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Abstract

:

Background: Beckwith–Wiedemann syndrome (BWS) is a phenotypically and genetically heterogeneous disorder associated with epigenetic/genetic aberrations on chromosome 11p15.4p15.5. There is no consensus criterion for prenatal diagnosis of BWS. Methods: Three BWS patients with their clinical histories, prenatal ultrasonographic features, and results of molecular diagnosis were presented. Likewise, by incorporating the findings of our cases and literature review, the phenotypic spectrum and genotype–phenotype correlations of fetal BWS were summarized, and a practical approach in prenatal diagnosis of BWS was proposed. Results: A total of 166 BWS cases with prenatal features were included for analysis. Common fetal features include abdominal wall defects (42.8%), polyhydramnios (33.1%), and macrosomia (32.5%). Molecular pathologies include methylation changes in imprinting control region 1 and 2 (ICR1 and ICR2), paternal uniparental disomy of chromosome 11p15.5, copy number change involving 11p15, etc. Some genotype–phenotype correlations were observed. However, the broad phenotypic spectrum but limited features manifested by affected fetuses rendering ultrasonographic diagnosis not easy. Conclusions: Molecular tests are used for prenatal diagnosis of BWS suspected by ultrasonography. Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA) is recommended as the first-line molecular tool because it simultaneously detects ICR1/ICR2 methylation statuses and copy numbers that solve the majority of clinical cases in the prenatal scenario.
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1. Introduction


Beckwith–Wiedemann syndrome (BWS) is a growth malformation disorder that affects multiple organ systems and manifests variable expressivity. Features related to BWS include macrosomia, macroglossia, abdominal wall defects (omphalocele, umbilical hernia, and diastasis recti), visceromegaly (kidneys, liver, spleen, pancreas, and adrenal glands), facial abnormalities (ear creases and pits, facial nevus flammeus, metopic ridge), hemihypertrophy, and hypoglycemia [1,2]. Patients with BWS also face an increased risk of childhood malignancies (Wilms’ tumor, neuroblastoma, adrenal carcinoma, hepatoblastoma, rhabdomyosarcoma) [3]. The incidence of BWS is estimated to be 1 out of 10,000 live births [4], with increased risk associated with assisted reproductive technology (ART) of about 1 in 1100 [5].



The molecular mechanism underlying BWS is also heterogeneous and associated with both of epigenetic and genetic alternations on chromosome 11p15.4p15.5. The region harbors a cluster of imprinted genes and is functionally divided into two domains: the telomeric and centromeric domains. The telomeric domain includes the long intergenic noncoding RNA H19 (H19) and insulin-like growth factor 2 (IGF2) genes [6,7,8] that are regulated by the imprinting control region 1 (ICR1), also known as imprinting center 1 (IC1) or differentially methylated region 1 (DMR1) (Figure 1). The paternal ICR1 is imprinted by methylation that prevents H19 activation but permits IGF2 expression. In contrast, the maternal ICR1 is unmethylated and allows H19 activation but silences IGF2 expression (Figure 1). The centromeric domain includes the cyclin-dependent kinase inhibitor 1C (CDKN1C), potassium voltage-gated channel subfamily Q member 1 (KCNQ1), and KCNQ1-overlapping transcript 1 (KCNQ1OT1) (also known as long QT intronic transcript 1, LIT1) genes [9,10,11] that are coordinated by the ICR2/IC2/DMR2 (Figure 1). The maternal ICR2 is methylated and prevents KCNQ1OT1 activation but permits CDKN1C and KCNQ1 expression. On the contrary, the paternal ICR2 is unmethylated and allows KCNQ1OT1 activation but silences CDKN1C and KCNQ1 expression (Figure 1). Methylation alternation, point mutation, deletion, duplication, and chromosomal rearrangement involving the centromeric domain are causative of 85% of BWS patients, while molecular anomalies in the telomeric domain are causative of 5–7% of BWS cases [2,12,13,14]. Overall, ICR2 hypomethylation is the most common cause found in 50–60% of patients, followed by paternal uniparental disomy chromosome 11 (patUPD11) and ICR1 hypermethylation, detected in 20–25% and 5–10% of cases, respectively [15]. CDKN1C mutations are found in about 5% of sporadic BWS and 40% of familial cases [15].



Patients with BWS are commonly diagnosed via clinical and pathologic investigation. Different systems with various combinations of clinical features have been proposed to define BWS [2,16,17]. The consortium of European Network of Human Congenital Imprinting Disorders (EUCID.net) supports a clinical scoring system that classifies the phenotypic abnormalities into cardinal features (e.g., macroglossia, omphalocele) and suggestive features (e.g., birthweight > 2 standard deviation scores above the mean, facial nevus simplex) [2]. Each of the cardinal and suggestive features is scored as 2 and 1 points, respectively. Patients with scoring value ≥ 4 are clinically diagnosed as BWS, while patients with scoring value < 2 are not recognized as BWS cases [2].



