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Background: An early and accurate evaluation of the risk of bronchopulmonary dysplasia (BPD) in premature infants is pivotal in implementing preventive strategies. The risk prediction models nowadays for BPD risk that included only clinical factors but without genetic factors are either too complex without practicability or provide poor-to-moderate discrimination. We aim to identify the role of genetic factors in BPD risk prediction early and accurately.

Methods: Exome sequencing was performed in a cohort of 245 premature infants (gestational age <32 weeks), with 131 BPD infants and 114 infants without BPD as controls. A gene burden test was performed to find risk genes with loss-of-function mutations or missense mutations over-represented in BPD and severe BPD (sBPD) patients, with risk gene sets (RGS) defined as BPD–RGS and sBPD–RGS, respectively. We then developed two predictive models for the risk of BPD and sBPD by integrating patient clinical and genetic features. The performance of the models was evaluated using the area under the receiver operating characteristic curve (AUROC).

Results: Thirty and 21 genes were included in BPD–RGS and sBPD–RGS, respectively. The predictive model for BPD, which combined the BPD–RGS and basic clinical risk factors, showed better discrimination than the model that was only based on basic clinical features (AUROC, 0.915 vs. AUROC, 0.814, P = 0.013, respectively) in the independent testing dataset. The same was observed in the predictive model for sBPD (AUROC, 0.907 vs. AUROC, 0.826; P = 0.016).

Conclusion: This study suggests that genetic information contributes to susceptibility to BPD. The predictive model in this study, which combined BPD–RGS with basic clinical risk factors, can thus accurately stratify BPD risk in premature infants.

Keywords: bronchopulmonary dysplasia, machine learning, prediction model, exome sequencing, premature infants


INTRODUCTION

Bronchopulmonary dysplasia (BPD)—a disorder arising from genetic and environmental risk factors—is one of the most serious complications in premature infants and is responsible for large economic and healthcare burdens. The incidence of BPD in preterm infants [those born with birth weight (BW) between 501 and 1,500 g] varied from 4 to 58.3% in 2003 according to the Vermont Oxford Network data (Payne et al., 2006) and has continued to rise especially among extremely premature infants (Stoll et al., 2010, 2015) due to the improvement in the survival rates of premature infants that benefited from the developments in perinatal medicine and neonatal intensive care. Multiple clinical factors have been implicated in BPD risk, including intrauterine growth restriction (Gortner et al., 1999), low gestational age (GA), low BW, male sex (Korhonen et al., 1999), neonatal respiratory distress syndrome, invasive mechanical ventilation (IMV) (Zhang et al., 2016), sepsis, asphyxia, and—inconsistently—chorioamnionitis (Hartling et al., 2012), race or ethnicity (Rojas et al., 1995; Vesoulis et al., 2020), and mode of delivery (Wang et al., 2014; Chen et al., 2019).

In addition to clinical factors, a considerable amount of research has revealed a genetic basis for BPD and a modulation in the susceptibility of BPD development associated with environmental factors. Genome-wide association studies have identified several single-nucleotide polymorphisms (SNPs) such as rs1245560 in the SPOCK2 gene of Caucasian and African populations that influence BPD risk (Hadchouel et al., 2011) and other SNPs in SP-A1 (Weber et al., 2000) and SP-B genes (Rova et al., 2004). Numerous rare variants in risk gene sets (RGS) of BPD (BPD–RGS) that are located in pathways related to lung development are also closely associated with the onset and progression of BPD in numerous candidate gene or pathway studies (Carrera et al., 2015; Li et al., 2015; Hadchouel et al., 2020). However, these findings on the genetic etiology of BPD are inconsistent, both reflecting the etiologic molecular heterogeneity of the disease and also showing it to be a complex disease with significant clinical heterogeneity. Despite this, a role for the genetic susceptibility of BPD has been quantified through statistical approaches in two important twin studies (Bhandari, 2006; Lavoie et al., 2008).

Many investigators have carried out research studies in an attempt to predict the development of BPD using clinical factors and respiratory parameters in the neonatal intensive care unit (NICU) of various centers. However, most clinical prediction models are poor to moderate predictors of BPD, e.g., the area under the receiver operating characteristic curve (AUROC) ranged from 0.50 to 0.76 for BPD in an external validation study of a systematic review (Onland et al., 2013). Additionally, the ratio of tidal expiratory flow at 50% of expired volume to peak tidal expiratory flow (as one of the mechanical ventilation parameters) gave an AUROC for the development of moderate/severe BPD (sBPD) of 0.774 (Bentsen et al., 2018); mechanical ventilation at 1 week provided an AUROC for the development of BPD and sBPD of 0.77 and 0.83 (Hunt et al., 2018), respectively; and a multifactorial model that included BW, GA, sex, presence of a hemodynamically significant patent ductus arteriosus (as diagnosed by an echocardiogram), respiratory distress syndrome, hypotension within the first 72 h of life, and intraventricular hemorrhage (IVH) delivered an AUROC for the development of BPD of 0.930—which showed a noticeably improved discriminatory performance, but without favorable clinical maneuverability (Gursoy et al., 2015).

The addition of genetic factors to BPD risk prediction models might improve the ability to accurately predict which infants will develop this significant and serious complication. We therefore developed a risk model for the prediction of BPD and tested the hypothesis that a combined clinical and genetic model that incorporated BPD–RGS would be superior to a clinical-only model.



MATERIALS AND METHODS


Design, Setting, and Participants

We conducted a case–control analysis based on a prospective preterm cohort and consecutively recruited 245 infants from the Children’s Hospital of Fudan University from January 2017 to May 2019 using the following inclusion criteria: premature infants (defined as born with a GA of less than 32 weeks) who required supplemental oxygen on the first day of postnatal life and who were admitted to the NICU. The exclusion criteria were as follows: (1) infants with significant diseases (e.g., major congenital malformations, clinical syndromes, chromosomal abnormalities, systemic infections and shock, or other definite diseases beyond respiratory), (2) refusal for an infant to participate in the study or withdrawal of an infant from intensive care before tracheal extubation was attempted, (3) infants who did not undergo exome sequencing, and (4) infants who died within 7 days after birth.



Clinical Diagnosis of BPD and Follow-up Collection

Briefly, BPD was diagnosed with respect to a requirement of supplemental oxygen for at least 28 days, with subsequent severity assessment at 36 weeks of postmenstrual age (Jobe and Bancalari, 2001). Perinatal and postnatal information during inpatient hospitalizations and follow-up data were collected until discharge or death, and the timepoints for the collection of clinical characteristics and the corresponding evaluation of outcomes are shown in Figure 1B. Data were doubly entered by two clinical physicians, and the inconsistent data were re-evaluated to reach a consensus.
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FIGURE 1. Schematic diagram of the study design. (A) Study flow chart. (B) Schematic of clinical characteristic collection at each timepoint. Asphyxia was defined as APGAR score of less than seven at 1 min or/and APGAR score of less than seven at 5 min. IVF, in vitro fertilization; IUGR, intrauterine growth restriction; PIH, pregnancy-induced hypertension; PPROM, preterm premature rupture of membranes; NRDS, neonatal respiratory distress syndrome; ASD/VSD, atrial septal defect/ventricular septal defect. Patent ductus arteriosus was defined by clinical signs supported by echocardiographic confirmation. Airway malformations: bronchomalacia, tracheomalacia, laryngomalacia, or subglottic stenosis. Early-onset infections: prenatal infection within 72 h of delivery or onset of neonatal pneumonia/sepsis within 7 days of birth. Late-onset infections: infections after 7 days of birth. PMA 36w: postmenstrual age 36 weeks.




Process of Exome Sequencing

Exome sequencing was performed within 7 days after birth for all 245 infants included in the study, and the sequencing results were obtained within 2 weeks after birth. We received a total of 245 infant samples that came from 206 families—including 169 singleton infants, 35 twins, and two triplets. The samples underwent clinical exome sequencing (CES; n = 234) and whole-exome sequencing (WES, n = 11). In brief, DNA was extracted from peripheral blood specimens using the QIAamp DNA Mini Kit (Qiagen, Pennsylvania, United States) according to the manufacturer’s instructions. We subjected the samples to the Agilent ClearSeq Inherited Disease Kit (for CES) or Agilent Sureselect All Exons Human V5 Kit (for WES) and ran them on the Illumina HiSeq X10 machine, with 150-bp pair-end sequencing. Our detailed sequencing strategy and variant filtration processes were described in detail in our previously published article (Dong et al., 2020). The quality statistics for the 245 samples can be found in Supplementary Materials.



Variant Not in Unaffected Siblings Analysis

There were 24 infant samples from 11 families (nine twins and two triplets) that each had BPD infants and infants without BPD. For each comparison (BPD vs. control or sBPD vs. others), we defined a variant in an infant sample as NSV (variant not in unaffected siblings) if it met both of the following criteria: (1) the sample was involved in the case group of the corresponding comparison and (2) the variant did not exist in its control-sibling samples (who were in the control group of the corresponding comparison). Then, for each of the comparisons, we scored a NSVn value for each of the genes as the total number of variants matching the above-mentioned criteria.



Gene Burden Test

A total of 245 infant samples were used for the gene burden test. For each comparison (BPD vs. control or sBPD vs. others), we used Fisher’s exact test to compare the number of loss-of-function (LOF) variants (either a frameshift, stop–gain, or canonical splice donor/acceptor variant) and missense variants (MIS) of each gene from cases to those from control subjects. In addition, we also considered the pathogenicity of variants and only selected the variants that were predicted as potentially deleterious variants or deleterious variants by any of the three variant effect prediction tools [SIFT (19561590), PolyPhen-2 (20354512), and MutationTaster (24681721)] for Fisher’s exact test. A threshold of P < 0.05 was considered to be statistically significant, and all tests were one-sided (so as to only find genes that are over-represented in the case groups). Thus, each gene produced two separate P-values for LOF and MIS.



Gene Scoring System and Risk Gene Set

For each comparison, we developed a gene scoring system to measure the gene’s contribution by combining the results from the gene burden test and NSV analysis. The score for each gene was defined as follows:
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We then defined RGS as the genes with a score greater than two. For two comparisons, the gene set was marked as BPD–RGS (BPD vs. control) and sBPD–RGS (sBPD vs. others).

The genetic predictors were treated as follows: (1) we extracted genes from the corresponding RGS (BPD–RGS or sBPD–RGS), (2) samples with LOF variants from RGS were scored as 1, and the others were scored as 0 (the feature was recorded as RGS_LOF), and (3) samples with MIS variants from RGS were scored as 1, and the others were scored as 0 (this feature was recorded as RGS_MIS).



Clinical Predictors

As the clinical diagnoses of BPD and sBPD occur at different time periods with different sets of clinical features available (Figure 1B), we used a total of 31 clinical features (pregnancy and birth history, 17 features; morbidities in the first week of life, six features; early treatment after birth, two features; morbidities during hospitalization, four features; and treatment, two features) for BPD prediction and 37 features for sBPD prediction (morbidities during hospitalization, three features; and treatment, three features). The clinical features were selected based on previous reports or our own experience as likely risk factors for BPD. Missing data were manually imputed by clinical experts. Additionally, we defined the set of basic clinical prediction features with three clinical characteristics—GA, BW, and IMV—as the three most significant predictors for BPD as reported in published studies (Jobe and Bancalari, 2001; Onland et al., 2013).



Sample Size

According to the previously reported clinical prediction models of BPD, the AUROC is about 0.8 (Onland et al., 2013; Bentsen et al., 2018; Hunt et al., 2018). We hypothesized that adding the genetic information into the prediction model of BPD can improve the AUROC value by 0.1. A required sample size consisting of 103 BPD cases and 103 control cases for a power of 80%, with an alpha value of 0.05, was calculated with PASS, version 11.0. Considering potential loss by insufficient data, we increased the sample size by 15%. We had two tasks: the first one was to predict BPD (cases = 131, controls = 114) and the second was to predict the group of sBPD (cases = 67, controls = 178). We collected 245 samples in this study, which we split into a training dataset (N = 172) and testing dataset (N = 73) randomly.



Statistical Analyses

Distributions of continuous variables were evaluated using the Kruskal–Wallis H, and Shapiro–Wilk’s test and Fisher’s exact probability test were used to compare the differences in categorical variables. Data are expressed as medians and interquartile ranges (Q1–Q3) for non-parametric distributions, and categorical data are expressed as numbers and percentages. We clustered clinical characteristics by the Ward agglomeration method, and distance was calculated using the Canberra method. The number of clusters was specified as three. A multivariable logistic regression analysis was used to assess independent associations between clinical characteristics and BPD or sBPD, adjusting for GA and BW in 245 infants. The odds ratios (ORs) and 95% confidence intervals were estimated.

We constructed three predictive models for both BPD and sBPD by using different sets of predictors as follows: (1) the set of three basic clinical features (GA, BW, and history of IMV), (2) three basic clinical features with two genetic features (RGS_LOF and RGS_MIS), and (3) all clinical features selected by LASSO (R package: glmnet, 15 features for BPD prediction and 19 for sBPD prediction, Supplementary Figure 1) with two genetic features (RGS_LOF and RGS_MIS).

For each predictive model, we applied LASSO (R package: glmnet) to generate the predictive model on the training dataset. A 10-fold cross-validation was performed to select the optimal lambda (penalty for the number of characteristics), which determined the performance of the lasso model (number of features included in the model and predictive deviations). We then evaluated the predictive performance for the three lasso models in independent testing datasets. The area under the receiver operating characteristic curve (AUROC) was used for model evaluation, and the statistical differences between models were tested using Delong’s test. We performed all analyses using R software (version 3.6.0, 1).



Ethics and Informed Consent

This study was approved by the Ethics Committee of the Children’s Hospital of Fudan University (no. 2016-97), and informed consent for DNA analysis of peripheral blood cells was obtained from the study participants in accordance with the time of collection.



RESULTS


Patient Cohort of Preterm Infants

A consecutively enrolled total of 370 premature infants with a GA of <32 weeks were admitted to our NICU during the study period. One hundred sixteen infants were ruled out by the exclusion criteria, and nine (four for clear etiology, three lost to follow-up, and two died of non-respiratory causes) were excluded from further analysis; ultimately, 245 infants were included in the final analysis (Figure 1A). There were 131 (53.5%) infants diagnosed with BPD, including 67 (51.1%) with sBPD (including nine infants who died due to respiratory dysfunction before postmenstrual age 36 weeks), 20 (15.3%) with moderate BPD, and 44 (33.6%) with mild BPD. The infants with BPD exhibited lower GA (28.1 vs. 30 weeks, P < 0.001) and BW (1,090 vs. 1,332.5 g, P < 0.001) compared to infants with no BPD. Furthermore, the BPD infants manifested a higher rate of IMV (77.9 vs. 35.1%, P < 0.001), IMV ≥7 days (55 vs. 6.1%, P < 0.001), early-onset infections (<7 days) (87 vs. 70.2%, P = 0.002), late-onset infections (≥7 days) (45.8 vs. 27.2%, P = 0.004), grades III and IV IVH (42 vs. 17.5%, P < 0.001), and death (14.5 vs. 0, P < 0.001, Table 1). We noted that nine of the 19 infants who died before the evaluation of BPD severity had been assigned to the sBPD group. Other clinical characteristics are depicted in Supplementary Table 2.


