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Editorial on the Research Topic 
Genetic and Epigenetic Insights Into the Developmental Origins of Health and Disease

The developmental origins of health and disease hypothesis posits that perturbations in the in-utero environment contribute to functional and metabolic programming as well as structural adaptations of fetal tissues predisposing the individual to chronic diseases during childhood and adulthood (Hales et al., 1991). Genetic and epigenetic studies document risk factors and molecular mechanisms that contribute to shared pathogenetic pathways between early life outcomes such as fetal growth and later-life chronic diseases. These studies have shown that shared genetic effects, non-genetic factors (such as social and environmental factors), as well as developmental programming can explain the relationships between early life and later life outcomes (Warrington et al., 2019; Tekola-Ayele et al., 2020a; Tekola-Ayele et al., 2020b; Juliusdottir et al., 2021).
Integrated genetic and epigenetic studies involving pregnant women, the placenta, and the offspring can lead to novel discoveries of molecular signals of early origins of childhood and adulthood diseases. The prevalence and disparity of complex diseases (across racial/ethnic groups) with early life origins has been increasing in the United States and around the world in recent decades. However, few studies integrate genetic, epigenetic, social, and environmental determinants of early life phenotypes to understand their links with diseases in later life. In this Research Topic, we gathered articles on genetic and epigenetic factors and their influences on pregnancy outcomes, and childhood and adult diseases.
Mancilla et al. reviewed the literature to examine health inequality within the context of social epigenomics. Sasaki et al. investigated the effect of sample handling on DNA methylation profiles. Candelo et al. investigated a possible association between Zika virus infection and cyclin-dependent kinase 5 regulatory subunit-associated protein 2 (CDK5RAP2) mutation. Le et al. investigated the mechanisms linking assisted reproductive technology (ART) to cholesterol metabolic and respiratory disorders later in life. Xu et al. investigated the use of maternal serum human leukocyte antigen-G (sHLA-G) to detect prenatal chromosomal abnormalities. Ferreira and Dantas Junior reported a case study of a neonate with Beare-Stevenson Syndrome whose father had Congenital Bilateral Absence of the Vas Deferens (CBAVD). Luo et al. presented a whole exome sequencing study of Joubert Syndrome (JBTS), a type of ciliopathies.
This topical collection presents original research, review articles, and case studies on a scope of exposures and health outcomes spanning the pre-natal period through adulthood. Future studies integrating a spectrum of genetic and epigenetic studies along with relevant exposures (including environmental exposures and lifestyle) have a potential to inform mechanisms that underlie the associations between maternal phenotypes, birth outcomes, and offspring adult diseases.
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Background

Apert, Pfeiffer, and Crouzon syndromes are autosomal dominant diseases characterized by craniosynostosis. They are paternal age effect disorders. The association between paternal age and Beare–Stevenson syndrome (BSS), a very rare and severe craniosynostosis, is uncertain. Gain-of-function mutations in FGFR2 become progressively enriched in testes as men age and were shown to cause these syndromes.



Case report

Here, we describe a child affected with BSS, whose father was 36 years old and had congenital bilateral absence of the vas deferens (CBAVD). The child was heterozygous for the pathogenic FGFR2 variant c.1124A > G p.Tyr375Cys. By reviewing the literature, we found that BSS fathers are older than BSS mothers (mean age in years: 39 ± 10 vs 30 ± 6, p = 0.006). Male age greater than 34 years and CBAVD are both factors associated with poor spermogram parameters, which may represent an additional selective pressure to sperm carrying FGFR2 gain-of-function mutations.



Conclusion

These findings are consistent with the hypothesis that BSS is a paternal-origin genetic disorder. Further experimental studies would be needed to confirm this hypothesis.
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Background

Beare–Stevenson Syndrome (OMIM 123790) is a type of craniosynostosis characterized by premature fusion of the cranial sutures associated with cutis gyrata (corrugation of skin) as pathognomonic signs. In addition to skin and bone abnormalities, ocular proptosis, choanal atresia, and prominent umbilical stump are frequently found in children affected by this syndrome (Beare et al., 1969; Stevenson et al., 1978). Among the 21 BSS cases reviewed by Wenger et al., 11 died within the first year of life, and at least half of the deaths were due to cardiorespiratory arrest or unexpected sudden death (Wenger et al., 2015).

Mutations in genes encoding fibroblast growth factor receptors (FGFR) were shown to cause several craniosynostosis syndromes: Crouzon (FGFR2) and Pfeiffer (FGFR1 and FGFR2), Apert (FGFR2), Muenke (FGFR3), and Jackson–Weiss (FGFR2). So far, the genetic causes of BSS are known to be FGFR2 p.Ser372Tyr and p.Tyr375Cys mutations (Ron et al., 2016), except for a unique BSS case associated with a 63 bp deletion in FGFR2 exon 8 (Slavotinek et al., 2009). These are autosomal dominant syndromes caused by de novo mutations in germ cells in an unaffected parent. It has been estimated that about 80% of de novo germline point mutations arise in the male gametes, and a positive correlation exists between mutation rate and paternal age (Acuna-Hidalgo et al., 2016). There are apparently two mechanisms contributing to the paternal age effect (PAE): 1) Increase in DNA copy-error rate as paternal age increases, and 2) Positive selection during spermatogenesis conferred by gain-of-function mutations (Veltman and Brunner, 2012). Nine autosomal-dominant disorders, including Crouzon, Pfeiffer, Apert, and Muenke, have been experimentally shown to be caused by PAE mutations in FGFR2, FGFR3, HRAS, PTPN11, and RET. All five genes act in the RTK-RAS signaling pathway, which is involved with the clonal expansion of spermatogonial stem cells (Goriely et al., 2003; Goriely and Wilkie, 2012).

Paternal age greater than 50 years is associated with 6-, 8-, and 9.5-fold increases in relative risk for Pfeiffer, Crouzon, and Apert syndromes, respectively (Herati et al., 2017). In 1992, Hall et al. described a sixth BSS case and noted a mean paternal age of 36 years (compared to 28 years for the mothers) (Hall et al., 1992). McGaughran et al. reported a BSS case from a 62 year old father, which raised the hypothesis of advanced paternal age as a causal factor of the syndrome (McGaughran et al., 2006). Despite strong biological plausibility, BSS has not been systematically described in the literature as a genetic disease of paternal origin.

Structural abnormalities in the male reproductive tract are a common cause of reduced fertility (Singh et al., 2012). Congenital absence of the vas deferens, which can be unilateral (CUAVD) or bilateral (CBAVD), accounts for 1 to 2% of all male infertility (de Kretser, 1997). Almost 80% of CBAVD cases are associated with a detectable CFTR mutation. Among CFTR positive individuals, 46% have two mutations, and only 28% have a single mutation (Yu et al., 2012). Besides the CBAVD obstructive azoospermia effect, there is evidence for impaired spermatogenesis in individuals with CBAVD (Meng et al., 2001; Llabador et al., 2015).

This is the first report of a person with Beare–Stevenson Syndrome whose father had CBAVD. Here, we argue that sperm carrying gain-of-function variants in FGFR2 may be under stronger positive selection during spermatogenesis due to the combined effect of CBAVD and advanced paternal age.



Case Presentation


Parents’ Characteristics

The non-consanguineous parents were both 37 years old at the time of the child’s birth (July, 2017). Their family histories showed no genetic diseases, and they were Brazilians. After 12 months of unsuccessfully attempting to conceive, the couple underwent medical evaluation for infertility in 2015. The mother was diagnosed with thrombophilia at that time. Serology tests for HIV, HBV, HCV, syphilis, toxoplasma, rubella IgM, and cytomegalovirus IgM were negative. Rubella and cytomegalovirus IgG were positive.

The father had colorblindness of unknown cause and a history of gastroplasty at age 31 followed by weight loss of approximately 40 kg. Physical examination revealed bilateral absence of vas deferens and absence of the left epididymis. The laboratory analysis detected azoospermia with ejaculated volumes between 1.5 and 2.0 ml; the results confirmed by spermograms performed in different laboratories. Sperm were not identified in any exam even after centrifugation. Scrotal ultrasonography detected absence of the right epididymis and absence of the left epididymis head and body. However, the testes were normal, and there was no evidence of varicocele. Cytogenetics and molecular investigation were performed to identify the cause for the male anatomical defect. G-band karyotyping showed a normal 46, XY chromosomal pattern. Since genetic variants in CFTR are the main cause of CBAVD, both mother and father were screened for CFTR pathogenic variants to estimate the risk of cystic fibrosis in offspring. Sanger sequencing of the coding region (including exon-intron boundaries) was performed, and deletions/duplications were assessed using multiplex ligation-dependent probe amplification (MRC-Holland SALSA MLPA probemix P091-D1). The parents were negative for pathogenic variants, although intronic variants, including the 5T allele in intron 8, were not investigated. Therefore, CFTR could not be ruled out as the cause of CBAVD.



Assisted Reproductive Technology

The couple underwent two cycles of in vitro fertilization (IVF) via the intra-cytoplasmic sperm injection (ICSI) method. In the first cycle (December, 2015), sperm were obtained via percutaneous epididymal sperm aspiration (PESA) under general anesthesia. The right epididymis was palpable during the procedure, which was inconsistent with the ultrasound result. The PESA was successful on the first puncture, yielding a high number of mobile sperm that were sufficient to proceed to fertilization. The mother had 14 mature eggs that were fertilized, producing four embryos that were frozen on d3 stage to avoid the risk of ovarian hyperstimulation syndrome. The embryos were transferred five months after IVF-ICSI in May (two embryos) and June (the other two embryos), but pregnancy did not occur. The second cycle was started in July 2016. Likewise, sperm were collected from the right epididymis under general anesthesia via PESA using two punctures, yielding a large amount of mobile sperm that were used for fertilization. At that time, eight ova were obtained from both ovaries. Six mature ova were fertilized, and three fresh embryos were transferred after three days at the d3 stage. The pregnancy test was positive after 15 days.



Clinical Findings

Here, we describe a male newborn child with molecular confirmed diagnosis of Beare–Stevenson Syndrome. Several anomalies were detected during prenatal care screening even before birth. Ultrasound examination detected absence of nasal bone at 12 weeks of gestation and brachycephaly at 24 weeks. Both findings were further confirmed by fetal magnetic resonance images. Ultrasound at 27 weeks detected exophthalmia, flat forehead, small femurs, and discrete dilation of the kidneys and cerebral ventricles. A non-invasive prenatal maternal blood test was performed, which was negative for aneuploidies in chromosomes 13,18, 21, X, and Y.

The mother delivered a male newborn weighing 2,775 g and measuring 47 cm of height at 34.7 weeks gestation via Cesarean section. The child presented classical BSS clinical findings: clover-leaf cranial shape, midface hypoplasia, ocular hypertelorism and proptosis, choanal atresia, prominent umbilical stump, hypospadias, short toes, cutis gyrata, and natal tooth. Some of the craniofacial alterations were visualized using computed tomography (CT) at 5 days of life (Figure 1).




Figure 1 | CT scan highlighting classical BSS morphological characteristics. (A, B) brachycephaly due to premature fusion of coronal and lambdoid sutures, orbital deformity, and midface hypoplasia. (C) Hyperteleorbitism and clover-leaf cranial shape. (D) Choanal atresia (black arrows).



The newborn was intubated shortly after birth for apnea, and a tracheostomy was performed. He underwent a ventriculo-peritoneal shunt and blepharorraphy to relieve the hydrocephalus and ocular proptosis, respectively. In the 49th day he had a cardiorespiratory arrest due to obstruction of the tracheostomy. He survived, but he had several subsequent seizures. At 60 days of age he had another cardiorespiratory arrest and died.

At 21 days of life, a buccal swab DNA sample was tested for a panel of craniosynostosis-related genes, including FGFR3, FGFR2, FGFR1, and TWIST1. Molecular analysis by next generation sequencing (Nextera Exome Capture, Illumina HiSeq) confirmed that the infant was heterozygous for the pathogenic FGFR2 variant NM_000141.4: c.1124A > G p.Tyr375Cys (rs121913478).




Discussion

We present the first report of a BSS child whose father has CBAVD. This unique and unlikely finding, in addition to what is known about craniosynostosis genetics and FGFR2’s role in spermatogenesis, could be consistent with BSS as a paternal-origin genetic disorder. The main limitations of this report are that the parental origin of the FGFR2 mutation could not be molecularly determined, and its level in the obtained semen samples was not quantified. To the best of our knowledge, this is the 30th BSS case reported worldwide, and the fourth from Brazil.

We concluded that BSS fathers are significantly older than BSS mothers (mean age 39.1 vs 30.4, p = 0.006) by analyzing the parental ages of BSS cases available in the literature (Table 1). However, it is important to acknowledge that differences between paternal vs maternal ages are common across populations and may be biased by the parent’s year of birth. Interestingly, the magnitude of difference between paternal and maternal mean ages is about 5 years for Apert syndrome, with almost 50% of fathers being older than 35 years (Tolarova et al., 1997). It is also noteworthy from Table 1 that paternal age is more frequently omitted (46.7%) than maternal age (20%), which is consistent with the historical bias of placing greater importance on maternal age when considering rare genetic diseases. We hypothesize a paternal age effect for BSS since Pfeiffer, Crouzon, Apert, and Beare–Stevenson syndromes are all craniosynostoses caused by mutations in FGFR genes.


Table 1 | Parental ages in years (y) from published BSS cases.



Unlike oogenesis, spermatogenesis is a continuous process occurring from male puberty throughout life. There is an evident negative impact of advanced paternal age on sperm parameters. Based on semen analysis of 4,822 men, Stone et al. verified that daily sperm production significantly declines after 34 years of age (Stone et al., 2013). Hypospermatogenesis was histopathologically detected in 33/54 (61.1%) males with CBAVD that had been subjected to testicular sperm extraction (Llabador et al., 2015). By analyzing 85 CBAVD patients who had undergone PESA-ICSL, Elhanbly et al. demonstrated that paternal age was negatively correlated with sperm count, motility, vitality, and normal sperm morphology. They estimated a reduction in the number of retrieved-sperm of 0.53 million per 10 years (Elhanbly et al., 2015). In addition to age and CBAVD, a variety of metabolic (e.g. obesity and diabetes) and environmental (e.g. cadmium and dioxins) factors affect spermatogenesis (Neto et al., 2016).

The transcriptional dynamics of spermatogenesis are consistent with a five-stage process (Stage 0–Stage 4) involving cell types from five niches (Leydig, myoid, Sertoli, endothelial, and macrophage) (Guo et al., 2018). In this context, FGFR3 and FGFR2 were described as early spermatogonial markers (Guo et al., 2017; Guo et al., 2018). Gain-of-function mutations in FGFR2 offer a selective advantage for spermatogonial cells by favoring clonal expansion in the testes, yielding enrichment in mutated sperm by at least 100-fold (Goriely et al., 2009). Thus, Goriely et al. coined the term “selfish spermatogonial selection” to describe the increase in the number of mutant sperm over time (i.e. male aging) caused by the mutation-driven clonal expansion process (Maher et al., 2018). Of note, Maher et al. (2018) identified a mutational clone in human testes for the FGFR2 Ser372Cys, one of the mutations known to cause BSS. In situations like advanced paternal age and CBAVD, which are both characterized by poor spermogram parameters, the before-mentioned clonal expansion process would lead to a relative increase in the number of mutated sperm, compared to situations consistent with normal spermatogenesis. Therefore, we hypothesize that spermatogenesis in a 36 years old man with CBAVD is under additional selective pressure, making the FGFR2 p.Tyr375Cys mutation even more advantageous to sperm.

FGFR2 is a pleiotropic gene widely expressed throughout the human body. The highest expression is found in the spinal cord, colon, uterus, and skin (data from GTExPortal, https://gtexportal.org/home/gene/FGFR2). Despite its ubiquitous presence in human tissues, FGFR2 expression is crucial for proper lung-branching morphogenesis (Arman et al., 1999). Normal tracheal homeostasis depends on a suitable FGFR2 signaling pathway to promote asymmetric self-renewing division generating one basal cell and one luminal cell per basal cell division (Balasooriya et al., 2017). Tracheal cartilaginous sleeve (TCS), a rare life-threatening condition, has been found in some individuals affected by mutations in FGFR genes (Pickrell et al., 2017; Wenger et al., 2017). Notably, Wenger et al. identified TCS in 100% of FGFR2 p.Try290Cys mutated children (Wenger et al., 2017), in addition to a previous report of TCS in a BSS case (Wenger et al., 2015). Seventy-five percent of TCS cases require tracheostomy, a procedure that is imperative to minimize the risk of sudden death in BSS-affected individuals. Therefore, medical staff should investigate TCS in BSS patients, and they must be prepared to surgically manage TCS (Stater et al., 2015).

Very recently, Zhang et al. developed a non-invasive prenatal sequencing test based on the unique molecular indexing method to diagnose dominant monogenic disorders. This test successfully identified cases of FGFR2-related craniosynostosis, including Apert (FGFR2: c.758C > G), Pfeiffer (FGFR2: c.870G > T), and Crouzon (FGFR2: c.1032G > A) syndromes, and it accurately distinguished those cases from other FGFR3-related skeletal disorders (e.g. thanatophoric dysplasia and achondroplasia) (Zhang et al., 2019). This diagnostic approach would be useful in situations like the one presented in this case report. The molecular confirmation of BSS at the prenatal stage would allow both medical staff and family to cope with this life-threatening syndrome. Finally, two pharmacological approaches targeting different points of the FGF signaling pathway have been successfully used in ex vivo organ culture (Balek et al., 2017) and in BSS mice harboring the human-analog FGFR2 p.Tyr375Cys mutation (Wang et al., 2012). We envision that prenatal molecular diagnosis may be an essential step toward the early application of therapeutic tools, aiming to ameliorate BSS symptoms and to extend life expectancy in these cases.
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The profiling of DNA methylation modifications in peripheral blood has significant potential to determine risk factors for human disease. Little is known concerning the sensitivity of DNA methylation profiles to ex vivo sample handling. Here, we studied typical conditions prior to sample storage associated with cord blood samples obtained from clinical investigations using reduced representation bisulfite sequencing. We examined both whole blood collected shortly after birth and dried blood spots, a potentially important source of neonatal blood for investigation of the DNA methylome and the Developmental Origins of Health and Disease in human cohorts because they are routinely collected during clinical care. Samples were matched across different time conditions, as they were from the same cord blood samples obtained from the same individuals. Maintaining whole blood ex vivo up to 24 h (4°C) or dried blood spots up to 7 days (room temp.) had little effect on DNA methylation profiles. Minimal differences were detected between cord blood immediately frozen and dried blood spots. Our results indicate that DNA methylation profiles are resilient to ex vivo sample handling conditions prior to storage. These data will help guide future human studies focused toward determination of DNA methylation modifications in whole blood.
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INTRODUCTION

Studies of gene expression have demonstrated that ex vivo incubation time alters the transcript abundance of many genes (Hartel et al., 2001; Rainen et al., 2002; Baechler et al., 2004; Debey et al., 2004). These genes are involved in the activation of stress and inflammation-induced pathways, cell cycle progression and apoptosis. Thus, the timing and procedures associated with blood collection are critical for accurate and sensitive measurements of the state of gene activity.

Assessment of DNA methylation in peripheral blood has significant potential for determining risk factors for human disease. As genomic-scale arrays and sequencing technologies are increasingly applied to the study of peripheral blood, it is important to consider the variables that may affect the interpretation of data. Storage times and temperatures often vary significantly from one laboratory to another because of differences in collection, transport, and processing of human whole blood. However, little is known concerning the sensitivity of DNA methylation profiles to ex vivo sample handling conditions.

Neonatal dried blood spots are a potentially important source of neonatal blood for investigation of the DNA methylome and the Developmental Origins of Health and Disease in human cohorts because they are routinely collected during clinical care. There has also been increasing interest in the use of dried blood spots for epigenome-wide analysis, as DNA methylation profiles extracted from dried blood spots are strongly correlated with those of freshly collected blood (Hardin et al., 2009; Aberg et al., 2013; Hollegaard et al., 2013; Joo et al., 2013; Ghantous et al., 2014).

In the present study, we aimed to determine the effects of ex vivo sample handling prior to DNA extraction on DNA methylation profiles in cord blood. Our goal was to simulate common variations in the conditions under which cord blood is maintained prior to storage for research and clinical assessments using the same cord blood samples obtained from the same individuals. We examined whole cord blood collected within 30 min of birth and either immediately frozen or kept at 4°C. We also examined blood dried on Guthrie cards at room temperature to simulate procedures for neonatal blood collection for clinical assessments.



MATERIALS AND METHODS


Subjects and Blood Samples

A study overview is presented in Figure 1. Healthy subjects (n = 7) were recruited by Mount Sinai Hospital and the Research Centre for Women’s and Infants’ Health BioBank (Toronto, ON, Canada). This study was approved by the Mount Sinai Hospital Research Ethics Board (MSH REB# 17-0210-E) and the University of Toronto Research Ethics Boards. Umbilical cord blood from each subject was collected within 30 min of birth. For 4 subjects (Figures 1A,B), blood was deposited into four EDTA purple top vacutainers (Becton Dickinson). The first EDTA tube was frozen immediately and stored at −80°C. The second and third EDTA tubes were kept at 4°C for 4 and 24 h, respectively, and then stored at −80°C. The fourth EDTA purple top vacutainer was sent to Mount Sinai Services (Mount Sinai Hospital, Toronto, ON, Canada) for complete blood count (CBC) measurement using Sysmex XN-9000 (Sysmex). The purpose of CBC measurement was to reveal the distribution of different types of nucleated cells across subjects and examine if they were within the expected range for neonates. Part of the EDTA-treated cord blood was placed on a Guthrie card (75–80 μL of blood per spot; Whatman 903), left to air-dry for 4 h at room temperature and then stored at −80°C. One subject yielded insufficient blood for CBC or time course analysis. For three subjects (Figure 1C), blood was placed directly onto a Guthrie card without EDTA treatment (75–80 μL of blood per spot; Whatman 903). Cards were left to air-dry for 4 h, 24 h or 7 days at room temperature and then stored at −80°C. All samples were derived from singleton pregnancies delivered at term (≥37 weeks). Patients with gestational diabetes, diabetes, or hypertension were excluded.
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FIGURE 1. Study overview. We examined DNA methylation profiles in whole blood: (A) treated with EDTA and frozen immediately after collection (0 h) compared to whole blood frozen after 4 h or 24 h at 4°C, (B) EDTA-treated dried blood spots frozen after 4 h at room temperature compared to whole blood frozen immediately, and (C) non-EDTA-treated dried blood spots frozen after 4 h, 24 h or 7 days at room temperature. The same samples obtained from the same individuals (n = 3) were used for each time point.




DNA Extraction and Quantification

DNA was extracted from whole blood and the blood spot cards using methods described previously (Ghantous et al., 2014), with minor modifications. Briefly, one half of a single blood spot was cut into small pieces and incubated with lysis buffer (1218 μL) and Proteinase K (33 μL) using Gensolve reagents (GenTegra: GVR-113) in an Incubator/vortex shaker set at 1400 rpm for 90 min, at 56°C (ThermoMixer® C, Eppendorf). The rest of the procedure followed the manufacturer’s protocol. The lysate was processed using a QIAamp DNA Blood Mini Kit (Qiagen: Cat. #51104). The extracted DNA was quantified with a Quant-iT PicoGreen dsDNA assay (ThermoFisher: Cat.# P11496) and DNA quality was assessed by TapeStation (Centre for Applied Genomics in the Hospital for Sick Children, Toronto, ON, Canada). Samples with DNA Integrity Numbers (DINs) over 7 were used for further analysis.



Reduced Representation Bisulfite Sequencing (RRBS)

Reduced representation bisulfite sequencing (RRBS) libraries were generated from 100 ng of high-quality dsDNA for each sample using the RRBS Methyl-Seq System 1–16 (Ovation: Part # 0353) and EpiTect Fast DNA Bisulfite kit (Qiagen: Cat. #59824) following the manufacturer’s protocols. MspI restriction enzyme digestion and size selection were used to enrich libraries for gene regulatory elements containing CCGG motifs. The resulting libraries showed three peaks on the Bioanalyzer High Sensitivity DNA Chip (i.e., 200, 265, and 330 bp) due to expected MspI-containing micro-satellite repeats in the human genome as well as the absence of peaks indicating unligated adapters. Representative output of the Bioanalyzer High Sensitivity DNA Chip showing three peaks are available in the manufacturer’s protocol (Ovation: Part # 0353). All libraries generated in this study met these criteria prior to sequencing. RRBS libraries meeting this criterion were sequenced in multiplexes of up to 10 samples, balanced by condition (Donnelly Sequencing Centre, University of Toronto, Toronto, ON, Canada) on a NextSeq500 (Illumina) following the manufacturer’s protocols for single end reads at 75 bp read length.



Differentially Methylated CpG Sites (DMCs)

Adaptor sequences were trimmed using Trim Galore1 followed by additional filtering and trimming using a python script provided by NuGEN to remove reads that did not contain an MspI site signature at the 5′ end. The python script is available on GitHub2. The reads were then aligned using Bismark (Krueger and Andrews, 2011) and sorted by Samtools (Li et al., 2009). We then used MethPipe/Radmeth (Song et al., 2013; Dolzhenko and Smith, 2014) to identify significant differentially methylated CpG sites (DMCs) with at least 30X reads, an FDR ≤ 0.05 and with at least a 5% methylation difference. We followed the US National Institutes of Health Roadmap Epigenomics Project Guidelines using 30x sequencing depth in order to achieve a conservative estimate of methylation (Nih Roadmap Epigenomics Mapping Consortium, 2011; Hansen et al., 2012). CompEpitool (Kishore et al., 2015) was used to annotate the differentially methylated CpG sites to the human genome. The bisulfite conversion rate was calculated using methylKit (Akalin et al., 2012). The correlational analysis and clustering analysis were performed using default setting in methylKit for CpG sites in all samples.



Gene Pathway Enrichment

A list of differentially methylated genes identified by the DMC analysis was further explored using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000) to examine functionally annotated gene pathways. The enrichment analysis was performed using the Molecular Signatures Database (msigDB) (Subramanian et al., 2005; Liberzon et al., 2011) with significant enrichment defined by an FDR ≤ 0.05.