In contrast to postnatal cases that can be diagnosed by phenotypic scoring, prenatal diagnosis of BWS is relatively challenging because some cardinal features cannot be detected by ultrasonography (e.g., hemihyperplasia), and some features appearing after GA of 30 weeks (e.g., macrosomia and macroglossia) could be missed in second trimester fetal structural screening [18]. Currently, treatments are available for some of the symptoms of BWS (e.g., abdominal wall repair, surgical tongue reduction), but neonatal death may occur due to complications of macroglossia, cardiomyopathy, prematurity, or hypoglycemia [19]. Prenatal recognition of BWS is helpful for monitoring and timely treatment of complications after birth.



Molecular examination provides an alternative method for prenatal diagnosis of this complex disorder. Here, we report the clinical history and prenatal ultrasonographic findings of three BWS cases. The gross appearance and autopsy of aborted fetuses showed compatible findings to the prenatal ultrasonography and met the diagnostic criteria of BWS. Molecular diagnosis confirmed that all the three cases are caused by genetic/epigenetic defects in chromosomal 11p15 region. By incorporating the clinical findings of these cases and the literature review, we further summarize the phenotypic spectrum and genotype–phenotype correlations of fetal BWS and propose a practical approach to facilitate the prenatal diagnosis of BWS.




2. Materials and Methods


2.1. Patients


Three pregnant women (from three unrelated families) who visited our hospital from 2018 to 2019 were enrolled in this study (case I-2, II-2, and III-5 in Figure 2). These women underwent amniocentesis in the second trimester due to abnormal ultrasound findings of their singleton pregnancies. Genetic analyses were performed for the three fetuses, of which one was confirmed of BWS after birth (Patient 1; case I-3 in Figure 2), and the remaining two were prenatally diagnosed as BWS (Patient 2 and 3; case II-4 and III-9, respectively, in Figure 2).




2.2. DNA Extraction


DNAs from amniocytes and peripheral blood leukocytes were extracted using Puregene Extraction Kit (Qiagen, Hilden, Germany). DNA quality and purity were evaluated based on the values and ratio of the absorbances at 260 nm and 280 nm using ND-1000 spectrophotometer (Labtech International, East Sussex, UK).




2.3. Cytogenetic Analysis


Chromosomal compositions were examined by cytogenetic analysis. The amniocytes were cultured in amniocyte culture medium BIO-AMF-1 (Biological Industries, Cromwell, CT, USA) and grew in an incubator at 37 °C with 5% CO2 for 9 to 10 days. The cells were harvested when multiple clones with metaphase cells were observed under an inverted microscope. Conventional G banding was performed with Wright’s dye staining. Twenty chromosome karyotypes were counted, and seven karyotypes were analyzed.




2.4. Chromosome Microarray Analysis (CMA)


Copy number analyses were performed by CMA using an Agilent customer design oligonucleotide 8 × 60 K CytoScan® gene chip (ID 040427). DNA labeling and hybridization were carried out according to manufacturer’s recommendation. Scanned images were analyzed by Feature Extraction 9.5.3 software (Agilent Technologies, Santa Clara, CA, USA), and the extracted data were processed using the Agilent Genomic Workbench 7.0 program (Agilent Technologies, CA, USA). The CMA findings were described based on the reference genome version of GRCh37, following the latest guideline of An International System for Human Cytogenomic Nomenclature (ISCN2020).




2.5. Methylation-Specific Multiplex Ligation-Dependent Probe Amplification (MS-MLPA)


DNA methylation of ICR1 and ICR2 and the imprinted gene dosage of H19 and KCNQ1OT1/LIT1 of chromosome 11p15 were analyzed by MS-MLPA according to the instruction of the manufacture (ME030-C3 BWS/RSS, MRC-Holland, Amsterdam, The Netherlands). The MS-MLPA products were run on GenomeLab™ GeXP Genetic Analysis System (Beckman Coulter Inc., Brea, CA, USA), and the data were collected by FRAGMENTS application program (Beckman Coulter Inc.). The collected data were analyzed using an in-house-designed Excel-based program that is able to perform all normalization steps.