TABLE 1. Clinical characteristics of 245 premature infants.
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Clinical Risk Factors for BPD and Severity of BPD in Preterm Infants

Twenty-one clinical characteristics that significantly differed between BPD and controls or between any two BPD levels (p < 0.05) were selected. We grouped these clinical features into three clusters according to their co-existence with sBPD and mBPD (mild and moderate BPD), as shown in Figure 2A. Generally, Cluster1 features were related to the general situation at birth and early complications within 7 days after birth. Congenital airway anomaly and congenital heart disease were principally shown in Cluster2 features. Cluster3 features were primarily involved in late complications beyond 7 days after birth and included a condition of IMV. We then validated the independent contribution to the clinical features between case and control groups in three comparisons using multivariable logistic regression and adjusting for GA and BW. The OR for each feature in each of the comparisons is shown in Figure 2B. IMV ≥7 days and airway malformations were both the top two clinical factors for BPD (OR = 14.209, 95% CI, 6.102–38.112 and OR = 10.485, 95% CI, 1.739–202.955, respectively) and sBPD development (OR = 11.686, 95% CI, 5.724–24.867 and OR = 10.954, 95% CI, 2.604–58.863, respectively). Furthermore, the need for intravenous glucocorticoid therapy was higher in infants with sBPD (OR = 21.308, 95% CI, 6.792–84.288) relative to the other groups. Atrial septal defects and/or ventricular septal defects and coagulation disorders were risk factors for sBPD compared to other groups, but not in sBPD vs. mBPD comparison.
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FIGURE 2. Distribution of infant clinical characteristics. (A) Cluster analysis of clinical characteristics of all infants. (B) Significant clinical characteristics in three comparisons. Twenty-one clinical characteristics that significantly differed between bronchopulmonary dysplasia (BPD) and controls or between any two BPD levels (p < 0.05) were selected. Weight scale including low BW (1,500–2,499 g), very low BW (1,000–1,499 g), and extremely low BW (<1,000 g) were represented by values 1–3, respectively. Age category including extremely preterm (<28 weeks) and very preterm (28 to 32 weeks) was represented by values 1 and 2, respectively. ASD/VSD, atrial septal defect/ventricular septal defects; NRDS, neonatal respiratory distress syndrome; sBPD, severe BPD; mBPD, mild and moderate BPD.




Risk Genes for BPD and Severe BPD

A total of 30 BPD–RGS and 21 sBPD–RGS (with a score of significant genes >2) were identified based on the gene burden test and NSV analysis in the comparison of BPD vs. control and sBPD vs. others, respectively (Table 2 and Supplementary Table 2). Most of these genes (such as OBSL1, GNAS, TCIRG1, and C5) are involved in susceptibility to infection and inflammatory response, cellular and immune regulation, cellular biologic function, and metabolic biologic processes closely related to early development and organogenesis, which are important in the occurrence of biologic dysfunction in BPD development (Supplementary Figure 2). In addition, there were 16 (53.3%) and eight (38.1%) genes that also appeared in the set of significant genes, respectively, when using potentially deleterious variants or deleterious variants for the burden test (Supplementary Table 3). The RGS obtained in the study showed a very little overlap with other reported studies and was similar to that for studies that supported a large genetic heterogeneity (Supplementary Figure 3).


TABLE 2. Genes with a significant burden for LOF/MIS variants.
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Machine Learning Model Generation and Testing for the Prediction of BPD or Severe BPD

Herein we integrated clinical and genetic features to predict the risk of BPD and sBPD by using a machine learning model. Different sets of clinical features were used for each task (Figure 1B) in combination with two genetic predictors (BPD–RGS or sBPD–RGS for LOF and MIS), and ROC analysis was used to evaluate the performance of the predictive models. We obtained an excellent predictive result using basic clinical characteristics combined with BPD–RGS (AUROC of 0.915, 0.843–0.987) compared with only using basic clinical characteristics (AUROC of 0.814, 0.718–0.911) (P = 0.013), and the results were similar when using all clinical characteristics combined with the BPD–RGS variant burden (AUROC, 0.953; 0.911–0.996) (P = 0.183; Figure 3A). For the sBPD prediction model, the model results revealed a higher AUROC value (0.907; 0.830–0.984) using basic clinical characteristics combined with the BPD–RGS variant burden compared with using basic clinical characteristics (0.826, 0.712–0.939) (P = 0.016; Figure 3B). Surprisingly, when we built prediction models using the associated genes found by potentially deleterious variants or deleterious variants, we did not find a significant improvement in the accuracy of the two models (model BPD: AUROC, 0.872 vs. AUROC, 0.814, P = 0.125; model sBPD: AUROC, 0.881 vs. AUROC, 0.827, P = 0.32) (Supplementary Figure 4). Additionally, we found that genetic factors also contributed to the prediction model with respect to deaths in infants with BPD (AUROC, 0.891 vs. AUROC, 0.859, P = 0.258) (Supplementary Figure 5); however, we posit that its predictive power was not robust due to the limited number of samples from deceased infants, and more evidence in a larger cohort is therefore needed to support this finding.
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FIGURE 3. Receiver operating characteristic (ROC) analyses of predictive models for infants with bronchopulmonary dysplasia (BPD) or severe BPD (sBPD). The comparisons of predictive models for BPD and sBPD. P-values show the areas under the ROC curves (AUROCs) between the different models. Clinical characteristics include the variables in a separate lasso model (Supplementary Figure 1). (A) ROC analyses of the prediction of BPD by the combination of BPD–risk gene set (RGS) and all clinical characteristic model, the basic clinical characteristic model, and the combined BPD–RGS and basic clinical characteristics model. (B) ROC analyses of the prediction of severe BPD by the combined sBPD–RGS and all clinical characteristic model, the basic clinical characteristic model, and the combined sBPD–RGS and basic clinical characteristics model. CCs, clinical characteristics.




DISCUSSION

Bronchopulmonary dysplasia remains the most common long-term respiratory morbidity affecting prematurely born infants and has been a significant burden on families and public healthcare resources. Its multi-factorial pathogenesis arises from a complex interaction between genetic and environmental influences, and a plethora of studies are devoted to the early prediction of the development of BPD as well as the severity of BPD and poor prognosis. Clinical characteristics such as GA, BW, race and ethnicity, gender, APGAR score, and amount of oxygen administered/positive inspiratory pressure/mean airway pressure are the common predictors in a variety of predictive models described in previous studies. Despite these efforts, no reliable and reproducible risk stratification model has been found that would allow an early diagnosis and ease of application within NICUs. A single predictive factor cannot accurately predict the BPD outcome because BPD is a multifactorial disease, and therefore current multivariate modeling demonstrates that the greater the number of clinical predictor variables, the better the modeling results tend to be (Laughon et al., 2011; Gursoy et al., 2015). However, this also increases complexity and impairs practicality in clinical practice. In our cohort of premature infants, we found that low BW, low GA, IMV, IMV ≥7 days, IVH, and early- and/or late-onset infections were risk factors for BPD—and this was also demonstrated in numerous other studies (Lapcharoensap et al., 2015). In addition, we uncovered a higher proportion of intravenous glucocorticoid therapy use in infants with sBPD, which may be explained by the severe fundamental lung conditions observed in infants who later developed sBPD.

That there is a significant contribution of genetic factors to the development of BPD is well established, and considerable research effort has been directed toward elucidating the genetic etiologies and pathogenic genetic mechanisms involved. Although these studies yielded inconsistent and sometimes controversial results in different cohorts due to the vast heterogeneity of infants with BPD, they still provided very valuable knowledge and increased our understanding of the nature of BPD development at the DNA level. To overcome this dilemma, several studies have already focused on the genetic basis for BPD in infants with extreme phenotypes of early respiratory morbidity and infants who exhibited a good response to certain therapies (Hamvas et al., 2018; Torgerson et al., 2018). Advancements in the care of patients with BPD over the next decades are dependent upon improved understanding and the use of disease phenotyping in infants with BPD to enable better risk stratification and targeted therapeutic interventions. Thus, to better predict BPD development and the severity of BPD—and to identify those infants at greatest risk for poor outcomes—there is a need to identify perinatal risk factors on the basis of genetic predisposition.

Unfortunately, there are a few studies that focus on genetic aspects combined with clinical risk factors in the prediction of BPD development. In the present study, we developed a scoring system to identify the gene burden in infants with BPD and obtained BPD–RGS (with scores >2) with most of the genes tightly correlated with drug metabolism, immune response, and organ development as described in the functional enrichment analysis—and thus playing essential roles in the proper development and function of the postnatal lung. We further constructed predictive models of BPD development using BPD–RGS combined with clinical factors; intriguingly, the use of gene burdens resulted in a significant increase of 10% in the AUROC of the model using only basic clinical characteristics (GA, BW, and IMV) for BPD and 8% for sBPD. These results suggested that we can classify the probable status of the disease in admitted patients using a small amount of clinical information and the patients’ BPD–RGS sequencing information and that this can then be further validated in a larger independent cohort. However, the findings of significant improvement in the accuracy of the two predictive models mentioned above are no longer present when prediction models were built using the associated genes found by potentially deleterious or deleterious variants, suggesting that some variants of undetermined significance may also have certain effects on protein function especially considering the overall consequences of multiple variants.

Our findings would allow an early and accurate identification of infants who could potentially benefit from focused therapy and would take a significant step forward in the comprehensive and personalized care of individuals with BPD. However, despite our encouraging results, we still need to accrue additional genetic study cohorts or enlarge our present cohort to develop a pathway scoring system that allows the progression of BPD–RGS into the pathway level, overcoming and stratifying the tremendous genetic heterogeneity that is present.

Some limitations to this study should also be acknowledged. A single-center design leads to missing data and unavoidable biases in identifying and recruiting participants. Further validation beyond this initial exploratory cohort is warranted. In order to demonstrate the robustness of the results, we intend to further verify this predictive model in another external cohort (currently recruiting). Despite these limitations, this study was the first one designed to combine clinical factors and genetic variations so as to predict BPD occurrence and severity. Thus, our model might assist clinicians in the earlier diagnosis of BPD, guide clinical therapy and prognosis, allow for appropriate decision-making, and optimize the use of hospital resources.



CONCLUSION

We first determined the genetic contribution in predictive models of BPD development and showed that three basic clinical characteristics combined with BPD–RGS achieved a high prediction accuracy of models that predicted BPD development and its severity.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of the Children’s Hospital of Fudan University (approval number: 2016-97). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Informed consent was obtained from the parents of patients who were recruited in the present study.



AUTHOR CONTRIBUTIONS

LQ and WZ contributed to research conception and design and take responsibility for the accuracy and integrity of the data analysis. YC, JW, and MM contributed to the patient enrollment, sample collection, and follow-up. BW, YL, LY, and XD contributed to the genetic testing and bioinformatics analysis and drafted the report. DD, HC, and JC contributed to the data acquisition, analysis, and interpretation. DD and HC contributed to the drafting of the manuscript. LQ contributed to the critical revision of the manuscript. All authors approved the final manuscript and had full access to all data in the study.



FUNDING

This work was supported by a grant from the National Natural Science Foundation of China (no. 8167060762).



ACKNOWLEDGMENTS

We thank all the patients and their families for their participation in this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.689071/full#supplementary-material


ABBREVIATIONS

ASD, atrial septal defects; AUROC, area under the curve; AUROC, area under the receiver operating characteristic curve; BW, birth weight; BPD, bronchopulmonary dysplasia; CES, clinical exome sequencing; NSV, variant not in unaffected siblings; GA, gestational age; IMV, invasive mechanical ventilation; IUGR, intrauterine growth restriction; IVH, intraventricular hemorrhage; LOF, loss-of-function variants; MIS, missense variants; NICU, neonatal intensive care unit; NRDS, neonatal respiratory distress syndrome; RGS, risk gene sets; sBPD, severe bronchopulmonary dysplasia; SNPs, single-nucleotide polymorphisms; VSD, ventricular septal defects; WES, whole-exome sequencing.

FOOTNOTES

1
http://cran.r-project.org


REFERENCES

Bentsen, M. H., Markestad, T., and Halvorsen, T. (2018). Ventilator flow data predict bronchopulmonary dysplasia in extremely premature neonates. ERJ Open Res. 4, 00099–2017. doi: 10.1183/23120541.00099-2017

Bhandari, V. (2006). Familial and genetic susceptibility to major neonatal morbidities in preterm twins. Pediatrics 117, 1901–1906. doi: 10.1542/peds.2005-1414

Carrera, P., Di Resta, C., Volonteri, C., Castiglioni, E., Bonfiglio, S., Lazarevic, D., et al. (2015). BPD and genetics study group. exome sequencing and pathway analysis for identification of genetic variability relevant for bronchopulmonary dysplasia (BPD) in preterm newborns: a pilot study. Clin. Chim. Acta 451(Pt A), 39–45. doi: 10.1016/j.cca.2015.01.001

Chen, X., Lin, B., Xiong, X., Sun, P., Kong, Y., and Yang, C. (2019). The Utility of Comprehensive metabolic panel tests for the prediction of bronchopulmonary dysplasia in extremely premature infants. Dis. Markers 2019: 5681954.

Dong, X., Liu, B., Yang, L., Wang, H., Wu, B., Liu, R., et al. (2020). Clinical exome sequencing as the first-tier test for diagnosing developmental disorders covering both CNV and SNV: a Chinese cohort. J. Med. Genet. 57, 558–566. doi: 10.1136/jmedgenet-2019-106377

Gortner, L., Wauer, R. R., Stock, G. J., Reiter, H. L., Reiss, I., Jorch, G., et al. (1999). Neonatal outcome in small for gestational age infants: do they really better? J. Perinat. Med. 27, 484–489.

Gursoy, T., Hayran, M., Derin, H., and Ovali, F. (2015). A clinical scoring system to predict the development of bronchopulmonary dysplasia. Am. J. Perinatol. 32, 659–666. doi: 10.1055/s-0034-1393935

Hadchouel, A., Decobert, F., Besmond, C., and Delacourt, C. (2020). Exome sequencing of extreme phenotypes in bronchopulmonary dysplasia. Eur. J. Pediatr. 179, 579–586. doi: 10.1007/s00431-019-03535-0

Hadchouel, A., Durrmeyer, X., Bouzigon, E., Incitti, R., Huusko, J., Jarreau, P. H., et al. (2011). Identification of SPOCK2 as a susceptibility gene for bronchopulmonary dysplasia. Am. J. Respir. Crit. Care Med. 184, 1164–1170.

Hamvas, A., Feng, R., Bi, Y., Wang, F., Bhattacharya, S., Mereness, J., et al. (2018). Exome sequencing identifies gene variants and networks associated with extreme respiratory outcomes following preterm birth. BMC Genet. 19:94.

Hartling, L., Liang, Y., and Lacaze-Masmonteil, T. (2012). Chorioamnionitis as a risk factor for bronchopulmonary dysplasia: a systematic review and meta-analysis. Arch. Dis. Child. Fetal. Neonatal. Ed. 97, F8–F17.

Hunt, K. A., Dassios, T., Ali, K., and Greenough, A. (2018). Prediction of bronchopulmonary dysplasia development. Arch. Dis. Child Fetal. Neonatal. Ed. 103, F598–F599.

Jobe, A. H., and Bancalari, E. (2001). Bronchopulmonary dysplasia. Am. J. Respir. Crit. Care Med. 163, 1723–1729.