RESULTS


Quality of the Samples and Reproducibility of the Data

The bisulfite conversion rate was greater than 99.4% for all of the samples. DNA methylation profiles were compared between whole cord blood collected at 0, 4, and 24 h (Figure 1A), whole cord blood collected and dried blood spots (Figure 1B) and dried blood spots collected at 4 h, 24 h, and 7 days (Figure 1C) collected from matched individuals. Figure 2 provides a matrix of correlation coefficients for each experiment showing pair-wise comparisons between all samples. We found that the correlation coefficients were greater than 0.8 for all pair-wise comparisons, indicating high levels of reproducibility in our dataset (Bock, 2012; Figure 2). In addition, unsupervised clustering analysis revealed strong similarities across the sample types within each individual. DNA methylation differences between individuals were sufficient to discriminate matched pairs from unrelated samples (Figure 3). These effects were also reflected in higher correlations for sample types from the same individual compared to sample types across different individuals (Figure 2).
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FIGURE 2. A matrix of correlation coefficients and a set of scatterplots showing the relationship between samples for (A) comparisons of whole cord blood for matched samples at 0 h, 4 h, and 24 h (BL, whole cord blood, n = 3), (B) comparison of whole cord blood and dried blood spots for matched samples (BL, whole cord blood; CD, dried blood spots in cards, n = 3) and (C) comparisons of dried blood spots for matched samples at 4 h, 24 h, and 7 days (CD, dried blood spots in cards, n = 3).
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FIGURE 3. Unsupervised clustering plot based on the methylation values. Samples from the same individual (BL, whole cord blood; CD, dried blood spots in cards) are labeled with the same number. The storage times are indicated 0, 4, and 24 h for timepoints for comparisons of whole cord blood and 4 h, 24 h, and 7 days for timepoints for comparisons of dried blood spots.




Examination of ex vivo Sample Handling on DNA Methylation in Whole Cord Blood

We examined whole cord blood samples left at 4°C for either 4 h or 24 h ex vivo (Figure 1A) compared to blood frozen immediately after collection. These comparisons yielded no significant differentially methylated CpG sites meeting our criteria (i.e., FDR ≤ 0.05, ≥5% difference in methylation). Supplementary Table S1 shows the full list of DMCs at FDR < 0.05 for whole cord blood. Complete Blood Count (CBC) analysis revealed that the distribution of different types of nucleated cells were similar across three subjects and within the expected range for neonates, including nucleated red blood cells (nRBCs) that are known to have a unique hypomethylated DNA methylation profile (Supplementary Figure S1; de Goede et al., 2016). Of note, the absolute numbers of nRBCs were 0.2, 0.15, and 0.1 10E9/L, constituting 1.3, 1.3, and 1% of the total blood cell count, respectively, for each subject.



Comparison of DNA Methylation in Whole Cord Blood and Dried Blood Spots

Next, we examined whole blood frozen immediately compared to blood spots dried for 4 h prior to freezing (Figure 1B). We identified 134 differentially methylated CpG sites that had greater than 5% methylation differences with FDRs < 0.05 (n = 3 per condition). Supplementary Table S2 shows the full list of DMCs at FDR < 0.05 for the comparison of whole cord blood with dried blood spots. When annotated, these differentially methylated CpG sites corresponded to 23 genes (Table 1). We performed gene set functional analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways to identify common gene pathways associated with this gene set and found no significant gene pathway enrichment, either with the total gene list or gene lists separated by genomic regions (i.e., gene list with differential methylation in promoter regions or gene list with differential methylation in gene-body regions). We identified two genes with multiple CpG sites differentially methylated between whole blood and dried blood spots. TMEM183A (transmembrane protein 183A) showed 7 CpG sites, all hypermethylated, with methylation differences of 21.49 to 27.59% in the promoter region. PROZ (protein Z, vitamin K-dependent plasma glycoprotein), showed 6 CpG sites, all hypomethylated with methylation differences of −6.16 to −34.16% in the gene body. Supplementary Table S2 provides the full list of differentially methylated CpG sites with associated genic regions and CpG locations.


TABLE 1. Differentially methylated CpG sites associated with genes between whole cord blood compared to dried blood spots from the same subjects.
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Examination of ex vivo Sample Handling on DNA Methylation in Dried Blood Spots

Finally, we examined CpG methylation in blood cards left to dry for 24 h or 7 days at room temperature prior to freezing compared to dried blood spots that were immediately frozen after the 4 h drying phase (Figure 1C). There were no differences in CpG methylation after 24 h of blood card storage at room temperature. We identified 2 differentially methylated CpG sites meeting our criteria after 7 days of storage at room temperature compared to the 4 h sample. Supplementary Table S3 shows the full list of DMCs at FDR < 0.05 for the comparisons of dried blood spots. When these CpG sites were annotated, one of the CpG sites corresponded to a gene: S100Z (S100 calcium binding protein Z) with a methylation difference of 6.48% (88.70% at 4 h vs. 82.22% at 7 days). Supplementary Table S4 shows each of the differentially methylated CpG sites along with their associated genic regions and locations.




DISCUSSION

In this study, we used time-course sampling combined with genome-wide sequencing of gene regulatory elements to examine the influence of handling procedures prior to sample storage on DNA methylation profiles in neonatal blood. We found that different periods of incubation of either whole cord blood or dried blood spots at room temperature had very little effect on DNA methylation profiles. In addition, minimal differences in DNA methylation were detected between whole cord blood immediately frozen compared to blood spots dried for 4 h prior to freezing. DNA methylation profiles in dried blood spots were also similar to those of whole cord blood, except for a small subset of genes. Our findings suggest that DNA methylation profiles are resilient to conditions typical of sample handling procedures for blood collected for research and clinical assessments. These data should provide important information for future prospective and retrospective human studies investigating DNA methylation modifications in whole blood. Importantly, in the present study samples were matched across different time conditions, as they were from the same cord blood samples obtained from the same individuals. The counts for nRBCs were similar across subjects, and these values were similar to mean values previously reported for term babies without complications (Christensen et al., 2011). The results obtained using RRBS are known to correlate strongly with those from commonly used microarray approaches (i.e., illumina450K arrays). Notably, however, the use of RRBS in this study increased by 10-fold the range of genome coverage compared to genome-wide microarray approaches. In addition, we used a threshold of methylation differences >5% in our comparisons (although, we also provide data for the full range of differential methylation meeting an FDR < 0.05). This threshold approximates the detection limits of other platforms such as DNA pyrosequencing (Mikeska et al., 2011). Therefore, we expect that our results will be generalizable across commonly used DNA methylation analysis approaches targeting gene regulatory elements.

Among 23 genes that showed differential methylation between whole cord blood and dried blood spots, we identified only 2 genes with multiple differentially methylated CpG sites; TMEM183A (transmembrane protein 183A) and PROZ (protein Z, vitamin K-dependent plasma glycoprotein), which showed 7 and 6 significant differentially methylated CpG sites, respectively. TMEM183A is a gene of currently unknown function. The PROZ gene encodes a liver vitamin K-dependent glycoprotein and is synthesized in the liver that is then secreted into the plasma. The protein encoded by PROZ plays a role in regulating blood coagulation by inhibiting activity of coagulation protease. Deficiencies in PROZ protein are associated with an increased risk of ischemic arterial diseases (Lichy et al., 2004, 2006). Our results indicate that the genes that were most affected by air-drying blood were not related to biological processes that are of interest in most studies examining biomarkers of maternal exposures in cord blood.

Our findings contrast with the reported effects of sample handling on gene expression. It has been well documented that sample handling conditions influence the transcription of hundreds of genes (Hartel et al., 2001; Rainen et al., 2002; Baechler et al., 2004; Debey et al., 2004). These genes are involved in the activation of stress and inflammation-induced pathways, cell-cycle progression and apoptosis, which may confound the interpretation of gene expression results obtained from blood. Although DNA methylation is considered a relatively stable epigenetic modification (Bird, 2002), recent studies suggest that DNA methylation modifications at some loci are more dynamic than previously thought. For example, longitudinal analysis has shown that DNA methylation at some sites oscillates across the circadian cycle (Oh et al., 2018). However, we found that DNA methylation profiles are stable and resilient to ex vivo handling conditions in whole cord blood as well as in dried blood spots, at least in gene regulatory elements assessed with our approach. Four genes that were previously shown in an analysis of gene expression to be sensitive to ex vivo storage (Baechler et al., 2004) also showed differential methylation in dried blood spots compared to whole blood in the present study (Table 1). These genes included FASN (fatty acid synthase), GFI1 (growth factor independent 1 transcription repressor), MBP (myelin basic protein) and RALBP1 (ralA binding protein 1), suggesting that these genes may be sensitive to handling conditions at the level of gene expression and DNA methylation.

Notable strengths of this study are the use of a within-subjects design and a conservative read number (30X), although this study is not without limitations, including small sample size, which may have impacted our ability to detect very small changes in DNA methylation. Also, as sequencing reads obtained using RRBS are enriched at gene regulatory elements with a high CpG content relative to other loci, it may be that larger differences related to sample handling conditions occur outside of these regions. Finally, although the focus of this study was on typical handling conditions associated with the collection of clinical samples, we recognize that future work is needed to study the full range of conceivable handling conditions that may affect DNA methylome profiles. The current study focused on procedures for sample handling in clinical settings, which typically range from immediate to overnight sample storage time (up to 7 days in the case of blood cards) followed by freezing. A limited number of other studies have examined archival samples of dried blood. For example, Hollegaard et al. (2013) showed in matched samples of adult whole blood from two individuals, that methylation signatures were highly correlated between the whole blood and dried blood spots stored at room temperature for 3 years. Also, Joo et al. (2013) showed that matched samples of 5 adult buffy coat and dried blood spots stored at room temperature were highly correlated after 3 years of storage at room temperature. Although methylation analysis is feasible in older archival samples [e.g., samples collected >20 years ago (Hollegaard et al., 2013)], the ability to match these archival samples with immediately collected samples is a limitation in our current understanding of the potential impact of a wider range of storage conditions on DNA methylation. Nevertheless, with the recent advent of high-throughput epigenomic technologies that require high quality DNA, our findings on the relative stability of DNA methylation with varying sample handling and preparation conditions – including those pertaining to blood cards – can help guide current and future studies. There is emerging appreciation of the utility of cord blood and dried blood spots collected at birth as a resource for mechanistic, prognostic and diagnostic epigenetic studies of the Developmental Origins of Health and Disease, and our findings support such a strategy.

In summary, we have demonstrated that DNA methylation profiles are quite stable in whole cord blood, as well as, in dried blood spots following various ex vivo manipulations. Our findings stand to increase the scope of biological resources suitable for epigenome-wide association studies. This further adds to the potential use of neonatal dried blood spot samples in screening beyond genetic assessments and paves the way for population-based studies of epigenetic modifications after birth.
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In this report, we present a patient with brain alterations and dysmorphic features associated with chromosome duplication seen in 4p16.3 region and chromosomal deletion in a critical region responsible for Cri-du-chat syndrome (CdCS). Chromosomal microarray analysis (CMA) revealed a 41.1 Mb duplication encompassing the band region 4p16.3–p13, and a 14.7 Mb deletion located between the bands 5p15.33 and p15.1. The patient’s clinical findings overlap with previously reported cases of chromosome 4p duplication syndrome and CdCS. The patient’s symptoms are notably similar to those of CdCS patients as she presented with a weak, high-pitched voice and showed a similar pathogenicity observed in the brain MRI. These contiguous gene syndromes present with distinct clinical manifestations. However, the phenotypic and cytogenetic variability in affected individuals, such as the low frequency and the large genomic regions that can be altered, make it challenging to identify candidate genes that contribute to the pathogenesis of these syndromes. Therefore, systems biology and CMA techniques were used to investigate the extent of chromosome rearrangement on critical regions in our patient’s phenotype. We identified the candidate genes PPARGC1A, CTBP1, TRIO, TERT, and CCT5 that are associated with the neuropsychomotor delay, microcephaly, and neurological alterations found in our patient. Through investigating pathways that associate with essential nodes in the protein interaction network, we discovered proteins involved in cellular differentiation and proliferation, as well as proteins involved in the formation and disposition of the cytoskeleton. The combination of our cytogenomic and bioinformatic analysis provided these possible explanations for the unique clinical phenotype, which has not yet been described in scientific literature.

Keywords: Cri-du-chat, 4p16.3, PPARGC1A, CTBP1, TRIO, TERT, CCT5


BACKGROUND

Cri-du-chat syndrome (CdCS; OMIM #123450) is a genetic condition caused by a deletion in the short arm of chromosome 5. The phenotype is characterized by a cat-like cry, microcephaly, facial dysmorphism, psychomotor delays, and intellectual disability (Nguyen et al., 2015). Deletions, which occur at the end of the chromosome, as well as interstitial which result after two breaks, compose 80–90% of CdCS cases (Cerruti Mainardi, 2006). Unbalanced parental translocation occurs in approximately 10–15% of patients (Perfumo et al., 2000; Cerruti Mainardi, 2006). In addition, complex rearrangements, such as mosaicism, de novo translocation, or ring chromosomes, account for less than 10% of the cases (Perfumo et al., 2000). Wolf-Hirschhorn syndrome (WHS; OMIM #194190) is a contiguous gene deletion syndrome on the short arm of chromosome 4. It is characterized by facial dysmorphia, growth retardation, intellectual incapacity, and seizures (Zollino et al., 2008). However, duplication of the WHS critical region is a rare chromosomal condition causing mild clinical phenotypes, such as speech delay, facial dysmorphia, seizures, and delayed neuro and psychomotor development (Patel et al., 1995; Hannes et al., 2010; Carmany and Bawle, 2011; Cyr et al., 2011). However, the phenotypic and cytogenetic variability in affected individuals, such as the low frequency and the large genomic regions that can be altered, make it challenging to identify the candidate genes that contribute to the pathogenesis of these syndromes.

Here, we present an individual with duplication in the 4p16.3 region and deletion in the 5p15.2 region. The altered chromosomal segments are located in the critical regions of WHS and CdCS, respectively. This study reports a case never highlighted before in the literature. Systems biology and CMA were used to investigate the impact of chromosome rearrangement on critical regions in our patient’s phenotype.



CASE PRESENTATION

A 5-day-old female was referred for investigation of congenital abnormalities such as imperforate anus and rectovaginal fistula, as well as atrial septal defect. Family history is noteworthy as it highlights consanguineous parents, and a brother who died with similar clinical presentation of imperforate anus, congenital heart defect, and clubfeet (Figure 1A). The pregnancy of the patient was uneventful, and the girl was born at home at the gestational age of 36 weeks, weighing 2,160 g, and a total length of 39 cm. On her first physical examination in our center, she had a low weight (2,045 g), down slanting palpebral fissures, short palpebral fissures, ptosis, widely spaced eyes, thin upper lip, clubfeet, overlapping fingers, micrognathia, and a high-pitched cry. Neurological examination was extraordinary as there was hypertonia of extremities and an absence of the Moro reflex. At the age of 1 month, the patient suffered seizure episodes with eye deviation that were controlled with phenobarbital drugs. In the electroencephalogram, acute wave discharges with multifocal distribution were observed in both hemispheres with predominance over the left temporal region. The brainstem illustrated that there was auditory potential; however, the scan showed abnormalities within the visual region. A brain MRI performed at the age of 5 months showed a thin corpus callosum, white matter volume loss, pontine hypoplasia, and dysgenesis of the cerebellar vermis (Figures 1B,C). Despite this, myelination was in accordance with her age. After being subjected to surgical procedures which had no complications, she was discharged at the age of 5 months and 25 days. Although the patient had a tracheostomy and a nasoenteral tube, she was, clinically, in a stable condition.
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FIGURE 1. (A) Patient’s pedigree. A recessive trait was initially suspected on the basis of the parental consanguinity with recurrence in the offspring. The proband’s father (individual III.3) was a carrier of a balanced chromosomal translocation. (B) Transverse FLAIR image. Notice the white matter volume loss (asterisk). (C) Sagittal T1 weighted image showing thin corpus callosum (arrowhead) and pontine hypoplasia with dysgenesis of the cerebellar vermis (arrow).


Karyotyping identified typical patterns of GTG bands in the mother (46,XX), and paternal reciprocal translocation with breakpoints in 4p16.3 and 5p15.2 regions [46,XY,t(4;5)(p16.3;p15.2)]. The proband was identified with 4p16.3–p13 trisomy and 5p15.33–p15.2 monosomy [46,XX,der(5) t(4,5)(p16.3;p15.2)pat]. Fluorescence in-situ hybridization (FISH) analysis confirmed three fluorescence signals for the 4p16.3 band, and only one fluorescence signal in the 5p15.2 proband. CMA revealed duplication in chromosome 4 (41.1 Mb) encompassing the bands 4p16.3–p13. The approximate genomic position was defined in chr4:71552–41263831 (GRCh38/hg38), comprising 198 genes (Figure 2A). Chromosome 5 was outlined with a deletion of 14.7 Mb located between the bands 5p15.33 and p15.1. The genomic position was estimated in chr5:269963–15032936 (GRCh38/hg38), comprising 50 genes (Figure 2B).

[image: Figure 2]

FIGURE 2. (A) Cytogenomic profile of the region of chromosome 4 duplication. Segment duplicated highlighted in blue rectangle. UCSC-Genome Browser-Dec.2013 (GRCh38/hg38) – genomic position/search term: chr4:71552-41263831 – track: GENCODE V29. (B) Cytogenomic profile of the deleted region of chromosome 5. Segment deleted highlighted in red rectangle. UCSC-Genome Browser-Dec.2013 (GRCh38/hg38) – genomic position/search term: chr5:269963-15032936 – track: GENCODE V29. Orange squares are genes considered H-B.




LABORATORY INVESTIGATIONS


Cytogenetic Studies

Karyotyping was performed on metaphase spreads prepared from peripheral blood samples. The chromosomal analysis was conducted through GTG banding at a 550-band resolution, and at least 100 cells were analyzed. FISH experiments were performed following standard techniques with commercially available locus-specific probes such as a dual-color commercial probe for the CdCS and WHSCR (Cytocell, UK). The CTNND2 probe for 5p15.2 (red spectrum) contains a sequence homologous to the D5S2883 locus and covers approximately 159 kb of this locus. The probe for the 4p16.3 (red spectrum) contained a sequence that was homologous to the D4S166 locus and covered approximately 223 kb of this locus. At least 30 cells were analyzed per hybridization. The sample was mapped using CMA, using a 60-mer oligonucleotide-based microarray with a theoretical resolution of 40 kb (8 × 60 K, Agilent Technologies Inc., Santa Clara, CA, USA). The arrays were analyzed using a microarray scanner (G2600D) and feature extraction software (version 9.5.1, Agilent Technologies). The images were analyzed using Cytogenomics v2.0 and v2.7 with the statistical algorithm ADM-2 and a sensitivity threshold of 6.0.



Network Design

The protein-protein interaction (PPI) metasearch engine STRING 11.0 (http://string-db.org/) was used to create PPI networks based on deleted or duplicated genes located in the altered chromosomal regions. CMA, with a subsequent search in the UCSC genome browser of the human genome assembly (December 2013), retrieved 591 genes and predicted genes belonging to the duplicate area, as well as 246 from the deleted region (Kent et al., 1976; von Mering et al., 2005). The parameters used in STRING were: (i) degree of confidence, 0.400; (ii) 500 proteins in the first and second shell; and (iii) methods used were neighborhood, experiments, databases, and co-occurrence. The final PPI network was obtained through STRING and analyzed using Cytoscape 3.7.0 (Shannon et al., 2003).



GO and Centralities Analysis

The Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome libraries were searched using the ClueGO Cytoscape plugin (Bindea et al., 2009). Significant GO predictions were selected based on a p ≤ 0.05, with the Bonferroni family-wise false discovery rate (FDR) test. Node degree and betweenness centralities were measured to identify hub-bottleneck (H-B) nodes from the PPI network using the Cytoscape plugin and CentiScaPe 3.2.1 (Scardoni et al., 2009).



Molecular Pathway Reconstruction

The PathLinker Cytoscape plugin was used to identify and reconstruct possible signaling pathways of interest from our PPI network (Murali et al., 2017). PathLinker computes the k shortest paths that connect any source to any target in the network, and subsequently generates a subnetwork. It also creates a table with a rank of the shortest paths (Murali et al., 2018). The deleted gene network in the Cri-du-chat region (CdCR-Net) was used as a background, and the H-B CCT5, TERT, and TRIO were used as a source and targets for paths calculations. The parameters used in PathLinker were: (i) k: 50 (number of paths the user seeks); (ii) edge penalty: 1; and (iii) edge weight: weight probabilities, whereby it considers the edge weights as multiplicative, which result in the k highest cost paths (Murali et al., 2017).




DISCUSSION

Here, we have presented a patient with brain alterations and dysmorphic features resulting from chromosomal deletion in the critical region related to CdCS and duplication in the critical region related to WHS. The patient’s clinical findings overlap with previously reported cases of both 4p duplication syndrome and CdCS (Table 1). Overall, the patients presentation is notably similar to CdCS patients as she presented with a weak, high-pitched voice and also showed similar pathogenicity observed in the brain MRI. Furthermore, the patient’s anorectal malformations are also similar to what can be observed in certain cases of CdCS (Marcelis et al., 2011). Nevertheless, she presents with some features that are common to both conditions discussed, or those more frequently described in patients with abnormalities of the critical region of WHS.



TABLE 1. Comparison of the clinical manifestations of this patient, and previously reported patients with Cri-du-chat syndrome and Trisomy 4p syndrome.
[image: Table1]

To identify possible candidates that could help explain this scenario, a centrality analysis was carried out to identify H-B. These proteins represent nodes with high degree and betweenness scores, which are frequently related to the control of information flow between groups of proteins with central functions in a biological network (Hahn and Kern, 2005; Scardoni et al., 2009).

Two H-B were identified in the WHR-Net (Supplementary Figure S1A). The H-B PPARGC1A is a transcriptional coactivator of a subset of genes related to oxidative phosphorylation, which regulate glucose and lipid metabolism, mitochondrial biogenesis, and muscle fiber development (Terada et al., 2002; Tunstall et al., 2002; Puigserver and Spiegelman, 2003; Finck et al., 2006). As expected, and through the enrichment analysis, PPARGC1A was found to be associated with the regulation of progesterone synthesized in the biosynthetic pathway (Supplementary Figure S1B). The deregulation of transcription and mitochondrial function caused by PPARGC1A is associated with conditions such as amyotrophic lateral sclerosis, Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease (Weydt et al., 2006; Eschbach et al., 2013; Jesse et al., 2017). Additionally, the second H-B, CTBP1 plays a role in the regulation of gene expression during embryonic development, as well as participation in axial patterning and cellular proliferation and differentiation (Hildebrand and Soriano, 2002; Van Hateren et al., 2006). A de novo heterozygous missense mutation in the CTBP1 (R331W) causes hypotonia, developmental delay, ataxia, and intellectual disability (Beck et al., 2016, 2019). As heterozygous null variants of CTBP1 are commonly found in unaffected individuals, gain of function rather than loss of function mechanisms are more likely to be associated with these clinical findings (Beck et al., 2019). Moreover, PPARGC1A and CTBP1 are duplicated in the 4p region in the patients with neuropsychomotor delay, intellectual disability, and speech delay (Figure 2A; Cotter et al., 2001; Paskulin et al., 2009; Carmany and Bawle, 2011). Consequently, topological analysis indicates that the increased dosage of the PPARGC1A and CTBP1 genes may have contributed to the neuropsychomotor delay and neurological alterations found in our patient (Table 1).

TRIO, TERT, and CCT5 were identified as H-B in the CdCR-Net (Supplementary Figure S2A). TRIO has functions in cell migration and morphogenesis during cerebellum development, including neurite and axon outgrowth (Briancon-Marjollet et al., 2008; Peng et al., 2010; Tao et al., 2019). Trio knockout causes reduction in the extension of granule neurons from the cerebellum and severe ataxia in mice (Peng et al., 2010). Furthermore, the TRIO haploinsufficiency in mice increases anxiety; impairs sociability and motor coordination, disrupts learning capacity and spatial memory, and decreases brain and neuron size (Zong et al., 2015; Katrancha et al., 2019). In this sense, the hemizygosity of TRIO may have contributed to the clinical findings in our patient at the age of 5 months, such as the thin corpus callosum, white matter volume loss, pontine hypoplasia, and dysgenesis of the cerebellar vermis (Figures 1B,C).

Moreover, damages in spatial memory are associated with TERT as its knockout in the hippocampus of adult mice impairs spatial memory processes during neural development (Zhou et al., 2017). The deficiency of TERT may also result in microvascular dysfunction in mice (Ait-Aissa et al., 2018). Furthermore, we found that TERT was associated with the negative regulation of apoptotic processes of endothelial cells in GO analysis (Supplementary Figure S2B). In addition, TERT shows interaction with CCT5 in the Y2H library screen (Wang et al., 2013). The H-B CCT5 is involved in cilia morphogenesis and survival of sensory neurons (Posokhova et al., 2011). Mutations in this gene may cause neurodegenerative diseases, such as spastic paraplegia and sensory neuropathy (Bouhouche et al., 2006; Pavel et al., 2016; Pereira et al., 2017). Additionally, TERT and CCT5, located in the critical region of CdCS, are associated with microcephaly and intellectual disability, reported in patients from several other studies (Figure 2B; Cerruti Mainardi, 2006). In this sense, deletion of TERT and CCT5 genes could be involved with psychomotor retardation and microcephaly as presented in the present case (Table 1).