2.6. Literature Review


The PubMed and Web of Science databases were searched through 17 March 2022, along with grey literature and reference list searches. The search strategies and keywords used are as follows: “Beckwith–Wiedemann syndrome”, “BWS”, “prenatal”, “ultrasound”, “genetic diagnosis”, “fetal feature”, “macrosomia”, “macroglossia”, “visceromegaly”, “hemihypertrophy”, “abdominal wall defects”, “ICR2 hypomethylation”, “ICR1 hypermethylation”, “patUPD11p15”, and “uniparental disomy”. As we focused on the study of the prenatal cases, studies exclusively concerning postnatal findings, clinical management, and evolution of postnatal diagnostics were excluded.





3. Results


3.1. Patients


Three BWS patients from three unrelated families were included in this study, of which one was confirmed of BWS after birth (Patient 1 is case I-3 in Figure 2), and the remaining two were prenatally diagnosed as BWS (Patient 2 and 3 are case II-4 and III-9, respectively, in Figure 2).



3.1.1. Patient 1


A 31-year-old Taiwanese woman who naturally conceived, gravida 1, para 0, received prenatal care at our center since the first trimester. Isolated umbilical hernia (Figure 3a) was found at GA = 21 weeks and two days, but otherwise, no other structural abnormality was noted. The estimated fetal weight was 460 g (79th percentile). BWS was not speculated due to our inexperience of fetal BWS diagnosis then. Cytogenetic analyses and chromosome microarray analysis (CMA) were offered to detect if any chromosomal/genomic variants associated with the fetal anomaly. Results of both tests showed a normal female karyotype without pathogenic copy number variations (CNVs), 46,XX.arr(X,1−22)×2. The parents decided to continue the pregnancy, and the pregnancy was uneventful until birth. A female baby was delivered at GA = 38 weeks by cesarean section. The birth body weight was 3850 g (96th percentile), and Apgar score after birth were 8 and 9 in the first minute and fifth minutes, respectively. Macrosomia, in addition to umbilical hernia with 3 cm abdominal wall defect and small bowel protruding (Figure 3b), was noted, leading to suggest of BWS. However, neither neonatal hypoglycemia nor asymmetric extremities was found. Neonatal abdominal ultrasonography revealed normal size of kidney and liver without intraabdominal tumor. Surgery of umbilical hernia repair with small bowel reduction was arranged at the first day after birth, and the baby was discharged without complication a few days later. Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA) test of neonatal peripheral blood for BWS was performed, and the result showed ICR2 hypomethylation (8.3%) on chromosome 11p15, confirming the diagnosis of BWS. The methylation status in ICR1 was within the normal range (48.9%). No copy number change was detected in ICR1 and ICR2.




3.1.2. Patient 2


A 32-year-old Taiwanese woman who natural conceived, gravida 3, para 1, visited our center because of abnormal prenatal ultrasonography at GA = 21 weeks. The fetal weight was estimated as 395 g (47th percentile). Detailed fetal ultrasonography revealed isolated omphalocele (Figure 3c). Patient 2 was suspected as a fetal BWS based on the diagnostic experience of Patient 1. Amniocentesis was carried out for CMA and MS-MLPA to detect the copy number and methylation status of the ICR2 and ICR1 regions. CMA revealed a normal male genomic composition (arr(X,Y)×1,(1−22)×2), but MS-MLPA revealed ICR2 hypomethylation (10.6%), confirming the diagnosis of BWS. The methylation status in ICR1 was normal, and no copy number change was detected in ICR1 and ICR2. MS-MLPA performed for the parents showed normal copy number and methylation status in ICR2 and ICR1. After nondirective counseling, pregnancy was terminated at GA = 22 weeks and two days, and a 520 g (63rd percentile) male fetus was aborted. Omphalocele was confirmed for the abortus, but an autopsy was denied by the couple.




3.1.3. Patient 3


A 37-year-old Taiwanese woman, gravida 2, para 1, visited our center for genetic counseling at GA = 10 weeks. According to the medical record, the fetus of her first pregnancy was found to have a microdeletion on chromosome 11p15.5, including the ICR1 (Figure 1), by CMA with indication of anxiety. The fetus was subsequently diagnosed as BWS at GA = 22 weeks by MS-MLPA that showed full methylation (100%) in ICR1. The pregnancy was terminated at GA = 23 weeks.