Korhonen, P., Tammela, O., Koivisto, A. M., Laippala, P., and Ikonen, S. (1999). Frequency and risk factors in bronchopulmonary dysplasia in a cohort of very low birth weight infants. Early Hum. Dev. 54, 245–258. doi: 10.1016/s0378-3782(98)00101-7

Lapcharoensap, W., Gage, S. C., Kan, P., Profit, J., Shaw, G. M., Gould, J. B., et al. (2015). Hospital variation and risk factors for bronchopulmonary dysplasia in a population-based cohort. JAMA Pediatr. 169:e143676. doi: 10.1001/jamapediatrics.2014.3676

Laughon, M. M., Langer, J. C., Bose, C. L., Smith, P. B., Ambalavanan, N., Kennedy, K. A., et al. (2011). Prediction of bronchopulmonary dysplasia by postnatal age in extremely premature infants. Am. J. Respir. Crit. Care Med. 183, 1715–1722.

Lavoie, P. M., Pham, C., and Jang, K. L. (2008). Heritability of bronchopulmonary dysplasia, defined according to the consensus statement of the national institutes of health. Pediatrics 122, 479–485. doi: 10.1542/peds.2007-2313

Li, J., Yu, K. H., Oehlert, J., Jeliffe-Pawlowski, L. L., Gould, J. B., Stevenson, D. K., et al. (2015). Exome sequencing of neonatal blood spots and the identification of genes implicated in bronchopulmonary dysplasia. Am. J. Respir. Crit. Care Med. 192, 589–596. doi: 10.1164/rccm.201501-0168oc

Onland, W., Debray, T. P., Laughon, M. M., Miedema, M., Cools, F., Askie, L. M., et al. (2013). Clinical prediction models for bronchopulmonary dysplasia: a systematic review and external validation study. BMC Pediatr. 13:207.

Payne, N. R., LaCorte, M., Karna, P., Chen, S., Finkelstein, M., Goldsmith, J. P., et al. (2006). Reduction of bronchopulmonary dysplasia after participation in the breathsavers group of the vermont oxford network neonatal intensive care quality improvement collaborative. Pediatrics 118(Suppl. 2) S73–S77.

Rojas, M. A., Gonzalez, A., Bancalari, E., Claure, N., Poole, C., and Silva-Neto, G. (1995). Changing trends in the epidemiology and pathogenesis of neonatal chronic lung disease. J. Pediatr. 126, 605–610. doi: 10.1016/s0022-3476(95)70362-4

Rova, M., Haataja, R., Marttila, R., Ollikainen, V., Tammela, O., and Hallman, M. (2004). Data mining and multiparameter analysis of lung surfactant protein genes in bronchopulmonary dysplasia. Hum. Mol. Genet. 13, 1095–1104. doi: 10.1093/hmg/ddh132

Stoll, B. J., Hansen, N. I., Bell, E. F., Shankaran, S., Laptook, A. R., Walsh, M. C., et al. (2010). Neonatal outcomes of extremely preterm infants from the NICHD neonatal research network. Pediatrics 126, 443–456.

Stoll, B. J., Hansen, N. I., Bell, E. F., Walsh, M. C., Carlo, W. A., Shankaran, S., et al. (2015). Eunice trends in care practices, morbidity, and mortality of extremely preterm neonates, 1993-2012. JAMA 314, 1039–1051.

Torgerson, D. G., Ballard, P. L., Keller, R. L., Oh, S. S., Huntsman, S., Hu, D., et al. (2018). Ancestry and genetic associations with bronchopulmonary dysplasia in preterm infants. Am. J. Physiol. Lung Cell Mol. Physiol. 315, L858–L869.

Vesoulis, Z. A., McPherson, C. C., and Whitehead, H. V. (2020). Racial disparities in calculated risk for bronchopulmonary dysplasia: a dataset. Data Brief. 11:105674. doi: 10.1016/j.dib.2020.105674

Wang, K., Huang, X., Lu, H., and Zhang, Z. (2014). A comparison of KL-6 and Clara cell protein as markers for predicting bronchopulmonary dysplasia in preterm infants. Dis. Markers 2014, 736536.

Weber, B., Borkhardt, A., Stoll-Becker, S., Reiss, I., and Gortner, L. (2000). Polymorphisms of surfactant protein A genes and the risk of bronchopulmonary dysplasia in preterm infants. Turk J. Pediatr. 42, 181–185.

Zhang, H., Zhang, J., and Zhao, S. (2016). Airway damage of prematurity: the impact of prolonged intubation, ventilation, and chronic lung disease. Semin. Fetal. Neonatal. Med. 21, 246–253. doi: 10.1016/j.siny.2016.04.001


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Dai, Chen, Dong, Chen, Mei, Lu, Yang, Wu, Cao, Wang, Zhou and Qian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








 


	
	
ORIGINAL RESEARCH
 published: 04 August 2021
 doi: 10.3389/fgene.2021.677748






[image: image2]

High-Frequency Exon Deletion of DNA Cross-Link Repair 1C Accounting for Severe Combined Immunodeficiency May Be Missed by Whole-Exome Sequencing

Feifan Xiao1, Yulan Lu1, Bingbing Wu1, Bo Liu1, Gang Li1, Ping Zhang1, Qinhua Zhou2, Jinqiao Sun2, Huijun Wang1* and Wenhao Zhou1,3*


1Center for Molecular Medicine, Children’s Hospital of Fudan University, National Children’s Medical Center, Shanghai, China

2Department of Immunology, Children’s Hospital of Fudan University, National Children’s Medical Center, Shanghai, China

3Key Laboratory of Neonatal Diseases, Ministry of Health, Department of Neonates, Children’s Hospital of Fudan University, National Children’s Medical Center, Shanghai, China

Edited by:
 Desheng Liang, Central South University, China

Reviewed by:
 María Eugenia De La Morena-Barrio, University of Murcia, Spain
 Lifeng Tian, University of Pennsylvania, United States

*Correspondence: Huijun Wang, huijunwang@fudan.edu.cn 
 Wenhao Zhou, zhouwenhao@fudan.edu.cn

Specialty section: This article was submitted to Genetics of Common and Rare Diseases, a section of the journal Frontiers in Genetics

Received: 08 March 2021
 Accepted: 28 June 2021
 Published: 04 August 2021

Citation: Xiao F, Lu Y, Wu B, Liu B, Li G, Zhang P, Zhou Q, Sun J, Wang H and Zhou W (2021) High-Frequency Exon Deletion of DNA Cross-Link Repair 1C Accounting for Severe Combined Immunodeficiency May Be Missed by Whole-Exome Sequencing. Front. Genet. 12:677748. doi: 10.3389/fgene.2021.677748
 

Next-generation sequencing (NGS) has been used to detect severe combined immunodeficiency (SCID) in patients, and some patients with DNA cross-link repair 1C (DCLRE1C) variants have been identified. Moreover, some compound variants, such as copy number variants (CNV) and single nucleotide variants (SNV), have been reported. The purpose of this study was to expand the genetic data related to patients with SCID carrying the compound DCLRE1C variant. Whole-exome sequencing (WES) was performed for genetic analysis, and variants were verified by performing Sanger sequencing or quantitative PCR. Moreover, we searched PubMed and summarized the data of the reported variants. Four SCID patients with DCLRE1C variants were identified in this study. WES revealed a homozygous deletion in the DCLRE1C gene from exons 1–5 in patient 1, exons 1–3 deletion and a novel rare variant (c.92T>C, p.L31P) in patient 2, exons 1–3 deletion and a novel rare variant (c.328C>G, p.L110V) in patient 3, and exons 1–4 deletion and a novel frameshift variant (c.449dup, p.His151Alafs*20) in patient 4. Based on literature review, exons 1–3 was recognized as a hotspot region for deletion variation. Moreover, we found that compound variations (CNV + SNV) accounted for approximately 7% variations in all variants. When patients are screened for T-cell receptor excision circles (TRECs), NGS can be used to expand genetic testing. Deletion of the DCLRE1C gene should not be ignored when a variant has been found in patients with SCID.

Keywords: severe combined immunodeficiency, DCLRE1C gene, copy number variation, single nucleotide variation, sequencing


INTRODUCTION

Severe combined immunodeficiency (SCID), one of the most severe forms of primary immunodeficiency diseases, is characterized by a deficiency of T-cell, B-cell, and sometimes NK-cell responses to infections. The reported incidence of SCID ranges from one per 50,000 to one per 1,00,000 live births (Lipstein et al., 2010). The affected patients fail to clear infections and usually die early in life, even with treatment. Studies have shown that genetic abnormalities are associated with the development of SCID. To date, more than 40 genes have been reported to be associated with SCID.

The DNA cross-link repair 1C (DCLRE1C) gene, also known as ARTEMIS, is located on chromosome 10p13. It encodes the nuclease ARTEMIS, a protein with 5ꞌ–3ꞌ exonuclease activity for single-stranded DNA. ARTEMIS plays an important role in V(D)J recombination that occurs during B- and T-cell development. Variations in the DCLRE1C gene is associated with autosomal recessive SCID by affecting the V(D)J recombination. In 2001, Moshous et al. (2001) reported 13 patients with SCID who carried DCLRE1C gene point variants/exon deletions. Since then, an increasing number of patients have been reported, some of which were found during newborn screening (Rechavi et al., 2017). Notably, some compound variations [copy number variation (CNV) + single nucleotide variation (SNV)] in the DCLRE1C were identified by Sanger sequencing or PCR (Moshous et al., 2001, 2003). However, these traditional methods (Sanger or PCR) can only sequence short DNA fragments. The development of next-generation sequencing (NGS) has accelerated genomics studies. NGS can simultaneously sequence more than 100 genes and has a shorter turnaround time. To date, several studies (Luk et al., 2017; Sundin et al., 2018; Strand et al., 2020) have reported the use of NGS for the detection of SCID patients, and some patients with DCLRE1C variants were identified. However, the detection of CNV by NGS remains a challenge because of the issues intrinsic to the technology (such as short read lengths, etc.; Moreno-Cabrera et al., 2020). Thus, some deletions in DCLRE1C may be missed by NGS.

Here, we present four cases of SCID caused by DCLRE1C variants. All patients were diagnosed with SCID by a physician (two of them were identified during newborn screening). The genetic information of SCID patients carrying the DCLRE1C variants was collected from reported studies. The purpose of this study was to expand knowledge related to the genetic information of SCID patients carrying the DCLRE1C variant.



MATERIALS AND METHODS


Patients

Four patients were included in the present study. Informed consent was obtained from the parents or guardians of the patients. The study was approved by the Ethics Committee of the Children’s Hospital of Fudan University.



Whole-Exome Sequencing

At least 2 ml peripheral blood was obtained from the patients and their parents into tubes with EDTA. Genomic DNA was extracted using a TIANGEN DNA Blood Mini Kit. Subsequently, the DNA fragments were enriched using the Agilent SureSelect XT Human All Exon V5 kit. Sequencing was performed on an Illumina HiSeq X10 platform. The average on-target sequencing depth was 120X. Burrows-Wheeler Aligner was used to align the sequencing reads to the reference genome hg19 (Li and Durbin, 2009). The variants were called based on the genome analysis toolkit Best Practices, and a variant call format file was generated. The detailed methods for the data analysis are present in our published study (Yang et al., 2019). For CNV analysis, pipeline for clinical NGS-involved CNV detection (PICNIC) was used to detect CNV from whole-exome sequencing (WES) data. The PICNIC can filter out high-frequency gene deletions/duplications (which occurred in >10% of the internal samples). In addition, we used Database of Genomic Variants, the Database of Chromosomal Imbalance and Phenotype in Humans using Ensemble Resources, and our internal database (Wang et al., 2014) for region-level annotation. More information about CNV detection can be seen in our previous study (Dong et al., 2020).



Quantitative PCR to Detect DNA

Deletions in the DCLRE1C were confirmed using quantitative PCR (qPCR). The primers were designed using Primer Premier 5.0. The details on the primers are shown in Supplementary Table S1. The qPCR mixture (10 μl) contained 5.0 μl SYBR Green mix (2X), 0.2 μl ROX Reference Dye II (50X), 0.5 μmol/L of each primer for the target region and for lactate dehydrogenase A as the reference gene, 20 μg DNA, and ddH2O. The following conditions were used for qPCR: an initial 45-s 95°C period followed by 40 cycles of amplification (5 s at 95°C, 30 s at 60°C, and 30 s at 72°C) using the real-time PCR system (Applied Biosystems StepOnePlus). Relative quantification was performed using the 2-ΔΔCt method. The copy numbers that were less than 0.8, between 0.8 and 1.4, and more than 1.4 mean deletion, normal, and duplication, respectively.



Sanger Sequencing

Sanger sequencing was performed to validate the identified variants. Sequencing was conducted using an automated sequencer (3500XL Genetic Analyzer, Applied Biosystems, United States). The primers were designed using Primer Premier 5.0. The Mutation Surveyor (SoftGenetics®, State College, PA, United States) was used for sequence analysis.




RESULTS


Clinical Characteristics

All the clinical features of our patients are listed in Table 1.



TABLE 1. Clinical characteristics of the included four patients.
[image: Table1]

Patient 1 (P1) had severe pneumonia at 3 months of age. Her sputum test revealed an infection with Pneumocystis carinii and Candida albicans. Flow cytometry revealed a decrease in the expression of CD3 and CD19. She died at 4 months of age after unclear treatment at a local hospital. Blood samples were sent to the laboratory for genetic testing.

Patient 2 (P2) developed eczema all over the body without any known cause at 2 months of age. At 4 months of age, the patient was diagnosed with pneumonia due to cough and a recurrent fever. Subsequently, he was diagnosed with Acinetobacter baumannii infection and had a recurrent fever, which was identified at a local hospital. He was admitted to our hospital for further treatment at 6 months and 15 days of age. However, the family refused hemopoietic stem cell transplantation at 10 months and 14 days of age.

Patient 3 (P3) presented with fever and vomiting at 4 months of age. She was diagnosed with acute upper respiratory infection, septicemia, and low white blood cell count at a local hospital. She was treated with antibiotics, but the patient frequently had a fever. She visited our hospital for further treatment at 9 months and 3 days of age. However, her parents refused hematopoietic stem cell transplantation, and there was no further follow-up after 1 year and 10 months of age.

Patient 4 (P4) started coughing without a known reason at 2 months of age. Her parents used Chinese herbs, but her symptoms did not improve. At 4 months of age, she had a fever, which increased up to 39.3°C. In addition, an approximately 4-cm mass was found in the left axilla. She was diagnosed with immunodeficiency and tuberculous infection. Her genetic test at the local hospital showed no variation in RAG1 and RAG2. The patient was subsequently referred to our hospital for further treatment at the age of 6 months. She underwent hematopoietic stem cell transplantation at the age of 7 months. Follow-up at 15 months showed normal growth and development.