To investigate the importance of the H-B from CdCR-Net and their associated pathways (Figure 3A), we identified TRIO, GNG2, PRKACA, TUBA1A, and CCT5 as having the highest path score (Figure 3B). These proteins are involved in signaling mechanisms, including differentiation and proliferation, as well as roles in the formation and disposition of the cytoskeleton (Yajima et al., 2012; Tseng et al., 2017). In the latter case, TRIO, TUBA1A, and CCT5 play roles in the folding of actin and tubulin; reorganization; and assembly of the cytoskeleton during migration, growth, and differentiation of neurons (Seipel et al., 1999; Tian et al., 2010; Tracy et al., 2014). Genes that contribute to a common disorder tend to share core bioprocesses (Figure 3C; Goh et al., 2007). For instance, the chaperonin complex, CCT, which is also formed by the subunit CCT5, facilitates the formation of the heterodimeric form of the G-protein gamma subunits, similar to the GNG2 protein (Lukov et al., 2005). The formation of tubulin folding intermediates is also produced by CCT, in which unfolded actins and tubulins, such as TUBA1A are transferred to cytosolic chaperonin CCT (Frydman et al., 1992; McCormack et al., 2001). Interestingly, mutations or loss function of TRIO, TUBA1A, and CCT5 is associated with intellectual disability, defects in dendritic branching, synapse function, sensory neuropathy, and microcephaly in humans (Bouhouche et al., 2006; Morris-Rosendahl et al., 2008; Kumar et al., 2010; Ba et al., 2016; Pavel et al., 2016; Pengelly et al., 2016; Belvindrah et al., 2017).

[image: Figure 3]

FIGURE 3. (A) Signaling pathway identified between H-B (TRIO, CCT5, and TERT), using the Pathlinker plugin. (B) Pathway better ranked by path score between 50 possible pathways. (C) Enrichment analysis in proteins present in the pathway (TRIO, GNG2, PRKACA, TUBA1A, and CCT5).


Essential human genes are expected to encode central proteins, such as the H-B genes, and be expressed in different tissues (Goh et al., 2007; Loscalzo and Barabasi, 2011). The haploinsufficiency of the H-B genes observed in our PPI-network could affect pathways related to the cilia morphogenesis, dendritic branching, and synapse function, including neurite and axon outgrowth, which consequently could have led to the neurodevelopment delay and microcephaly observed in our patient. In addition, the identification of CTBP1, PPARGC1A, CCT5, TERT, and TRIO with different approaches brought new insights on the pathogenesis involved in these rare chromosomal rearrangements, such as those presented here, in a case never reported before.
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Social epigenomics has emerged as an integrative field of research focused on identification of socio-environmental factors, their influence on human biology through epigenomic modifications, and how they contribute to current health disparities. Several health disparities studies have been published using genetic-based approaches; however, increasing accessibility and affordability of molecular technologies have allowed for an in-depth investigation of the influence of external factors on epigenetic modifications (e.g., DNA methylation, micro-RNA expression). Currently, research is focused on epigenetic changes in response to environment, as well as targeted epigenetic therapies and environmental/social strategies for potentially minimizing certain health disparities. Here, we will review recent findings in this field pertaining to conditions and diseases over life span encompassing prenatal to adult stages.

Keywords: epigenetics, cancer, health disparities, chronic disease, social determinants of health


INTRODUCTION

Social epigenomics is defined as the study of how social experiences affect our genes and biology. Though social epigenomics is a relatively new area of research, studies exploring the individual and combinatorial influence of social, environmental, and genetic factors on health have become increasingly abundant. Social epigenomics is uniquely positioned at the intersection of population health and precision medicine, allowing us to understand how exposure to social and environmental stressors modifies the way in which genes are expressed and ultimately alter our risk for disease. This area of research is important when it comes to understanding the biological effects of environmental (e.g., food availability, pollution, green space, etc.) or social stressors (e.g., abuse, socioeconomic stress, etc.) and how they contribute to the rising health disparities commonly affecting minority communities; however, health disparities within minority populations have not been well addressed using epigenetic approaches. This space has gained increasing interest over recent years, as reflected by the $26.2 million-dollar National Institutes of Health (NIH) initiative entitled Social Epigenomics Research Focused on Minority Health and Health Disparities that was introduced in 2017.

Several recent and exciting discoveries have been made in the area of social epigenomics, which have allowed researchers to slowly disentangle the roles that social, environmental, and genetic factors may play on health and disease risk. The areas reviewed here are: (1) key social determinants of health, (2) common epigenetic mechanisms that affect human biology, (3) intersection of social determinants and epigenetics over the human life span, and (4) challenges and current limitations of social epigenomic studies.



KEY SOCIAL DETERMINANTS OF HEALTH

Social determinants of health can be viewed as “conditions in the environments in which people are born, live, learn, work, play, worship, and age”; these conditions influence health outcomes throughout the life course and in a multitude of ways (Institute of Medicine et al., 2006; Office of Disease Prevention and Health Promotion, 2020). Many of these determinants are intertwined, revealing a complex web of interconnected relationships, with both a direct and indirect impact on population health. Several key factors encompass the broad definition of social determinants including family and neighborhood effects, exposure to chronic stress, socioeconomic status (SES), educational attainment, access to health care, job availability, and exposure to crime and violence (Braveman and Gottlieb, 2014). Neighborhood effects can refer to the physical environment where an individual or family lives, or the social environment, which can be defined by a vast state of relationships between individuals within a neighborhood (Chaix, 2009). With respect to the physical environment, in urban and disadvantaged neighborhoods, epidemiologic studies consistently report that exposure to pollutants and allergens leads to worsening lung health (discussed in further detail in the early-life section) (Braveman and Gottlieb, 2014). Furthermore, in disadvantaged neighborhoods, there tends to be higher availability of alcohol, tobacco, fast-food restaurants, combined with lower availability of healthy food options (i.e., food deserts) and areas for recreation which lead to worse health outcomes (Braveman and Gottlieb, 2014). This leads to increased intake of unhealthy foods, less opportunity for physical activity, and as a result of alcohol consumption, an increased risk for alcohol-related traumatic injury (Braveman and Gottlieb, 2014). Furthermore, increased exposure to chronic stress in these populations has been associated with epigenetic changes and has been theorized, in part, due to a lack of social and familial support networks for coping (Cunliffe, 2016). Individual-level and neighborhood-level effects are closely intertwined and likely reciprocally influence one another. Disease is naturally an individual-level event, and as such, neighborhood-level influences exert their effects through behaviors and biologic processes (Diez Roux, 2001). For example, the availability (or lack thereof) of healthy food options in a neighborhood may drive individual-level choices for nutrition, leading to increased intake of polyunsaturated fats which may generate mutagenic free radical and oxidative stress (Bartsch and Nair, 2004; Alegría-Torres et al., 2011). This, in turn, may lead to epigenetic alterations that affect downstream biological processes, ultimately manifesting in disease (e.g., oxidative stress-induced lung cancer) (Lawless et al., 2009), though the underlying biology is often much more complex. In the context of neighborhood effects, home-level effects present another domain within which disparities can occur. The impact of poor housing conditions on health has been extensively studied (Krieger and Higgins, 2002); for example, the impact of indoor air quality on the risk or exacerbation of asthma. Studies have found that the onset and severity of asthma may be affected by interactions between the physical environment and epigenetic factors (e.g., ADRB2 5’-UTR methylation) (Fu et al., 2012). As a result of differences in the social determinants of health between populations, health disparities are commonplace. One proposed mechanism connecting these determinants with health outcomes is epigenetics. However, research focusing on the interplay between epigenetic (or epigenomic) changes and these determinants is limited. Epigenetics by no means fully explains these disparities, though it provides insight into the interplay between the environment and genetics in the context of disease risk, pathology, and severity.

Differences in the distribution of these social determinants are evident in the United States. Health disparities exist in many forms, including higher rates of chronic disease and premature death among minority racial and ethnic groups when compared to Caucasians, although the trends are not universal (National Academies of Sciences et al., 2017). Interestingly, in some minority groups, for example, Hispanic immigrants, better health outcomes are seen when compared to non-Hispanic whites (known as the “immigrant paradox”); however, this association diminishes as time spent in the United States increases (National Academies of Sciences et al., 2017). A stepwise socioeconomic gradient has recently been observed in the United States, overall and within racial and ethnic groups, with improvements in health increasing as social advantage increases (measured by SES); those among the most affluent and educated have the best health outcomes, while those with moderate and low income have worse health outcomes (Braveman et al., 2011). These social determinants may play a significant role in influencing overall health and disease risk potentially via epigenetic modifications affecting downstream molecular processes.



COMMON EPIGENETIC MECHANISMS THAT AFFECT HUMAN BIOLOGY

Since the mid-20th century when Waddington first introduced the concept of epigenetics, its definition has transformed, reflecting our increase in understanding of the molecular mechanisms underlying human biology from conception to death; for a recent review on the history of epigenetics terminology and findings, refer to Felsenfeld (2014). Epigenetics is presently defined as mitotically inheritable modifications to DNA that do not directly alter the sequence. These modifications can be de novo or inherited via genetic imprinting. Though epigenetic signatures are well known for their role in determining cell fate, epigenetic marks can also change in response to genetic and environmental factors over time, resulting in subsequent biological changes that may be tissue or cell type specific. The mechanisms responsible for regulating these modifications are capable of altering gene expression at multiple levels (e.g., transcriptional, post-transcriptional, translational, and post-translational).


DNA Methylation

DNA methylation is one of the most extensively studied epigenetic modifications. Several different types of DNA methylation exist [e.g., 5-methylcytosine (5-mC), 5-hydroxymethylcytosine (5-hmC)]; however, here, we will only review the most common form, 5-mC. This modification is characterized by the addition of methyl groups to the fifth position carbon of cytosine nucleotides; often, these cytosines are located adjacent to guanine (this position is termed a “CpG site”). Of the different regions within the human genome, gene promoters are typically enriched for C-G dinucleotides, yielding regions called “CpG islands.” DNA methyltransferases (DNMTs) transfer donated methyl groups from S-Adenosyl Methionine (SAM) complexes to target sites; DNMT1 enzymes serve to maintain pre-existing sites, while DNMT3A and DNMT3B transferases serve to establish de novo methylation marks. Though methylation within promoter regions is often negatively correlated, methylation within the gene body has been found to be positively correlated with gene expression, suggesting site-specific effects (Jones et al., 2015). Further, DNA methylation patterns are known to be tissue specific and highly conserved; interestingly, this conservation is thought to be controlled, in part, by DNA sequence at transcription factor binding sites (Zhou et al., 2017). For a recent review on the effects of DNA methylation on transcription factor binding, refer to Héberlé and Bardet (2019).



Histone Modifications

Eukaryotic chromatin structure consists of highly condensed, repeating “bead-like” structures called nucleosomes, which are units composed of approximately 147 base pairs of DNA wound around an octomeric histone core (consisting of two copies each of H2A, H2B, H3, and H4 histones) with linker histones (H1) connecting octamers of neighboring nucleosomes. Regulation of gene expression at the chromatin level can occur through chromatin remodeling (e.g., Swi/Snf complexes) and/or addition of covalent modifications such as acetyl, methyl, ubiquitin, phosphate, and biotin groups to basic (e.g., lysine, arginine) residues embedded in exposed histone N-terminal tails. As histone proteins play a significant role in DNA packaging, alterations to side chains can impact transcriptional activation/repression and efficiency of DNA repair mechanisms (Shen et al., 2006). Addition and removal of these modifications are regulated by enzymes termed “writers” and “erasers,” respectively, while the downstream effects of these modifications on gene expression are interpreted and dictated by protein factors termed “readers” (Gillette and Hill, 2015).

The most extensively studied histone modifications are acetylation and methylation, which have both direct and indirect effects on transcription (Bannister and Kouzarides, 2011). The action of each modification is regulated by enzymes termed “readers,” “writers,” and “erasers.” Acetylation status is primarily regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs). Acetyl groups added to lysine residues by HATs are typically read by small bromodomain proteins and allow for neutralization of the positive charge, leading to subsequent weakening of histone–DNA interactions and relaxation of chromatin structure (Marmorstein and Zhou, 2014). This provides regulatory and transcription factors with propensity for DNA to bind and enhance transcription. Though acetylation occurs throughout multiple regions of the genome, promoter and enhancer regions are often enriched with histone acetylation marks (Bannister and Kouzarides, 2011). Conversely, histone methylation status is primarily regulated by histone methyltransferases (HMTs) and histone demethylases (HDMs). Methyl groups are donated by SAM and transferred by HMTs to H3 and H4 arginine and lysine side chains, which are then read by a variety of different protein readers (depending on location and number of methyl groups) (Musselman et al., 2012). These methyl marks promote both transcriptional repression and activation, depending on the genomic context, by regulating DNA supercoiling (Barski et al., 2007).

The biological consequences of these modifications are further complicated, as there is evidence to suggest that chromatin structure varies based on type, location, and number of modifications, including cross-talk effects among different modification types (Molina-Serrano et al., 2013). For example, trimethylation of H3 lysine residues (H3K4me3) has been shown to occur only in the absence of H3 arginine dimethylation (H3R2me2a) (Molina-Serrano et al., 2013). Though histone modifications are important for various developmental processes, dysregulation or changes in the patterns of these epigenomic marks have also been implicated in aging and several diseases.



Micro-RNAs and Long Non-coding RNAs

Both micro-RNAs (miRNAs) and long non-coding RNAs (LncRNAs) play important roles in regulating gene expression. MiRNAs range in size from approximately 22 to 26 nucleotides in length. They contain 2–7 base pairs of complementary sequence (termed “seed sequence”) that bind to a stretch of nucleotides, often in the 3’-untranslated region (3’-UTR) of the target mRNA [though ubiquitous binding to other gene regions has been observed (O’Brien et al., 2018)], leading to either degradation of the transcript or inhibition of translation. Often, members of the same miRNA families, or rather those with similar seed sequences, target the same gene families or biological pathways (Backes et al., 2018). LncRNAs are >200 nucleotides in length and can influence gene expression through chromatin remodeling as well as interaction with transcriptional and post-transcriptional processing machineries (Cao, 2014).



INTERSECTION OF SOCIAL DETERMINANTS AND EPIGENETICS OVER THE HUMAN LIFE SPAN

Epigenetic modifications are dynamic in nature, and their patterns have been observed to change in response to environmental and psychosocial factors and have also been implicated in several disease states. These changes can occur at the level of chromatin, DNA, and RNA as highlighted in the previous section. These modifications also exhibit high levels of plasticity throughout the course of the human life span, though this plastic nature inevitably slows over time. Here, we briefly review recent findings implicating the intersection of social determinants and epigenetics, though this review is not exhaustive.

Figure 1 highlights the complex nature of health disparities over the human life span. Race/ethnicity or underlying ancestral genetic variation may be associated with risk for particular conditions but may also drive epigenetic alterations (not shown) that later contribute to disease risk and/or pathology. Regardless of genetic factors, social determinants of health, in combination with a variety of environmental exposures over time, may also contribute to disease risk.
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FIGURE 1. Schematic detailing the influence of socio-environmental factors on health and risk for disease. (1) Race/ethnicity is often associated with an individual’s social determinants of health including local neighborhood, social environment, education levels, socioeconomic status, and access to health care. (2) The social determinants of health can influence the risk for disease throughout the lifetime, regardless of genetics; however, (3) they can also influence epigenetic modifications such as those to histones, DNA, or micro-RNA (miRNA), thereby influencing biological functions that have downstream effects on health and disease susceptibility throughout the life span. Conditions and/or diseases within the colored boxes indicate socio-epigenomic links at different stages throughout the human life span: early-life, mid-life, and late-life; conditions detailed here are not exhaustive. FASD, fetal alcohol spectrum disorder.



Early Life


Prenatal Alcohol Exposure

Prenatal exposure to toxic agents, such as alcohol, radiation, environmental pollution, and maternal infections, can lead to a range of adverse developmental outcomes. In utero-derived disorders can be difficult to discuss and diagnose as mothers can become focal points of blame, sometimes leading to dishonest or reserved discussions between the mother and health care provider. For example, exposure to alcohol early in pregnancy can have the most detrimental effects. However, most mothers who drink early in pregnancy often do not know that they are pregnant at the time or may not report drinking while being pregnant due to social consequences. This prevents proper and timely diagnosis of a child who may be showing early signs of fetal alcohol spectrum disorder (FASD), classically characterized by neurocognitive deficiencies, impaired self-regulation, and adaptive function; these characteristics can also persist into adulthood (Lussier et al., 2017).

Fetal alcohol spectrum disorder was first described by Jones and Smith (1973) in 1973 and broadly includes several neurodevelopmental disorders described by physical, cognitive, memory, behavioral, and learning difficulties. Hallmarks of FASD include congenital malformations, deformities, chromosomal abnormalities, and mental/behavioral conditions. These issues persist throughout the afflicted child’s lifetime which is often shortened and includes premature onset of chronic disease. Although FASD may not affect all who are prenatally exposed to alcohol, worldwide prevalence is estimated to be approximately 1–5% (May et al., 2009; Lange et al., 2017). Further breakdown of FASD demographics within developed countries highlights a major health disparity, whereby groups most affected tend to be of lower income and/or belong to a minority. Notably, Inuit and Native Americans hold the highest rate of FASD followed by African Americans (Tenkku et al., 2009). Interestingly, Hispanic females vary in risk depending on origin of birth. According to a review by Bakhireva et al. (2009), Latinas born in the United States were shown to be more likely to drink when compared to Latinas born outside of the country due to differences in cultural norms. Several explanations for this observation have been proposed including higher education and income and loss of traditional community leading to an increased rate of unhealthy behaviors. On the other hand, immigrants may also experience increased alcohol consumption due to the stress of assimilation. Current estimates of FASD occurrence are believed to be an underestimation due to several reasons including the fact that assessment relies on mothers to report drinking, which again is shrouded in stigma, thus delaying the diagnostic process. A recent review describes that although individuals with higher SES may drink about as much if not more than individuals with lower SES, they do not experience as many of the negative outcomes of alcohol consumption (Collins, 2016). It is suggested that although further studies are required to determine the mechanisms, the outcomes may be moderated by race, ethnicity, and gender.

Recent rodent models have identified altered DNA methylation patterns in protocadherin genes and deregulation of genes possibly due to prenatal alcohol exposure with follow-up buccal swabs from children showing similar patterns (Laufer et al., 2017). For example, upon alcohol exposure, embryo growth was restricted due to hypomethylation of the regulatory region of the H19 gene present in the human placenta, suggesting the incidence of genomic imprinting (Haycock and Ramsay, 2009).

In response to the lack of investigation into the social impact of FASD diagnosis, efforts have been made to promote studies in this field of research. Translating to the Community (T2C) is an initiative established by researchers at the University of Manitoba and is the first Canadian social epigenetic biobank for Aboriginal communities that are known to have a disproportionate prevalence of FASD (Elias et al., 2018). The biobank is focused on the collection of biological samples (e.g., saliva, blood), social-contextual health-survey data, and clinical data in order to identify risk factors, social and biological pathways implicated in FASD. Efforts such as T2C may allow for a better understanding of the biological basis of FASD and identification of environmental and/or societal factors that increase the risk for FASD and have led to current disparities. Biobanks have historically lacked diversity; however, T2C, All of Us, and the United Kingdom Biobank are some of the organizations working toward inclusion (Collins and Varmus, 2015; Bycroft et al., 2018).



Micro-RNAs, Stress, and Pregnancy

MiRNAs are small non-coding segments of RNA which modulate gene expression by inhibiting translation. Expression of miRNAs is regulated by RNA polymerase II (similar to mRNA), and they are transported from cell to cell via exosomes (Hayashi and Hoffman, 2017). Circulating miRNAs in biofluid are believed to be a potential biomarker for a number of conditions (Gilad et al., 2008). Differential miRNA expression has been observed between tumors and normal tissue in multiple cancer types (Lu et al., 2005). Interestingly, certain maternally derived miRNAs (e.g., MIR517A) have been shown to be of placental origin, circulate within the mother’s plasma, and are cleared shortly following delivery (Luo et al., 2009). The expression levels of miRNA cluster C14MC and other pregnancy-specific miRNAs fluctuate over a normal pregnancy and throughout fetal development (Morales-Prieto et al., 2013). However, changes in miRNA expression have also been described throughout several pregnancy complications including preeclampsia, preterm birth, and gestational diabetes (Ospina-Prieto et al., 2016; Cao et al., 2017; Fallen et al., 2018). During pregnancy, miRNAs regulate multiple targets involved in immune suppression, tumor regulation, and protein trafficking.

The expression of pregnancy-related miRNAs is susceptible to environmental changes including psychological and physical stress, which may affect the development of the child or lead to disease onset. Diseases triggered by stress are typically multifactorial in nature and can vary in severity due to a combinatorial effect of gestational stage, maternal age, and race. As studies have shown, miRNA expression fluctuates over the lifetime in response to environmental stimuli. MiRNA profiling has the potential to serve as a less invasive method of fetal monitoring compared to other commonly used methods such as amniocentesis.

The Maternal and Developmental Risks from Environmental and Social Stressors (MADRES) cohort was created to help understand health disparities in low-income females in Los Angeles by collecting biosamples and information over the course of pregnancy and early life (Bastain et al., 2019). This center focuses on individual and cumulative factors (e.g., stress, environmental toxin exposure) involved in childhood obesity and excess pregnancy-related weight gain and postpartum retention. Information and biological samples from mothers and infants are collected during pregnancy, at birth, and throughout the first year of the child’s life. The collected information/samples include: questionnaires regarding household size, education, income, access to health care, proximity to freeways, and exposure to industry-derived toxins to assist in determining extrinsic stress; biospecimens including blood, urine, hair, nail clippings, feces, and saliva from pregnant mothers prior to and during birth; additional specimens collected at birth include umbilical cord blood, newborn blood, and placental tissue. The center assesses the health of both the mother and child using several different biological assays, including DNA methylation and metal exposure levels. The questionnaires provide measures of several levels of stress (Perceived Stress Scale, Prenatal Distress Questionnaire, and Center for Epidemiologic Studies). Studies utilizing information collected from this cohort highlighted the importance of collecting longitudinal data to assess the health of both mother and baby through the course of pregnancy, particularly in minority communities, to identify the factors that may be contributing to health disparities (Bastain et al., 2019).



Asthma Disparities

Asthma is one of the most common chronic diseases in children. It is often diagnosed in children who live in inner-city areas, neighborhoods near areas of high automotive traffic and emissions, or who attend day-care centers in early childhood (Ochoa Sangrador and Vázquez Blanco, 2018). Asthma is characterized by difficulty in breathing due to respiratory airway swelling and inflammation. Several factors such as environmental proximity to pollutants, genetic predisposition, and race/ethnicity have been shown to affect the onset of asthma. A recent review shows that the average prevalence of asthma among children in the United States is approximately 8%, while the prevalence within inner-city environments is 28% (Coleman et al., 2019). This is a health disparity, as most inner-city populations are primarily comprised of minorities with lower SES.

The United States Department of Health and Human Services reported that between the years of 2008 and 2010, the prevalence of asthma varied based on age, sex, and race (Akinbami et al., 2012). Recent findings reveal a sex bias in the prevalence and severity of asthma, which also varies by age group (Fu et al., 2014). In addition, racial differences have been noted, with a higher prevalence of asthma within African American populations when compared to Caucasians. Interestingly, there are ethnic differences in the prevalence of asthma within Hispanic population subgroups, with Puerto Ricans showing a 16.1% compared to 5.4% among Mexicans (Akinbami et al., 2012). Understanding racial and ethnic disparities within this population, for example, is further complicated by the “Hispanic paradox,” referring to the finding that Hispanic Americans tend to have better health outcomes compared to non-Hispanic White Americans despite being of lower SES (Franzini et al., 2001). It is important to note that the term “Hispanic” describes an admixed population with Spanish influence, typically including Native and African descendance; the degree and origins of admixture contribute to diversity within this population.

Several research groups have explored the role of ancestry on lung function in humans and using animal models (Brehm et al., 2012). Genome-wide association studies have identified genes associated with the development of asthma, with several genes reported to be involved in inflammation and immune function along respiratory airways. For example, ORMDL3 overexpression in children was associated with asthma onset (Moffatt et al., 2010) and was later shown to increase airway remodeling in mice (Miller et al., 2014). In a Puerto Rican cohort, differential methylation was observed at sites located within genes involved in regulating respiratory airway integrity and function (CDHR3 and CDH26) and immune response (FBXL7, NTRK1, and SLC9A3) (Forno et al., 2019).

A study by Miller and Chen (2006) showed a lowered bronchodilator response (BDR) and increased exposure to stress in Puerto Rican children. The study found that children with asthma who were exposed to chronic stress that was comparable to children without asthma displayed increased glucocorticoid receptor and β2-adrenergic receptor gene expression (Miller and Chen, 2006). CpG methylation patterns within ADCYAP1R1 (receptor for adenylate cyclase), leading to polypeptide overexpression, are implicated in people suffering from posttraumatic stress disorder (PTSD) and anxiety (Chen et al., 2013). These combined findings were supported by a recent study in which a variant of ADCYAP1R1 in combination with extrinsic stress led to reduced BDR in children with asthma and reduced levels of ADRB2 in CD4 + T cells (Brehm et al., 2015); the CD4+ cell type has been shown to have a significant role in an asthmatic response (Ling and Luster, 2016). Longitudinal epigenomic studies in different racial and ethnic groups investigating the development of asthma are needed. Studies of this nature may allow researchers to tease out associations between asthma prevalence and African ancestry, particularly in admixed populations such as Puerto Ricans.



Midlife


Chronic Stress

Stress can exist in many forms ranging from biological stressors such as injury or illness to social stressors including low SES, fewer years of education, challenging relationship among family members, and neighborhood environments. Though acute stressors often do not pose a burden on health, situations in which an individual is chronically subjected to stress may have adverse effects on health and longevity (Schneiderman et al., 2005). Risk for several diseases has been associated with exposure to and duration of stress. Based on the 2006 Health and Retirement study, minority populations, such as African Americans and Hispanics, were reported to experience a greater stress burden when compared to Caucasians; these stressors are generally related to financial or housing situations (Brown et al., 2018). However, differences also exist in how certain subpopulations perceive and react to stress, with African American and Hispanics reported to be less likely to emotionally react to stressful situations in comparison to Caucasians (Brown et al., 2018).