During this pregnancy, chorionic villus sampling (CVS) was provided at GA = 12 weeks. The crown-rump length of the fetus was 63.2 mm (estimated GA = 12 weeks and 5 days). Chromosomal analysis revealed a normal female 46,XX karyotype. CMA identified a 32 kb deletion on chromosome 11p15.5, (arr[GRCh37] 11p15.5(1996741_2028877)×1), identical to that found in the first pregnancy (Figure 1). Parental follow-up showed the 11p15.5 deletion is of maternal origin. The mother carried the 11p15.5 deletion in mosaicism (arr[GRCh37] 11p15.5(1996741_2028877)×1~2) without phenotypical abnormality. MS-MLPA of the villi, maternal blood, and paternal blood revealed 1, 1.53, and 2 copies in the H19 gene, respectively. The methylation status of the ICR1 in the villi, maternal blood, and paternal blood are hypermethylation (98.2%), hypomethylation (37.5%), and normal methylation (50%), respectively. The copy number and methylation status of villi and bloods of both parents in ICR2 were normal. The fetus was diagnosed with BWS. Detailed ultrasonography performed at GA = 20 weeks and two days showed protruding tongue (macroglossia) (Figure 3d) and nephromegaly, in which both fetal kidney length (2.71 cm) and transverse diameter (1.74 cm) were above 95th percentile (Figure 3e) [20]. The couple decided to terminate the pregnancy. TOP was performed at GA = 21 weeks and 3 days, and a 585 g (> 97th percentile) female fetus was aborted. Postmortem examination showed macroglossia, a broad nose, clear anterior ear creases, visceromegaly (including lung, kidney, and adrenal gland), and hemihyperplasia (Figure 3f).





3.2. Literature Review


A total of 166 BWS patients with prenatal features were reported, including the 3 cases present in this study, 50 fetal BWS [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], and two cohorts of patients that include 24 [48] and 89 BWS cases [49], respectively (Table S1). BWS was diagnosed prenatally in 56 fetuses, of which outcomes were available in 31 cases (55.4%; 31/56), consisting of 16 live births (51.6%; 16/31), 14 TOP (45.2%; 14/31), and 1 of in-utero demise (3.2%; 1/31) (Table S1). BWS was diagnosed postnatally in 110 cases; their prenatal findings were retrospected.



The fetal manifestations of BWS vary and include umbilical hernia, omphalocele, macroglossia, protruding tongue, macrosomia, polyhydramnios, short femurs, corpus callosum anomaly, intrauterine growth restriction, nephromegaly, hepatomegaly, cardiomegaly, liver and placental cystic lesion, diaphragmatic hernia, echogenic bowel, heat defects, intra-abdominal cyst, tumors, etc. (Table S1). Abdominal wall defects (e.g., umbilical hernia, omphalocele) are the most prevalent prenatal sign detected in 42.8% (71/166) of cases (Table 1), which is followed in order by polyhydramnios (33.1%; 55/166), macrosomia (32.5%; 54/166), macroglossia (18.1%; 30/166), organomegaly (e.g., nephromegaly, hepatomegaly, cardiomegaly) (17.5%; 29/166), placentomegaly (7.8%; 13/166), tumor (e.g., placental tumor, macroglossia, intracardiac rhabdomyoma) (3.6%; 6/166), and corpus callosum anomaly (1.2%; 2/166) (Table 1). In the 53 fetuses whose clinical features were available individually (i.e., case I-53 in Table S1), the types of abdominal wall defects can be further classified into isolated and nonisolated umbilical hernia/omphalocele that were identified in 26.4% (14/53) and 41.5% (22/53) of cases, respectively. Other isolated findings include mesenteric cystic lesion, intracardiac tumor, and renal cystic lesion; each was reported in one case (see cases 16, 19, and 27 in Table S1).



In 154 cases out of 166 with prenatal findings, molecular pathologies were reported, including ICR1 hypermethylation, ICR2 hypomethylation, patUPD11p15.5, chromosomal 11p15 abnormalities (including deletion, duplication, and rearrangement), and CDKN1C mutation (Table S1). Overall, ICR2 hypomethylation is the most common causation, accounting for 59.6% (99/166) of cases (Table 1). The patUPD11p15.5 and ICR1 hypermethylation follow in decreasing order, which were detected in 19.3% (32/166) and 8.4% (14/166) of cases, respectively (Table 1). Cases caused by unknown or other genetic defects (e.g., chromosome deletion/duplication/rearrangement and CDKN1C mutation) accounted for 12.7% (21/166).



For fetuses with ICR2 hypomethylation, abdominal wall defects, especially the omphalocele, are the most common feature detected in 57.6% (57/99) of cases. Other common features include polyhydramnios (33.3%; 33/99) and macrosomia (26.3%; 26/99) (Table 1). For fetuses with ICR1 hypermethylation, organomegaly, macrosomia, polyhydramnios, and macroglossia were prevalent, and each was found in 57.1% (8/14), 50.0% (7/14), 50.0% (7/14), and 42.9% (6/14) of cases, respectively (Table 1). For fetuses with patUPD11p15.5, macrosomia is the most common sign and was detected in 34.4% (11/32) of cases (Table 1).