Genetic Testing Results

Whole-exome sequencing was performed on peripheral blood sample obtained from the patients and their biological parents. In this study, both the CNV and SNV results were generated. Genetic testing revealed a homozygous deletion of the DCLRE1C gene from exons 1–5 in P1 (Figure 1A). P2 had exons 1–3 deletion and a mosaic novel rare variant (c.92T>C, p.L31P; Figure 1B); the short tandem repeat test showed that maternal cells accounted for 31.36% in patient 2. P3 had a compound heterozygous exons 1–3 deletion and a novel rare variant (c.328C>G, p.L110V; Figure 1C). P4 had a heterozygous exons 1–4 deletion and a novel frameshift variant (c.449dup, p.His151Alafs*20; Figure 1D). All variants and deletions of each patient were confirmed by Sanger sequencing and qPCR, respectively (Figure 1). Supplementary Table S2 shows the prediction of pathogenicity for novel variants.
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FIGURE 1. (A) A family pedigree of patient 1. Whole-exome sequencing (WES) revealed a homozygous deletion of DNA cross-link repair 1C (DCLRE1C) gene from exons 1–5 in this patient, and quantitative PCR (qPCR) verified it. (B) A family pedigree of patient 2. WES revealed exons 1–3 deletion and a novel rare variant (c.92T>C, p.L31P). The qPCR verified exons 1–3 deletion, and Sanger sequencing confirmed the variant (c.92T>C, p.L31P). (C) A family pedigree of patient 3. WES revealed heterozygous exons 1–3 deletion and a novel rare variant (c.328C>G, p.L110V). The qPCR verified exons 1–3 deletion, and Sanger sequencing confirmed the variant (c.328C>G, p.L110V). (D) A family pedigree of patient 4. WES revealed heterozygous exons 1–4 deletion and a novel frameshift variant (c.449_450insT). The qPCR verified exons 1–4 deletion, and Sanger sequencing confirmed the variant (c.449dup, p.His151Alafs*20).




Genetic Features in Published Studies

Combining Human Gene Mutation Database (HGMD) and PubMed, a total of 26 publications that reported SCID related to DCLRE1C until March 2021 were included for analysis. The genetic characteristics of patients from published studies (Moshous et al., 2001, 2003; Li et al., 2002; Kobayashi et al., 2003; Noordzij et al., 2003; Musio et al., 2005; Evans et al., 2006; Darroudi et al., 2007; van der Burg et al., 2007; Lagresle-Peyrou et al., 2008; Alsmadi et al., 2009; Pannicke et al., 2010; Woodbine et al., 2010; Ijspeert et al., 2011; Lee et al., 2011, 2013; Tomashov-Matar et al., 2012; Bajin et al., 2013; Halbrich et al., 2013; Schuetz et al., 2014; Felgentreff et al., 2015; Lobachevsky et al., 2015; Volk et al., 2015; Al-Mousa et al., 2016; Dvorak et al., 2017; Luk et al., 2017; Rechavi et al., 2017; Stray-Pedersen et al., 2017; Tahiat et al., 2017; Al-Herz et al., 2018; Sundin et al., 2018, 2019; Krantz et al., 2019; Wu et al., 2019; Dasouki et al., 2020; Fayez et al., 2020; Firtina et al., 2020; Kalina et al., 2020; Simon et al., 2020; Strand et al., 2020; Vignesh et al., 2020) are listed in Supplementary Table S3. In total, 87 variants were recorded in HGMD as SCID. A combined literature review was performed on studies published on PubMed, and 153 patients were reported with the DCLRE1C variants. A total of 116 patients had detailed zygosity information. Of them, 14 patients were compound heterozygous, 10 patients were heterozygous, and 92 patients were homozygous. In total, 37 studies indicated the test methods. Of these studies, 18 studies used PCR, 15 studies (including eight WES) used NGS, two studies used Sanger sequencing, one study used a genome-wide scan, and one study used multiplex ligation-dependent probe amplification. We observed that the exon deletions were approximately one-third (55/153) of the total variations in SCID patients carrying DCLRE1C variants. Among these deletions, more than 50% (33/55) were exons 1–3 deletion; exons 1–3 was recognized as a hotspot region for deletion variation. Moreover, compound variations (CNV + SNV) accounted for approximately 7% (11/153) of variations in all variants.




DISCUSSION

In this study, four SCID patients with deletions in exons 1–5 were identified. P1 had homozygous exon deletions, while P2, P3, and P4 carried compound heterozygous variants (CNV + SNV). In all the patients, these deletions were inherited from the father, while the point variants were inherited from the mother. We propose the following as a possible mechanism for the observations made in this study. P1 had homozygous exons 1–5 deletion, which is caused by homologous recombination and results in SCID. P2 and P3 carried compound heterozygous variants with exons 1–3 deletion and a missense variant. Exons 1–3 deletion can account for the absence of ARTEMIS protein expression due to homology and should be considered a null allele (Pannicke et al., 2010). These two novel missense variants (p.L31P and p.L110V) are located on exons 1 and 5, respectively. Exons 1 and 2 are important for ARTEMIS endonucleolytic features (Pannicke et al., 2004). Exons 5 and 6 are necessary for maintaining the ARTEMIS structure (Pannicke et al., 2004). Since exons 1–3 deletion is a null allele, p.L31P probably influences the active site of ARTEMIS, and p.L110V likely affects the protein structure, thereby leading to SCID. P4 had a heterozygous exons 1–4 deletion along with a frameshift variant (c.449dup) in exons 6. Felgentreff et al. (2015) verified that a frameshift variant can disrupt domains and almost completely abrogate the ARTEMIS function. We speculated that this frameshift variant probably affects the balance of the ARTEMIS structure and results in SCID.

Our literature review analyzed 26 publications and summarized that exons 1–3 is a hotspot region for deletion. The major mechanism for this hotspot deletion is homologous recombination (Meek et al., 2004). Moreover, Pannicke et al. (2010) found that there was a series of short interspersed nuclear element, long interspersed nuclear element, long terminal repeat, simple repeat, and low complexity repeat sequences in this region that can enhance the recombination events. Although the above-mentioned mechanisms have been identified, more evidence from functional studies are needed.

In addition, our literature review found that compound variations (CNV + SNV) accounted for approximately 7% of the total variants, and deletion in DCLRE1C gene was mainly tested by PCR. Currently, NGS is a more powerful tool for obtaining genetic test results than PCR. However, small CNV calling remains challenging due to variable coverage and data analysis pipelines (Teo et al., 2012). WES analysis pipelines still leave a gap of small deletion calling between SNVs/small insertions/deletions and CNVs larger than 1 Mb. In recent years, the development of long-read sequencing, directly sequencing single molecules of DNA in real time, can help for the detection of complex chromosomal rearrangements including deletions, inversions, insertions, and duplications (McGinty et al., 2017). However, long-read sequencing has several limitations, such as high sequencing error rate, high systematic error, and higher cost than NGS (Xiao and Zhou, 2020).

Traditional exome sequencing mainly concentrates on the detection of SNVs. The small deletion may be missed by these methods. Subsequently, several algorithms, including CANOES (Backenroth et al., 2014), XHMM (Fromer et al., 2012), and Co NIFER (Krumm et al., 2012), have been developed for CNV analysis, and recent studies (Yang et al., 2013; Retterer et al., 2015; Ellingford et al., 2018) showed the good performance of CNV analysis through WES. In this study, we used PICNIC (Qin et al., 2018), which demonstrated 100% specificity and sensitivity to pathogenic/likely pathogenic CNVs, for the detection of CNVs. Totally, four cases were diagnosed with SCID, with three compounds heterozygous and one homozygous deletion of the DCLRE1C gene, which was detected by WES. Without PICNIC, these cases may have been left undiagnosed if the deletion calling was missed. In addition, qPCR can be further used for deletion validation due to the limitations of NGS. Notably, healthy individuals can also harbor variations in the DCLRE1C gene. Thus, healthcare professionals should consider the possibility of deletion when a variant is found in the DCLRE1C gene.

Currently, newborns are being screened for SCID in some countries by assessing T-cell receptor excision circles (TREC). Krantz et al. (2019) reported two familial patients diagnosed with SCID who carried the same compound DCLRE1C deletions. However, the outcomes for these patients were different: the one who underwent TREC screening and early genetic diagnosis survived with SCID prior to the onset of infections. Although TREC is useful for SCID screening, SCID diagnosis should be confirmed by genetic testing. Although only 5% of SCID patients carry a variant of DCLRE1C, these patients (87.5%, 7/8) had 10-year survival rate higher than that of RAG1/2 SCID patients (64.4%, 9/13) after hematopoietic stem cell transplantation (Hamid et al., 2018). Therefore, the early diagnosis of DCLRE1C SCID may provide patients with effective treatment and a better chance of survival.

In conclusion, we reported four SCID cases with five allelic deletions in exons 1–5. When patients are screened for the presence of TREC to diagnose SCID, NGS can be used for further genetic testing. Gross deletions in the DCLRE1C should not be ignored when a variant has been identified.
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Background: Neonatal respiratory distress syndrome (RDS), due to surfactant deficiency in preterm infants, is the most common cause of respiratory morbidity. The surfactant proteins (SFTP) genetic variants have been well-studied in association with RDS; however, the impact of SNP-SNP (single nucleotide polymorphism) interactions on RDS has not been addressed. Therefore, this study utilizes a newer statistical model to determine the association of SFTP single SNP model and SNP-SNP interactions in a two and a three SNP interaction model with RDS susceptibility.

Methods: This study used available genotype and clinical data in the Floros biobank at Penn State University. The patients consisted of 848 preterm infants, born <36 weeks of gestation, with 477 infants with RDS and 458 infants without RDS. Seventeen well-studied SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD SNPs were investigated. Wang's statistical model was employed to test and identify significant associations in a case-control study.

Results: Only the rs17886395 (C allele) of the SFTPA2 was associated with protection for RDS in a single-SNP model (Odd's Ratio 0.16, 95% CI 0.06–0.43, adjusted p = 0.03). The highest number of interactions (n = 27) in the three SNP interactions were among SFTPA1 and SFTPA2. The three SNP models showed intergenic and intragenic interactions among all SFTP SNPs except SFTPC.

Conclusion: The single SNP model and SNP interactions using the two and three SNP interactions models identified SFTP-SNP associations with RDS. However, the large number of significant associations containing SFTPA1 and/or SFTPA2 SNPs point to the importance of SFTPA1 and SFTPA2 in RDS susceptibility.

Keywords: epistasis, neonatal, genetic variants, pulmonary, allele


INTRODUCTION

Neonatal respiratory distress syndrome (RDS) is the most common cause of respiratory failure in premature infants due to surfactant deficiency (1). However, the infant mortality rate due to RDS was 11.4 per 100,000 live births and accounted for 2% of all infant deaths in 2017 in the United States (2) despite the judicious use of postnatal surfactant along with antenatal steroids (3).

Major risk factors, such as prematurity and low birth weight (BW) along with sex and race (4–7) have been implicated in RDS. Genetic factors have also been associated with RDS by various twins' studies (8, 9). Thus, the susceptibility to RDS is considered multifactorial and/or polygenic (10), with ample evidence in the literature that gene–host-environment interactions may play a large role in the morbidity and mortality associated with this syndrome. The understanding of gene interactions in RDS may help identify novel therapeutic targets for susceptible infants.

Furthermore, it has been noted that infants dying with RDS have low levels of surfactant proteins (SP) (11, 12). SP-A and SP-D are hydrophilic proteins and play an important role in innate immunity and the regulation of inflammatory processes and host defense (13–17). SP-B and SP-C are hydrophobic proteins that enhance the adsorption and spreading of surfactant phospholipid (18). In addition, SP-B is essential for lung function by reducing surface tension and preventing alveolar collapse (19–21). SP B and SP-C are present in the exogenous surfactant used to treat RDS. However, SP-A and SP-D (SP-D co-isolates with the surfactant complex) are not included in the formulation, even though a major complication in prematurely born infants with RDS is infection. In addition to its host defense function, SP-A, along with SP-B, is important for the formation of tubular myelin (an extracellular surfactant structure) (22–24). Moreover, SP-A is involved in surfactant-related functions (17, 25) and lung airway function (26).

Multiple genetic variants and single nucleotide polymorphisms (SNP) of the surfactant protein gene (SFTP) have been shown to associate with RDS (10, 27–40). Human SP-A, consisting of SP-A1 and SP-A2 proteins, is encoded by two functional genes SFTPA1 and SFTPA2, respectively (41). The SFTPA1 and SFTPA2 genes share a high degree of sequence similarity but differ at various splice variants at the 5′ untranslated region (UTR) and exhibit sequence variability within coding and non-coding regions (17). Prior studies have also found intragenic and intergenic haplotypes between SFTPA1 and/or SFTPA2 (42) and SFTPB and/or SFTPD haplotypes associated with risk or protective effect in RDS (43).

However, the impact of SNP-SNP interactions on RDS susceptibility has not been addressed before. The synergistic (epistatic) interactions among genetic variants of the surfactant proteins may alter disease susceptibility (44, 45), but this was not possible to study earlier due to the limitation of statistical approaches at the time. However, current more advanced statistical models may help identify the intricate epistatic interaction among multiple gene variants that play a significant role in multifactorial and complex diseases, such as RDS. Such analysis is likely to be beneficial to understand the impact of genetics on complex diseases, especially as we move toward personalized medicine.

In the present study, we studied intergenic and intragenic SNP-SNP interactions of the SFTP genes. We hypothesized that epistatic interactions among SFTP gene variants are associated with RDS susceptibility in preterm infants.



MATERIALS AND METHODS


Study Samples

This study used available genotype data and clinical information in the Floros biobank at Penn State University, College of Medicine. These were collected and processed under an approved protocol by the institutional review board from the human subject protection office of the Pennsylvania State University (PSU) College of Medicine as well as the institutional review board of the respective centers where samples were collected in other Institutions other than PSU, as described previously (12, 29, 31, 32, 46, 47). The clinical and demographic data of the study samples are given in Table 1. The patients consisted of 848 preterm infants born <36 weeks of gestation, stratified by RDS, where 458 infants were diagnosed with RDS, and 477 infants did not develop RDS. RDS was diagnosed by clinical features of respiratory distress such as retractions, grunting, and flaring after birth. Chronic lung disease was diagnosed as needing supplemental oxygen at 28 days of life or 36 weeks postmenstrual age (50). Chorioamnionitis was diagnosed by clinical features such as maternal fever. The use of antenatal steroids was variable with betamethasone or dexamethasone.


Table 1. Clinical Characteristics of the cohort with and without RDS.
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A total of 17 SNPs of the SP genes SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD were studied. These included five SNPs from SFTPA1: rs1059047, rs1136450, rs1136451, rs1059057, and rs4253527; four SNPs from SFTPA2: rs1059046, rs17886395, rs1965707, and 1965708; four SNPs from SFTPB: rs1130866, rs7316, rs2077079, and rs3024798; two SNPs from SFTPC: rs4715 and rs1124; and two SNPs from SFTPD: rs721917 and rs2243639. Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) was used to analyze the SFTP gene polymorphisms as described (49, 51, 52).



Statistical Analysis

Wang et al. (53) developed a general multi-locus model for analyzing genetic associations in a case-control study. This model has three characteristics. First, it integrates classic quantitative genetic principles into a categorical data analysis framework, allowing epistatic interactions to be interpreted on a solid genetic basis. Second, this model can not only detect the genetic effects of single SNPs and pairwise genetic interactions, but also characterize high-order genetic interactions. That is, the model dissects genotypic differences into additive (a) and dominant (d) genetic effects at individual SNPs: additive × additive (aa), additive × dominant (ad), dominant × additive (da), and dominant × dominant (dd) epistatic effects at a pair of SNPs, and additive × additive × additive (aaa), additive × additive × dominant (aad), additive × dominant × additive (ada), additive × dominant × dominant (add), dominant × additive × additive (daa), dominant × additive × dominant (dad), dominant × dominant × additive (dda), dominant × dominant × dominant (ddd) epistatic effects at a triad of SNPs. Mounting evidence shows that high-order interactions play an important role in mediating complex traits and complex human diseases (54). Third, while the precise detection of a pairwise genetic interaction requires a huge number of samples, such as 5,000 (55), which may be hardly met in general studies, Wang et al.'s model is less sample size-reliant by coalescing case and control samples into a 2 × 2 contingency table for the detection of epistasis at any order. The statistical properties of Wang et al.'s model have been extensively studied through computer simulation, with results, presented in the original article, demonstrating its usefulness and robustness in a small-sample case-control study. Also, a detailed computational procedure of this model was given in the original article, allowing the readers to understand and repeat the model.