Some of the disparities in stress response among different racial/ethnic subgroups may be due, in part, to biological vulnerability like genetic background and ancestry (Schneiderman et al., 2005). A comprehensive review by Argentieri et al. (2017) discusses how social and environmental stressors impact the risk for diseases such as hypertension, cardiovascular disease, cancer, and Alzheimer’s disease (AD) through epigenomic mechanisms. These studies demonstrated the role of differential DNA methylation in hypothalamic–pituitary–adrenal (HPA) axis genes, CRH, CRH-R1/2, CRH-BP, AVP, POMC, ACTH, ACTH-R, NR3C1, FKBP5, and HSD11β1/2, in different human diseases that exhibit health disparity. For example, differential methylation of HPA axis genes such as dehydrogenase HSD11B1, glucocorticoid receptor NR3C1, and chaperone FKBP5 has been shown to be associated with environmental and social stressors such as childhood trauma, SES, and discrimination, as well as diseases such as hypertension, cancer, AD, and depression (Argentieri et al., 2017).



Addiction and Substance Abuse

Racial and ethnic disparities related to addiction and substance abuse are known to exist, though these disparities often show an abnormal trend due to combinatorial effects host genetics, health care, and SES. Based on data collected from the 12-year Northwestern Juvenile Project, non-Hispanic Whites, specifically males, were found to be at higher risk for drug abuse compared to African Americans and Hispanics (Welty et al., 2016). However, availability and/or affordability of addiction treatment may also contribute to this disparity. Failure to complete or enroll in addiction treatment for either drug or alcohol is frequently attributed to lack of health care, low SES, and unemployment. These conditions are commonly linked to African American, Hispanic, and Native American racial/ethnic groups (Saloner and Le Cook, 2014). In addition, emotional stressors and social adversities may also contribute to changes in epigenetic patterning, which in turn play a role in determining the type of response (positive or negative) an individual may have to a substance (Irner et al., 2012).

Epigenetic alterations have been linked to addiction and substance abuse. Studies by Kogan et al. (2018) have shown increased DNA methylation of oxytocin receptor OXTR in relation to stress, substance abuse, and high-risk sexual behavior in African American juveniles (∼19–23 years of age at baseline). OXTR is known to play a key role in buffering of stress responses and has been shown to be associated with increased stress and substance abuse symptomatology in young African American males (as demonstrated in the African American Men’s Project) (Kogan et al., 2018). Change in methylation status at OXTR was shown to be attributed in part to early-life adversity such as lack of prosocial ties. This gives support to the idea that social environments earlier in life are capable of shaping DNA methylation profiles leading to susceptibility to substance abuse in adolescence and mid-life stages.

Another layer of disparity in the context of addiction and substance abuse has been shown at the level of sex. An isolated study showed significant differences in gray matter volume within the brain between sexes in response to cigarette smoking (Wetherill et al., 2015). Sex differences in response to nicotine have also been observed, with females being less sensitive to nicotine, while males show greater reward responses to nicotine (Perkins et al., 2018). Females also appeared to be more responsive to varenicline, a pharmaceutical drug often used to treat smoking addictions (McKee et al., 2016). This emphasizes the importance of studying sex differences within ethnic subgroups in order to fully understand how individuals respond to a substance and to identify effective therapeutic strategies for treating substance abuse/addictions.



Metabolic Syndrome

Another common age-related condition that impairs health particularly in developed countries such as the United States is metabolic syndrome (MetS). This condition is characterized by insulin resistance, high fasting triglycerides, low high-density lipoprotein (HDL) cholesterol, incidence of hypertension, and obesity. Major disparities exist in MetS, with the highest prevalence observed among African Americans and Hispanic Americans (Ervin, 2009; Karlamangla et al., 2010; Heiss et al., 2014). In addition to disparity at the level of race/ethnicity, disparities also exist between sexes; for example, Mexican American females have a higher prevalence of MetS compared to males (Heiss et al., 2014). This sex-based disparity may be attributed in part to the significant differences in biological measures commonly used to diagnose the condition (Pradhan, 2014). The heritable risk of MetS is approximately 30%; however, it is considered to be largely a disease of lifestyle, with diet and exercise serving as important risk factors (Povel et al., 2011). Due to the significant involvement of environmental factors in determining MetS risk, many studies have explored the epigenetic mechanisms involved in MetS etiology/pathology.

Epigenetic mechanisms such as DNA methylation have been implicated in risk for MetS and related conditions. Racial/ethnic disparities in metabolic phenotypes do exist, as shown by the disproportionate prevalence of MetS in Mexican Americans. Groups have identified differentially methylated CpG sites in peripheral blood mononuclear cells (PBMCs) significantly associated with MetS, obesity, and hypertriglyceridemic waist (HTGW) (i.e., high waist circumference and elevated serum triglyceride concentration) in individuals of European and Hispanic ancestry (Ali et al., 2014; Mamtani et al., 2016). In Caucasian populations, methylation of SOCS3, which plays key roles in leptin and insulin signaling, has been shown to be significantly associated with MetS and other metabolic-related measures (as shown in participants enrolled in the Take Off Pounds Sensibly Family Study of Epigenetics) (Ali et al., 2014). Interestingly, in the same study, the degree of SOCS3 methylation was inversely correlated with SOCS3 expression, whereby hypermethylation led to declines in gene expression (Ali et al., 2014), suggesting a molecular explanation for the physiologic dysregulation observed in individuals with MetS. In Mexican Americans, differential methylation of CPT1A and ABCG1, involved in long-chain fatty acid and triglyceride metabolism, respectively, was found to be significantly associated with HTGW (as shown in participants of the San Antonio Family Heart Study) (Mamtani et al., 2016).

This emphasizes the importance of future studies to explore the epigenetic mechanisms underlying pre-MetS conditions such as obesity and bioenergetics dysregulation. Carless and colleagues have proposed to study to identify DNA methylation associated with several physiological measures of energy homeostasis and obesity utilizing the Viva la Familia (VIVA). This study was addressed to underpin the biological relevance of the onset and progression of metabolic disorders to tissues involved in the bioenergetics processes.

This avenue of research is not just important for developing future treatment and prevention strategies for combating MetS in individuals of different ancestral backgrounds. Metabolic dysregulation is also a well-known comorbidity factor for several age-related conditions that also display racial/ethnic health disparity (Brown et al., 2018). These conditions include cardiovascular disease, cancer, and neurodegenerative disease such as AD (Alzheimer’s Association, 2019).



Late Life

Aging is a complex process whereby overall physiological functions decline over time, progressively influencing an individual’s susceptibility to disease. How an individual ages can provide information on driving factors that maintain a healthy state. Though genetic factors may partially determine human longevity (∼20–30%) and health, epigenetics serves as a meaningful bridge between genotype and phenotype, allowing us to identify how experiences and lifestyle affect aging and risk for disease (Pal and Tyler, 2016). A number of epigenetic modifications have been studied in humans and experimental animal models ranging in biological complexity (Pal and Tyler, 2016). These modifications are known to be dynamic throughout the life span (both in dividing and non-dividing cells), and changes to different epigenetic marks occur throughout the aging process, though the directionality of these modifications is dependent upon the genomic context. Further, advanced age is an important risk factor for a number of complex diseases; however, chronological age is not always informative of the true biological condition or disease risk of an individual. In recent years, epigenetic signatures such as DNA methylation have been investigated as biomarkers for predicting morbidity and mortality risk (Hannum et al., 2013; Horvath, 2013; Levine et al., 2018; Lu et al., 2019).


Cancer

Several types of cancers exhibit health disparities in the context of sex, race/ethnicity, SES, and geographic location. Throughout the literature, it is apparent that both histone and DNA modifications are associated with tumorigenic processes and may serve a therapeutic potential (Wee et al., 2014). Several clinical trials have revealed that therapies targeting histone and DNA modification can be effective in treating cancers. However, how these epigenetic modifications control metastasis and recurrence of cancers still remains an open area of study. Here, we broadly discuss the role that epigenetics may play in driving cancer disparities and the potential utility of epigenetic-based therapies targeting “readers,” “writers,” and “erasers.” For the purposes of brevity, we focus on colorectal cancer (CRC), colon cancer, and cervical cancer.

Though several types of cancer exist, cervical and CRC models have been used to demonstrate how social factors affect epigenetic patterning and impact racial cancer disparities. Racial/ethnic disparities in cervical cancer incidence and mortality rates are well documented. Cervical cancer mortality rates are twice as high in African American populations compared to non-Hispanic whites in the United States (Rates, 2007; Downs et al., 2008). Furthermore, non-Hispanic white women are more likely to be diagnosed at an earlier stage of cervical cancer than African Americans, Native Americans, or Hispanics (Gilliland et al., 1998; Del Carmen et al., 1999; Rates, 2007; Downs et al., 2008). Both incidence and mortality of CRC are higher among African Americans when compared to all other racial and ethnic groups (Gillette and Hill, 2015). Rates of CRC were reported to decline following the introduction of new prevention and screening methods such as at-home fecal occult blood test (FOBT) and increases in the recommended frequency of colonoscopies. Despite these efforts, the disparity failed to disappear, highlighting the multifactorial nature of the disease (Siegel et al., 2013). Differential epigenetic modifications may underlie these cancer disparities; research within the field has been advancing in recent years (Nebbioso et al., 2018).

Age-related cancers are often highly heterogeneous and arise due to combined interaction of genetic, environmental, and lifestyle factors. Several research groups have sought to understand how epigenetic changes are implicated in cancer etiology (Jones and Laird, 1999; Feinberg, 2004). One such example is cervical cancer, which has been linked extensively with human papillomavirus (HPV) 16 infection. Following HPV infection, two oncogenic proteins, early proteins 6 and 7 (E6, E7), activate the cell cycle growth and prevent cellular apoptosis, thereby allowing for accumulation of DNA damage (Graham, 2017). The mechanism involved in the etiology of cervical cancer involves the binding of E6-associated protein with ubiquitin ligase and deregulation of apoptosis via p53 leading to cellular proliferation and cancer (Graham, 2017).

The combined effects of HPV infection, smoking, and alcohol consumption have been shown to play a role in cervical cancer risk and disparity. American Indian (AI) women are known to smoke at rates four times greater than Caucasian women and most HPV-positive AI women are smokers (Karuri et al., 2017). Schmidt-Grimminger et al. (2011) have found that the carcinogen benzo[a]pyrene (BaP), commonly found in cigarette smoke, increases the expression of HPV oncogenes (E6/E7), suggesting that HPV infection and smoking may increase the incidence and severity of cervical cancers in AI women; this may account for some of the disparities in cervical cancer incidence and diagnosis between AI women and Caucasian women (Bell et al., 2011).

Targeting of epigenetic “readers,” “writers,” and “erasers” has been proposed as a therapeutic strategy for cancer treatment. However, target specificity toward tumorigenic vs. normal tissue and pharmacokinetic efficacy are important considerations due to the potential pleiotropic effects on cellular functions (Rajendran et al., 2019). Many therapeutic strategies for cancer treatment have largely been focused on targeting “writers” and “erasers.” Thus far, two classes of epigenetic drugs have been approved by the United States Food and Drug Administration, DNMT and HDAC inhibitors, with other targets in late-stage clinical trials [e.g., bromodomain and extra-terminal (BET) inhibitors (BETis)] (Roberti et al., 2019). Interest in the use of natural substances as epigenetic therapies for certain cancer subtypes has increased in recent years as a result of their potential to be more effective chemopreventive and chemotherapeutic strategies (Meeran et al., 2010). One example is the compound sulforaphane (SFN), an isothiocyanate found in cruciferous vegetables. SFN may serve as an efficient, more accessible, and affordable anticancer agent. SFN and its associated metabolites have been found to act as natural HDAC inhibitors, through their propensity for acetylation activity on CCAR2-encoded protein (cell cycle and apoptosis regulator 2) (Parnaud et al., 2004). Overexpression of CCAR2 has previously been correlated with poor survival outcomes in colon cancer (Clarke et al., 2008; Best et al., 2017). Human clinical trials provide strong evidence for the chemopreventive effects of SFN on carcinogenesis by preventing tumor growth and increasing sensitivity of cancer cells to chemotherapy (Jiang et al., 2018). SFN has been found to induce apoptosis of tumors in a mouse model through inhibition of HDACs (Jiang et al., 2018). SFN has also been shown to significantly decrease the expression of DNMTs through allowing for modulation of cyclin D2 expression ultimately promoting pancreatic cancer cell death (Jiang et al., 2018). New and effective treatments, nutritional adaptations such as Nano-Curcumin (Nano-CUR) and food items enriched with SFN that target epigenetic regulatory mechanisms, may help diminish gaps in cancer-related health disparities.

Another natural substance proposed as an epigenetic therapy for cancer is curcumin. Curcumin has been shown to downregulate HPV18 transcription and exhibit enhanced cytotoxic activity in HPV-infected cells (Zaman et al., 2016). Furthermore, Nano-CUR, a nanoparticle formulation designed for increased absorption, was shown to abrogate the expression of BaP-induced E6/E7 (Zaman et al., 2016). In the context of CRC, oncogenic LncRNA MALAT1 can be used as an indicator of poor prognosis (Xu et al., 2018). Analysis using The Cancer Genome Atlas (TCGA) demonstrated a higher expression of MALAT1 in African American CRC tissue compared to Caucasians. Thus, MALAT1 represents a marker for the disparate CRC incidence and severity in African Americans and Caucasians. Nano-CUR has been proposed as an effective epigenetic treatment modality for HPV-based CRC and, more selectively, cervical cancers in populations with greater rates of smoking without the same toxicity as current anticancer therapies including chemo and radiation therapy regimens.

Most research to date has focused on targeting “writers” and “erasers” as therapeutic strategies for epigenetic cancer treatment. The discovery of BETis has resulted in an increased focus on targeting chromatin modification “readers.” Recent studies have shown that two BETis are effective in the downregulation of the MYC oncogene in several cancer subtypes, suggesting the importance of these inhibitors in oncogenic regulation and for cancer therapies (Filippakopoulos et al., 2010; Dawson Mark and Kouzarides, 2012). The role of BETis in cancer stems from their interference with the cancer cell cycle progression and DNA repair (Mio et al., 2019). Multiple BETis have shown promise for their therapeutic effects across several subtypes of cancers (Sahai et al., 2016). As such, BETis use has begun in clinical trials, providing another target for epigenetic cancer treatment. Preliminary clinical trials have revealed the effectiveness of BETis in cancer therapy. One benefit of their use is that they are unable to singularly bind a bromodomain-containing family member, which could reduce their therapeutic side effects (Simó-Riudalbas and Esteller, 2015; Ronnekleiv-Kelly et al., 2017). However, further research is needed to investigate “readers” dysfunction in cancer and identify the chemical compounds and probes capable of inhibiting “readers” (Mio et al., 2019).



Alzheimer’s Disease

Alzheimer’s disease is a multifactorial disease with both genetic and lifestyle factors impacting risk. Though early-onset forms of the disease display an inheritance pattern that is more Mendelian in nature, understanding the etiology of late-onset AD (LOAD) proves rather difficult due, in part, to the issue of “missing heritability.” This concept refers to the limited contribution that genetic variants have in explaining the heritable risk of LOAD. Because of this, several groups have begun to explore the role of epigenetics and the different environmental and lifestyle factors that may contribute to AD risk.

It is known that major disparities exist in AD prevalence and pathology across race/ethnicity, with Hispanics and African Americans having 1.5 and 2 times increased risk, respectively (Gaugler et al., 2019). Within the United States, the incidence of AD is known to be especially elevated in Hispanic and African American females (Matthews et al., 2019). Though genetic factors may explain some of this disparity, a great deal is thought to be due to external factors such as diet, lifestyle, and physical environment. Risk for AD is already known to be higher in individuals of advanced age, lower SES, and/or who suffer from a comorbid condition such as obesity, MetS, and hypertension (Gaugler et al., 2019).

Some research groups have taken an innovative approach toward understanding AD risk by determining how early life exposures (as early as neonatal stages) to extrinsic (e.g., metal toxicity), intrinsic (e.g., cytokines, hormones), and dietary factors (e.g., nutrient imbalance) impact gene expression and ultimately physiological development and function. Lahiri et al. (2007) have proposed the Latent Early-life Associated Regulation (LEARn) model of AD that early life exposures, which are determined in part by social disparities, can disrupt gene regulation, though this perturbation does not become pathogenic until later stages in life. This model is similar to the “two-hit hypothesis” for cancer, whereby an initial insult alters gene expression, followed by a latent period; if a second insult arises later in life, the alteration then becomes aberrant. It further proposes that overproduction of amyloid precursor protein (APP) and amyloid beta in late life may be triggered by early-life changes to the methylation status of promoters for APP and other related genes (Lahiri et al., 2007). Their group has also proposed epigenetic therapies such as mithramycin and tolfenamic acid to target amyloid pathways; these have been shown to exhibit downstream impact on neuronal structures including cell body, neurite length, and branch points (Bayon et al., 2017). Though AD is an age-related disease, emphasis must be placed on further understanding how early-life and mid-life environments and exposures influence AD risk in later-life stages.



CHALLENGES AND CURRENT LIMITATIONS OF SOCIAL EPIGENOMIC STUDIES

It is important to acknowledge that studies within the field of social epigenomics are often met with several challenges and limitations; this includes adequate study design, sample availability, experimental techniques, statistical analysis, and biologic interpretation of results (Bakulski and Fallin, 2014). Though social epigenomics may be useful in addressing racial/ethnic disparities in the context of health and disease, there is a lack of epigenetics literature investigating minority populations, with a great majority of studies focusing on homogeneous populations (i.e., Caucasians). This absence is primarily due to limited availability of samples from minority groups, which can be attributed to biased sampling and difficulty in recruiting/retaining research subjects. Much of the past literature has been focused on clinically recruited populations, which introduce bias and are problematic, specifically for studies investigating the effects of different social/environmental factors. One such example is Berkson’s bias, whereby clinic attendance is impacted by exposure and/or accessibility to clinical settings and presence of pre-existing diseases and/or conditions, resulting in distortion of experimental findings (Westreich, 2012). For example, evidence suggests that individuals belonging to minority populations hold mistrust toward researchers and health care personnel in fear of being exploited or mistreated (Yancey et al., 2006). Efforts to mitigate this mistrust have been made by some groups, primarily through improving communication and becoming more involved in the community (Yancey et al., 2006). Additionally, in most population-based studies, race is often self-reported, which does not capture the biological ancestry of an individual. Ancestry-informative markers (AIM) in the form of single-nucleotide polymorphisms (SNPs) provide utility in further defining population structure to allow for a more comprehensive understanding of the molecular factors associated with certain health disparities.

With epigenetic changes occurring throughout the course of an individual’s lifetime, it is difficult to capture the full effect of epigenetic changes on risk of disease. It is important to consider that any measurement is only a snapshot in time of a reversible modification, which further complicates biological interpretation. Samples collected at the time of disease diagnosis do not allow researchers the luxury of assuming a role for epigenetic changes in disease onset. Access to longitudinal data or sampling can be useful in teasing out some of the biological changes occurring downstream of epigenetic modifications; however, generation of this type of data is time-consuming and quite costly. Furthermore, depending on the epigenetic modification in question, sample storage can also greatly impact experimental results. Stability of different epigenetic modifications varies across sample conditions. For example, DNA methylation remains relatively stable in frozen tissue, while chromatin analysis necessitates fresh tissue (Bakulski and Fallin, 2014). Additionally, tissue samples are highly heterogeneous in nature and contain several cell types; adjustment for the proportions of each cell type whether by experimental methods (i.e., flow cytometry; limited to fresh tissue) or statistical methods (i.e., cell type correction) is essential for deconvoluting the effects of cell type on epigenetic modifications (Bakulski and Fallin, 2014). High-throughput methods also demand multiple batches to be analyzed, which need to be corrected for in the analysis stage of these studies (Bakulski and Fallin, 2014). The biologic interpretation of results from epigenomic studies remains a challenge, specifically, understanding the direct mechanisms for how various exposures cause epigenetic changes and lead to disease.

Difficulties often arise in teasing out gene–environment interactions. Genetic variants (i.e., SNPs) have been associated with racial/ethnic health disparities. For a recent review on the utility of investigating genetic data in the context of health disparities, refer to Mersha and Abebe (2015). Importantly, SNPs have also been associated with altered epigenetic modifications. For example, genotypes at certain loci have been shown to result in differential patterns of methylation (Smith et al., 2014); these positions are otherwise referred to as methylation quantitative trait loci. Since SNPs can affect both intermediate (i.e., epigenetic modifications) and downstream (i.e., conditions/diseases) phenotypes, complex analysis strategies must be used to tease apart these relationships. The use of statistical and epidemiological principles in testing causal associations presents some promise for epigenomic research. Directed acyclic graphs (DAGs) can be used to visually explain the potential direct and indirect causal mechanisms between exposure and outcome, as well as identify potential factors for mediation analysis (Mueller et al., 2020). For example, environmental exposures can lead to epigenetic changes, affecting disease risk downstream. Testing mediation effects between exposures and corresponding epigenetic changes can help identify mechanisms that mediate the exposure–outcome relationship (VanderWeele, 2016; Gao et al., 2019). Unfortunately, mediation analysis does have its limitations, the use of mediation requires a large sample size, oftentimes unavailable in epigenetic studies. An alternative strategy is Mendelian randomization (MR) which utilizes genetic variants as proxies for a valid instrumental variable for estimation of the causal effect between an exposure and outcome, overcoming confounding and reverse causation (an issue common to epigenetic research) (Smith and Ebrahim, 2003; Relton and Davey Smith, 2015). Another statistical method for elucidating causal inference is inverse probability of treatment weighting (IPTW), a form of propensity weighting for inclusion in statistical analysis. IPTW is useful in controlling for selection bias in epigenetic studies. Within the context of epigenomic research, this statistical method relies on creating a propensity score and inverts the score to weigh individual covariates in order to estimate the level to which epigenetic changes would exist if different racial or ethnic groups experienced similar built and social environments (Beck et al., 2016). IPTW has proven useful in teasing out causation of racial disparities for some conditions. For example, in a study adjacent to the Greater Cincinnati Asthma Risks Study, 695 African American and White children from an urban pediatric hospital were studied to identify potential asthma onset predictors (Beck et al., 2016). Preliminary results showed racial disparities in exposure to risk factors including allergen sensitization and socioeconomic hardships. However, upon further examination using IPTW-adjusted survival analysis controlling for a number of exposures, the risk for readmission for asthma was comparable between groups. This suggests that methods such as those mentioned above may be useful for socio-epigenomic researchers in determining disease causality.



CONCLUSION

This review article has focused on the social epigenetic mechanisms that may lead to chronic diseases and resulting health disparities in specific populations. The review draws from transdisciplinary sciences encompassing basic research, public health, and medicine, as well as community organizations, to highlight the current state of knowledge, future directions, and the challenges and limitations of socio-epigenetics research. Understanding the impacts that environment and lifestyle factors have on biological processes and how these factors can be modified to improve the state of health on a global scale is the primary goal of social-epigenetic research. We have discussed the ways in which social and environmental factors impact biological processes through epigenetic changes leading to susceptibility to certain conditions and/or diseases throughout different life stages (Figure 1) and how these changes contribute to health disparities. Approaches which may help in mitigating the complex health disparities impacted by epigenetic-related mechanisms were highlighted including pharmaceutical targeting of epigenetic imprinting, adaptations to specific nutrition/diet-based therapy like consumption of cruciferous vegetables, improvements to our local environments like creation of increased green space and related community infrastructure, and psychosocial practices. We also addressed current challenges and limitations in social epigenomics research and highlighted the need for more minority population-based cohorts in social epigenomic studies.
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Joubert syndrome (JBTS) and Meckel–Gruber syndrome (MKS) are rare recessive disorders caused by defects of cilia, and they share overlapping clinical features and allelic loci. Mutations of MKS1 contribute approximately 7% to all MKS cases and are found in some JBTS patients. Here, we describe a JBTS patient with two novel mutations of MKS1. Whole exome sequencing (WES) revealed c.191-1G > A and c.1058delG compound heterozygous variants. The patient presented with typical cerebellar vermis hypoplasia, hypotonia, and developmental delay, but without other renal/hepatic involvement or polydactyly. Functional studies showed that the c.1058delG mutation disrupts the B9 domain of MKS1, attenuates the interactions with B9D2, and impairs its ciliary localization at the transition zone (TZ), indicating that the B9 domain of MKS1 is essential for the integrity of the B9 protein complex and localization of MKS1 at the TZ. This work expands the mutation spectrum of MKS1 and elucidates the clinical heterogeneity of MKS1-related ciliopathies.

Keywords: cilia, ciliopathy, Joubert syndrome, B9 proteins, MKS1


INTRODUCTION

Caused by defects of cilia, a variety of disorders are named ciliopathies (Hildebrandt et al., 2011; Novarino et al., 2011; Reiter and Leroux, 2017). Joubert syndrome (JBTS) and Meckel–Gruber syndrome (MKS) are two kinds of typical ciliopathies sharing overlapping clinical phenotypes, such as central nervous system malformation, renal/liver disease, and polydactyly (Brancati et al., 2010; Sattar and Gleeson, 2011; Hartill et al., 2017). JBTS is characterized by cerebellar vermis hypoplasia, which shows a typical molar tooth sign (MTS) on magnetic resonance imaging (MRI) (Joubert et al., 1969; Bachmann-Gagescu et al., 2020). Additional clinical symptoms may also be associated with brain malformations, including cystic kidney disease, liver fibrosis, polydactyly, or retinal dystrophy (Bachmann-Gagescu et al., 2020). Most JBTS patients are expected to have normal life spans (Dempsey et al., 2017). MKS is a rare lethal ciliopathy characterized by occipital encephalocele, cystic renal dysplasia, and postaxial polydactyly (Hartill et al., 2017). Ciliary defects in MKS result in perinatal lethality.

Genetic analysis has revealed that JBTS and MKS share more than 10 allelic loci (Kyttala et al., 2006; Baala et al., 2007; Valente et al., 2010; Dowdle et al., 2011; Garcia-Gonzalo et al., 2011), most of which encode proteins concentrated to the ciliary transition zone (TZ), a specialized region at the ciliary base controlling the composition of cilia (Chih et al., 2011; Garcia-Gonzalo et al., 2011; Sang et al., 2011). MKS1 is a TZ protein found in MKS, JBTS, and Bardet–Biedl syndrome (BBS), which is a ciliopathy characterized by obesity, retinitis pigmentosa, polydactyly, intellectual disability, and renal abnormalities (Kyttala et al., 2006; Dawe et al., 2007; Slaats et al., 2016). Mutations of the MKS1 gene contribute to approximately 7% of all reported MKS cases (Hartill et al., 2017), but only a few mutations in MKS1 have been reported to cause JBTS (Romani et al., 2014; Bachmann-Gagescu et al., 2015; Bader et al., 2016; Irfanullah et al., 2016; Vilboux et al., 2017). In the present study, we identified a patient with two novel MKS1 mutations in a JBTS cohort. In contrast to most reported JBTS cases with ≥ 1 non-truncating mutation of MKS1, this patient carried two mutations leading to truncated forms of MKS1. Further studies showed that the truncated protein failed to interact with B9D2 and attenuated the TZ localization. These findings extend the spectrum of MKS1 mutations in ciliopathies.