4. Discussion


Though fetal manifestations, such as macrosomia, macroglossia, and abdominal wall defects, have been suggested for prenatal diagnosis of BWS [1], the display of these features in affected fetuses are rather variable, and none of the features detectable in utero are uniquely pathognomonic [2], making clinical diagnosis of fetal BWS sometimes difficult. Recently, molecular analysis has provided a remarkable advance in postnatal confirmation of BWS and may be also feasible for prenatal diagnosis of this complex disease [2,50]. Understanding the phenotypic spectrum of fetal BWS is crucial for the recognition of fetuses suspected with BWS in whom molecular diagnostic investigation is considered.



In our cases, Patient 1 was a sporadic case who was not diagnosed prenatally but after birth. Isolated umbilical hernia was found prenatally, but BWS was suspected due to the manifestations of macrosomia and umbilical hernia in the newborn baby. The syndrome was confirmed by MS-MLPA test that showed ICR2 hypomethylation. Patient 2 was also a sporadic case but was diagnosed prenatally. This case presented with isolated omphalocele and showed ICR2 hypomethylation. Patient 1 and 2 exemplified a diagnostic challenge of fetal BWS because the prenatal feature included abdominal wall defect only. In fact, abdominal wall defect is a relatively common feature of fetal BWS [18], but the absence of other associated findings rendered it difficult for differential diagnosis. Patient 3 was a rarely familial case diagnosed prenatally. CMA identified a maternal-origin 32 kb deletion on chromosome 11p15.5, including the ICR1. MS-MLPA confirmed the chromosome 11p15.5 deletion and identified ICR1 hypermethylation consistent with the molecular diagnosis of BWS. The case showed BWS features of macroglossia and nephromegaly during the pregnancy. Hemihyperplasia was then identified after abortion. Most cases of BWS are sporadic, accounting for approximately 85%, and only approximately 15% of cases have a family history, following a parent-to-child inheritance [19].



The pregnant woman of Patient 3 deserves a further discussion because she showed normal phenotype although she carried the 32 kb deletion on chromosome 11p15.5 in mosaic status. Mosaic genetic changes frequently lead to a range of clinical phenotypes depending on the population of cells affected [51]. No symptom in the pregnant woman may be attributed to the presence of a sufficient proportion of normal cells (without the 11p15.5 deletion) in tissues. Besides, levels of mosaicism can change over time. It has been shown that the BWS features become unapparent with age, and expressions of BWS in transmitting parents are variable and may be unrecognized [16]. Nevertheless, deletion in the paternal allele seems more rational because ICR1 hypomethylation was evidenced in the pregnant woman. It is a pity that we did not test further the parents of this pregnant woman due to unfeasibility. When the pregnant woman transmitted the deletion to her baby, the ICR1 methylation profile changed from hypomethylation to hypermethylation, which contributed to the syndrome of the fetus. It has been shown that maternal transmission of familial BWS is related to a more severe phenotype than paternal transmission [16,52]. Prenatal CMA is beneficial in families with BWS history associated with 11p15.5 deletion (e.g., Patient 3) [53,54]. Our experience further highlighted the need of applying more molecular tests when copy number variations (CNVs) detected involved specific regions such as 11p15.5. Noninvasive prenatal screening (NIPS) based on cell-free fetal DNA (cffDNA) testing is certainly not directly helpful in diagnosing BWS unless by detecting UPD11 and resulting in the subsequent related analyses [55]. The NIPS result did not truly reflect the fetal condition because the majority of cffDNA in maternal blood is of placental origin [56]. Future promising reproductive options, such as preimplantation genetic diagnosis (PGD), can also be offered to select those embryos not carrying the mutant allele derived from parents and then avoid recurrent of the disease [57]. A successful pregnancy by PGD to prevent passing on a maternal CDK1C mutation and thus BWS to offspring was recently reported [58].



