M. Mechanism and Evidence of Nonsense Suppression Therapy for Genetic Eye Disorders. Exp. Eye Res. 2017, 155, 24–37. [Google Scholar] [CrossRef] [PubMed]

	



Fuller-Carter, P.I.; Basiri, H.; Harvey, A.R.; Carvalho, L.S. Focused Update on AAV-Based Gene Therapy Clinical Trials for Inherited Retinal Degeneration. BioDrugs 2020, 34, 763–781. [Google Scholar] [CrossRef]

	



Beckingsale, P.S.; Sullivan, T.J.; Wong, V.A.; Oley, C. Blepharophimosis: A Recommendation for Early Surgery in Patients with Severe Ptosis. Clin. Exp. Ophthalmol. 2003, 31, 138–142. [Google Scholar] [CrossRef]

	



Dawson, E.; Hardy, T.; Collin, J.; Lee, J. The Incidence of Strabismus and Refractive Error in Patients with Blepharophimosis, Ptosis and Epicanthus Inversus Syndrome (BPES). Strabismus 2003, 11, 173–177. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wu, Q.; Li, L.; Liu, W.; Li, C.; Fan, Y.; Cao, W.; Li, N. A Modified Fox Pentagon Technique Performed Using a Polytetrafluoroethylene Sling in Frontalis Suspension to Treat Blepharophimosis Syndrome. Sci. Prog. 2020, 103, 003685041989388. [Google Scholar] [CrossRef]

	



Al-Abbadi, Z.; Sagili, S.; Malhotra, R. Outcomes of Posterior-Approach ‘Levatorpexy’ in Congenital Ptosis Repair. Br. J. Ophthalmol. 2014, 98, 1686–1690. [Google Scholar] [CrossRef]

	



Antus, Z.; Salam, A.; Horvath, E.; Malhotra, R. Outcomes for Severe Aponeurotic Ptosis Using Posterior Approach White-Line Advancement Ptosis Surgery. Eye 2017, 32, 81–86. [Google Scholar] [CrossRef]

	



Taylor, A.; Strike, P.W.; Tyers, A.G. Blepharophimosis Ptosis Epicanthus Inversus Syndrome: Objective Analysis of Surgical Outcome in Patients from a Single Unit. Clin. Exp. Ophthalmol. 2007, 35, 262–269. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Shao, Y.; Zhao, Z.; Zhang, D. One-Stage Correction of Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome Using a Frontalis Muscle Transfer Technique. J. Plast. Surg. Hand Surg. 2013, 48, 74–79. [Google Scholar] [CrossRef]

	



Bhattacharjee, K.; Bhattacharjee, H.; Kuri, G.; Shah, Z.T.; Deori, N. Single Stage Surgery for Blepharophimosis Syndrome. Indian J. Ophthalmol. 2012, 60, 195–201. [Google Scholar] [CrossRef] [PubMed]

	



Sebastiá, R.; Neto, G.H.; Fallico, E.; Lessa, S.; Solari, H.P.; Ventura, M.P. A One-Stage Correction of the Blepharophimosis Syndrome Using a Standard Combination of Surgical Techniques. Aesthetic Plast. Surg. 2011, 35, 820–827. [Google Scholar] [CrossRef] [PubMed]

	



Parvizi, S.; Ong, J.; Rayyah, Y.A.; Dunaway, D. A Novel Medial Canthal Reconstruction Technique in Children with Blepharophimosis Syndrome. Ophthalmic Plast. Reconstr. Surg. 2019, 35, 506–508. [Google Scholar] [CrossRef] [PubMed]

	



Song, X.; Jia, R.; Zhu, H.; Zhou, Y.; Sun, Y.; Lin, M.; Fu, Y.; Li, J.; Li, Z.; Lu, L.; et al. A Modified Staged Surgical Intervention for Blepharophimosis-Ptosis-Epicanthus Inversus Syndrome. Ann. Plast. Surg. 2015, 74, 410–417. [Google Scholar] [CrossRef]

	



Mustardé, J. Epicanthus and Telecanthus. Br. J. Plast. Surg. 1963, 16, 346–356. [Google Scholar] [CrossRef]

	



Goswami, D.; Conway, G.S. Premature Ovarian Failure. Hum. Reprod. Updat. 2005, 11, 391–410. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 12 00364 g001 550] 





Figure 1. Diagram showing forkhead box L2 (FOXL2), up- and downstream genomic position, protein structure, and hotspot located in the poly-alanine domain. (A) Chromosomal deletions were reported in at least 84 blepharophimosis, ptosis, and epicanthus inversus syndrome (BPES) patients, with the largest encompassing 3q22.3 to 3q24 (12 Mb) and the smallest encompassing FOXL2 or PIRST1 genes (UCSC: hg19:chr3:133,064,629-153,716,375). (B) FOXL2 is composed of one 2.9 kb exon (NM_02367.4). The stop codon is indicated with an asterisk (*). (C) FOXL2 is a 376 amino acid protein, composed of poly-glycine (amino acid position 35–43) depicted in light grey, a DNA binding protein or forkhead (amino acid 54–148) in dark, two poly-alanine (poly-Ala) region (amino acid 221–234 and 301–304) in grey, and a poly-proline region (amino acid 284–292) in light grey (Uniprot: P58012). The most common variants (more than five patients were reported) are represented herein, which affect the highly conserved poly-alanine domain (amino acid 221–234) with c.672_701dup p.(Ala224_Ala234dup) (n = 80), c.663_692dup p.(Ala221_Ala231dup) (n = 12), and c.664_693dup p.(Ala222_Ala231) (n = 5), or the poly-proline domain (amino acid 284–292) with c.843_859dup p.(Pro287Argfs*241) (n = 46), c.855_871del p.(Pro287Alafs*241) (n = 5), and c.855_871dup p.(His291Argfs*71) (n = 15). The nonsense variant c.655C>T p.(Gln219*) and the frameshift variant c.804dup p.(Gly269Argfs*265) were reported in 6 and 10 patients, respectively. 
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Figure 2. BPES patient with a heterozygous missense mutation in FOXL2 c.175T>G, p.(Tyr59Asp): (A) features seen at 4 months of age consisting of (B) four cardinal features: (a) blepharophimosis, (b) ptosis, (c) telecanthus, and (d) epicanthus inversus. (C) Bilateral correction of the ptosis at 12 months of age using a Supramid (artificial material) frontalis suspension technique and (D) eyelid position 6 months after the frontalis suspension operation. 
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