For each type of data analysis, case-control genotype observations were sorted into a 2 × 2 contingency table to test each of the genetic effects described above. For example, consider a SNP with three genotypes AA, Aa, and aa. To estimate its dominant effect, the effect size was compared to that of the heterozygote Aa against the average size of each of the two homozygotes AA and aa in cases and controls, respectively. Based on the resulting 2 × 2 contingency table, the logistic regression model was implemented to estimate the dominant effect of this SNP, and the effects were adjusted for age and sex. The odds ratio (OR) was estimated to assess the magnitude of the dominant/additive effect.

To estimate the additive effect, the size was compared as below,

Odds of genotype for cases = number of cases with AA/number of cases with aa

Odds of genotype for controls = number of controls with AA/number of controls with aa

OR = odds for cases/odds for controls

= [image: image]

For example-

OR = 1: Genotype difference is not associated with the disease;

OR > 1.0: Genotype AA is “more risky” (i.e., associated with higher risk for the disease than genotype aa)

OR < 1.0: Genotype aa is “more risky” for the disease than genotype AA

A similar procedure was applied to analyze all other genetic effects.

The significance of each effect was adjusted for multiple comparisons using the false discovery rate (FDR) controlled at 1%. Wang et al.'s simulation data indicate that a 100 × 100 sample size combination in an epistatic case-control model has a power of > 0.80 to detect significant associations in a 2 × 2 contingency table analysis (53). Thus, our current sample size provides adequate power to detect all the significant epistatic interactions.




RESULTS


Clinical Characteristics of Infants With and Without RDS

Table 1 shows the demographic and clinical characteristics of infants with and without RDS. There were 458 infants without RDS and 477 infants who developed RDS. Infants with RDS were younger as assessed by gestational age at birth (30 vs. 33 weeks) and had lower birth weight (1,474 ± 606 gram vs. 1,818 ± 515 gram) compared to infants without RDS. Infants with RDS were predominantly male (58 vs. 48%, p-value 0.02). The two risk factors for RDS (gestational age and sex) were corrected in the analysis. Gestational age and birth weight are co-linear variables, and only one (gestational age) was chosen to be corrected in the analysis. As expected, infants who developed RDS had increased use of surfactant and a higher incidence of chronic lung disease than infants who did not have RDS. These outcomes are related to RDS rather than predictors (surfactant use and chronic lung disease); therefore, we did not correct them in the SNP-SNP interaction model. The use of antenatal steroids was significantly different between the two groups. However, ~40% of the antenatal steroid data were missing and may have caused bias in estimating this parameter.



Association of SFTP SNP-SNP Interaction With RDS


Description

The associations of single SNP and intergenic/intragenic two and three SNP interactions with RDS are shown in Tables 2–4, respectively. The tables show the specific SNPs of the SFTP genes and their effect, either additive (a) or dominant (d). The additive effect of the SNP indicates that one of the homozygous alleles (one or two copies) is associated with the disease compared to the other homozygous allele. The dominant effect of the SNP indicates that the heterozygous genotype is associated with the disease compared to the mean of either homozygous genotype. The numbers 1, 2, or 3 are for SNP1, SNP2, or SNP3, respectively. For example, (a) a1d2 (Table 3) interaction means that the presence of any minor allele genotype of SNP1 and the heterozygous genotype of SNP2 is significant. (b) d1d2d3 (Table 4) interaction indicates that the combination of the heterozygous genotype at the first, second, and third SNP is associated with the disease.


Table 2. Single SNP associated with RDS.
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Table 3. The two SNP interactions associated with RDS susceptibility.
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Table 4. Three SNP-SNP-SNP interactions of surfactant protein genes associated with RDS.
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Association of Single SFTP SNPs With RDS

Out of the 17 SNPs of the five SFTP genes, only the rs17886395 of the SFTPA2 was associated by itself with RDS (Table 2). This SNP exhibited an additive effect on RDS susceptibility (OR 0.16, 95% CI 0.06–0.43, adjusted p = 0.03). This particular SNP is also noted to interact with other SNPs in the two and three SNP interactions models, as shown in Tables 3, 4. No other SFTP SNP by itself was associated with RDS at the adjusted value p < 0.01.



Association of Intragenic SNP-SNP Interactions With RDS in Two- and Three-SNP Interaction Model


Two SNP Model Intragenic Interactions

Among the two SNP interactions, the only intragenic interaction included SFTPA1 SNPs; rs1136450 and rs4253527 (Table 3), and this combination exhibited two effects, where the d1d2 interaction was associated with increased risk for RDS (OR 1.77, 96% CI 1.42–2.19, adjusted P = 0.0001), and the d1a2 was associated with protection for RDS (OR 0.54, 95% CI 0.41–0.72, adjusted P = 0.004) (Figure 1).


[image: Figure 1]
FIGURE 1. SFTPA1 intragenic two SNP interactions and RDS susceptibility. It shows the schematic presentation of SFTPA1 on the top and the arrow depicts the transcriptional orientation. The relative location of SNPs are shown from centromere (C) to telomere (T) and each box represents the amino acid number that includes the particular SNP. For example, AA50 denotes the rs1136450 SNP and AA219 denotes the rs4253527 SNP. The amino acid numbering is based on the precursor molecule and thus includes the signal peptide (56). In this two SNP intragenic interaction, underneath the green boxes are the SNP ID and the actual SNPs involved. (A) The dominant effect, dl of SNP1, is highlighted by red, as noted for the rs1134650 C variant that codes for leucine. This interacts with the dominant effect of SNP2, rs4253527 C variant that codes for arginine (in red) and increases risk of RDS. (B) The dominant effect, dl of SNP1, is highlighted by red and this SNP interacts with the additive effect of SNP2 rs4253527 T variant that codes for tryptophan and this interaction is protective for RDS.




Three SNP Model Intragenic Interactions

There were five intragenic interactions associated with RDS. Three interactions were among SNPs of the SFTPA1 and two involved the SFTPA2 and SFTPB genes. The SFTPA2 SNPs: rs1059046, rs1965707, and rs1965708 exhibited an effect, d1d2d3, that was protective for RDS (OR = 0.55, 95% CI 0.46–0.55, adjusted p < 0.01). The SFTPA1 gene variants: rs1059047 (SNP1), rs1136451 (SNP2), rs1059057 (SNP3) in a three-SNP interaction (d1a2d3) increased the risk for RDS (OR 4.09, 95% CI 2.39–7.00, adjusted p = 0.0012) (Table 3). The other intragenic interaction, d1d2d3, was found among SFTPB SNPs: rs2077079 (SNP1), rs3024798 (SNP2), and rs7316 (SNP3), as d1d2d3, and this was protective for RDS (OR = 0.63, 95% CI 0.52–0.76, adjusted P 0.001).




Association of Intergenic Interactions Among the Surfactant Protein Genes SNPs With RDS in a Two- and Three-SNP Model


Two SNP Model Intergenic Interactions

The two SNP interactions are shown in Table 3. The combination of SFTPA2 rs17886395 (SNP1) with (i) SFTPA1 rs4253527 (SNP2) as d1d2, increased risk of RDS (OR 1.69, 95% CI 1.32–2.17, adjusted p = 0.004), and (ii) SFTPA1 rs1059047 (SNP2) as d2 without any epistatic effect from SNP1 was protective (OR 0.43, 95% CI 0.29–0.62, adjusted p = 0.004). The SFTPA2 SNP rs17886395 interaction with the SFTPD SNP rs721917 was protective when both had a dominant effect (OR 0.56, 95% CI 0.45–0.69 adjusted p < 0.01). Intergenic SNP-SNP interactions were also noted between each of the two of the SFTPB SNPs (rs2077079 or rs3024798) and one SFTPC SNP rs4715 associated with protection or risk against RDS, as shown in Table 3.



Three SNP Model Intergenic Interactions

Table 4 shows the intergenic three SNP interactions of the SFTP genes associated with RDS. There were a total of 28 intergenic interactions. There were four SFTPA2 SNPs studied. Among them, the rs17886395 SNP, found to have an additive effect and be protective for RDS by itself in the single SNP model, was present in 7 out of the 28 intergenic interactions and in 5 out of the 7 interactions were noted to be protective.

The five SFTPA1 gene SNPs exhibited mainly a dominant effect. The rs1136450 was involved in the highest number of interactions (10 intergenic interactions), and the other SFTPA1 SNPs had fewer than 5 interactions showing either protective or risk effect. An example of a three intergenic SNP interaction is shown diagrammatically in Figure 2. This figure depicts an interaction among three SNPs of SFTPA1 and SFTPA2. In this intergenic interaction, the additive effect of SNP1, rs17886395, G variant that codes for alanine interacts with SNP2 (rs1059047) and SNP3 (rs1059047) of SFTPA1 in a dominant effect. This interaction, based on odd's ratios, is associated with increased disease susceptibility. It has the highest odd's ratio (OR 4.76, 95% CI 2.67–8.47) compared to the odd's ratios of the other three SNP interactions.


[image: Figure 2]
FIGURE 2. Intergenic three SNP interaction and RDS susceptibility. It shows the schematic presentation of SFTPA2 and SFTPA1 on the top and the arrows depict the opposite transcriptional orientation. The relative location of SNPs is shown from centromere (C) to telomere (T) and each box represents the amino acid number that includes the particular SNP. For example, AA91 denotes the rs17886395 SNP, AA19 denotes the rs1059047 SNP, and AA133 denotes the rs1059057 SNP. In this three SNP intergenic interaction, underneath the green boxes are the SNP ID and the SNPs involved. The additive effect of SNP1, rs17886395 G variant that codes for alanine (highlighted in red) interacts with SNP2 and SNP3 of SFTPA1 in a dominant effect and increases risk of RDS.


The SFTPB SNPs (rs7316, rs1130866, rs2077079) were involved in 5 intergenic interactions, and the SFTPD SNPs (rs721917, rs2243639) were involved in a total of 6 intergenic interactions, and they were mainly in a dominant effect.




Hydrophobic vs. Hydrophilic Surfactant Protein Gene SNP Interactions

Figure 3 shows that the SNPs of the hydrophobic SFTPB and SFTPC interacted with each other in the two-SNP model, and the SNPs of the hydrophilic SFTPA1, SFTPA2, and SFTPD SNPs also interacted with each other. There was no interaction between any of the hydrophobic and the hydrophilic SPs SNPs. The three-SNP model (Figure 4) depicted an intricate network of interactions among all the SFTP genes, except for SFTPC. A total of 28 three SNP interactions were identified. The SFTPA1 and SFTPA2 have the maximum number of interactions and, along with SFTPD, interacted with SFTPB. All three SNP interactions, except for one intragenic interaction of SFTPB (rs2077079-SNP1, rs3024798-SNP2, rs7316-SNP3 as d1d2d3), involved either SFTPA1 or SFTPA2. This highlights the impact and importance of SFTPA1 and SFTPA2 in RDS.
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FIGURE 3. The two SNP interaction in RDS susceptibility. Associations between RDS and the two SNP-SNP interactions are shown. The star marks the SFTPA2 SNP shown to associate with RDS by itself. (A) depicts the two SNP-SNP intergenic and intragenic interactions of the hydrophilic SP genes associated with RDS. (B) depicts the two SNP-SNP intergenic and intragenic interactions of the hydrophobic SP genes associated with RDS.
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FIGURE 4. The three SNP interactions associated with RDS susceptibility. The figure depicts intergenic and intragenic interactions of SFTPA1, SFTPA2, SFTPD, and SFTPB genes. No three SNP interactions were observed that involved SFTPC SNPs. There are a total of 28 three SNP interactions. All interactions (but one) involved SFTPA1 and/or SFTPA2.




DISCUSSION

Although SFTP variants have been implicated in RDS (10, 27, 39), the statistical method used at the time had a limited ability to detect complex epistatic interactions among multiple SNPs. However, a more recent methodology by Wang et al. (53) enables investigation of complex SNP-SNP interactions by employing SNP interaction models. As one of very few statistical models that can analyze high-order interactions, Wang et al.'s (53) model has been used in a variety of case-control studies, showing its elegance and robustness. For example, using this model, interactions among SFTP SNPs were detected to impact cystic fibrosis (57), pediatric acute respiratory failure (58), and hypersensitivity pneumonitis (59). In this study, we used 17 well-studied SNPs of SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD to investigate the impact of individual SNPs and SNP interactions among SNPs in the same gene or between two or among three different genes. This approach revealed that (a) the highest number of the two and three SNP interactions were among SNPs of the SFTPA1 and SFTPA2, and these were associated with risk or protection for RDS. (b) Only the rs17886395 (C allele) of the SFTPA2 was protective for RDS in a single-SNP model. (c) In the two SNP models, there was no interaction between the hydrophilic SFTPA1, SFTPA2, SFTPD SNPs, and the hydrophobic SFTPB or SFTPC SNPs. (d) the three SNP models showed intricate intergenic and intragenic interactions among SNPs of the SFTPA1, SFTPA2, SFTPB, and SFTPD; however, SFTPC did not interact with any of the other SFTP SNPs. Thus, in the present study we show not only association of a single SNP but also of two and three SNP interactions to associate with RDS susceptibility.



Association of an SFTPA2 SNP With RDS in a Single-SNP Model

Using the stringent criteria of FDR correction with 1% (p < 0.01), none of the single SFTP SNPs was associated with RDS. When the FDR correction was set at 5% (p < 0.05), the rs17886395 G allele of the SFTPA2 gene exhibited an additive effect and increased risk for neonatal RDS compared to the C allele. The 1A3 haplotype that includes the G allele increased the risk of TB in Mexicans (60). However, the C allele of the same SNP, found to be protective of RDS (present study), has also been protective against infection, such as RSV in Finnish infants (61). In contrast, in an Ethiopian study group, the C allele was associated with increased risk of TB (62), and this allele as part of 6A/1A genotype was associated with risk in community-acquired pneumonia in a Spanish study group (63). Several haplotypes of SFTPA1 and SFTPA2 have been well-characterized (39, 64) and the most common haplotype, 6A2/1A0, has been associated with low SP-A protein expression in a study of patients with sudden infant death syndrome (65). It is of interest that the C allele of the rs17886395 SNP in pediatric diseases (i.e., RDS, RSV) is associated with protection, but in diseases likely to occur in adults (i.e., TB, community-acquired pneumonia) is associated with risk. Whether disease susceptibility by the C allele of the rs17886395 SNP is influenced by the lung environment in an age-dependent manner remains to be determined. The association of this particular SNP (rs17886395) in RDS susceptibility in the current study may not be surprising. Infection is a common complication of RDS and prematurity, and therefore the alleles of this SNP may differentially affect disease susceptibility.

The rs17886395 (C/G) is located in the collagen-like domain of SFTPA2 and changes the encoded amino acid Pro/Ala at codon 91 (41). It has been shown that proline normally stabilizes collagen triple helices due to conformational restrictions of the pyrrolidine ring and the presence of tertiary amides, while alanine substitutions tend to destabilize the triple helix (66). Thus, the G allele/GCT encoding alanine may destabilize the structure and explain the risk susceptibility.