Features that can be detected prenatally by ultrasound may be suggested for the syndrome. To understand the phenotypic spectrum and feature frequency of fetal BWS, we reviewed 166 patients, encompassing almost all the reported BWS with prenatal features so far. Abdominal wall defects are the most prevalent fetal sign detected in 42.8% of cases. These abnormalities are easily and can be early identified with ultrasonography. More than 90% fetuses with omphalocele, for example, were diagnosed in the first or second trimester of pregnancy [59]. BWS was considered to be more common with isolated omphalocele compared to nonisolated omphaloceles, which were frequently related to aneuploidy [59,60]. Our results showed that nonisolated omphalocele/umbilical hernia is also commonly seen in fetal BWS (nonisolated and isolated omphalocele/umbilical hernia were reported in 41.5% and 26.4% of cases, respectively). Therefore, fetuses with omphalocele/umbilical hernia, regardless of whether it is isolated or nonisolated, should trigger the consideration of BWS. Other major findings in fetal BWS include polyhydramnios (33.1%), macrosomia (32.5%), macroglossia (18.1%), and organomegaly (17.5%). Except for polyhydramnios, all major findings in fetal BWS are also common in postnatal cases. Macrosomia is known to be the most common features of BWS, presenting in about 80% of patients [61]. Nevertheless, causes of macrosomia are diverse and may relate to maternal conditions (e.g., diabetes, obesity), genetics, and fetal complications. Several overgrowth syndromes that show feature of macrosomia but are usually not associated with visceromegaly, macroglossia, or omphalocele should be differentiated from BWS, e.g., Simpson–Golabi–Behmel syndrome type 1 (OMIM 312870), an X-linked recessive disease caused by mutations in GPC3 gene (OMIM *300037) on chromosome Xq26; Perlman syndrome (OMIM 267000), an autosomal recessive disease caused by mutations in DIS3L2 gene (OMIM *614184) on chromosome 2q37; and Sotos syndrome (OMIM 117550), an autosomal dominant disease caused by mutations in NSD1 gene (OMIM *117550) on chromosome 5q35 [36]. Molecular analyses, together with the ultrasonographic findings, contribute to the differential diagnosis. In the latest EUCID.net clinical scoring system, macrosomia is no longer considered a cardinal feature of BWS. In contrast, hemihyperplasia, a typical feature of BWS presenting in 30–35% of patients [61], was seldom reported in affected fetuses, suggesting a late-onset or prenatally indistinguishable condition.



Some genotype–phenotype correlations were identified in fetal BWS. Abdominal wall defects are dominant in fetuses with ICR2 hypomethylation. Macrosomia and organomegaly are more frequent in patients with ICR1 hypermethylation. The results indicated that different imprinted genes respond to different phenotypes [62,63]. However, it is interesting to note that not all fetal features associated with ICR1 hypermethylation and ICR2 hypomethylation were common in patUPD11p15.5, which theoretically causes ICR1 hypermethylation and ICR2 hypomethylation. For example, abdominal wall defects dominant in ICR2 hypomethylation were not common in patUPD11p15.5 (37.5% vs. 13.8%). Other molecular mechanisms, in addition to ICR1 hypermethylation and ICR2 hypomethylation, may play roles in the phenotypic responses of patUPD11p15.5.



A prenatal scoring system for fetal BWS diagnosis was recently proposed [49]. The system classified the prenatal findings into major, minor/suggestive, and supportive features and gave 3, 2, and 1 weighting points in order. Using a criterion of 3 points, however, only 58% (50/89) of prenatal cases were indicated for molecular confirmation [49]. The diagnostic rate by the abnormal scoring is not very high, mainly due to the broad phenotypic spectrum but also limited features manifested in fetal BWS that render many affected fetuses as not meeting the diagnostic criteria (Table S1). A practical approach combining clinical imaging and molecular modalities to facilitate the prenatal diagnosis of BWS is thus demanded. Given the finding of the genotype–phenotype correlation in fetuses as mentioned above as well as recent advances in molecular methodology, molecular tests could be considered if fetal BWS was not ruled out, and even only one typical feature was noted (Table S1 and Table 1). For example, abdominal wall defects are strong indications for methylation analysis of ICR2, and macrosomia and organomegaly are indicated for methylation analysis of ICR1. MS-MLPA is suggested as the first line of diagnostic test for fetuses without family history because it can simultaneously detect the ICR1/ICR2 methylation statuses and copy numbers. The test is not labor-intensive, and its cost is not too high (<USD 300 in Taiwan). MS-MLPA can solve the majority of the clinical cases in the prenatal scenario. In the 166 cases reviewed (Table S1), 89.8% (149/166; including 99 of ICR2 hypomethylation, 14 of ICR1 hypermethylation, 32 patUPD11p15.5, and 4 of chromosome deletions/duplications) can be confirmed the BWS diagnosis by MS-MLPA. Moreover, combining THE results of methylation and CNV analyses, the molecular mechanism of epigenetic and genetic aberrations may be inferred and even determined (Table S2). For example, detection of ICR2 hypomethylation, the most common causation of fetal BWS (52.0%), without CNV may indicate patUPD in ICR2 or simply methylation change, whereas ICR2 hypomethylation with CNV may suggest deletions in maternal ICR2 or duplications in paternal ICR2 depending on the CNV types detected (Table S2). Information of genotype–phenotype correlations (Table 1) also contributed to the molecular implications for prenatal cases. Following genetic tests (such as karyotype and/or fluorescence in situ hybridization (FISH) to identify translocation and single nucleotide polymorphism-CMA and/or short tandem repeat (STR) analysis to confirm patUPD) can be offered to clarify the underlying causes. For those fetuses or couples that showed positive familial history with a known molecular defect, prenatal tests or PGD are indicated according to the formats of genetic alternations.