MATERIALS AND METHODS


Whole Exome Sequencing and Variants Analysis

The exomes were captured by using the Agilent SureSelect Human All Exon V6 Kit (Agilent Technologies Inc.) and sequencing on an Illumina NovaSeq 6000 platform (Illumina Inc., CA, United States). Burrows−Wheeler Aligner and SAMtools were used to align the NGS reads to the hg19 reference genome (GRCh37). PCR duplicates were removed by Picard tools. Variants and small InDels were called by Genome Analysis Toolkit (GATK), annotated with Ensembl Variant Effect Predictor (McLaren et al., 2016) and filtered as described previously (Luo et al., 2019). Finally, all the variants were annotated according to American College of Medical Genetics and Genomics (ACMG) guidelines (Richards et al., 2015), and the variants from known causative genes of JBTS were analyzed with priority. Sanger sequencing was performed for variant validation.



RNA Extraction and PCR

TempusTM Blood RNA Tube (Thermo Fisher Scientific, MA, United States) and TempusTM Spin RNA Isolation Kit (Thermo Fisher Scientific, MA, United States) were used for blood collection and RNA extraction, respectively. SuperScript IV First-Strand Synthesis System Kit (Thermo Fisher Scientific, MA, United States) was used for reverse transcription. The forward primer (5′-CCGAGTCCACCTGCAAAGAA-3′) used for cDNA amplification crossed the junction of exon 1 and exon 2, while the reverse primer (5′-TTCTCCCCCTCCGTCTCAAT-3′) was located at the beginning of exon 8. For qPCR, the primers of MKS1 5′-AAGGTGGCTCACTTCTCCTACC-3′ and 5′-AGAGGACCTCACAGTAGAGCAC-3′ and the primers of GAPDH 5′-GTCTCCTCTGACTTCAACAGCG-3′ and 5′-ACCACCCTGTTGCTGTAGCCAA-3′ were used.



Plasmid Constructs

The cDNAs of MKS1 and B9D2 were amplified by PCR from a cDNA library prepared from HEK293 cells. MKS1 variants were cloned into the pLV-FLAG lentiviral vector. B9D2 was inserted into pCMV-HA. All plasmid sequences were validated by Sanger sequencing.



Cell Culture, Plasmid Transfection, Lentivirus Package, and Infection

HEK293T cells were grown in Dulbecco’s modified Eagle medium (DMEM, Sigma, MO, United States) supplemented with 10% FBS (Sigma, MO, United States), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. RPE1 cells were grown in DMEM/F12 (1:1 mixture) (Sigma, MO, United States) supplemented with 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Transfections of HEK293T cells were performed using linearized polyethyleneimine (PEI) (Polysciences Inc., PA, United States). pLV-FLAG plasmids harboring MKS1 variants were transfected into HEK293 cells with psPAX2 and pMD2.g by the PEI method. Media containing virus were filtered through a 0.45 μm membrane filter and added into plates with RPE1 cells in the presence of 6 μg/ml polybrene (Santa Cruz, TX, United States). After 48 h of infection, RPE1 cells were selected with 10 μg/ml puromycin for 2 weeks.



Co-immunoprecipitation and Western Blot Analysis

For co-immunoprecipitation (co-IP), transfected HEK293T cells were rinsed with ice-cold PBS and scraped into IP lysis buffer (20 mM Tris–HCl, pH = 7.5; 150 mM NaCl; 0.5 mM EDTA; and 0.5% Triton X-100) supplemented with protease inhibitor cocktail. After 20 min, cell lysates were cleared by 10,000 × g centrifugation at 4°C for 10 min. The supernatant was used for the co-IP assay by shaking with FLAG M2 beads (Sigma-Aldrich, MO, United States) for 2 h at 4°C. After three washes, proteins binding to FLAG beads were eluted with IP buffer containing 200 μg/ml 3 × FLAG peptides (Sigma-Aldrich, MO, United States).

For Western blot analysis, whole cell lysates or the elution products from the co-IP were denatured with 2 × SDS sample buffer, resolved on SDS-polyacrylamide gel electrophoresis, and subjected to Western blotting. The following antibodies were used for Western blot analysis: anti-FLAG (1:5,000, Sigma-Aldrich, MO, United States), anti-HA (1:3,000, Sigma-Aldrich, MO, United States), goat anti-mouse IRDye 680RD (1:15,000; LI-COR, NE, United States), and goat anti-rabbit IRDye 800CW (1:20,000; LI-COR, NE, United States).



Immunostaining and Confocal Imaging

For immunostaining, RPE1 cells were seeded on coverslips in six-well plates. After serum starvation for 48 h, cells were washed with PBS and fixed with 4% paraformaldehyde for 10 min, and the fixed cells were permeabilized by −20°C cold methanol or 0.3% Triton X-100 for 10 min. After washing twice with PBS, cells were stained using primary antibodies in blocking buffer (PBS containing 1% bovine serum albumin and 0.1% Triton X-100) for 1 h at room temperature. After washing with PBS twice, cells were incubated with secondary antibodies in blocking buffer for 1 h at room temperature. DNA was visualized by DAPI (Sigma-Aldrich, MO, United States). Samples were visualized using a FV3000 confocal microscope (Olympus, Tokyo, Japan) with a 40 × /NA1.4 objective (Olympus, Tokyo, Japan). Data from three independent experiments was used for intensity quantification.



RESULTS


Novel Mutations of MKS1 Are Associated With Joubert Syndrome

Whole exome sequencing (WES) of 151 patients in a JBTS cohort resulted in the identification of two likely pathogenic MKS1 variants. The proband, II:2, is the second child of non-consanguineous parents without related medical history (Figure 1A). She was born full-term by normal delivery, weighing 4,050 g and measuring 55 cm in height. The proband was hospitalized at the age of 5 months, and she was diagnosed with hypotonia and developmental delay. Brain MRI showed typical molar tooth sign, indicating severe cerebellar vermis hypoplasia (Figure 1B). No renal/hepatic involvement, polydactyly, or agenesis of the corpus callosum was observed (Table 1). Several rare deleterious variants in the known JBTS genes were found by WES (Supplementary Table 1). WES found the compound heterozygous variants in the MKS1 gene (GenBank: NM_017777.3), but other variants are heterozygous (Supplementary Table 1). The paternally inherited variant of MKS1 is mutated at the canonical splice acceptor site, and it is also known as rs201362733 with a rare frequency (0.00001202) in gnomAD (Figures 1C,D). The maternally inherited variant, c.1058delG, is a deletion of one nucleotide causing a frameshift and premature stop, p.G353Efs∗2 (Figures 1C,D). Thus, both of the two variants of MKS1 were classified as “pathogenic,” according to the ACMG guidelines (Richards et al., 2015). The absence of these two variants in her sister revealed that she is not a carrier.
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FIGURE 1. Identification of novel MKS1 mutations in a patient with Joubert syndrome. (A) Pedigree of family referred for a clinical diagnosis of Joubert syndrome (JBTS). (B) Brain MRI of the proband showing the typical molar tooth sign and cerebellar vermis hypoplasia. (C) Electropherograms of Sanger sequences showing MKS1 sequences of the proband and her parents. (D) Schematic diagram of MKS1 domain structure and the mutations of the affected individual. The B9 domain is labeled as B9-C2.



TABLE 1. Clinical features and genotype.
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Confirmation for an Abnormal Transcript of MKS1

The mutational effect of c.191-1G > A was validated by reverse transcription PCR. Surprisingly, only one band was observed in the proband, her father, her mother, her sister, and a healthy control (Figure 2A). Sanger sequencing showed one nucleotide deletion at the beginning of exon 3 rather than skipping exon 3, which was caused by the failure of correct splicing in c.191-1G > A mutated samples (the proband and father) (Figures 2B,C). This deletion resulted in a frameshift and a premature stop, which is annotated as p.S64Mfs∗12. The mRNA level was comparable to the sibling and healthy control (Figure 2D).
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FIGURE 2. Confirmation for an abnormal transcript of MKS1. (A) Image of agarose gel electrophoresis of the PCR products from the proband, her parents, and sibling and the healthy control. (B) Chromatograms showing the DNA sequences of wild type and c.191-1G > A mutation. (C) The predicted protein sequences translated from mRNAs of wild type and c.191-1G > A mutation. (D) Relative MKS1 mRNA levels of the patient, the sibling, and a health control. Data from three independent experiments was used for the quantification. Error bars represent the SD.




The B9 Domain of MKS1 Is Required for the Transition Zone Localization and Interaction With B9D2

B9-containing proteins are highly conserved proteins present only in organisms assembling cilia (Barker et al., 2014). MKS1 encodes a protein with 559 amino acids and the B9 domain localizes at the C-terminus. The c.191-1G > A variant was predicted to generate a short peptide containing 64 correct amino acids, suggesting complete loss of function. The c.1058delG variant caused early termination of the translation of MKS1, which caused the partial loss of the B9 domain (314–493) and loss of the C-terminal tail (494–559). To confirm the pathogenicity, we established RPE1 cell lines stably expressing FLAG-tagged wild-type, MKS1 1-353 (to mimic p.G353Efs∗2), or B9 domain lacking MKS1 (Figure 3A). Immunoblots confirmed the expression of the variants (Figure 3B). Previous studies have shown that MKS1 mainly localizes at the ciliary transition zone (Dowdle et al., 2011; Garcia-Gonzalo et al., 2011; Sang et al., 2011; Slaats et al., 2016). Therefore, we determined whether the MKS1 1-353 disrupted the localization of MKS1 by immunostaining. Almost all cells expressing wild-type MKS1 had FLAG signal at the transition zone, but the localization of MKS1 1-353 or the B9 domain-lacking mutant was largely attenuated (Figures 3C,D). It has been shown that the three B9 proteins, MKS1, B9D1, and B9D2, form a protein complex, the integrity of which is essential for their function (Chih et al., 2011; Dowdle et al., 2011; Garcia-Gonzalo et al., 2011; Sang et al., 2011). In this complex, MKS1 predominantly interacts with B9D2 (Dowdle et al., 2011). To test whether the mutation affects B9 protein complex formation, we performed co-immunoprecipitation assays. Immunoblots showed that wild-type MKS1 but not the MKS1 1-353 or B9 domain-lacking MKS1 interacted with B9D2 (Figure 3E). These results demonstrate that the B9 domain is essential for the localization and activity of MKS1 protein.
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FIGURE 3. MKS1 mutant fails to localize at the transition zone and lose the interaction with B9D2. (A) Schematic diagram of the domain structure of MKS1 variants (wild type, MKS1 1-353, and MKS1 lacking B9 domain). (B) Immunoblot analysis of RPE1 cell lines stably expressed FLAG-tagged MKS1 variants shown in (A). (C) Immunostaining of RPE1 cells expressing FLAG-tagged MKS1 variants. MKS1 variants (FLAG, green), cilia (ARL13B, red), and nuclei (DAPI, blue). (D) Quantification of MKS1 variant levels at the transition zone. Each dot represents the signal of one cell. Data from three independent experiments was used for the quantification. Error bars represent mean ± SD. Statistical significance was determined by an unpaired Student’s t-test (****p < 0.0001). (E) Immunoprecipitation of FLAG-tagged MKS1 variants with B9D2.




DISCUSSION

In this study, we report a JBTS patient with two novel MKS1 mutations displaying global developmental delay, MTS, and hypotonia. Additional brain anomalies such as agenesis of the corpus callosum, which is more frequent in MKS than JBTS (Bader et al., 2016), were not observed. This patient belongs to JBTS, because no renal or liver involvement and no limb anomalies were displayed.

A hypothesis has been proposed for the genotype–phenotype correlation as follows: two null alleles of MKS1 result in MKS; one null allele and one hypomorphic allele result in JBTS; and two hypomorphic alleles result in BBS (Bader et al., 2016). In this study, the proband has two truncating mutations but has JBTS. This situation has also occurred in three other cases as follows: homozygous splice acceptor site mutation of c.1461-2A > G in COR340 (Romani et al., 2014), homozygous frameshift mutation of c.1528dupC (p.R510Pfs∗81) in UW31-3, and homozygous splice acceptor site mutation of c.1589-2A > T in UW150-3 (Bachmann-Gagescu et al., 2015; Slaats et al., 2016). Taken together, these findings suggested that the genotype–phenotype correlation is more complicated in MKS1-mutated ciliopathies.

Previous landmark studies have shown that the integrity of the B9 complex may be essential for the control of the entry and exit of ciliary components (Dowdle et al., 2011; Sang et al., 2011). We found that loss of the B9 domain of MKS1 largely attenuates its transition zone localization and disrupts the interaction with B9D2. These findings are consistent with previous studies. Three major protein modules locate at the TZ region, namely the NPHP complex, the B9 complex, and the TMEM–TCTN complex. The disruption of the B9 complex possibly changes the structure of the three key modules and results in ciliopathies.

In summary, we identified two novel null mutants of MKS1 resulting in JBTS, expanding the genetic basis of JBTS. Our findings further implicate that clinical features of MKS1 mutations are more complicated than the previously proposed genotype–phenotype correlation model of the MKS1 gene. Finally, these findings will be helpful for the genetic testing of JBTS patients and their families.
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Human leukocyte antigen-G (HLA-G) has been widely acknowledged to play critical roles in fetal-maternal maintenance. However, the significance of using maternal serum sHLA-G to detect prenatal chromosomal abnormality has not been investigated. In China, prenatal screening using maternal α-fetoprotein (AFP), unconjugated estriol (uE3), and free β subunit human chorionic gonadotropin (β-hCG) in the second trimester has been widely applied. In this study, we evaluated the use of sHLA-G as a screening marker, compared with traditional second trimester prenatal screening. Serum samples from 1,019 singleton women in their second trimester were assessed. Among them, 139 infants were confirmed with trisomy 21 (T21) by karyotyping, 83 were confirmed with trisomy 18 (T18), and the remaining 797 infants had no abnormalities. The sHLA-G levels in maternal sera were significantly lower in pregnant women with T18 fetuses (median: 47.8 U/ml, range: 9.8–234.2 U/ml) and significantly higher in those with T21 fetuses (median: 125.7 U/ml, range: 28.7–831.7 U/ml), compared with the normal controls (median: 106.3 U/ml, range: 50.5–1136.4 U/ml) (p < 0.001). The risk values of the screening of T21 or T18 fetuses were assessed using mean and standard deviation log10 analyte multiples of median (MoM) which showed that the predictive values of sHLA-G were the same as free β-hCG, and superior to AFP and uE3 for T18 screening. Logistic regression analysis revealed that sHLA-G MoM was the highest risk factor associated with pregnant women carrying T18 fetuses [Exp(B): 171.26, 95% CI: 36.30–807.97, p < 0.001]. Receiver operating characteristic (ROC) analysis revealed that the area under ROC curve for sHLA-G MoM was 0.915 (95% CI, 0.871–0.959, p < 0.001), for AFP MoM was 0.796 (95% CI, 0.730–0.861, p < 0.001), for free β-hCG MoM was 0.881 (95% CI, 0.829–0.934, p < 0.001), and for uE3 MoM was 0.876 (95% CI, 0.828–0.923, p < 0.001) in the T18 group. sHLA-G MoM demonstrated the best sensitivity and negative predictive value. For the first time, our findings reveal that sHLA-G is a better second trimester screening marker for the detection of T18 fetuses and the combined application of sHLA-G with AFP, free β-hCG, and uE3 could improve clinical screening for T18 fetuses.
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INTRODUCTION

China is a large country, with a population size of more than 1.3 billion people. With an aging population in mind, the Chinese government canceled the birth control policy on October 29, 2015. The number of pregnant women increased sharply. Trisomy 18 syndrome (T18), also known as Edwards syndrome, is one of the most common aneuploidies diagnosed in the prenatal period. Most T18 fetuses are miscarried, so the overall prevalence in China is difficult to estimate, but the prevalence of newborn babies with T18 is 1 in 5,000 live births. Although non-invasive prenatal testing (NIPT) could be used to screen for T18 in the early stages of pregnancy, its cost meant it could not be made widely available. In China, combined serological screening in the first and second trimesters had been widely introduced in recent years and there were also some regions or individuals who simply chose the second trimester screening. Therefore, it is important to improve the detection rate and to reduce the false-positive rate for diagnosing this condition.

Human leukocyte antigen-G (HLA-G) was cloned and identified by Geraghty in 1987 and its expression was first observed in human trophoblasts by Kovats et al. (1990). Since then, a large number of studies have explored the biological roles and clinical significance of HLA-G in the arena of reproductive immunology (Ferreira et al., 2017). At least seven isoforms of HLA-G have now been well-defined, including four membrane-bound (mHLA-G; HLA-G1 to -G4) and three soluble (sHLA-G; HLA-G5 to -G7) isoforms; and additional novel isoforms have been proposed as a result of alternative splicing of the primary transcripts (Tronik-Le Roux et al., 2017; Lin and Yan, 2018). Both mHLA-G and sHLA-G have comprehensive immune suppression functions including inhibition of T cells, natural killer (NK) cell cytotoxicity (Huang et al., 2009; Chen et al., 2013), and stimulating proliferation of regulatory cells such as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) (Tilburgs et al., 2015; Kostlin et al., 2017). The underlying mechanisms involve interactions between the HLA-Gs and their receptors, such as the immune inhibitory receptor immunoglobulin-like transcripts (ILT)2 and ILT4, which are expressed on various immune cells (Nowak et al., 2017; Lin and Yan, 2018). The concept that HLA-G plays critical roles in semi-allograft maternal-fetal immune tolerance has been well-established (Ferreira et al., 2017; Persson et al., 2017). It is worth noting that a recent study reported that crosstalk between HLA-G and ILT2 is able to stimulate the CD49a+Eomesodermin+uterine NK (uNK) secretion of growth-promoting factors (Fu et al., 2017), which contribute to fetal growth. The authors also found that decreased growth-promoting factors (GPFs) secretion was able to impair fetal development and resulted in fetal growth restriction.

In the context of pregnancy complications, decreased maternal peripheral sHLA-G levels have been observed in cases of recurrent miscarriage, pre-eclampsia, and intrauterine growth restriction (Laskowska et al., 2012; He et al., 2016; Zidi et al., 2016). The interaction of HLA-G with the receptors expressed on uNK cells (the dominant leukocyte population at the maternal-fetal interface) can play essential roles in a successful pregnancy, including spiral artery remodeling, trophoblast invasion and control of viral infection (Yan et al., 2007; van Beekhuizen et al., 2010; Tilburgs et al., 2015).

However, whether maternal peripheral blood sHLA-G levels can be used to diagnose prenatal chromosomal abnormality remains unknown. In this study, the levels of sHLA-G in maternal sera were determined using ELISAs on serum samples from pregnant women whose fetuses or babies presented with normal (797 women) or abnormal karyotypes (222 women). The relationship between maternal sHLA-G levels and the status of fetal karyotypes was evaluated to determine the potential for sHLA-G in the second trimester as a tool for prenatal screening.



SUBJECTS AND METHODS


Study Population

We retrospectively reviewed pregnant women who received second trimester prenatal screening from May 2007 to May 2017 in our Taizhou prenatal screening and diagnostics center, Taizhou Hospital of Zhejiang Province, China. During this period, 508,715 pregnant women received prenatal screening and all of them were between the ages of 18 and 35, with gestational weeks ranging from 15 to 19 weeks. Because of the low incidence of T18 and T21 fetuses, a case-control study was selected. A sample of cases and controls were selected from a cohort of 508,715 pregnant women. The participant selection method is shown in Figure 1. Risk estimation was based on the levels of the prenatal serum markers α-fetoprotein (AFP), free β subunit human chorionic gonadotropin (β-HCG), and unconjugated estriol (uE3). Within this cohort, 25,417 high-risk cases and 634 low-risk cases underwent invasive prenatal diagnosis with amniocentesis and amniotic fluid karyotype analysis. In addition, chromosome karyotypes for peripheral blood or umbilical cord blood were analyzed from 594 babies and dead fetuses. In large hospitals in Zhejiang province, karyotype analysis and the genetic testing for deafness have become necessary tests for newborns in recent years. Therefore, all newborns will participate in peripheral blood karyotype analysis in the future.


[image: Figure 1]
FIGURE 1. Flow chart of the participant selection method.


In China, children under 1 year old had many important physical examinations. The examinations included measurement of height, weight, and head circumference, the fontanelle size, the number of baby teeth, vision development, and genital development. All pregnant women who received prenatal screening in our center were followed up with 1 year after their babies' birth. In total, second trimester screening for T18 and T21 had a detection rate of 66 of 83 T18 cases (79.5%) and 105 of 139 T21 cases (75.5%) for a 5% false-positive rate, respectively. We found 222 fetuses or babies with abnormal karyotypes, including 139 with trisomy 21 (T21) and 83 with trisomy 18 (T18). These mothers were treated as experimental groups. In contrast, the mothers of fetuses or babies with normal karyotypes were treated as controls. Various problems might occur during pregnancy, such as a high risk of abnormality, polyhydramnios, oligohydramnios, bright light in the fetal ventricle, single umbilical artery. These problems do not affect the health of children after the exclusion of abnormal karyotypes. Therefore, these factors were included in the control group. All fetuses or babies were singletons who were naturally conceived. We excluded all pregnant women whose babies presented with problems at the follow up examinations, who had multiple babies, or who conceived by in vitro fertilization.

The remaining subjects were divided into two groups: amniocentesis and non-puncture groups. Karyotype analysis was performed on the amniotic fluid from pregnant women in the amniocentesis group, which was further divided into two groups based on the reason for puncture: high risk of abnormality due to prenatal screening and other reasons. The total control group was randomly selected from among these participants. In the control group selected from the non-puncture group, peripheral blood was collected from the children (within 2 years old) for karyotype analysis. Subjects with karyotype abnormalities were excluded and 797 cases were finally selected to comprise the normal control group. All of the children who were examined by ultrasound were normal in the normal control group.

In the control group selected from the amniocentesis group, 297 pregnant women were at high risk of abnormality by prenatal screening, 115 pregnant women were diagnosed with abnormality by ultrasound (48 cases with polyhydramnios, 11 cases with oligohydramnios, 34 cases with bright light in the fetal ventricle, and 22 cases with single umbilical artery) and 49 women had normal pregnancies. The 49 pregnant women were urged to take amniotic fluid for chromosome examination due to social factors.

This study was approved by the Ethics Committee of Taizhou Hospital of Zhejiang Province, and all patients provided informed consent after prenatal screening, in accordance with the Declaration of Helsinki. Both karyotype analysis and physical examination were the screening gold standards in this study and were performed on all fetuses or babies. We applied the double-blind method to sample selection and detection. All of the sera were stored in a refrigerator at −80°C. Table 1 summarizes the subject information of the pregnant women.


Table 1. Maternal age, weight, and sHLA-G level of the study population.
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sHLA-G Enzyme-Linked Immunosorbent Assay (ELISA)

Serum sHLA-G levels were determined using a sHLA-G ELISA kit (sHLA-G ELISA kit, RD194070100R; Exbio, Prague, Czech Republic), according to the manufacturer's protocol.



Second Trimester Screening

Blood drawn from pregnant women for prenatal screening was used to detect the biochemical markers AFP, uE3, and free β-hCG using time-resolved immunofluorimetry (AutoDELFIA® AFP/Free hCGβ Dual and Unconjugated Estriol, PerkinElmer Life and Analytical Sciences, Turku, Finland). Invasive prenatal diagnostic techniques were performed to confirm the abnormalities when the pregnant woman was at a high risk for abnormalities. All of the babies were followed up until the first year after birth.



Statistical Analyses

Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) software program, version 13.0 (SPSS, Inc., Chicago, IL). The sHLA-G results were expressed as multiples of the median (MoM) of the control group after logarithmic transformation. AFP, uE3, and free β-hCG levels were expressed as MoM of the appropriate gestational control group after logarithmic transformation. Differences in sHLA-G MoM, AFP MoM, uE3 MoM, and free β-hCG MoM were evaluated by Mann-Whitney U-test. A Bivariate correlation analysis was used to analyze the relationship of all analytes. A calculation of the risk value using combinations of four analytes, the maternal age risk, and the maternal weight risk was performed according to Gaussian distribution (Reynolds and Penney, 1990; Spencer et al., 1994, 1999). A Logistic regression analysis was used to assess the risk factors for pregnant women with fetuses possessing abnormal chromosomes. A Receiver operating characteristic (ROC) curve analysis was performed to evaluate the power of maternal sHLA-G levels to discriminate fetuses with normal karyotypes from those with chromosomal abnormalities. The cut-off value for the ROC curve analysis was determined by Youden's index (Fluss et al., 2005). Preliminary experimental results for the calculation of sample size showed that the sensitivity and specificity of sHLA-G MoM was 85% and 88%, respectively. The sample size was calculated by software according to the above rates. The minimum number of subjects required was 784, with an allowable error of 0.1 in a two-tailed test with p < 0.05. A p < 0.05 was considered to be statistically significant.