Association of SFTP SNPs With RDS in a Two-SNP Model

We observed an association of the intragenic interaction between two SNPs (rs1136450 and rs4253527) of the SFTPA1 with RDS susceptibility in the two-SNP model. The susceptibility of RDS changes based on the effect of rs4253527 in that interaction, i.e., dominant and additive effect of rs4253527 is associated with increased and decreased risk of RDS, respectively (Figure 1). This indicates that an additive or a dominant effect of the same SNP may change the susceptibility of an individual to a particular disease based on interactions with other SNPs. The rs4253527 (C/T) is located within the carbohydrate recognition domain (CRD) of the SFTPA1 and changes the amino acid arginine (CGG) to tryptophan (TGG) at amino acid 219. This change may differentially affect innate immune processes under various conditions, including oxidative stress, because tryptophan is more sensitive to oxidation than arginine (56, 67). SFTPA1 variants that differ in CRD at rs4253527 have been shown to differ in their ability to enhance phagocytosis (68) and cytokine production (69). Moreover, the CRD of surfactant proteins A and D are known to mediate binding to infectious agents such as Pneumocystis carinii (70, 71) and therefore the susceptibility to RDS may be interconnected with response to infection. The rs1136450 (C/G) SNP has a leucine (CTC) to valine (CTC) substitution at amino acid 50 and together with rs4253527, may impact protein function, but direct experimental evidence is lacking. Moreover, SFTPA1 has been shown to more efficiently affect surfactant reorganization (than SFTPA2) in the alveolar space and inhibit surfactant inactivation by serum proteins (25). However, considering the complexity of SFTPA variants and their potential contribution to health and disease status, it is conceivable that the activity of a gene product in a given microenvironment, such as that in prematurity, is altered, and this may variably affect the health of the individual.

There were no significant interactions observed between SNPs of the hydrophilic and hydrophobic SPs. In contrast, previous observations have shown an association of SFTPB and SFTPA1 and/or SFTPA2 with increased risk of neonatal RDS in case-control studies (32, 34, 36). These apparent contrasting findings could be due to differences in the patient population, sample size, and/or statistical approaches used in previously reported studies and the present study.



Association of SFTP SNPs With RDS in a Three-SNP Model

This study, to our knowledge, is the first to show that interactions among three SNPs of the SP genes and their epistatic effect associate with RDS susceptibility. The majority of prior studies have at most reported interactions between two SNPs of the SP genes. The three SNP models in the present study showed that the highest number of intergenic and intragenic interactions involved SFTPA1 and SFTPA2, indicating perhaps the importance of these genes in RDS.


An SFTPA1 SNP Is Involved in the Highest Number of the Three-SNP Interactions

The SNP rs1136450 with a dominant effect had the highest number of interactions (n = 9), and these were associated with either risk or protection for RDS. The rs1136450 (C/G) results in an amino acid change, Leu/Val (CTC/GTC) at codon 50 (39, 41). This SNP is located in the N-terminal collagen region and the change in amino acid may affect the binding to receptors such as calreticulin/CD91 on phagocytes (72–74). The G allele (valine) of this SNP is associated with risk of interstitial pulmonary fibrosis (IPF) in a Mexican study group (49). On the other hand, the same allele was protective in community-acquired pneumonia (63). In prior studies, this allele has been associated with risk for RDS in Finnish, whites, and blacks (29, 30); however, this was not seen in a Korean study group (75). The current study showed that this SNP had a risk or protective effect based on interactions with SNPs of other SFTP genes. The various interactions may change the qualitative and/or quantitative function of SFTPA, and this could explain the variable outcome.




SFTPA2 SNPs Are Involved in the Three-SNP Interactions

The rs1059046 SNP of SFTPA2 was also found to have a high number of interactions (n = 8), and all of the interactions with a dominant effect were shown to be protective for RDS. This SNP changes the amino acid Asn/Thr at codon 9 (AAC/ACC). This amino acid is part of the signal peptide and may affect the processing of SP-A2. The A allele of this SNP of SFTPA2 was also noted to have a protective role in community-acquired pneumonia (63). Of note, prior studies have shown the A allele, either in its homozygous or heterozygous form to be associated with risk for the respiratory syncytial virus (RSV) (61, 76) as well as influenza (77). The rs17886395 of SFTPA2, which was described in detail above, was also noted to have a high number of three SNP interactions (n = 7), five of them had a dominant effect with a protective role and the remaining two (dominant or additive) were associated with risk in RDS. These together highlight the complexity of SNP interactions and their important effect on disease susceptibility.



SFTPB SNPs Are Involved in the Three-SNP Interactions

There was one significant intragenic interaction (rs2077079, rs3024798, and rs7316). Each SNP exhibited a dominant effect and this interaction was associated with decreased risk of RDS. The rs2077079 (C/A) is located 10 nt downstream of the TATAA box, 5′ regulatory region and may affect gene transcription. The rs3024798 (A/C) is located at the splice sequence of intron 2-exon 3 and may affect splicing. The rs7316 (A/G) is located in the 3′UTR, at 4 nt upstream of the TAATAAA polyadenylation signal and may affect polyadenylation (78). The location of these SNPs indicates that these may affect the processing and/or regulation of SP-B. Whether any of these mechanisms are negatively affected in RDS remains to be determined. However, each of these three SNPs has been previously shown to associate with various lung diseases (29, 57, 79, 80). The A allele of rs2077079 is associated with risk of RDS in blacks, whereas the A allele of rs3024798 is associated with protection of RDS (29). The A allele of rs7316 is associated with risk of RDS (79) and acute lung injury in African-American children (80). However, the dominant effect of rs7316 is associated with mild CF (57). It is interesting that these SNPs by themselves have been associated with risk or protection of RDS; however, the present study highlights the importance of SNP interactions, as these could mediate a differential epistatic effect compared to individual SNPs and that this may have a significant effect on the actual health/disease outcome of an individual under certain conditions.



SFTPC SNPs Were Not Involved in the Three-SNP Interactions

None of the SNPs were identified in the three SNP model, even though single SFTPC SNPs have been associated with RDS (38, 81) and other pulmonary diseases such as interstitial lung disease (82). The hydrophobic SFTPB and SFTPC SNPs showed significant interactions in the two SNP model but not in the three SNP model. Furthermore, the two SFTPC SNPs rs1124 and rs4715 change amino acids 186 and 138, respectively. Although their effect on the functional or structural integrity of SP-C is not known, these likely affect processing of the precursor SP-C molecule rather than the mature SP-C, because these amino acids are part of the SP-C precursor and not of the mature SP-C.



SFTPD SNPs Are Involved in the Three-SNP Interactions

The SFTPD SNPs were involved in intergenic interactions associated with RDS susceptibility. The SFTPD rs721917 (C/T) SNP changes Threonine (C) to Methionine (T) at position 11 in the mature protein. The C allele of the rs721917 SNP, is associated with O- linked glycosylation of threonine leading to a partial posttranslational modification and this may alter the tendency to form multimers (83, 84). Moreover, this SNP is associated with SP-D levels, with the T allele (methionine) being correlated with increased levels (83–85). The T allele of this SNP was protective for RDS (86, 87), whereas some studies reported no association with RDS (88). The current study also supports previous observations where SFTPA2 and SFTPD haplotypes were shown to be protective against RDS (42).

Although the present study has a relatively large sample size, one limitation is that the patient population differs from that of the controls in terms of age, birth weight, and sex. However, the analyses were adjusted for age and sex (birth weight was not corrected due to collinearity with gestational age). Another study limitation may be reduced generalizability as both study groups were predominantly whites. It is also possible that we have missed some significant interactions due to the use of stringent criteria such as those imposed by the FDR correction, set at 1% to avoid spurious associations. Nonetheless, the present findings need to be replicated. The SNP interactions and their association with the disease phenotype may be affected by the severity of RDS, which was not captured in this study. Around 40% of the data on important parameters such as antenatal use of steroids were missing and that may have introduced bias in the estimation of the difference between groups. The diagnosis of chronic lung disease included oxygen use at 28 days or oxygen at 36 weeks postmenstrual age. The definition for BPD has evolved over time and hence the study characteristic does not capture the current definition of BPD, consistently, as per NICHD 2019 (89).

Despite the above limitations, this study indicates a greater role of SFTPA1 and SFTPA2 in RDS susceptibility as they had the most interactions with SNPs of other SFTPs in the two and three-SNP models. Furthermore, the concern for infection in the setting of prematurity and chorioamnionitis sets up the SFTPA1 and SFTPA2 gene products, SP-A1 and SP-A2, as very important molecules for the first line of defense and regulation of various processes of the alveolar macrophage (17). Our animal studies, among others, have shown that SP-A1 and SP-A2 regulate the miRNome of the alveolar macrophage (90) and the alveolar epithelial type II cells in response to ozone exposure (91). Most importantly, these differentially affect survival in response to infection in young and old mice (92, 93) and lung function (26). Of interest, the commercially available exogenous surfactant preparations used to treat RDS, lack SP-A (94) (they only have SP-B and S-PC), but yet infection is a major comorbidity with RDS.

Furthermore, surfactant lipids and SP-A exhibit anti- and pro-inflammatory effects, respectively, on immune cells under baseline conditions, and surfactant lipids have been shown to attenuate the SP-A effect (13, 95, 96). Thus, the absence of SP-A in the exogenous surfactant preparations and the additional surfactant lipids provided by the exogenous preparation may negatively contribute to a further imbalance of pro and anti-inflammatory processes (95) in the premature lungs. With ongoing trials of SP-A peptides to treat asthma and the use of SP-A peptides to treat RSV (97–99) the present findings point to a future need to investigate SP-A as adjunct therapeutic modality for RDS as well.
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Neonatal metabolic acidosis (NMA) is a common problem, particularly in critically ill patients in neonatal intensive care units (NICUs). Complex etiologies and atypical clinical signs make diagnosis difficult; thus, it is crucial to investigate the underlying causes of NMA rapidly and provide disorder-specific therapies. Our study aims to provide an overview of the genetic causes of NMA in patients from NICUs. We performed next-generation sequencing (NGS) on neonates with NMA from January 2016 to December 2019. Clinical features, genetic diagnoses, and their effects on clinical interventions were collected for analysis. In the 354 enrolled patients, 131 (37%) received genetic diagnoses; 95 (72.5%) of them were autosomal recessively inherited diseases. Two hundred and fifteen variants spanning 57 genes were classified as pathogenic (P) or likely pathogenic (LP) in 131 patients. The leading cause was metabolic disorders due to 35 genes found in 89 patients (68%). The other 42 NMA patients (32%) with 22 genes had malformations and renal, neuromuscular, and immune-hematological disorders. Seven genes (MMUT, MMACHC, CHD7, NPHS1, OTC, IVD, and PHOX2B) were noted in more than four patients, accounting for 48.9% (64/131) of the identified P/LP variants. Forty-six diagnosed patients with uncorrected NMA died or gave up. In conclusion, 37% of neonates with metabolic acidosis had genetic disorders. Next-generation sequencing should be considered when investigating the etiology of NMA in NICUs. Based on early molecular diagnoses, valuable treatment options can be provided for some genetic diseases to achieve better outcomes.

Keywords: neonatal metabolic acidosis, neonatal intensive care units, next-generation sequencing, gene, neonate


INTRODUCTION

Neonatal metabolic acidosis (NMA) is the accumulation of non-carbonic acid equivalents, which arises from excessive production or inadequate excretion of hydrogen ions or from an increased loss of bicarbonate (1). Neonatal metabolic acidosis is associated with poor clinical outcomes (2). The clinical features of NMA are atypical and are related to varying degrees of primary disease. The causes of NMA are complicated and varied, including birth asphyxia, cold stress, hypovolemia, sepsis, congenital heart disease, renal disease, and inborn errors of metabolism (1). Evaluation of detailed history, physical examination, and basic laboratory tests were insufficient to determine the cause. Administration of a fluid bolus or sodium bicarbonate is the initial management for correcting metabolic acidosis (3). These treatments do not deal with the cause but only correct the pH (3–6). Although interventions have been established in clinical practice, the impact on long-term neurological morbidity remains uncertain. With the increased awareness of the association between genotype and diseases, it has been found that infants with metabolic acidosis admitted to neonatal intensive care units (NICUs) are more likely to have genetic disorders. Thus, early genetic diagnosis is essential for neonates with NMA.

In recent years, next-generation sequencing (NGS) technology has been increasingly applied in clinical practice as a genetic diagnostic tool. Next-generation sequencing, especially exome sequencing and whole-genome sequencing, has shown advantages in facilitating an accurate diagnosis that is difficult to confirm using clinical or laboratory criteria for patients with disorders in the NICU (7, 8). Recent studies have reported enabling rapid sequencing at reduced costs and better performance in critically ill neonates (9, 10).

In this study, we analyzed the clinical medical records and genetic testing results of patients with NMA and summarized the clinical features, genetic diagnoses, and their effect on clinical intervention. Our study aims to provide a better understanding of the genetic causes of NMA that translate to more accurate management and better prognosis.



MATERIALS AND METHODS


Study Design and Participants

This was a retrospective cohort study conducted at the Clinical Genetics Laboratory of the Children's Hospital of Fudan University. Patients in NICUs were recruited retrospectively between January 1, 2016, and December 31, 2019. The inclusion criteria were as follows: (1) diagnosis of NMA based on arterial blood gas, pH <7.3, BE < −10 mmol/L, and PaCO2 35–45 mmHg; and (2) an order for NGS. Notably, patients with NMA who did not undergo NGS were excluded. In addition, patients were excluded if they were genetically diagnosed before enrollment. The clinical features of each patient were ascertained comprehensively by a physician in addition to a thorough review of their medical records. The clinical data included sex, major clinical features, and outcomes of metabolic acidosis. Pre-test counseling was performed by physicians. This study was approved by the Medical Ethics Committee of the Children's Hospital of Fudan University (2015-130). Informed consent was obtained from the patients' parents or guardians.



Next-Generation Sequencing

Peripheral blood was collected, and genomic DNA was extracted using the TIANGEN DNA Blood Mini Kit according to the manufacturer's protocol. Sequences were generated using the Agilent ClearSeq Inherited Disease panel kit (including 2,742 genes) for clinical exome sequencing or the Agilent SureSelect XT Human All Exon V5 kit for exome sequencing. Next-generation sequencing was performed using the Illumina HiSeq X10 platform. The average on-target sequencing depth was × 200 for the clinical exome sequencing and × 120 for exome sequencing. Sequencing reads were mapped to the reference human genome (UCSC hg19) using the Burrows–Wheeler Aligner. A phenotype-scoring algorithm named PhenoPro was used for the variant filtering process (11). The detected variants were confirmed using PCR, and PCR-amplified DNA products were subjected to direct automated sequencing (3500XL Genetic Analyzer, Applied Biosystems) according to the manufacturer's specifications. De novo variants were detected by parental confirmation using Sanger sequencing. The pathogenicity of the variant was defined based on the American College of Medical Genetics and Genomics criteria (12). Detailed methods can be found in our previous studies (13, 14).



Statistical Analysis

Frequency count and proportions were used for categorical data. Data were analyzed using Pearson's χ2 independence test. Statistical significance was set at a p-value < 0.05. All statistical analyses were conducted using IBM SPSS version 20 (IBM Corp., Armonk, NY, USA).