In addition to fetal anomalies, ART have been linked to BWS. Children conceived by ART are at approximately 4–10-fold increased risk of BWS [5,64,65,66,67]. Two prenatal series included in our review showed that the ratios of BWS-affected pregnancies conceived by ART were 15.8% (3/19) [47] and 19.1% (17/89) [49]. A number of reports showed that ART disturbs the DNA methylation at imprinted loci, supporting the notion that ART may cause the imprinting disorders, including BWS [64,65,66,68]. Additionally, several case reports and case series studies showed that monozygotic twins, mostly female, are remarkably increased in frequency in BWS pregnancies [49,69,70]. Monozygotic twinning is well-known to be associated with hypomethylation in ICR2 [71]. A cohort study included in our review showed that the twinning rate is highest in the BWS subgroup of ICR2 hypomethylation (77.78%; 7/9) [49]. Because both ART and monozygotic twins are risk factors of BWS, prenatal screening of BWS by MS-MLPA in these case groups may be helpful for the early detection of disease. Nevertheless, since common complications in pregnancies with BWS fetuses (e.g., gestational hypertension, pre-eclampsia, gestational diabetes mellitus, vaginal bleeding) usually start after the GA of 22 weeks [15], screening of BWS at an early gestation when pregnancy complications yet occur may cause excess anxiety although BWS is extremely rare, and late TOP remains a feasible and legal rescuing option in Taiwan [72].



Finally, it should keep in mind that prenatal diagnosis of BWS remains a challenge because the range of molecular disturbances cannot be expected, and mosaicism may occur and change over time during the pregnancy. Moreover, it has been shown that MS-MLPA on CVS might not reflect the actual epigenetic constitution of the fetus because the loci of interest might not have reached its final imprinting status in CVS, and the rate at which the imprinting is set may differ between and even within loci [73]. These factors can affect the reliability of prenatal test for BWS. TOP was commonly opted for parents with a BWS pregnancy. However, treatments are currently available for some of the symptoms of BWS, and BWS features may become unapparent with age, making BWS not always a terrible condition [2,74]. Therefore, prior to offering prenatal diagnosis for BWS, a detailed counseling concerning the diagnostic procedures, technological limitations of testing (e.g., MS-MLPA on CVS), and ethical issues involved should be provided. People accepting a molecular diagnosis of fetal BWS should be also informed that a normal result does not completely exclude the diagnosis.




5. Conclusions


Molecular tests are suggested for fetuses if BWS was not ruled out, even only one typical feature was noted due to the broad phenotypic spectrum but limited features manifested in affected fetuses. MS-MLPA is considered as the first line of diagnostic test because it solves the majority of the clinical BWS cases in the prenatal scenario. Subsequent genetic tests (e.g., CMA, STR analyses, DNA sequencing) can be offered if indicated to full delineation of molecular pathologies. By a comprehensive understanding of the molecular pathologies underlying BWS spectrum and utilizing the appropriate molecular tools, prenatal diagnosis of BWS is possible. However, prenatal counseling including the diagnostic procedures, technological limitations of testing, and ethical issues is necessary.
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Figure 1. Molecular etiology of Beckwith–Wiedemann syndrome (BWS). Schematic representation of the two neighboring imprinted domains at human chromosome 11p15.4p15.5, namely imprinting control region 1 (ICR1) and ICR2, related to BWS. Active gene indicated by white symbol, inactive gene by black symbol, differentially methylated region by gray symbol, and direction of transcription by arrow. The maternal and paternal alleles by “mat” and “pat”, respectively. CEN, centromere; TEL, telomere. The red bar indicates the 11p15.5 deletion detected in our Patient 3 (case III-9 in Figure 2) that covers the ICR1 of the maternal allele. 
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Figure 2. Pedigree information of three families with BWS cases. (a) Family I has a sporadic BWS child (case I-3; Patient 1) who was diagnosed as hypomethylation at maternal ICR2 on chromosome 11p15.5 region. (b) Family II has a sporadic BWS fetus (case II-4; Patient 2) who was diagnosed as hypomethylation at maternal ICR2. The parents accepted termination of pregnancy (TOP) at gestation age (GA) = 22 weeks and two days. (c) Family III has two consecutive BWS fetuses (case III-8 and III-9; III-9 is Patient 3). Both cases are diagnosed to have a maternal derived chromosome 11p15.5 deletion involving in ICR1 and H19, resulting in hypermethylation in ICR1. The pregnant woman (III-5) carries a deletion on chromosome 11p15.5 in a mosaic status without phenotypic abnormalities. The parents opted TOP for both fetuses (case III-8 and case III-9) at GA = 23 weeks and 21 weeks and three days, respectively. Male indicated by square, female by circle, carrier by a dot in the middle of the symbol, affected individual by filled symbol, TOP by triangle with a slash, and proband by arrow. 