RESULTS


Maternal sHLA-G Levels in Fetuses With Normal and Abnormal Chromosomes

Maternal sHLA-G levels in pregnant women carrying fetuses with normal chromosomes were at a median level of 106.3 U/ml (range: 50.5–1136.4), whereas women carrying T18 fetuses had a median level of 47.8 U/ml (range: 9.8–234.2), and those with T21 fetuses had a median level of 125.7 U/ml (range: 28.7–831.7). Statistical analyses showed that maternal sHLA-G levels in women carrying T21 fetuses were dramatically higher compared to women with normal fetuses (125.7 U/ml vs. 106.3 U/ml; p < 0.001), while maternal sHLA-G levels significantly decreased in pregnant women with T18 fetuses (47.8 U/ml vs. 106.3 U/ml; p < 0.001) compared to pregnant women with normal chromosome fetuses (Figure 2).
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FIGURE 2. sHLA-G levels and MoM values in pregnant women with T21 fetuses (n = 139), T18 fetuses (n = 83), and normal control fetuses (n = 797). (A) Comparison of sHLA-G levels in pregnant women with T21 fetuses, T18 fetuses, and normal control fetuses. (B) Scatter diagram of the sHLA-G MoM values of the T21 and T18 groups.


Overall, sHLA-G levels were not associated with the gestational age of the fetus. When the 297 high-risk cases were removed, the median sHLA-G levels first decreased and then increased with the gestational weeks, but there was no statistical difference (data not shown).



Evaluation of sHLA-G Levels as a Second Trimester Screening Marker in Comparison to Levels of AFP, uE3, and Free β-hCG

To consider variation of marker levels with gestational age, the maternal serum AFP, uE3, and free β-hCG MoM values were used (Spencer et al., 1994, 1999). The AFP, uE3, free β-hCG, and sHLA-G MoM values of the T18 group were remarkably lower than those of the control group (Table 2, all p < 0.001). The AFP and uE3 MoM values of the T21 group were statistically lower than the control group, but the free β-hCG and sHLA-G MoM values were noticeably higher than the control group (Table 2, all p < 0.001).


Table 2. Distribution of data in controls and pregnant women with T21 or T18 fetuses.
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The risk values were calculated by mean and standard deviation (SD) log10 analyte MoM (Table 2), then adding the maternal age and weight risk. According to the Gaussian distribution formula, the smaller the numerical values of SD and the greater the distances of the mean between experimental and control groups, the better the analyte for the calculation of the risk values. From the data in Table 2, sHLA-G (T18 group: −0.3269 and 0.21661, control: 0.0455 and 0.22564) had the same predictive value as free β-hCG (T18 group: −0.6133 and 0.52362, control: 0.0622 and 0.39822) for T18 screening. A Bivariate correlation analysis was used to analyze the relationship of all analytes. The results showed that the sHLA-G level was not dependent on AFP, uE3, and free β-hCG in pregnant women with T18 fetuses (Table 2).



Assessment of the Efficacy of sHLA-G, AFP, uE3, and Free β-hCG as a Marker for Second Trimester Screening Using Logistic Regression

The multivariate logistic regression analyses of age, weight, sHLA-G MoM, AFP MoM, uE3 MoM, and free β-hCG MoM are presented in Table 3. It was found that the sHLA-G MoM [Exp(B): 171.26, 95% CI: 36.30–807.97, p < 0.001] and uE3 MoM [Exp(B): 51.11, 95% CI: 16.84–155.11, p < 0.001] were risk factors for pregnant women with T18 fetuses.


Table 3. The multivariate logistic regression analyses of the various parameters for pregnant women with abnormal chromosome fetuses.
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ROC Analysis for sHLA-G, AFP, uE3, and Free β-hCG as a Screening Marker

ROC curves were used to evaluate the performance of four analytes to discriminate pregnant women with normal chromosome fetuses from those with abnormal chromosome fetuses. For the screening of T21 abnormalities, the area under ROC curve for sHLA-G MoM was 0.601 (95% CI, 0.551–0.650, p < 0.001), for AFP MoM was 0.719 (95% CI, 0.670–0.769, p < 0.001), free β-hCG MoM was 0.732 (95% CI, 0.689–0.776, p < 0.001), and uE3 MoM was 0.698 (95% CI, 0.653–0.743, p < 0.001) (Figure 3). For the screening of T18 abnormalities, the area under ROC curve for sHLA-G MoM was 0.915 (95% CI, 0.871–0.959, p < 0.001), AFP MoM was 0.796 (95% CI, 0.730–0.861, p < 0.001), free β-hCG MoM was 0.881 (95% CI, 0.829–0.934, p < 0.001), and uE3 MoM was 0.876 (95% CI, 0.828–0.923, p < 0.001) (Figure 3).
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FIGURE 3. ROC curve analysis for the MoM value of sHLA-G, AFP, free β-hCG, and uE3 in distinguishing pregnant women with normal fetuses from abnormal karyotype fetuses. (A) For screening T21, the area under ROC curve for sHLA-G MoM was 0.601 (95% CI, 0.551–0.650, p < 0.001), AFP MoM was 0.719 (95% CI, 0.670–0.769, p < 0.001), free β-hCG MoM was 0.732 (95% CI, 0.689–0.776, p < 0.001), and uE3 MoM was 0.698 (95% CI, 0.653–0.743, p < 0.001). (B) For screening T18, the area under ROC curve for sHLA-G MoM was 0.915 (95% CI, 0.871–0.959, p < 0.001), AFP MoM was 0.796 (95% CI, 0.730–0.861, p < 0.001), free β-hCG MoM was 0.881 (95% CI, 0.829–0.934, p < 0.001), and uE3 MoM was 0.876 (95% CI, 0.828–0.923, p < 0.001).


The cut-off value was determined by Youden's index based on the ROC curve. ROC curve analysis revealed that the MoM value of sHLA-G could powerfully discriminate T18 fetuses with the cut-off <0.646 (sensitivity: 85.5%, specificity: 87.7%; AUC: 0.915; p < 0.001) from the normal control group fetuses (Table 4).


Table 4. Sensitivity and specificity for the MoM value of sHLA-G, AFP, free β-hCG, and UE3 at specified cutoffs.
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DISCUSSION

HLA-G was first shown to be expressed on the trophoblast and many studies have since been performed to investigate the role of HLA-G expression in fetal-maternal and reproductive immunology (Kovats et al., 1990; Rajagopalan, 2014). The interactions of HLA-G with its receptors (such as ILT2, ILT4, and KIR2DL4, expressed on uNK cells) have been shown to promote the maintenance of fetal-maternal immunotolerance during pregnancy and have a positive impact on fetal development and growth (Moffett and Colucci, 2015; Ferreira et al., 2017). However, the relationship between maternal peripheral sHLA-G levels and the status of fetal chromosome abnormality was previously unknown. In this study, maternal sera were obtained from women who underwent second trimester prenatal screening, and the chromosomes of fetuses and babies were analyzed by karyotyping. We assessed whether the maternal sHLA-G levels have predictive value for the status of fetal chromosome abnormality. Our data showed that maternal sHLA-G levels in pregnant women with T21 fetuses were significantly higher than in those with normal chromosome fetuses, while maternal sHLA-G levels significantly decreased in pregnant women with T18 fetuses.

Previous studies have revealed that higher levels of sHLA-G in an embryo culture is related to better embryo development, cleavage stages, and to a higher pregnancy rate (Kotze et al., 2013; Diaz et al., 2019). sHLA-G detection has been presented as a non-invasive method for embryo selection and a predictor of pregnancy outcome (Kotze et al., 2010; Rebmann et al., 2010). Based on the sHLA-G levels in the culture supernatant from a 46-h embryo, specific embryos were selected as beneficial to pregnancy and implantation rates, regardless of age (Sher et al., 2004, 2005). In pregnancy disorders, decreased HLA-G expression in extravillous trophoblasts is linked to the incidence of pre-eclampsia. In a cohort of women with placenta-mediated complications of pregnancy (such as pre-eclampsia, fetal growth restriction, stillbirth, and placental abruption), plasma sHLA-G levels were significantly lower at the beginning of pregnancy in these subjects compared with the control group (Marozio et al., 2017). Plasma sHLA-G was also found to be dramatically decreased in women with recurrent abortion compared to normal pregnancies or women with only one abortion (Zidi et al., 2016). A recent study showed that HLA-G expressed on fetal villus tissues was noticeably reduced in trisomy 16-induced early embryonic death (EED) and patients with EED, but normal fetal chromosomes (EEDNC) compared to villous tissues from patients undergoing elective abortion with normal fetal chromosomes (EANC) (Yao et al., 2019).

In our study, maternal sHLA-G levels in pregnant women with T21 fetuses were significantly higher than in those with normal chromosome fetuses, while maternal sHLA-G levels significantly decreased in pregnant women with T18 fetuses. Because it was the first study on pregnancy with chromosomal abnormal fetus and sHLA-G, there was no correlational research to explain the results. Several possible reasons for these results can be speculated. (1) HLA-G was expressed on the trophoblast cell. Arizawa and Nakayama (1992) showed that there was a tendency for heavy placentas in T21, and a tendency for light placentas in T18 and T13. The quantity of trophoblast cell and the placenta size with T18, T21, and normal fetuses might be different (Kennerknecht and Terinde, 1990). These differences might affect the expression and secretion of sHLA-G level. (2) A high sHLA-G level in pregnant women with T21 fetuses might be the reason for their high survival rate.

Prenatal risk screening using maternal serological markers and fetal karyotype diagnosis is an important measure to prevent birth defects and genetic diseases such as the T18 and T21 syndromes. Maternal serological screening using AFP, uE3, and free β-hCG in the second trimester has been widely applied in China and the performance of these markers in prenatal screening has been well-documented (Tu et al., 2016; Zhou et al., 2018). However, other serological markers (such as inhibin) and protocols (such as non-invasive prenatal screening tests (NIPT) and first trimester screening) are also carried out to improve the capacity and quality of prenatal screening (Nshimyumukiza et al., 2018; Breveglieri et al., 2019).

Multiple factors influencing pregnancy were considered in the selection of the control group, but we observed some factors, noted in Table 1, that might have an impact on the sHLA-G level. In order to better compare the screening efficacy of maternal sHLA-G levels, these factors should be considered. Indeed, the need to take these factors into account has inspired our future research directions.

The mean and SD log10 analyte MoM values indicated that maternal sHLA-G possessed the same predictive value as free β-hCG in distinguishing the T18 group from the control group, according to Gaussian distribution (Reynolds and Penney, 1990). A Logistic regression analysis showed that sHLA-G MoM, and uE3 MoM were risk factors for pregnant women with T18 fetuses, while ROC analysis revealed that maternal sHLA-G MoM could efficiently discriminate the T18 and T21 fetuses from the normal group. Indeed, the area under ROC curve, sensitivity, and NPV (negative predictive value) of sHLA-G MoM revealed that sHLA-G levels performed better than AFP MoM, free β-hCG MoM, and uE3 MoM in discriminating T18 fetuses from normal fetuses.

Our findings, for the first time, reveal that maternal sHLA-G could be a novel screening marker for T21 and T18 fetuses, particularly for T18. However, a larger cohort is needed to establish a new combined screening formula for clinical use. In addition, the application of sHLA-G in early pregnancy screening is a further research direction of our group.
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Introduction: Flaviviridae family belongs to the Spondweni serocomplex, which is mainly transmitted by vectors from the Aedes genus. Zika virus (ZIKV) is part of this genus. It was initially reported in Brazil in December 2014 as an unknown acute generalized exanthematous disease and was subsequently identified as ZIKV infection. ZIKV became widespread all over Brazil and was linked with potential cases of microcephaly.

Case report: We report a case of a 28-year-old Colombian woman, who came to the Obstetric Department with an assumed conglomerate of fetal abnormalities detected via ultrasonography, which was performed at 29.5 weeks of gestation. The patient presented with multiple abnormalities, which range from a suggested Arnold–Chiari malformation, compromising the lateral and third ventricles, liver calcifications, bilateral pyelocalic dilatations, other brain anomalies, and microcephaly. At 12 weeks of gestation, the vertical transmission of ZIKV was suspected. At 38.6 weeks of gestation, the newborn was delivered, with the weight in the 10th percentile (3,180 g), height in the 10th percentile (48 cm), and cephalic circumference under the 2nd percentile (31 cm). Due to the physical findings, brain magnetic resonance imaging (MRI) was performed, revealing a small and deviated brain stem, narrowing of the posterior fossa, a giant posterior fossa cyst with ventricular dilatation, a severe cortical and white matter thinning, cerebellar vermis with hypoplasia, and superior and lateral displacement of the cerebellum. In addition, hydrocephalus was displayed by the axial sequence, and the cerebral cortex was also compromised with lissencephaly. Schizencephaly was found with left frontal open-lip, and no intracranial calcifications were found. Two novel heterozygous nonsense mutations were identified using whole-exome sequencing, and both are located in exon 8 under the affection of ZIKV congenital syndrome (CZS) that produced a premature stop codon resulting in the truncation of the cyclin-dependent kinase 5 regulatory subunit-associated protein 2 (CDK5RAP2) protein.

Conclusion: We used molecular and microbiological assessments to report the initial case of vertically transmitted ZIKV infection with congenital syndrome associated with a neurological syndrome, where a mutation in the CDK5RAP2 gene was also identified. The CDK5RAP2 gene encodes a pericentriolar protein that intervenes in microtubule nucleation and centriole attachment. Diallelic mutation has previously been associated with primary microcephaly.

Keywords: Colombia, microcephaly, whole-exome sequencing, Zika virus, vertical transmission, brain abnormalities, CDK5RAP2


INTRODUCTION

Flavivirus commonly spreads through vectors from the Aedes genus (Hayes, 2009). Zika virus (ZIKV) is a member of this family. It was first reported in Brazil in December 2014 as an unknown generalized exanthematous disease and was later described as ZIKV infection (Lowe et al., 2018). By May 2015, ZIKV had become widespread in Brazil and was linked with potential microcephaly cases in November 2015. Subsequently, ZIKV disseminated rapidly to other South American and Caribbean countries in the majority of the territory and across 22 territories around Brazil, where the vector was already present. By January 2016, almost 30,000 cases of ZIKV infection had been revealed (Candelo et al., 2019). After the Americas outbreak, the WHO declared a public health emergency of international interest in February 2016 (World Health Organization [WHO], 2016).

ZIKV infection was declared a public health emergency when strong evidence was associated with the hypothesis that it caused microcephaly and congenital abnormalities during pregnancy and increasing evidence supported this link with the detection of ZIKV in fetal brain tissue (Mlakar et al., 2016; Schuler-Faccini et al., 2016; Ventura et al., 2016; Wang and Ling, 2016; Passi et al., 2017), amniotic fluid (Calvet et al., 2016), and placenta, which also supported the vertical transmission of ZIKV (Besnard et al., 2014). Further research using in vitro and in vivo studies has established that the virus is highly neurotropic (Garcez et al., 2016; Sirohi et al., 2016; Tang et al., 2016; Ahmad et al., 2017). A recent study shows that ZIKV targets neuroprogenitor cells, which are derived from pluripotent stem cells, from which the ZIKV particles are released. When neuroprogenitor cells are infected by the ZIKV particles, the apoptotic process is activated, and it intensifies cell death and disrupts the cell cycle resulting in decreased neuroprogenitor cell growth, most likely due to transcriptional dysregulation in cell cycle-related pathways (Tang et al., 2016).

Before 2015, the yearly number of cases of microcephaly in Brazil was repeatedly less than 200 (Cosme et al., 2017). Furthermore, 4,783 suspected cases of microcephaly were reported between November 2015 and January 30, 2016, including newborn and fetal losses. From these cases, only 36.6% (404) were classified as confirmed cases of microcephaly from the 1,103 cases that had undergone clinical, laboratory, and imaging examinations. ZIKV was only detected in 15 newborn and 2 fetal losses (1.54%). The majority of the probable cases were under investigation, and a considerable proportion represented misdiagnosis and overreporting noise due to uncertainty, with both variables probably inflating the prevalence (Victora et al., 2016). In humans, classic Zika fever is a self-limiting sickness characterized by fever, maculopapular rash, headache, conjunctivitis, and myalgia (Ioos et al., 2014). Clinical manifestation only occurs in 20% of the population affected, and the majority of infections are asymptomatic. A serological survey conducted in Salvador in Northeast Brazil indicated a peak seroprevalence of 63% in 2016, with 205,578 and 13,353 cases of ZIKV infection reported in 2016 and 2017, respectively (Netto et al., 2017; Secretaria de Vigilância em Saúde-Ministério da Saúde, 2017).

The ZIKV epidemic in Colombia started in August 2015, but laboratory evidence of ZIKV infection was not reported until October 2015. By April 2016, 65,726 suspected cases of ZIKV had been reported, of which only 2,485 (4%) were confirmed by reverse-transcription (RT)-polymerase chain reaction (PCR) assay. Furthermore, 11,944 pregnant women were reported as potential cases of ZIKV infection, but only 1,484 (12%) of these were confirmed. From this population, 50 newborns were reported as possible ZIKV congenital syndrome (CZS), but ZIKV infection was confirmed in only 4 (8%) of them (Pacheco et al., 2016).

In this case report, we used molecular, microbiological, and genetic assessments to characterize the first known case of vertically transmitted ZIKV infection and congenital syndrome associated with a neurological syndrome, where a mutation in cyclin-dependent kinase 5 regulatory subunit-associated protein 2 (CDK5RAP2) was identified. The CDK5RAP2 gene encodes a pericentriolar protein that mediates microtubule nucleation and centriole attachment (Fong et al., 2008), and diallelic variants of this gene have been priorly linked with isolated microcephaly syndrome.



CASE REPORT

In mid-2016, a 28-year-old previously healthy Colombian woman with later prenatal care attention came to the Perinatology and Obstetric Department at Fundación Valle del Lili-University Hospital due to numerous fetal abnormalities observed in ultrasonography done at 29.5 weeks of gestation, which demonstrated brain anomalies with a possible Arnold–Chiari malformation, compromised lateral and third ventricles, liver calcifications, bilateral pyelocaliceal dilatations, microcephaly, and an apparent clubfoot. All relevant antecedents during pregnancy were considered (smoking, alcohol, drugs, or any other perinatal infection). The patient had experienced an episode of illness for 2–7 days that was characterized by fever, myalgias, and vomiting. She went to the hospital, where ZIKV was presumed, and RT-PCR of the amniotic fluid was done, with a positive result at 12 weeks of gestation. The findings confirmed ZIKV vertical transmission and congenital infection. Inadequate prenatal follow-ups were performed until the fetal examination at 29.5 weeks, which showed multiple malformations.

At the time of delivery, the mother was traveling from a remote area of the country. She went into labor on the way to the hospital and gave birth in the ambulance. According to the medical records and first ultrasonography date, delivery was at 38.6 weeks of gestation. The male newborn weighed 3,180 g (10th percentile), with a height of 48 cm (10th percentile) and a cephalic circumference of 31 cm (under the 2nd percentile) according to the WHO Growth Charts from the Centers for Disease Control and Prevention (CDC) (WHO Child Growth Standards, 2019; World Health Organization, 2019). Transfontanelle ultrasonography reported microcephaly, an increase of the width and number of the circumvolutions due to pachygyria, and ventriculomegaly in the infratemporal and supratemporal fossae. There was also a non-discharging cerebrospinal fluid-filled cleft lined with gray matter on the left lateral ventricle going to the cerebral cortex, closed-lip schizencephaly, subcortical echogenic and punctiform, cystic image on the posterior fossae communicated with the fourth ventricle, thin corpus callosum, and pathological calcification in the liver, brain (cortical and subcortical), and placenta. As part of the evaluation approach to a newborn with brain abnormalities, TORCH testing was performed to rule out the most frequent congenital infections (syphilis, toxoplasmosis, rubella, hepatitis B, HIV, cytomegalovirus, herpesvirus 1 and 2, and parvovirus B19) as causal etiology.

The mother reported that the newborn was irritable, with an abnormal pattern of crying and hyperexcitability. The physical examination showed distal tremors, hypertonia, trunk hyperextension, spasticity, increased deep tendon reflexes, persistent primitive responses, clenched fists, strabismus, and nystagmus. Microcephaly was present, which was characterized by craniofacial disproportion, decreased vertical size of the skull, a sloping forehead, and pronounced supraorbital ridges, giving the appearance of oversized facial features and proptosis. Epicanthal folds, retrognathia, excess skin over the entire scalp and forehead, and occipital and nuchal skin folds were also found, giving the appearance of a short neck. The forehead presented with bilateral depressions and prominent overlapping metopic and sagittal sutures with supratemporal depressions and a large visible occipital prominence. An examination of the extremities revealed hand contractures, camptodactyly, feet contractures, prominent calcanei, multiple dimples, and arthrogryposis (Figure 1). Because of the multiple abnormalities, a complete genetic assessment was performed on the newborn and his mother.


[image: image]

FIGURE 1. Representation of the patient phenotype. (a,b) The patient showed distal tremors, hypertonia, trunk hyperextension, spasticity, microcephaly, craniofacial disproportion, and a decreased vertical skull size. (c) Multiple dimples and arthrogryposis. (d) Feet contractures and prominent calcaneus. (e) Clenched fists, hand contractures, and camptodactyly. (f) Strabismus. (g) Excess skin over the entire scalp and forehead and occipital and nuchal skin folds, generating the appearance of a short neck. (h) Sloping of the forehead and prominence of supraorbital ridges, which creates an appearance of proptosis and oversized facial features, epicanthal folds, and retrognathia. Bilateral depressions were present on the forehead.


After 1 year of follow-up, a complete checkup was performed. The findings showed irritability, an abnormal pattern of crying, hyperexcitability, hypertonia, spasticity, clenched fists, strabismus, clinodactyly of the fifth finger, and an ogival palate. Microcephaly was still present, with a few of the previously observed characteristics, such as a small skull, retrognathia, and a prominent metopic suture. A physical examination of the extremities found hand contracture and camptodactyly, feet contracture, prominent calcanei, multiple dimples, arthrogryposis, and a severe delay in the developmental milestones. A brain magnetic resonance imaging (MRI) showed microcephaly, with a giant posterior fossa cyst, ventricular dilatation, hypoplasia of the cerebral vermis, and an anomalous cerebral cortex with lissencephaly (Figure 2).
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FIGURE 2. Brain MRI. Sagittal T1-weighted (a) and sagittal constructive interference in steady state (CISS) (b) sequences showing microcephaly with a giant posterior fossa cyst, a small and displacement of the brain stem, and tightening of the posterior fossa. Coronal T2-weighted images (c) showing ventricular dilatation, cortical and white matter narrowing, and posterior fossa cyst. Axial T1-weighted images (d) showing a posterior fossa cyst. Axial T1-weighted multiplanar reconstruction (e) showing a narrow posterior fossa, cerebellar vermis with hypoplasia, and superior and lateral deviation of the cerebellum. Axial FLAIR (f) and axial T2-weighted sequences (g) showing hydrocephalus and anomalous cerebral cortex with lissencephaly and left frontal open-lip schizencephaly. Axial susceptibility-weighted image (h), with the absence of intracranial calcifications. Preliminary data of this study were previously presented in the IBRO meeting 2019 (Candelo et al., 2019).




METHODS


ZIKV Sample Collection

Following the National Institutes of Health recommendations, amniocentesis was performed at 12 weeks of gestation for ZIKV infection case suspicions. Ultrasound-guided transabdominal amniocentesis was done, and around 5 ml of amniotic liquid was aspirated and instantly stored at −80°C for testing. Further samples were taken from the cerebrospinal fluid when the infant was born, and the blood, amniotic fluid, and placenta were also taken, as is previously described in Candelo et al. (2019).



ZIKV Detection

The molecular identification of ZIKV in the amniotic fluid and cerebrospinal fluid was done by using a SuperScript III Platinum One-Step RT-PCR system (Invitrogen, Carlsbad, CA, United States) run by the Colombian Government National Institutes of Health using the primers ZIKV 1087, ZIKV 1163, and ZIKV 1108-FAM, followed by the Lanciotti protocol (Lanciotti et al., 2008). For hybridization and extension, an ABI 7500 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, United States) was operated (Pacheco et al., 2016).

Samples were obtained from the mother and the newborn and those from viral isolation trials for ZIKV RNA, using a TaqMan RT-PCR assay and quantitative RT-PCR for ZIKV following the CDC protocol (Centers for Disease Control and Prevention, 2019). Standard methods were used to determine the levels of ZIKV IgM, IgG, and neutralizing antibody titers. Additionally, we tested for other flaviviruses and arthropod-borne viruses. In addition, the antibody levels of infectious diseases that might produce congenital abnormalities, such as toxoplasma, cytomegalovirus, syphilis, herpes, rubella, hepatitis, parvovirus B19, and HIV, were tested in the mother and the newborn (TORCH test), as is described previously in the literature (Candelo et al., 2019).



Karyotyping and Array Comparative Genomic Hybridization Analysis

The classical cytogenetics G-banding technique was performed after the patient had given birth to do a blood karyotype analysis. The karyotype analysis was performed on cells in metaphase using a microscope and the CytoVision (Leica) karyotype software system. After extracting DNA from the patient’s peripheral blood cells, 1 μg was used for array comparative genomic hybridization (a-CGH) utilizing KaryoArray 3.0 (8 × 60K; Agilent Technologies, Santa Clara, CA, United States) and was marked by fluorescence to compare the patient’s DNA with the control sample. DNA hybridization was done with a human genomic microarray of 860 K oligonucleotides using commercially available Agilent-based arrays, which were analyzed using an Agilent scanner with Feature Extraction 9.1 software. The aberration detection method 2 algorithm was used to determine any statistically significant aberrations. This was defined as the minimum number of oligonucleotides to consider an alteration. Subsequently, the medium resolution of the array was one oligonucleotide per 9 Kb in the regions of maximum interest, such as microdeletions and microduplications, centromeres, and telomeres. The algorithm in CGH Analytics version 3.5 software (Agilent Technologies) was used (Blanco-Kelly et al., 2017), as is described previously in the literature (Candelo et al., 2019).



Whole-Exome Sequencing Methods

The whole-exome sequencing (WES) was captured by using a SureSelect Human All Exon capture kit (Agilent) of 51 Mb, and sequencing was done by using an Illumina Hiseq 2000 sequencing system (Illumina, San Diego, CA, United States). During the sequencing, paired readings of 101 nucleotides in length were acquired. The different variants were analyzed by focusing on genes related to microcephaly. Only variants in the coding region and flanking intronic regions with minor allele frequency <1% were evaluated and compared using datasets acquired from the 1000 Genomes Project Consortium, dbSNP, Exome Variant Server, and Exome Aggregation Consortium databases. Variants in around 20 bp of flanking intron regions were examined and sequenced by Sanger sequencing (Candelo et al., 2019). Parental carrier status of the clinical relevant variants was confirmed by Sanger Sequencing analysis, as is described previously in the literature (Candelo et al., 2019).