RESULTS


Demographics of Clinical Features

From January 1, 2016, to December 31, 2019, 733 patients were clinically diagnosed with metabolic acidosis in NICUs. Three cases had genetic diagnoses, 38 neonates did not undergo NGS because their parents declined, and 338 patients did not undergo NGS for other reasons. Finally, 354 (48.3%) neonates with NGS were enrolled and classified as diagnosed and undiagnosed according to the genetic findings of our analysis (Figure 1). Of the enrolled patients, 186 (52.5%) were males and 168 (47.5%) were females. The major clinical manifestations (one patient may have more than one clinical feature) were neuromuscular dysfunction (49.2%), cardiopulmonary dysfunction (37.3%), hepatorenal disorder (17.2%), infection (13.6%), and malformation (12.1%) (Table 1).


[image: Figure 1]
FIGURE 1. Flowchart of diagnosed patients by NGS.



Table 1. Demographic features and phenotypes of NMA patients tested with NGS.
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Genetic Diagnosis

Of these 354 neonates, 131 (37%) received genetic diagnoses through NGS, while the remaining did not (n = 223, 63%). The malformation rate was higher in the diagnosed group (9.1%, p = 0.002) than in the undiagnosed group (8.0%). However, there were no other significantly different major clinical features between the diagnosed and undiagnosed groups (Table 1).

In 131 patients with genetic diagnoses, 215 variants spanning 57 genes were classified as pathogenic (P) or likely pathogenic (LP). These patients were diagnosed with a monogenetic disorder, with 95 autosomal recessive cases, which included 80 compound heterozygous and 15 homozygous cases, 22 autosomal dominants with eight cases identified as de novo, 12 X-link recessive cases with hemizygote, and two X-link dominants with heterozygous cases.

According to the 57 phenotype–genotype-related diagnoses, diseases were classified into six categories: metabolic, renal, neuromuscular, and immune-hematological disorders; malformation; and others. Metabolic disorder was the most common disease found in 89 (67.9%) patients, followed by malformation in 22 (16.8%) patients. Renal, neuromuscular, and immune-hematological disorders were detected in nine (6.9%), six (4.6%), and three (2.3%) patients, respectively. Two other genes were detected in two patients (Figure 2). Seven genes with P/LP variants identified in more than four patients were MMUT, MMACHC, CHD7, NPHS1, OTC, IVD, and PHOX2B, accounting for 48.9% (64/131) of the patients in our cohort (Figure 3).


[image: Figure 2]
FIGURE 2. Diagnosed gene distribution according to the disease. Fifty-seven genes are displayed by classification. Thirty-five genes related to metabolic disorder were classified into eight subgroups: organic acid, amino acid, fat acid, urea cycle, sugar, vitamin, carnitine, and mitochondria disorder.
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FIGURE 3. Distribution of genes detected in more than four patients. Six genes were classified into four groups based on diseases. X-axis presents blood gas test time. Patients with missense variant are denoted by square, and deleterious variants are denoted by a triangle. Death is denoted by a solid black square or triangle.


Of the metabolic disorders, 35 genes were classified into eight subgroups: amino acids, organic acids, sugar, fatty acids, carnitine, urea cycle, vitamin, and mitochondria disorders. Eleven genes were responsible for organic acid disorders, covering 53.9% (48/89) of the metabolic disorder cases. Four genes (OTC, ASL, CPS1, and ASS1) were responsible for urea cycle disorders, accounting for 14.6% (13/89). Fatty acid, amino acid, and carnitine disorders were detected in eight (9%), eight (9%), and five (5.6%) patients, respectively. Sugar and vitamin disorders were found in three (3.3%) patients. Mitochondria disorders were found in a patient (1.1%) (Figure 2).



Clinical Intervention and Outcomes

Metabolic acidosis was clinically corrected in 224 (63.3%) patients. However, metabolic acidosis was not corrected in 130 (36.7%) patients, including 46 diagnosed and 84 undiagnosed neonates. In the improved outcome cases, the rate of improvement was higher in the undiagnosed group (48.9%) than in the diagnosed group (30.5%) (p < 0.01). In contrast, the rate of patients who gave up medical support was higher in the diagnosed group (22.1 vs. 11.6%, p < 0.01) (Table 1). In the 131 diagnosed cases, 46 neonates with uncorrected NMAs all died or gave up. However, only three cases gave up, and no case died in the 85 neonates with corrected NMAs (Figure 1).

Of the 52 deaths in this study, 38.5% (20/52) received a genetic diagnosis (Table 1). Of these, 5 (25%) were diagnosed postmortem because their symptoms developed and progressed rapidly, resulting in mortality 24 h after admission. Through genetic diagnosis, accurate diagnoses can explain the deaths. OTC was the cause of death due to hyperammonemia in case NMA011 and encephalopathy and sepsis in case NMA047. Case NMA069, who carried two missense variants in ACADVL, died from cardiopulmonary arrest. Case NMA002 with encephalopathy and multiple organ failure was identified as a missense variant of GSS.

In addition, 40 patients with genetic diagnoses may receive precise treatment options. Similar to case NMA074, a 28-day-old male patient presented with poor feeding and lethargy. He was diagnosed with distal renal tubular acidosis after genetic identification with compound heterozygous variants in the ATP6V0A4 gene. If the baby was not treated accurately and was followed up regularly, he would have developed severe complications, which would affect growth and development. Case NMA036, who was a 27-day-old male infant with lethargy and poor weight gain, was admitted to NICU. Blood tandem mass spectrometry showed increased tyrosine level, and the rest of the routine tests were highly suspicious for infection. Finally, methylmalonic acidemia (MMA) and homocystinuria, cblC type, were diagnosed based on genetic findings. The infant had improved upon targeted management. NMA003 was an 8-day-old baby boy who presented with vomiting, hypoglycemia, and seizures. A high level of tyrosine was found in blood mass spectrometry, and tyrosine metabolism disorder was more likely to be diagnosed. However, a hemizygote variation (G71E) was detected in the OTC gene by NGS and was classified as LP. The baby was diagnosed with ornithine transcarbamylase deficiency (OTCD, MIM 311250) based on genetic findings. The patient survived on a new effective treatment option. Case NMA111, who was a 20-day-old female infant with hepatic dysfunction and suspected sepsis, had compound heterozygous variants in the gene ALDOB. The patient was diagnosed with hereditary fructose intolerance (HFI, MIM 229600). The disease generally develops after feeding in the neonatal period. Severity is related to the amount and duration of fructose consumption. The baby was treated immediately with a fructose intake-controlled diet, which can prevent life-threatening complications and avoid invasive procedures such as liver biopsy. The baby can grow into adulthood on a well-controlled diet.




DISCUSSION

In our study, 131 of 354 (37%) neonates with metabolic acidosis received a genetic diagnosis. In total, 57 genes were responsible for a wide range of diseases, from seemingly healthy infants to critically ill patients. Different degrees of primary disease lead to varied and atypical clinical presentations. Complex etiologies and non-specific clinical signs made diagnosis more difficult.

The leading cause of NMA was metabolic disorders, which involved 35 genes, covering 68% of genetically diagnosed patients. Only 38 (38/89, 42.9%) patients had clinical diagnoses before receiving genetic diagnoses. Organic acid disorder is the major cause of metabolic acidosis. The top two genes, MMUT and MMACHC, resulted in MMA that was related to organic acid disorder. A total of 24 (24/32, 75%) MMA patients were diagnosed with MMA using mass spectrometric tests before NGS. Next-generation sequencing can help confirm diagnoses and determine the subtype of organic acid disorder. Phenotype–genotype correlations may predict disease severity depending on mRNA stability and protein residual function (15). Variations in MMUT were identified as MMUT(0) phenotypes, indicating no detectable enzymatic activity (16). Variations in MMACHC have been detected as MMA and homocystinuria, cblC type (15). Patients who are compound heterozygotes for a missense allele appear to have a milder phenotype (15). Variation analysis was associated with responses to vitamin B12. Generally, the cblC type is almost entirely vitamin B12 responsive, the MMUT(0) type is vitamin B12 unresponsive, and other types are partly responsive to vitamin B12 (17). IVD variations were found in four patients; three of them were diagnosed with isovaleric acidemia by mass spectrometric tests before NGS. Genetic findings confirmed the diagnoses and treatment. OTC variation results in OTCD, which accounts for approximately half of the urea cycle defects (18). As our data presented, OTC variations were detected in eight patients. Three of these patients were diagnosed with urea cycle defects by mass spectrometric tests before NGS. Genetic findings may help physicians understand the progress of OTCD. Six patients with missense variants that can reduce OTC enzymatic activity or stability survived OTCD (18). Patient NMA047 died 24 h after admission. He was found to carry a splicing variant, affecting mRNA processing and decreasing OTC enzyme levels (18).

Interestingly, in 42 diagnosed patients (42/131, 32%), NMA was caused by malformation and renal, neuromuscular, and immune-hematological disorders, and not by metabolic disorders. P/LP variations in NPHS1, which encodes nephrin, were detected in seven patients with massive proteinuria, edema, infection, and poor feeding or respiratory distress. NPHS1 is the main underlying cause of congenital nephritic syndrome, which is associated with high morbidity and mortality (19). Genetic diagnosis provides precise information on treatment and benefits patient outcomes. Pathogenic variants of CHD7 were detected in nine neonates with infection, feeding difficulty, respiratory distress, and one or more malformations, which led to severe metabolic acidosis. These patients should be treated as if they are diagnosed with CHARGE syndrome (20). However, physicians will not give the diagnosis of CHARGE syndrome without genetic basis because criteria that focus on typical clinical phenotypes may exclude patients with a mild phenotype in the neonatal period. It has been proposed that pathogenic CHD7 variant status is now a major criterion in CHARGE syndrome diagnoses (21). In four patients with recurrent apnea, infection, hypoxemia, and pathogenic variants, PHOX2B was identified. Genetic tests help physicians and families find the cause of diseases and help predict progress thereafter (22). Our study showed that mass spectrometric tests were insufficient for investigating the etiology of NMA, as opposed to NGS.

Based on early molecular diagnoses, valuable treatment options can be provided for some genetic diseases, and patients can survive or achieve better outcomes. For case NMA074, genetic diagnosis (distal renal tubular acidosis) was performed before the appearance of severe complications. With earlier adequate metabolic control, the infant can experience better growth and kidney function (23). Case NMA003, an 8-day-old male infant with abnormal mass spectrometric tests, was highly suspected to have metabolic disorder. OTCD was confirmed by genetic testing and appropriately treated. Case NMA036, a 27-day-old infant, underwent many blood tests and invasive procedures. The infant did not improve on anti-infection treatment but did improve with targeted treatment of MMA, which was diagnosed by NGS. For case NMA111, the female infant only developed clinical symptoms when she was exposed to fructose as a monosaccharide, sucrose, or sorbitol (24). The patient recovered after a fructose-controlled diet, and liver biopsy was no longer necessary. These are the most desirable results for physicians and families and help push research into new therapies.

Although there was no difference between diagnosed and undiagnosed patients, if we compare the outcomes of NMA, the genetic test can effectively identify the etiology of the disease, and these precise diagnoses enable physicians and families to understand the cause of disease and the unavoidable poor clinical outcomes (25). Genetic counseling for families provided detailed progress, helped parents identify family carriers, and facilitated better planning of reproductive choices based on the risk of familial recurrence (26). The families in our study may benefit from previous genetic diagnoses and genetic counseling.

Based on our analysis, early genetic diagnosis is essential for neonates with NMA. We proposed that NGS be performed as early as possible when patients suffer from uncorrected metabolic acidosis and combine with one of the following items: (1) abnormal blood mass spectrometry or other abnormal biochemical markers such as blood ammonia or blood lactic acid; and (2) NMA neonates accompanied with malformation. For other NMA neonates, we suggest that NGS tests such as clinical exome sequencing should be ordered when physicians think that the NMA is a genetic factor involved.

This study had two limitations that should be addressed. First, although we designed to test all NMA patients in the NICU, we had 338 cases that did not undergo NGS for different reasons. Second, as a multicenter study, follow-up information was limited, and the outcomes of some patients were missed.