Figure 2. Pedigree information of three families with BWS cases. (a) Family I has a sporadic BWS child (case I-3; Patient 1) who was diagnosed as hypomethylation at maternal ICR2 on chromosome 11p15.5 region. (b) Family II has a sporadic BWS fetus (case II-4; Patient 2) who was diagnosed as hypomethylation at maternal ICR2. The parents accepted termination of pregnancy (TOP) at gestation age (GA) = 22 weeks and two days. (c) Family III has two consecutive BWS fetuses (case III-8 and III-9; III-9 is Patient 3). Both cases are diagnosed to have a maternal derived chromosome 11p15.5 deletion involving in ICR1 and H19, resulting in hypermethylation in ICR1. The pregnant woman (III-5) carries a deletion on chromosome 11p15.5 in a mosaic status without phenotypic abnormalities. The parents opted TOP for both fetuses (case III-8 and case III-9) at GA = 23 weeks and 21 weeks and three days, respectively. Male indicated by square, female by circle, carrier by a dot in the middle of the symbol, affected individual by filled symbol, TOP by triangle with a slash, and proband by arrow.
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Figure 3. Clinical features of three patients with BWS. Patient 1 (a,b): Prenatal ultrasonography identified (a) isolated umbilical hernia (star) at GA = 21 weeks and two days. The position of cord insertion was normal and protruding small intestine was noted. (b) The umbilical hernia with 3 cm abdominal wall defect and small bowel protruding (star) was identified after birth (GA = 38 weeks). Macrosomia with body weight of 3850 g (96th percentile) was also noted. Patient 2 (c): Prenatal ultrasonography identified (c) isolated omphalocele (star) at GA = 21 weeks. The cord inserted on the apex of herniated sac. Patient 3 (d–f): Prenatal ultrasonography identified (d) protruding tongue (triangle) and (e) unilateral nephromegaly (fetal kidney length: 2.71 cm and transverse diameter: 1.74 cm; both values > 95th percentile) (arrow) at GA = 20 weeks and two days. (f) Macroglossia (triangle), board nose, and hemihyperplasia (circle) were further identified after TOP at GA = 21 weeks and 3 days. 
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Table 1. Summary of the correlation of the prenatal features and genotypes of 166 reported BWS patients (see Table S1 for detail).
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	ICR2

Hypomethylation †
	ICR1

Hypermethylation †
	patUPD11p15.5 †
	Others †, ‡
	Total †





	Number of cases
	99
	14
	32
	21
	166



	Abdominal wall defects

(e.g., umbilical hernia/omphalocele)
	57 (57.6%)
	0 (0)
	6 (18.8%)
	8 (38.1%)
	71 (42.8%)



	Macroglossia
	20 (20.2%)
	6 (42.9%)
	2 (6.3%)
	2 (9.5%)
	30 (18.1%)



	Macrosomia
	26 (26.3%)
	7 (50.0%)
	11 (34.4%)
	10 (47.6%)
	54 (32.5%)



	Organomegaly

(e.g., nephromegaly, hepatomegaly, cardiomegaly)
	14 (14.1%)
	8 (57.1%)
	6 (18.8%)
	4 (19.3%)
	29 (17.5%)



	Polyhydramnios
	33 (33.3%)
	7 (50.0%)
	7 (21.9%)
	8 (38.1%)
	55 (33.1%)



	Placentomegaly
	9 (9.1%)
	0 (0)
	2 (6.3%)
	2 (9.5%)
	13 (7.8%)



	Corpus callosum anomaly
	1 (1.0%)
	0 (0)
	1 (3.1%)
	0 (0)
	2 (1.2%)



	Tumor

(e.g., placental tumor, macroglossia, intracardiac rhabdomyoma)
	1 (1.0%)
	3 (21.4%)
	1 (3.1%)
	1 (4.8%)
	6 (3.6%)







† Numbers in the parentheses indicate the percentage of case number. ‡ Six cases without genetic data; six cases with a negative result of genetic analysis; five cases with chromosomal 11p15 abnormalities (including deletions, duplications, and rearrangements); four cases with CDKN1C mutations. ICR1, imprinting control region 1; ICR2, imprinting control region 2; patUPD, paternal uniparental disomy.
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