In silico Analysis

Two heterozygous nonsense mutations in CDK5RAP2 were analyzed with variant functional prediction software tools (DANN, MutationTaster, Condel, SIDT, and FATHMM) in order to predict the pathogenicity of the mutations. In addition, these variants were searched in Human Gene Mutation Database (HGMD), Leiden Open Variation Database (LOVD), and ClinVar database, as is described previously in the literature (Candelo et al., 2019).



Tissue Expression of CDK5RAP2

Isolation of total RNA from the patient’s and parents’ mouth swab was done with the TRIzol reagent (Life Technologies, CA, United States). RNA integrity and concentrations were both analyzed using a 1% agarose gel and Nanodrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific, MA, United States). RNA reverse transcription was performed by a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, United States) using 100 ng of total RNA according to the manufacturer’s instructions. For quantitative PCR (qPCR), cDNA was amplified using CDK5RAP2 primers 5′-GTTGGGGAAATGGTCTGCTCC-3′ and 3′-TATGTTCAGTGGGGCCATGA-5′. PCR amplification was performed in a 20-μl volume that contained: 10 μl of the EXPRESS SYBR® GreenERTM qPCR SuperMixes (0.25×) kit (Applied Biosystems, CA, United States), 0.4 μl of each of the primers (1×), 0.04 μl ROX (50 nM), 1 μl of cDNA, and 8.16 μl of water. Real-time PCR was performed in a 7500-Fast real time PCR instrument, and reaction was carried out with the following conditions: 95°C for 20 s, followed by 40 cycles of: 95°C for 1 s and 60°C for 20 s and for the melt curve: 95°C for 15 s, 60°C for 60 s, 95°C for 15 s, and 60°C for 15 s. GAPDH mRNA was used as an internal control (house-keeping gene), and the relative expression of each transcript was calculated using the 2–Δ Δ Ct method. RT-PCR reactions were performed for each sample in triplicate. For the set of reference samples, we used mRNA extracted from the patient, parents, and two additional healthy individuals (Bond et al., 2005). Data are presented in Figure 4 as mean ± SD (Bond et al., 2005).



Ethics and Consent

Written informed consent was obtained from the patient’s parents for the publication of the case details and accompanying images. All research was conducted according to the Declaration of Helsinki, and the research protocol was registered with the following number #253. This study received approval from the Ethics Committee of Fundación Valle del Lili (Act 11/2016).



RESULTS


Molecular Diagnosis

Serum and urine samples were tested for chikungunya virus, dengue virus, and ZIKV. The RT-quantitative PCR assays for dengue and chikungunya viruses were negative for whole samples and positive for ZIKV in the amniotic liquid of the patient but negative in the urine and serum samples from the fetus and mother. Serology tests of the serum and urine using anti-dengue virus IgM, anti-dengue-virus IgG, anti-chikungunya-virus IgM and IgG, and anti-ZIKV displayed negative results in the enzyme-linked immunosorbent assays (ELISAs). The samples also tested negative for TORCH (toxoplasmosis, HIV, rubella, syphilis, cytomegalovirus, hepatitis, parvovirus B19, and herpes simplex 1 and 2), as is described previously in the literature (Candelo et al., 2019).



Karyotype and a-CGH

Fetal karyotyping displayed regular 46, XY (male) profiles. No losses and/or gains of genomic material were detected in the fetal DNA sample, as is described previously in the literature (Candelo et al., 2019).



Whole-Exome Sequencing

WES detected two heterozygous variants in the CDK5RAP2 gene at positions p.Thr274LysfsTer27 and p.Glu275ArgfsTer16, respectively, when compared with the human reference template (GRCh38) or mutation databases (LOVD and HGMD). These variants result in a stop codon causing the early termination of the protein. Bioinformatic analysis was performed using the University of California Santa Cruz Genome Browser, which showed that the region was highly conserved between species and was located near to a regulatory element, such as H3K27Ac, and between a promoter and enhancer region. According to the AmiGO gene ontology browser and Kyoto Encyclopedia of Genes and Genomes, this gene has multiple functions, such as G2/M transition of the mitotic cell cycle, establishment of mitotic spindle orientation, microtubule cytoskeleton organization, maintaining centrosome function, spindle pole assembly and orientation, microtubule bundle formation, and protein binding (Fong et al., 2008; Figure 3).
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FIGURE 3. Family pedigree. The black arrow indicates the proband, and the sanger sequence represents the deleted region.




In silico Analysis

We identified two novel heterozygous nonsense mutations, both located in exon 8 under the affection of CZS, which produced a premature stop codon resulting in the truncation of CDK5RAP2 protein. There has been no pervious reporting of these variants in the literature. A functional prediction of the variants using gene prediction software classified them as harmful variants (disease-causing). At the moment, they are classified as “probably pathogenic” according to the American College of Medical Genetics and Genomics guidelines (see Table 2).



Tissue Expression of CDK5RAP2

Quantitative gene expression analysis using real-time PCR showed that mRNA levels of CDK5RAP2 were downregulated in the patient mouth swab sample. Our results suggest an approximately 0.6-fold decrease of CDK5RAP2 expression in the patient mouth swab sample compared with the control mouth swab sample (Figure 4).
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FIGURE 4. Expression levels of CDK5RAP2 measured by qRT-PCR in the patient (red column) and set of reference samples (gray column). Each GAPDH-normalized mRNA level was further normalized against the corresponding mRNA level. Data are shown as fold change relative to the set of reference samples (defined as 1.0). Data are represented as mean ± SD.




DISCUSSION

The term CZS was created to characterize the range of congenital abnormalities associated with ZIKV infection, including microcephaly to ocular injury and hearing loss (Walker et al., 2019). At the beginning of the ZKV outbreak, two fetuses from pregnant women from the state of Paraiba, Brazil were diagnosed with microcephaly and were thought to belong to the microcephaly cluster because they both suffered from symptoms related to ZIKV infection. In previous cases with central nervous system (CNS) abnormalities, brain atrophy, with coarse calcifications involving the white matter of the frontal lobes, including the caudate, lentostriatal vessels, and cerebellum, was mainly observed (Walker et al., 2019). The cerebral hemispheres were severely asymmetric, with marked unilateral ventriculomegaly, displacement of the midline, thinning of the parenchyma on the dilated side, failed visualization of the corpus callosum, and almost complete disappearance or failure to develop the thalami (Walker et al., 2019). The pons and brainstem were thin and continuous with a heterogenous small mass at the basal ganglia (Walker et al., 2019). The anomalies were limited to the brain in most cases. These brain abnormalities included cerebral calcifications, microcephaly, Blake’s pouch cyst, agenesis of the vermis, cerebral atrophy, mega cisterna magna, and ventriculomegaly (Walker et al., 2019). Maternal ZIKV infection is estimated to result in 5–13% of birth defects cases, with higher incidence when infection occurs earlier in pregnancy and microcephaly resulting in approximately 6.33% (interquartile range, 4–5.5%) of congenital ZIKV infections (Brasil et al., 2016; Honein et al., 2017; Shapiro-Mendoza et al., 2017; Hoen et al., 2018; Sanz Cortes et al., 2018; Shiu et al., 2018; Walker et al., 2018). The spectrum of anomalies associated with ZIKV is broad, and there are potential postnatal long-term neurocognitive deficits due to maternal–fetal exposure, which can lead to the loss of neural stem cells (neurogenic arrest) (Adams Waldorf et al., 2018).

Recent studies have suggested that placental injury and infarctions might affect fetal oxygenation (Hirsch et al., 2018). Furthermore, type I interferon triggered fetal death and altered placental development in mouse models of ZIKV infection (Yockey et al., 2018). Although the molecular mechanisms of ZIKV microcephaly remain unelucidated, it is understood that the flavivirus facilitates viral replication and spreading by dysregulating and bypassing the innate immune response to replicate in the unchecked host cells (Keller et al., 2006). Then, the virus kidnaps and modifies the genomic RNA in the colonized cells to mimic endogenous host cell processes, allowing the viral replication to remain undetected (Daffis et al., 2010). The synergic effect of ZIKV protein products interferes with the innate immune response by binding to the downstream interferon pathway (Donald et al., 2016) and disrupting Janus kinase signaling, which is fundamental for the expression of any antiviral factor (Grant et al., 2016). ZIKV directly infects and spreads in the neural stem cells in the fetus and produces neurogenic arrest by possible P53 activation and inhibition of the mTOR pathways, which promote a switch from glycolysis to oxidative phosphorylation and might consequently produce immature differentiation and apoptosis of neural precursor cells (NPCs) by targeting cell proliferation and generating cell cycle arrest, causing microcephaly and cortical thinning (Li et al., 2016).

Global gene analysis expression studies have demonstrated the upregulation and downregulation of multiple genes implicated in the immune response, apoptosis, and microcephaly (Li et al., 2016). There were few ZIKV-infected cells in the midbrain and the cortical plate, where post-mitotic neurons are based, ZIKV leads to cortex thinning without lamination disturbances, and in the mouse model, there were significantly fewer mitotic cells in the ventricular zone, accompanied by more centrosomes at the ventricular surface that were facing away from the nuclei (Li et al., 2016). Furthermore, the ZIKV-infected brain showed a lower number of NPCs in the M phase. In an experimental mouse model infected with ZIKV, global transcriptome analyses (RNA-sequencing) identified genes related to cytokine production and cytokine response; several genes related to cell proliferation, differentiation, and migration were downregulated; and most of the microcephaly-related genes were downregulated (ASPM, CASC5, CENPF, MCPH1, RBBP8, STIL, and TBR2). These genes were shown to share putative homologs that were co-expressed with CDK5RAP2, and molecular interaction occurred between ASPM and CDK5RAP2 (Li et al., 2016). The gene disrupted in our present case indicates that CDK5RAP2 might play a disruptive role in the arrest of ZIKV-infected NPCs. The products of many of these genes are enriched in NPCs and affect the mitotic cell behaviors centered around the centrosome and DNA repair. For example, a mutation in this compound heterozygous variant produces a stop codon mutation and decreased protein expression, which is translated as a decreased or loss of functional protein associated with a reduced number of NPCs due to asymmetric division (Merfeld et al., 2017). Another study proved that cerebral organoids created from human cells with disrupted CDK5RAP2 were smaller, contained fewer progenitors, and disrupted cell polarity (Lancaster et al., 2013). Research has also demonstrated that centrosome activity is more fundamental for the development of brain tissue than for any other tissue by associating CDK5RAP2 gene disruption with microcephaly and ZIKV congenital infection (Merfeld et al., 2017).

The MAPRE1 gene (also known as EB1) codes a protein that is located in the microtubules, especially at the growing ends, in interphase cells. The CDK5RAP2–MAPRE1 complex induces microtubule bundling and assembling, suggesting that this complex regulates microtubule dynamics. The mutations p.T274KTer27 and p.E275RTer16 produce a truncated protein with loss of the protein–protein interactions in the CDK5RAP2–MAPRE1 complex. This loss affects the self-assembling dynamics of the microtubules, resulting in the dysregulation of neuron production and brain size (Fong et al., 2009). CDK5RAP2 has a domain that is highly homologous to centrosomin motif 2, essential for pericentric interaction, which is fundamental for chromosomal and Golgi localization of the CDK5RAP2 protein. The resultant protein of the gene that contained the patient mutation lacks the centrosomin 2 domain, which suggests a loss in its localization to centrosomes and the Golgi complex as well as dysregulation of the cellular cycle, related to disturbances in microtubule dynamics (Wang et al., 2010). Model pregnant mice with ZIKV infection have been reported to show apoptosis, cell cycle arrest, and inhibition of NPC differentiation, generating the phenotype observed in our case (Figure 2), cortical thinning, and microcephaly. The disruption of CDK5RAP2 and the genes previously mentioned and the putative homologous co-expression of these genes might lead to microcephaly, with a lower NPC content and a disruption in cell polarity creating the phenotype observed in our patient (Merfeld et al., 2017).

Patients with autosomal-recessive primary microcephaly are widely known as having an isolated brain disorder without other system involvement. The present piece of evidence demonstrates the overlapping of the two syndromes on clinical manifestations (Tables 1,2). The proband exhibits the majority of congenital ZIKV signs and symptoms with some of the CDK5RAP2 characteristics and overlapping of both conditions (Table 1), which suggest and confirm assumptions that have been postulated by previous authors (Tan et al., 2014; Li et al., 2016), where it is proposed that ZIKV might not just disrupt the neural stem pool, but it could also interfere with gene expression and metabolic pathways in the same cells, which are crucial for neural development (Tan et al., 2014; Li et al., 2016). For that reason, we hypothesized that CDK5RAP2 variants might interact as a second hit effect in the existence of congenital ZIKV infection as in the present case their father is a carrier of p.Thr274LysfsTer27 and p.Glu275ArgfsTer16 without any specific phenotype. However, the proband has an overlapping phenotype of congenital ZIKV syndrome and CDK5RAP2 microcephaly disorder (Table 1 and Figures 3, 4). Furthermore, in the following studies, around 11 genes related to microcephaly have been demonstrated to be downregulated in the tissue from ZIKV-associated microcephaly, including the gene (CDK5RAP2) found in this case, which is also related and required for the maintenance of the germ cell pool during embryonic development and is linked with molecular evolutionary pathways for regulating the brain size (Evans et al., 2006; Zaqout et al., 2017). This indicates that the variable expressivity of the phenotype in patients with congenital ZIKV syndrome might be directly associated with the type and mechanism of gene disruption and the time of the viral exposure, which could generate the downregulation of these genes and it will be seen in patients as an absence of nucleotide variants compare with the human reference template in WES as was seen in the previous study (Candelo et al., 2019). In addition, severe affection might generate the genetic profile seen in this patient (Table 1 and Figure 3). Further investigation must focus on using genome-wide association data to confirm this association.


TABLE 1. Clinical manifestation overlap.
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TABLE 2. In silico analysis of the CDK5RAP2 variants.

[image: Table 2]In summary, our study describes a case of vertical ZIKV transmission associated with a congenital ZIKV syndrome and linked with a neurological syndrome, with microbiological, molecular, and genetic assessments, where two cis-novel variants in CDK5RAP2 were found. The CDK5RAP2 gene encodes a pericentriolar protein that mediates microtubule nucleation and centriole attachment. A diallelic mutation on this gene has been previously associated with primary microcephaly.
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Assisted reproductive technology (ART) has been linked to cholesterol metabolic and respiratory disorders later in life, but the mechanisms by which biosynthetic signaling remain unclear. Lung inflammatory diseases are tightly linked with the sterol regulatory element-binding protein (SREBP) and SREBP cleavage-activating protein (SCAP), but this has not been shown in an ART offspring. Here, mouse models from a young to old age were established including in vitro fertilization (IVF), intracytoplasmic injection (ICSI), and in vivo fertilized groups. In our results, significantly higher plasma levels of CRP, IgM, and IgG were identified in the aged ICSI mice. Additionally, pulmonary inflammation was found in four aged ART mice. At three weeks, ART mice showed significantly downregulated levels of Scap, Srebp-1a, Srebp-1c, and Srebf2 mRNA in the lung. At the same time, significant differences in the DNA methylation rates of Scap-Srebfs and protein expression of nuclear forms of SREBPs (nSREBPs) were detected in the ART groups. Only abnormalities in the expression levels of Srebp-1a and Srebp-1c mRNA and nSREBP1 protein were found in the ART groups at 10 weeks. However, at 1.5 years old, aberrant expression levels and DNA methylation of SCAP, SREBP1, and SREBP2, and their associated target genes, were observed in the lung of the ART groups. Our results indicate that ART increases long-term alterations in SCAP/SREBP expression that may be associated with their aberrant methylation status in mouse.
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INTRODUCTION

In vitro fertilization (IVF) and other assisted reproductive technologies (ARTs) offer hope to subfertile couples worldwide. To date, more than 7 million babies have been delivered by ART worldwide, and every year, there is a sign that this trend is increasing (Novakovic et al., 2019). Although most ART babies and children are healthy, some studies are still concerned on the effects ART procedures may have on the long-term health of these children (Berntsen et al., 2019). Researches into the “developmental origins of health and disease” (DOHaD) in humans have demonstrated that exposures during early development (pre-conceptional, in utero, and early post-natal periods) can increase the risk of disease, particularly cardiovascular, metabolic, and respiratory disorders, later in life (Safi-Stibler and Gabory, 2020). Children born following ART may be at an increased risk of adult health problems, in part because of the laboratory techniques used, such as ovarian stimulation, embryo culture, embryo frozen, and intracytoplasmic sperm injection (ICSI) (Gluckman et al., 2008; Padhee et al., 2015; Feuer and Rinaudo, 2016). In addition to the possible risks posed by these techniques, studies have demonstrated adverse perinatal outcomes after ART (Dhalwani et al., 2016; Vrooman and Bartolomei, 2017; Maheshwari et al., 2018), which themselves can have consequences for adult heath. For instance, preterm birth, low birth weight, and being small for gestational age, which are well documented to be increased in children conceived by ART, have been associated with cardiometabolic disturbances in adulthood (Chen et al., 2012) and diminished lung function (Duijts, 2012).

Increased fasting glucose levels, blood lipid levels, adiposity, and blood pressure have been found in ART-conceived children (Valenzuela-Alcaraz et al., 2013; Lou et al., 2014; Meister et al., 2018). Moreover, in our recent and other long-term studies, ART induced the potential high risk of fatty liver in adulthood and resulted in an abnormal lipid metabolism in aged mice (Gu et al., 2018; Le et al., 2019). Emerging studies have indicated that dyslipidemia is often associated with lung disease (Yao et al., 2016). However, the long-term effects of ART on respiratory function remain poorly defined due to the relatively short time ART has been developed. Recent studies have suggested an association of IVF and ICSI with asthma in ART offsprings (Carson et al., 2013; Kuiper et al., 2015; Lewis et al., 2017). An increase in respiratory atopy was also reported in the IVF-conceived singletons compared with the controls (Halliday et al., 2014). Thus, there is a need to know whether adverse respiratory health outcomes later in life are associated with ART.

Persons with an impaired lung function have been found to have higher levels of cholesterol, suggesting a critical importance of alveolar cholesterol homeostasis in the normal lung physiology (Whitsett and Weaver, 2002). Cholesterol is essential for type II cell function; however, excessive amounts of cholesterol impair surfactant function. The transcriptional mechanisms regulating cholesterol synthesis have been shown to be dependent on the transcription factors sterol regulatory element-binding proteins (SREBPs) in the respiratory epithelium (Zhang et al., 2004; Bridges et al., 2014). Three distinct SREBP isoforms, SREBP-1a, -1c, and -2, are encoded by Srebf1 and Srebf2. When intracellular cholesterol levels are abundant, SREBPs (SREBP1 and SREBP2) are held in the endoplasmic reticulum (ER) complexed to the sterol-sensing protein SREBP cleavage-activating protein (SCAP), which prevents the proteolytic generation of the transcriptionally active nuclear forms of SREBPs (nSREBPs), thereby limiting the transcription of SREBP target genes including the lipogenic and cholesterogenic genes, such as low density lipoprotein receptor (LDLR), acetoacetyl CoA synthetase (AACS), sterol 14α-demethylase (CYP51), farnesyl diphosphate synthase (FDPS), and 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR) (Ericsson et al., 1996; Horton et al., 2002; Harding et al., 2005). Deletion of Scap in the adult mouse lung inhibited SREBP activity in respiratory epithelial cells, resulting in an altered pulmonary lipid homeostasis (Besnard et al., 2009). Recent study reveals that, in addition to controlling cholesterol biosynthesis, SCAP-SREBP2 also serves as a signaling hub integrating cholesterol metabolism with inflammation in macrophages (Guo et al., 2018). Aberrant SREBP activity in respiratory epithelial cells was linked with lipotoxicity-related lung inflammation and tissue remodeling in adult mice (Plantier et al., 2012). Furthermore, an aberrant epigenetic profile may be the potential mechanism of adult disease risk in ART-conceived offspring (El et al., 2017; Safi-Stibler and Gabory, 2020). Data demonstrated that DNA methylation may be a part of the biological processes underlying lung function (Lepeule et al., 2012). Hence, we hypothesized that the periconception and early intrauterine exposures associated with ART lead to poorer physical health outcomes, perhaps through epigenetic changes in SCAP/SREBP, resulting in a higher prevalence of chronic lung illness.

Due to the improvement in respiratory function at a young age and dyslipidemia in ART-conceived individuals, there is a need to establish whether ART is associated with lung inflammation later in life. In our recent study, abnormalities in the blood lipids were identified in the ART-conceived elderly mice (Le et al., 2019). Thus, this present study was designed to ascertain whether conception by ART is associated with respiratory diseases later in life through the establishment of mouse models of conception including IVF, ICSI, and in vivo. Furthermore, given the mounting evidence for a role of the SCAP/SREBP pathway and epigenetic regulation in chronic lung disorders, we defined the dynamic roles of the SCAP/SREBP pathway and the methylation status of its components in the lungs of ART-conceived mice from a young to old age.



MATERIALS AND METHODS


Animals

C57BL/6J female (6–8 weeks) and male mice (10–12 weeks) were used as oocyte and sperm donors in this study. This study was approved by the Ethics Committee of Zhejiang University Animal Care. All of the animals were housed with a 12 h light/dark cycle at 25 ± 0.5°C and 50–60% humidity. The C57BL/6J female mice were randomly divided into the ICSI, IVF, and in vivo groups. All of the experiments were conducted between 09:00 and 17:00 to minimize the circadian influences.



Production of IVF-, ICSI-, and in vivo-Conceived Mice


IVF and ICSI Groups

First, C57BL/6J female mice were superovulated with an intraperitoneal injection of 7.5 IU of pregnant mare serum gonadotropin (PMSG), and 48 h later, with an intraperitoneal injection of 7.5 IU of human chorionic gonadotropin (hCG), as previously reported (Le et al., 2019). Then, the cumulus-oocyte complexes were collected after 15 h post-hCG administration in human tubal fluid (HTF) medium, which contained 10% synthetic serum substitute (SSS) (Irvin Scientific, United States) at 37°C. Lastly, cumulus-oocyte complexes were then either transferred into a fertilization drop (for the IVF group) or into a dispersion drop (for the ICSI group). Before using for insemination or microinjection, sperm were capacitated for 1.5 h at 5% CO2 in air at 37°C which were obtained from the epididymis of C57BL/6J males.

As previously described (Le et al., 2019), in the IVF group, oocyte-cumulus cell complexes were added into a drop in which the final sperm concentration was approximately 1–2.5 × 106 ml–1. The embryos were cultured in fresh 10% SSS HTF at 5% CO2 in air at 37°C after fertilization. Then, 24 h later, 2-cell-stage embryos were obtained from the IVF group. In the ICSI group, metaphase II (M II) oocytes were fertilized by ICSI. Sperm heads were singly injected into each oocyte as previously described (Le et al., 2019). Injected oocytes were cultured in 10% SSS fresh HTF in humidified 5% CO2 at 37°C. Then, 24 h later, 2-cell-stage embryos were obtained from the ICSI group.



In vivo Group

In the in vivo group, C57BL/6J female mice were caged with male mice at a ratio of 1:1. The next day, we separated the female mice with vaginal plugs from the males. After 44 h, the 2-cell embryos for the in vivo group were obtained from the oviducts.



Embryo Transfer and Tissue Collection

ICR (Institute of Cancer Research) females (8–10 weeks old) were used as pseudopregnant recipients. After the females mated with the ICR vasectomized males (2:1), vaginal plugs were detected in the females which was considered day 0.5 of the pseudopregnancy. As previously shown (Le et al., 2019), 12–15 of 2-cell-stage embryos were transferred into the oviducts of a 0.5-d pseudo-pregnant foster mother in each group. The litters were redistributed on the day after birth to have litter sizes of six pups to ensure standardized nutrition and maternal care. In total, 36 in vivo-conceived, 32 IVF-conceived, and 32 ICSI-conceived mice were examined. The birth outcomes were shown in our recent published work (Le et al., 2019).



Serum Analysis

At 1.5 years old, after the mice were euthanized, venous blood of aged mice was withdrawn. Plasma levels of C-reactive protein (CRP), immunoglobulin (Ig) G, and IgM were determined using commercially available specific ELISA kits according to the instructions provided by the manufacturers (Cusabio Company, Wuhan, China).



Histological Analysis of Mouse Models

At 3 weeks (n = 10/group), 10 weeks (n = 10/group), and 1.5 years old (IVF, n = 12; ICSI, n = 12; in vivo, n = 16), lungs were excised and weighed. In addition, histopathological analyses were performed. Afterfixed in 4% paraform for 24 h, lungs were transfered to 70% ethanol. Individual lobes of biopsy material were placed in processing cassettes, dehydrated through a serial alcohol gradient, and embedded in paraffin wax. Lung tissue sections (5 μm) were stained with hematoxylin and eosin (HE). The slides were observed under a microscope, and five regions within the HE-stained sections were examined and scored at 200 × magnification. Morphological analysis of random fields from each section was performed by two experienced pathologists. Analysis of lung injury was scored on the basis of four parameters as previously described (Smith et al., 1997): (a) alveolar hemorrhage, (b) alveolar edema, (c) infiltration or aggregation of neutrophils in the airspace or the vessel wall, and (d) thickness of the alveolar wall.



Real-Time Quantitative PCR (RT-qPCR)

Total RNA was extracted from the lung (n = 10/group) by using the RNAiso Plus (TaKaRa, Tokyo, Japan). Then, RT-qPCR was conducted as previously described (Le et al., 2019). The quantification of gene transcripts was conducted by RT-qPCR by using the SYBR® Premix Ex TaqTM (TaKaRa, Tokyo, Japan) in an ABI 7900 thermocycler. The primers of Scap, Srebf2, and their associated genes are shown in Supplementary Table 1. The primers of Srebp-1a and Srebp-1c were used as shown in the previous study (Besnard et al., 2009). The housekeeping gene Gapdh was used as the reference gene and was stably expressed between our treatment groups. The fold-change was calculated by using the comparative Ct method.



Western Blotting Analysis

Western blot analysis of SCAP/SREBP was performed as previously described (Le et al., 2019). Briefly, aliquots (45 μg) of the nuclear and membrane fractions from three mice per group were subjected to SDS-PAGE on 8 or 10% gel. The separated samples were transferred to nitrocellulose membranes exposed to the rabbit anti-GAPDH antibody (1:1,000 dilution; Abcam, Inc.), mouse anti-SREBP1 antibody (1:1,000 dilution; Abcam, Inc.), and rabbit anti-SCAP/SREBP2 antibodies (1:1,000 dilution; Abcam, Inc.) for 2 h after electrophoresis. Then, the membranes were incubated in the DyLightTM 680-Labeled goat anti-rabbit or anti-mouse IgG (H–L) (1:5,000 dilution; KPL, Gaithersburg, United States) for 1 h at room temperature. Lastly, the images were visualized by an Odyssey® Imager (LI-COR, United States).



Methylation-Specific PCR (MSP) and Pyrosequencing Analysis

As described previously, DNA (1 μg) was processed from the lung (n = 10/group) for bisulfite sequencing analysis using the EpiTect Bisulfite kit (Qiagen, Valencia, CA, United States). Primers for Scap, Srebf1, and Srebf2 are shown in Supplementary Table 2. By using the PSQ 96 ID system, the methylation-specific PCR and pyrosequencing were conducted (Le et al., 2019). The mean ± SD was calculated for DNA methylation rates.



Statistical Analyses

Data were analyzed using a software (SPSS, Version 16. Chicago, IL, United States). The mean ± SD was shown for data. Between-group comparisons were made by one-way analysis of variance (ANOVA). When required, non-parametric tests were used as indicated. The significance level was set at P < 0.05.



RESULTS


Organ Weight, Histological, and Plasma Analysis of the ART Mice

As shown in Table 1, there was no difference in the body weight and lung weight between the ART groups and the in vivo group at young (3 weeks), adult (10 weeks), and old (1.5 years) ages. However, as shown in Table 2, the aged ICSI mice showed significantly higher levels of CRP, IgG, and IgM than the in vivo mice (P < 0.05). Moreover, in our recent paper (Le et al., 2019), higher levels of cholesterol and low density lipoprotein-cholesterol (LDL-C) and lower levels of high-density lipoprotein-cholesterol (HDL-C) and apolipoprotein-A1 (Apo-A1) were found in the aged ICSI mice.


TABLE 1. Comparison body and organ weight of ART and in vivo mice at three growth stages.
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TABLE 2. Plasma analysis of the aged mice conceived by ART and in vivo.

[image: Table 2]Histology analysis based on alveolar edema, hemorrhage, infiltration, or aggregation of neutrophils in the airspace or the vessel wall and thickness of the alveolar wall. Representative images of lung sections were analyzed (HE staining; Figure 1). At 3 and 10 weeks, we found no histological changes in the lungs of the ART-conceived mice compared to those in the in vivo mice. Although no statistical differences were found between the ART and in vivo groups, as shown in Figures 1b–e, lung architecture was compromised in two ICSI males and two IVF mice (one female and one male). In addition, infiltration of a large number of inflammatory cells was found in the alveolar interstitium of the ART group (Figures 1b–e) as compared with the in vivo group (Figure 1a).
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FIGURE 1. Representative photomicrographs of HE-stained lung sections are shown for ART- and in vivo-conceived aged mice. The lungs of an in vivo-conceived female (a), an IVF-conceived female (b), an IVF-conceived male (c), and an ICSI-conceived male (d,e). Histology analysis are based on alveolar edema, hemorrhage, infiltration, or aggregation of neutrophils in the airspace or the vessel wall and thickness of the alveolar wall. Original magnification × 200. In (b–e), lung architecture was compromised and a large number of inflammatory cells infiltrated in the alveolar interstitium.




Long-Term Changes in the mRNA Expression Levels of Scap/Srebp in the Lung

We assessed the effects of ART on the mRNA expression of Scap/Srebp in the lung from a young to an old age.

As shown in Figures 2A–D, at 3 weeks, significantly lower expression levels of Scap, Srebp-1a, Srebp-1c, and Srebf2 mRNAs were found in the lung of IVF- and ICSI-conceived mice compared with that in the in vivo mice (0.5–0.8-fold, P < 0.01). At 10 weeks, compared with the expression levels in the in vivo mice, only the expression levels of Srebp-1a and Srebp-1c mRNAs were statistically lower in the IVF mice (0.7- and 0.8-fold, respectively, P < 0.05). However, at 1.5 years old, statistically lower expression levels of Scap, Srebp-1a, Srebp-1c, and Srebf2 mRNA were found in the IVF- and ICSI-conceived aged mice compared with those in the in vivo group (0.5–0.7-fold, P < 0.01).


[image: image]

FIGURE 2. Expression level analysis of Scap, Srebp-1a, Srebp-1c, and Srebf2 mRNA in the lungs from the ICSI, IVF, and in vivo groups (n = 10/group). mRNA expression level analysis at 3, 10 weeks, and 1.5 years of age by real-time quantitative PCR (RT-qPCR). (A) mRNA expression level of Scap. (B) mRNA expression level of Srebp-1a. (C) mRNA expression level of Srebp-1c. (D) mRNA expression level of of Srebf2. The relative expression levels represent the amount of expression normalized to Gapdh expression. Data concerning the relative amount was calculated by the 2–ΔΔCt method. Mean ± SD values are plotted. Between-group comparisons were made by one-way analysis of variance (ANOVA). *P < 0.05, **P < 0.01. 3-w, 3 weeks; 10-w, 10 weeks; 1.5-yr, 1.5 years old.




Long-Term Changes in the DNA Methylation Status of Scap/Srebf in the Lung

As shown in Figures 3A–C, at 3 weeks, the methylation rate of Scap was significantly higher in the IVF group (68.37 ± 3.49%) than in the in vivo group (61.80 ± 3.72%) and ICSI group (64.45 ± 2.99%). Moreover, compared with the in vivo group (17.36 ± 0.75%), the Srebf1 showed a significantly higher methylation rate in the IVF (21.04 ± 2.46%) and ICSI (21.42 ± 2.04%) groups (P < 0.01). A higher methylation rate of Srebf2 was also found in the ICSI group than in the in vivo group (81.76 ± 1.27% vs. 79.00 ± 0.83%, P < 0.01). At 10 weeks, only the methylation rate of Srebf1 was significantly higher in the IVF group compared with that in the in vivo group (19.91 ± 0.64% vs. 18.91 ± 0.95%, P < 0.05). There were no significant differences in the methylation rate of Scap and Srebf2 among the three groups. But at 1.5 years old, the methylation rate of Scap in the ICSI group (76.65 ± 5.68%) and IVF group (78.77 ± 3.76%) was significantly higher than that in the in vivo group (70.67 ± 1.40%) (P < 0.05). In addition, ICSI and IVF mice had a significantly higher methylation rate than the in vivo group at the Srebf1 and Srebf2 CpG sites (P < 0.05).
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FIGURE 3. Statistical methylation analysis of Scap, Srebf1, and Srebf2 in the IVF, ICSI, and in vivo groups (n = 10/group). (A) DNA methylation rate of Scap at 3 weeks, 10 weeks, and 1.5 years of age. (B) DNA methylation rate of Srebf1 at 3 weeks, 10 weeks, and 1.5 years of age. (C) DNA methylation rate of Srebf2 at 3 weeks, 10 weeks, and 1.5 years of age. Mean ± SD values are plotted. Between-group comparisons were made by one-way analysis of variance (ANOVA).*P < 0.05, **P < 0.01. 3-w, 3 weeks; 10-w, 10 weeks; 1.5-yr, 1.5 years old.




Long-Term Changes in the Protein Expression Levels of SCAP-SREBP in the Lung

At 3 weeks, IVF and ICSI mice showed a significant downregulation in the expression of nSREBP1 amounts compared with the in vivo group in the lung (Figure 4A, P < 0.01). There were no significant differences in other proteins, such as SCAP, the precursor of SREBP1 (pSREBP1) and SREBP2, among the groups (Figure 4A, P > 0.05). As shown in the Figure 4B, at 10 weeks, a significantly lower expression level of nSREBP1 amounts was found in the IVF mice compared to that in the in vivo mice (P < 0.05). There were no significant differences in the expression of other proteins among the three groups, such as SREBP2 and SCAP. At 1.5 years of age, significantly lower expressions of nSREBP1 and nSREBP2 amounts were found in the ICSI group when compared with the expression in other groups (P < 0.05). No expression differences were identified for SCAP and pSREBPs among the three groups (Figure 4C, P > 0.05).
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FIGURE 4. Western blotting analysis of membrane (SCAP and SREBP1/2-P) and nuclear extract (SREBP1/2-N) fractions in the ICSI, IVF, and in vivo mice. Bands of SCAP, SREBPs, and GAPDH and the mean gray value at 3 weeks (A), 10 weeks (B), and 1.5 years of age (C). N, nuclear extract of SREBP; P, precursor form of SREBP. Mean ± SD values are plotted. Between-group comparisons were made by one-way analysis of variance (ANOVA). *P < 0.05, **P < 0.01. 3-w, 3 weeks; 10-w, 10 weeks; 1.5-yr, 1.5 years old.




The mRNA Expression Changes of the nSREBP Associated Genes in the Lung of Aged ART-Conceived Mice

From the above protein results, significantly lower expression levels of nSREBPs were found in the lung of ICSI-aged mice. Thus, we further assessed the mRNA expression of nSREBP target genes in the lung at 1.5 years old. As shown in Supplementary Figure 1A, statistically lower expression levels of Ldlr, Cyp51, and Fdps mRNAs were found in the ICSI-conceived aged mice compared with those in the in vivo and IVF groups (0.5–0.8-fold, P < 0.01). There were no significant differences in the expression of Aacs and Hmgcr in the ICSI group. In addition, only the expression levels of Aacs mRNA were found in the IVF group as compared with the other groups (0.6-fold, P < 0.01).

Furthermore, lower amounts of nSREBPs not pSREBPs protein was found in the ICSI mice in our work. Studies show that nSREBP is released from the membrane by two sequential proteolytic cleavages by Site-1 protease (S1P, MBTPS1) and Site-2 protease (S2P, MBTPS2) (Yang et al., 2002). Thus, the mRNA expression levels of Mbtps1 and Mbtps2 were analyzed in the lung at old age. As shown in Supplementary Figure 1B, the expression levels of Mbtps1 and Mbtps2 mRNAs were significantly lower in the ICSI-conceived aged mice than in the IVF and in vivo conceived mice (0.3- and 0.7-fold, P < 0.01).



DISCUSSION

Given the increasing risk of respiratory disorders at a young age and dyslipidemia in an ART-conceived offspring (Lou et al., 2014; Kuiper et al., 2015; Lewis et al., 2017), there is a need to know whether these situations are associated with lung dysfunctions later in life. However, the long-term effects and the molecular mechanisms associated with respiratory disorders in ART-conceived individuals remain poorly defined. Thus, we sought to identify the role of the SCAP/SREBP pathway, a known signaling cascade associated with cellular lipid homeostasis, in the lung of ART-conceived mice from a young to an old age. In our study, pulmonary inflammation was found in four aged ART mice. In addition, significantly higher plasma levels of CRP, IgM, and IgG were identified in the aged ICSI mice. Our results detected that the SCAP/SREBP signaling expression was influenced by ART from a young age and was changed the most in the elderly. Moreover, we found that IVF and ICSI produced persistent changes in the SCAP/SREBP expression through the epigenetic regulatory mechanism of DNA methylation.

Impaired glucose tolerance, increased body fat and stiffness, and altered fatty acid composition have been reported in an IVF-conceived offspring (Ceelen et al., 2008; Scherrer et al., 2012; Feuer and Rinaudo, 2016; Vrooman and Bartolomei, 2017). Our recently and previously published papers also found that ART-conceived offspring, including IVF- or ICSI-conceived mice and human fetuses, had higher blood lipid levels across development, such as cholesterol, triglycerides, LDL, and apolipoproteins (Lou et al., 2014; Le et al., 2019). Previous data indicated that lipid storage diseases are often accompanied by chronic inflammation and fibrosing alveolitis (Minai et al., 2000). In our work, no histological changes in the lung were found in young or adult ART-conceived mice, but four aged ART mice showed a higher infiltration of inflammatory cells in the lung. Moreover, persons with an impaired lung function have been found to have higher levels of inflammatory markers, such as CRP and IL6. Inflammatory markers also may be correlated with inflammatory diseases in other organs, such as the liver, kidney, heart, pancreas, brain, and reproductive system. No inflammatory diseases were found in the liver, heart, and brain in our previously published work (Le et al., 2019). In the elderly, ICSI-conceived mice exhibited higher plasma levels of CRP, IgM, and IgG, which suggest that in vitro manipulations may be linked with an increased risk of chronic lung inflammation later in life. Additionally, a few recent studies of children indicated that those born after ART were more likely to be prescribed with anti-asthmatic medication, but the underlying duration of subfertility rather than an effect of treatment appeared to be the putative risk factor (Finnstrom et al., 2011; Kallen et al., 2013). In our mouse models, after excluding subfertility factors, we still observed higher inflammatory biomarker levels in the elderly ICSI mice, which may suggest that in vitro manipulations or ovarian stimulation could be the potential risk factors for the later occurrence of lung inflammation. Moreover, anatomopathological analysis of ICSI-conceived animals later in life showed an increase in the presence of solid tumors in the lungs compared to the analysis of the control animals (Fernandez-Gonzalez et al., 2008). Thus, as technology continues to improve, researchers will continue to uncover the effects of ART on later occurences of lung diseases.

The SCAP/SREBP pathway has previously been extensively studied in relation to cholesterol metabolism, lipogenesis, and glucose homeostasis (Yang et al., 2002). Data from both bioinformatics and mouse models have demonstrated important roles for SCAP/SREBP signaling in lung lipid homeostasis (Besnard et al., 2009; Plantier et al., 2012). For the first time, abnormal expression levels of Srebp-1a, Srebp-1c, Srebf2, and Scap mRNA were found in the lungs of ART-conceived mice both at a young and an elderly age, which suggests that the periconceptual manipulations of ART have a long-term influence on the gene expressions of SCAP/SREBP signaling. However, ART-conceived mice in our study only showed a decreased level of nSREBP1 and nSREBP1 amounts in the lung, which may be due to the complicated post-transcriptional, translation, and post-translational modifications of SCAP/SREBP (Greenbaum et al., 2003). Previous evidence indicated that miRNAs are involved in the regulation of SCAP/SREBP post-transcriptionally (Bridges et al., 2014). Furthermore, the SCAP/SREBP is also regulated by various post-translational modifications, such as acetylation, phosphorylation, and sumoylation (Cheng et al., 2018). Recent reports demonstrated that SREBP1 activation was shown to induce lipotoxicity that consequently extended SREBP-related pathology to include inflammation and fibrosis in the lung (Zhou et al., 2015; Shichino et al., 2019). In our results, lower mRNA transcription and protein levels of nSREBP1 were found from young, to adult, and to elderly life, which further indicate that SREBP1 may be particularly vulnerable to differential expressions because of early life manipulation. SREBP-1a and SREBP-1c with a different exon 1 are known as two isoforms of SREBP1. SREBP-1c is involved in fatty acid synthesis and lipogenesis, whereas SREBP1a are mainly involved in cholesterol synthesis (Besnard et al., 2009). Recent publications indicate that SREBP-1a also plays a crucial role in the inflammatory response in macrophages (Lee et al., 2018). Activation of SCAP/SREBP enhances lipogenesis causing pulmonary lipotoxicity in both alveolar type II epithelial cells and alveolar macrophages (Besnard et al., 2009; Guo et al., 2018). In our work, not only Srebp-1c but also Srebp-1a expressions were lower in the lung of ART-conceived mice, suggesting that both alveolar macrophages and epithelial cells may be responsible for their reduction. However, additional in vitro studies about this topic should be conducted in the future.

The SREBPs are synthesized as precursors (pSREBP) located in the ER membrane where it forms a complex with SCAP and insulin induced gene (INSIG). Two proteases cleave pSREBP in the Golgi to release the transcriptionally active nSREBP (Yang et al., 2002). The nSREBPs then translocate into the nucleus where it binds to sterol regulatory element (SRE) binding sites in the regulatory region of target genes (Goldstein et al., 2006). Lower amounts of nSREBPs not pSREBPs protein were found in our ICSI-conceived mouse models. The reason for the result may from the lower expression of Scap, Mbtps1, and Mbtps2, which processed pSREBP in the Golgi leading to decreased levels of active nSREBPs. In our results, lower expression levels of the nSREBP target genes, such as Ldlr, Cyp51, Aacs, and Fdps, were found in the lung of ART-aged mice, especially in the ICSI group, which may be associated with an alveolar cholesterol imbalance in lung physiology and result in lung diseases. Furthermore, nSREBP is regulated by other post-translational mechanisms (Cheng et al., 2018). Together, these results indicate that ART induced long-term nSREBPs perturbation of their activity, which may cause a potentially higher risk of lung inflammation later in life.

Given the evidence for a strong influence of in vitro exposures on epigenetic regulation, epigenetic changes may be one of the factors that explain the increasing prevalence of asthma, chronic obstructive pulmonary disease, and interstitial lung disease (Lepeule et al., 2012; Safi-Stibler and Gabory, 2020). Experimental studies are beginning to point to the role of the SCAP/SREBP pathway in the development of lung diseases in animals (Bridges et al., 2014). Our group hypothesized that aberrant DNA methylation of the SCAP/SREBP pathway at different growth stages may link with the potentially higher risk of later lung inflammation in ART-conceived mice. Hence, we investigated the DNA methylation of SCAP/SREBP in the lung from a young to old age. At young, ART mice showed higher methylation rates of Scap, Srebf1, and Srebf2, which is in accordance with a decrease in the expression of each of these transcripts. However, in adult ART-conceived mice, only Srebf1 showed a significantly higher methylation rate than those in the in vivo mice, which suggests that manipulation during embryo development may alter the methylation status of specific genes. With an advanced age, the ART mice showed higher methylation rate of all the genes, including Scap, Srebf1, and Srebf2, which indicates a specific epigenetic variability that is associated with aging. Consistent with our results, other studies have reported that DNA methylation is known to change throughout aging and has been associated with age-related diseases including cancer, cardiovascular diseases, and atherosclerosis (Nebbioso et al., 2018; Salameh et al., 2020).

When interpreting our work, the strengths and limitations need to be considered. Firstly, we showed the effects of ART on the respiratory health and associated molecular mechanisms from a young age to elderly life to provide insights into the long-term respiratory health of an ART offspring. In addition, we adjusted for embryo transfer and litter size in our study; these factors themselves have been detected to increase the risk of diseases in an ART-born offspring later in life. Although every effort has been made, there are still limitations in our work. One limitation is that our study cannot draw conclusions on how the methylation patterns of these genes relate to changes in lung function throughout life which still requires further investigation at the cytological level. Moreover, this is an animal model study. Long-term studies in humans who were conceived by ART are necessary to determine the effects of ART on respiratory diseases later in life. Finally, the small size is another limitation in our study. Taken together, there is still a need for more works to show the effects of ART on lung diseases later in life and the associated molecular mechanisms in ART-born individuals.
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Supplementary Figure 1 | Expression level analysis of nSREBP associated genes in the lungs from the ICSI, IVF, and in vivo groups (n = 10/group). mRNA expression level analysis at 1.5 years of age by real-time quantitative PCR (RT-qPCR). (A) mRNA expression level of nSREBP targets genes of Ldlr, Cyp51, Aacs, Fdps, and Hmgcr. (B) mRNA expression level of Mbtps1 and Mbtps2. The relative expression levels represent the amount of expression normalized to Gapdh expression. Data concerning the relative amount was calculated by the 2–ΔΔCt method. Mean ± SD values are plotted. Between-group comparisons were made by one-way analysis of variance (ANOVA). ∗∗P < 0.01.

Supplementary Table 1 | The genes sequences for real-time quantitative PCR.
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TABLE 1 | Comparison of the clinical manifestations of this patient, and

previously reported patients with Gri-du-chat syndrome and Trisomy 4p

syndrome.

Clinical Thispatient  Cri-du-chat Trisomy 4p patients

manifestations patients (Honjo,  (Patel et al., 1995;
2018; Mainardi, Dallapiccola,

2001) 1977

Imperforate anus  Present - -

Preterm birth Present * +

Micrognathia Present -+ +

Low birth weight ~ Present + +

Psychomotor

retardation Present ++ ++

Downslanting

palpebral fissures  Present -+ ++

Widely spaced

eyes. Present -+ +

Abnormaliies of

the fingers Present - ++

Prominent heels  Present = ++

Weak, high-

pitched voice Present ++ e

Growth deficiency  Present + ++

Seizures Present ¥ +

Microcephaly Present - ++

Pontine hypoplasia Present ++ .

++, presence of the manifestation in 50% or more of the patients; +, presence of the
manifestation in more than 10%, but less than 50% of the patients; ~, ot frequently
reported. "Based on overall reported frequencies in patients with variable chromosomal
breakpoints. “"Most previously reported trisomy 4p patients aiso have other
chromosomal imbalances and variable breakpoints.
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# of Avg. Meth
Gene CpGs Diff% (Range) Genic Location
TMEM183A 7 25.2 (21.5-27.6) Promoter
PROZ 6 —24.1 (—6.2-—-34.2) Genebody
ABLA 2 6(6.5-10.7) Genebody
C110rf53 2 —16.1 ( —9.7 - —22.4) Genebody
CAMK1D 2 —14.8 (—10.1 - —19.5) Genebody
COX16;SYNJ2BP-COX16 2 —8.3(-6.2--10.3) Genebody
DMRTA2 2 —4.2(-14.7-6.3)  Genebody
MSLN 2 7 (—19.0-28.5) Genebody;promoter
RALBP1 2 —9.7 (-9.6 - -9.8)  Genebody
ZNF101 2 7.5 Promoter
FAM20C 1 —-94 Genebody
FAM228B;FAM228A 1 —24.0 Genebody;promoter
FASN 1 —6.8 Genebody;promoter
FILIP1 1 16.6 Promoter
GFI1 1 —-19.9 Genebody;promoter
GSX1 1 12.5 Promoter
LINC00441 1 5.0 Promoter
MBP 1 5.3 Genebody
PIGQ 1 6.0 Genebody;promoter
RAB6B 1 9.4 Promoter
SAMD11 1 —38.5 Genebody
SIRPA 1 5.3 Genebody
SLC38A10 1 -9.0 Genebody;promoter

A list of differentially methylated genes is shown sorted by the number of
differentially methylated CpG sites.
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Sample name 129C

Gender Female
Age 5 months
Ethnic Chinese
Mutation 1 c.191-1G > A
p.S64Mfs*12
Mutation 2 ¢.1058delG
p.G353Efs*2
Molar tooth sign +
Developmental delay +

Respiratory abnormality -
Hypotonia e
Oculomotor apraxia -
Retinal involvement NA
Renal involvement =
Liver involvement -
Limb anomalies =
Agenesis of the corpus callosum =
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Cranial
morphology

Brain findings

Ocular anomalies

Facial findings

Contractures

Neurological squeale

Skeletal findings

Severe microcephaly

Overlapping cranial suture
Prominent occipital bone (75%)

Redudant Scal and Nucal Skin (47.9%)

Severe Neurological impairment

Crariofacial disproportion (95.8%)

Bilateral depression of the frontal and parietal bone (83.3%)
Galcifications (Mainly subcortical)
Ventriculomegaly

Dysmorphic ventricles

Skull Collapse

Decreased cranial vault

Small Cerebellum

Ireguiar Cortex

Shallow Sulci

Abnormal gyral pattern (mostly polymicrogyria)
Hypoplasia or absence of the corpus callosum
Wallerian degeneration

hypoplasia

Cerebral Atrophy

Decreased myelination

Microphtalmia

Coloboma

Cataracts

Intraocular calcifications

Chorioretinal atrophy

Focal Pigmentary

Moting of the retina

Optic Nerve atrophy/anomalies

Epicanthal folds
Nistagmus
Strabismus

Arthrogryposis
Unilateral or bilateral Clubfoot

Trunk hyperextension or hyperfiexion
Multiple dimples

Biateral congenital hip dislocation
Cognitive disabilities

Seizures

Swallowing difficulties

Global Developmental Delay

Failure to thrive

Hearing Impairment (Sensorineural)
Hypertonia

Spasticity

Iritability

Hypotonia

Excessive crying

Distal Tremors

Dysphagia

Feet Contracture

Increased deep tendon reflex
Clenched Fists

Hand contracture-Camptodactyly

Microcephaly

Sparse eyebrows

Midly diated ventricular system

Prominent Sulci and shallow and wide sulci
Simplified gyriform pattern

Agenesis of corpus callosum and Thinning
Megecisterna Magna

Microphalmia
Anophtalmia
Cataracts

Sloping Forehead
Beaked Nose
Micrognathia
Midface hypoplasia
Upslanting or Downslating palpebral fissure

Low-set ears

High arched palated

Ataxia

Cognitive disabilities
Seizures

Global Developmental Delay
Failure to thrive

Hearing Loss (Sensorineural)
Hyperactive and aggressive
Spastic Extremities

Dystonic Movements
Hypotonia

Jerking of the whole body

Speech Delay or Loss

Delayed bone age
Brachymesophalangy
Simian Creases

Pes Planus

Fifth finger clinodactyly

Each column represents each clinical condition according to the literature. The clinical manffestation of congenital ZIKV syndrome is represented in yellow, and the
CDKSRAP2 syndrome is represented in green. The present case column exhibits the symptoms and signs in the respective color that represents each syndrome,
and blue shows the combination of a clinical manifestation shared from both conditions. The last column represents the overlap of clinical manifestation between

the two conditions.
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Variant Protein effect ClinVar DANN EIGEN MutPred MutationTaster SIFT PolyPhen-2

c.1156C > T p.Thr274LysfsTer27 NR 0.9987 Pathogenic Pathogenic Disease causing Damaging Probably damaging
c.280C > T p.Glu275ArgfsTer16 NR 0.9993 Pathogenic Pathogenic Disease causing Damaging Probably damaging
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