CONCLUSION

In our study, we found that metabolic acidosis in approximately 37% of neonates in NICU was caused by genetic disorders. Next-generation sequencing should be considered when investigating the etiology of NMA. Based on early molecular diagnoses, valuable treatment options can be provided for some genetic diseases to achieve better outcomes.
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The immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome is a rare genetic disease characterized by multiple immune disorders. Different mutations of the FOXP3 gene may lead to distinct clinical manifestations. Here, we present a rare case of IPEX syndrome caused by a novel variant of FOXP3. Clinical manifestations include autoimmune hemolysis, bronchiectasis, diarrhea, and proteinuria but without diabetes or other endocrine disorders. The diagnosis of IPEX syndrome was confirmed by whole-exon sequencing. Supportive treatment did not ameliorate the patient’s symptoms, while immunosuppressive therapy showed a promising efficacy. The patient we reported will improve the understanding of renal manifestations in IPEX syndrome.
Keywords: IPEX syndrome, FOXP3, diagnosis, treatment, whole-exon sequencing
INTRODUCTION
The immunodysregulation, polyendocrinopathy, and enteropathy, X-linked (IPEX; OMIM:#304790) is a rare genetic immunologic disorder with various clinical symptoms, which is caused by mutations in the FOXP3 gene (Gambineri et al., 2018). The onset of IPEX varies from the natal period to adulthood. Features may include refractory diarrhea, endocrine disorder, and skin disease, which are induced by the dysregulation of CD4+CD25+ regulatory T (Treg) cells (Bennett et al., 2001; Barzaghi et al., 2012). Treg cells can maintain immune tolerance to self-antigens via inhibiting activities of effective T cells. Therefore, dysregulation will lead to a multitude of clinical symptoms. Due to its X-linked recessive manner, IPEX is inherited in males, leading the boy typically die within the first 2 years if untreated (Barzaghi et al., 2018). Currently, bone marrow transplantation is the only therapeutic approach for IPEX (Ben-Skowronek, 2021).
Due to the clinical heterogeneity and low incidence of IPEX, missed and inaccurate diagnoses are common, resulting in high mortality. Herein, we report a boy who presents typical renal manifestations and carries a novel mutation in FOXP3 with IPEX syndrome.
CASE PRESENTATION
A 12-year-old boy was admitted to our department due to proteinuria. He had a remarkable past medical history (Figure 1C): he was diagnosed with autoimmune hemolysis 10 years ago, chronic otitis media and bronchiectasis 3 years ago, and repeated diarrhea and alternative constipation with hair loss in recent years (Figure 2A). 2 weeks ago, his diarrhea aggravated to 5–6 times per day, with medium volume of dilute watery stools, with no blood and stench. The application of oral probiotics and montmorillonite powder failed to ameliorate his symptoms. Therefore, he was admitted to our hospital and transferred to our department because of a strong positive (“++++”) urine protein. His family members including his younger brother have no similar symptoms. We inquired the family history of the boy in detail and found no relatives within three generations had similar clinical manifestations. The pedigree is shown in Figure 1A.
[image: Figure 1]FIGURE 1 | (A) Family pedigree of the patient. (B) Electrophoretogram of the detected novel pathogenic variant in comparison with the wild-type FOXP3 sequence. (C) A schematic diagram of the disease course. UPC, urine protein–creatinine. (D) FOXP3 mutation analysis.
[image: Figure 2]FIGURE 2 | Manifestations caused by autoimmune disorders in different organ systems. (A) The patient presented with alopecia areata. Chest CT showed signs of bronchiectasis, and abdominal CT showed swollen and thickened ileocecal and colon walls and enlarged lymph nodes. (B,C) Colonoscopic findings and pathological changes in different parts of the intestine (ileocecal junction, ascending colon, descending colon, sigmoid colon, rectum). Magnification: (B,C) ×200–400.
Physical examination revealed that body height (141.0 cm) and weight (32.4 kg) were smaller than those of contemporary children. He had an anemic appearance with alopecia areata, purulence in the bilateral external auditory canal, hearing loss, rales and wheezing sounds in both lungs, and hyperactive bowel sounds. Lab examinations indicated that the white blood cell and CD3−CD19+ B cells were elevated, whereas the red blood cell (RBC), hemoglobin, and CD3−CD16+/CD56+ NK cells were decreased (Table 1). Autoimmune antibodies had no positive results. Morphology examination reported several oval heteromorphic RBCs with a positive Coombs test. Erythropoietin (EPO, 42.6 IU/L) was increased, and serum transferrin was decreased (1.55 g/L). Meanwhile, the erythrocyte sedimentation rate (ESR, 68 mm/h), procalcitonin (PCT, 0.049 ng/ml), interleukin-6 (IL-6, 17.380 pg/ml), and brain natriuretic peptide (BNP, 260 pg/ml) were elevated and total albumin (28.1 g/L) was decreased. Renal function examination reported increased levels of α1-microglobulin (181.3 mg/L), β2-microglobulin (0.53 mg/L), microalbumin (1,071.3 mg/L), immunoglobulin G (68 mg/L), retinol binding protein (0.13 mg/L), N-acetyl-β-D-glucosamine (70.1 U/L), and transferrin (84 mg/L). The 24 h urine protein quantification was 289.00 mg. Fecal calprotectin (>1,800 ug/g) was notably promoted. Abdominal ultrasound and CT showed swollen and thickened ileocecal and colon walls and enlarged lymph nodes (Figure 2A). Thoracic high-resolution CT (HRCT) reported bronchiectasis and pneumonia mainly in the lingual lobe of the left lung and the middle lobe of the right lung (Figure 2A). Other examinations had no obvious abnormity.
TABLE 1 | Blood examination.
[image: Table 1]We made the primary diagnosis as proteinuria, inflammatory bowel disease (suspected), chronic otitis media, bronchiectasis, and autoimmune hemolysis. The application of antibiotics ceftazidime and ceftizoxime did not ameliorate the diarrhea, external auditory canal purulence, proteinuria, and other symptoms. In order to clarify the diagnosis, we performed renal biopsy under the guidance of ultrasound. Pathologic examinations including immunofluorescence (IF), electron microscope, and histological examinations were conducted, in which IF revealed IgG (+++), IgA (±), IgM (+), C3 (++), C1q (+), Fib (−), ALB (+), IgG1 (+++), IgG2 (±), IgG3 (±), IgG4 (++), PLA2R (±), and THSD7A (−) granule deposition (Figure 3B). Electron microscopy showed that the basement membrane of glomerular capillary loop was irregularly thickened, about 240–1,100 nm (Figure 3C); segmental proliferation of mesangial cells and stroma in the glomerular mesangial area; and podocyte foot process diffuse fusion (>80%). There were no obvious proliferation of parietal cells of renal capsule and no crescent formation. A large number of electron dense deposits in the basement membrane and under the epithelium of the glomerular capillary loop are accompanied by basement membrane reaction. A small amount of electron dense deposits can be seen around the transparent area, and electron dense deposits can be seen in the segmental glomerular mesangial area. Under a light microscope, the appearance of capillary loop was rigid, the segmental mesangial area was slightly widened, and there was no obvious mesangial cell proliferation; PASM staining revealed spike-like structure on the epithelial side of basement membrane of glomerular capillary loop; Masson staining reported eosinophilic deposition of subcutaneous eosinophils on the basement membrane of glomerular capillary loop (Figure 3A). We made the diagnosis of membranous nephropathy based on the following findings: the nail-like structure of glomerular basement membrane and the deposition of upper and subcutaneous erythrophils under the light microscope, the irregular thickening of basement membrane and the deposition of a large amount of electron dense matter under the upper and subcutaneous skin with basement membrane reaction under the electron microscope, and the fine granular deposition of IgG and C3 along the glomerular capillary loop by immunofluorescence. Considering that the concentration of PLA2R in blood is negative, we finally diagnose it as secondary membranous nephropathy.
[image: Figure 3]FIGURE 3 | Light and electron microscopy findings and results of immunohistochemistry studies. (A) HE staining did not detect any crescent, PASM staining revealed spike-like structures deposited in the basement membrane, and Masson staining reported eosinophilic deposition in the basement. (B) Immunoglobulin (Ig) G, Ig A, C3, and albumin deposits identified at the glomerular capillary wall by immunohistochemical staining. (C) Electron microscopy confirms the diagnosis of MN. Magnification: (A,B) ×200–400, (C) ×2,500.
Regarding his diarrhea, we performed colonoscopy and gastroscopy under anesthesia. Colonoscopy revealed particulate hyperplasia and submucosal hemorrhage in the terminal ileum, longitudinal ulcer in the sigmoid colon and descending colon, and erosive mucosa in the rectum (Figures 2B,C). Gastroscopy did not report any significant pathological changes. Biopsy indicated no obvious inflammatory changes existed in the terminal ileum, duodenum, or stomach, while chronic inflammatory cells in the stroma of large intestine mucosa increased, and the goblet cells decreased or disappeared. The focal crypt was distorted, a large amount of crypt inflammation and a small amount of crypt abscess were seen, and the apoptosis of crypt epithelium increased. Therefore, we made the diagnosis of inflammatory bowel disease based on these results.
However, expectant and supportive treatments failed to improve his symptoms. Since antibiotics had no significant efficacy, we intravenously injected 48 mg methylprednisolone, which slightly ameliorated his cough, while diarrhea, bloody purulent stool, and purulent auditory canal retained. In regard to autoimmune diseases such as systemic lupus erythematosus (SLE), we treated him with tacrolimus (1.0 mg at morning and 0.5 mg at evening) and 40 mg valsartan, which improved his cough, diarrhea, and proteinuria. To find the etiology, with the approval of parents, the peripheral blood of the boy and his parents was collected for whole-exon sequencing. Whole-exome sequencing yielded a mean of 10 Gb data with more than 99% coverage of the target region. Compared with the reference sequence (hg19), a missense variant, located in chr X:4 9 11 1 9 36, was detected in exon 8 of FOXP3 (c.770A > C (p.Gln257Pro); N M _0 1 4 0 09) (Figures 1B,D) in both the boy and his mother. The variant was predicted to be pathogenic by all bioinformatics tools (Provean, SIFT, Polyphen2, mutationtaster, M-CAP, and REVEL); among them, Polyphen2 predicts that the pathogenicity score of the mutation at this site is 0.986, and mutationtaster predicts that the pathogenicity is disease causing. The variant has not been reported so far in ExAC, 1000 Genomes, and gnomAD. Structurally, the polypeptide surrounding the Gln257 residue is conserved across species. Sager sequencing showed the variant was not carried by his younger brother. We confirmed that the mutation segregated with IPEX within the pedigree, as illustrated in the pedigree. After discharge, the patient continued to receive the treatment of prednisone and tacrolimus and receive regular follow-up every 1 month. A recent follow-up suggested that his diarrhea, cough, alopecia areata, bilateral auditory canal pus, and hearing loss were significantly improved. Urinary protein fluctuated between “−” and “+,” and hemoglobin and liver and kidney function were in the normal range. During the follow-up period, there was a soft tissue infection of the right lower limb, which recovered after guiding intravenous drip of antibiotics. The mother and the boy were satisfied with the current treatment effect and had no intention of stem cell transplantation.
DISCUSSION
In recent years, although IPEX syndrome is characterized by inflammatory bowel disease, type I diabetes, and skin diseases, the number of IPEX cases exhibiting atypical symptoms was increasing (Bacchetta et al., 2018). The onset of IPEX in most children usually occurs within a few months after birth (Luo et al., 2018), even during the fetal period (Xavier-da-Silva et al., 2015). In our case, the patient suffered from autoimmune hemolysis, bronchiectasis, chronic otitis media, alopecia, relapse diarrhea, and proteinuria. These symptoms were not the primary symptoms of IPEX syndrome. Therefore, through this case, we recognize that the consideration of IPEX syndrome is important when a child develops multiple system disorders.
IPEX syndrome was firstly reported by Powell et al. as an X-linked recessive inherited disease since 19 males were found to have IPEX syndrome in a family. As a rare immunodeficiency syndrome, the bowel disease, endocrine disorder, and skin damage are the more common clinical manifestations. As physicians of nephrology, we paid more attention to the proteinuria of the patient. Therefore, we performed renal puncture biopsy that indicated membranous nephropathy. The expression of PLA2R in biopsy tissue was weakly positive, and that in serum was negative. Besides, the patient exhibited multiple system disorders, and there was no indication of autoimmune disease. Therefore, we performed whole-exon sequencing which confirmed the diagnosis of IPEX syndrome. In 2018, a multicenter study reported that 25% of 30 children from 25 families developed renal disease, with a median age of 3 years (1.8–9 years), in which 5 of them developed interstitial nephritis (three cases were probably linked to cyclosporine medication and one case developed chronic renal failure) (Duclaux-Loras et al., 2018a). Abir Bousset et al. (Boussetta et al., 2021) revealed that 19% of IPEX and IPEX-like syndromes would develop renal impairment, in which membranous nephropathy was the most common subtype. Other possible renal disorders included tubulointerstitial nephritis, focal tubular atrophy, minimal change disease, and irregular granular immune deposits in glomeruli and tubular basement membranes (Sheikine et al., 2015). Chuva et al. (2017) reported a case of PLA2R-positive membranous nephropathy in a child with IPEX syndrome, which indicated that PLA2R might be involved in renal impairment. However, they did not screen membranous nephropathy–related genes. In our case, the patient had isolated proteinuria, renal pathology suggested membranous nephropathy, and PLA2R was weakly positive in biopsy tissue, which might support the hypothesis of Teresa Chuv et al. that PLA2R might correlate with renal diseases. Meanwhile, the weakly positive expression of PLA2R in this case might be due to heterogeneity of the IPEX syndrome that different mutation sites caused different clinical symptoms.
A previous study reported more than 70 pathogenic variants in IPEX syndrome, in which 40% of variants located at the C-terminal forkhead (FKH) domain, 23% at the N-terminal proline-rich (PRR) domain, 14% at the leucine-zipper (LZ)-FKH loop, and 9% at the LZ domain (Barzaghi et al., 2018). It remained controversial to correlate the genetic variants with clinical manifestations. Duclaux-Loras et al. reported that clinical symptoms of IPEX syndrome had no significant association with the genetic variant in the FKH domain of FOXP3 gene (Duclaux-Loras et al., 2018b). They hypothesized that environmental exposures might modify the course of disease, leading to the varied manifestations in patients with the same mutation. In contrast, Jae HR et al. performed a systematic review that indicated the association between FOXP3 mutations and clinical manifestations: mutations in exon 1 and intron 1 of the N-terminal PRR domain were associated with infection-associated symptoms, which might be due to the mutation of a canonical LxxLL motif that could suppress the development of Th17 cells through the inhibition of retinoid-related orphan receptor-α (RORα)-mediated transcriptional activation (Du et al., 2008; Cohen et al., 2011); mutations in the LZ domain would reduce the suppressive activities mediated by Treg cells (Ziegler, 2006; Kinsey et al., 2009) and lead to Th2 cell–related diseases such as allergic rhinitis and asthma (Chatila et al., 2000; Bacchetta et al., 2006); mutations in the FKH domain would ameliorate the inhibition of transcriptional factors NFAT and AP1, which exaggerated immune responses (Wu et al., 2006); mutations in exon 11 in the FKH domain presented hematological, skin, and bowel diseases (Park et al., 2020); mutations in the ZF domain were primarily regarded to correlate with diarrhea and autoimmune hemocytopenia (Park et al., 2020). For patients with the same mutations but different manifestations, gene modification, epigenetic modification, and environmental factors were considered the contributors. In our case, we found a novel mutation in exon 8 c.770A > C (p.Gln257Pro) in the LZ domain. However, its manifestations were not consistent with the previous description (immune disorder). The primary onset of our case was autoimmune hemolysis and bronchiectasis. Diarrhea and proteinuria arose in recent years. Therefore, the correlation between mutation sites and clinical manifestations required additional investigation. In addition, the disease course in our case lasted more than 10 years, which raised the difficulty to diagnose IPEX syndrome. Our case would provide a reference for the diagnosis of IPEX syndrome that the previous history of different system impairment should be combined and taken into consideration.
Current treatment for IPEX syndrome is supportive strategies regarding clinical symptoms (Torgerson and Ochs, 2007). Early diagnosis and intervention remain to be the most important strategy to improve the prognosis. Hematopoietic stem cell transplantation presents to be the only effective approach to cure IPEX syndrome (Mazzolari et al., 2005; Rao et al., 2007). Moreover, the immunosuppressive drugs such as cyclosporine A or FK506 have been successfully used but only effective in some patients (Ferguson et al., 2000; Levy-Lahad and Wildin, 2001; Wildin et al., 2002). In our case, the patient received the treatment of glucocorticoid and tacrolimus, which successfully ameliorated the diarrhea, infection, and kidney dysfunction. Therefore, our study proposed the tailored and appropriate application of immunosuppressive drugs for the treatment of IPEX syndrome.
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Hirschsprung's disease (HSCR) is a congenital disorder characterized by the absence of enteric neural crest cells (ENCCs). LncRNA rhabdomyosarcoma 2-associated transcript (RMST) is essential for the growth and development of neuron. This study aimed to reveal the role of RMST in the pathogenesis of HSCR. The expression level of RMST, miR-1251, SOX2, and AHNAK was evaluated with qRT-PCR or western blot. CCK-8 and transwell assays were applied to detect cell proliferation and migration. CHIP and RIP assays were applied to determine the combination relationship between SOX2 and promoter region of miR-1251 or RMST and SOX2, respectively. Dual-luciferase reporter assay was performed to confirm miR-1251 targeted AHNAK. As results have shown, RMST was downregulated in the aganglionic colon of HSCR patients. The knockdown of RMST attenuated cell proliferation and migration significantly. MiR-1251, the intronic miRNA of RMST, was also low expressed in HSCR, but RMST did not alter the expression of miR-1251 directly. Furthermore, SOX2 was found to regulate the expression of miR-1251 via binding to the promoter region of miR-1251, and RMST strengthened this function by interacting with SOX2. Moreover, AHNAK was the target gene of miR-1251, which was co-regulated by RMST and SOX2. In conclusion, our study demonstrated that RMST functioned as a transcriptional co-regulator of SOX2 to regulate miR-1251 and resulted in the upregulation of AHNAK, leading to the occurrence of HSCR. The novel RMST/SOX2/miR-1251/AHNAK axis provided potential targets for the diagnosis and treatment of HSCR during embryonic stage.
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INTRODUCTION

Hirschsprung's disease (HSCR), an enteric neuropathy, is characterized by the absence of gangliocytes in the distal colon (1, 2). It is caused by the impaired migration and proliferation of enteric neural crest cells (ENCCs) during the 5th to 12th weeks of embryogenesis (3). HSCR usually occurs in about 1/5,000 neonates, while the incidence rate of females is about a quarter of males (4). Current etiological studies show that HSCR is a complicated disorder involving multiple genetic factors, including RET, GDNF, GFRA1, EDNRB, and PHOX2B (5, 6). However, these genes could only explain a portion of the known cases, so further research is needed.

Long non-coding RNAs (lncRNAs) are increasingly considered to be important players in cellular biological processes, such as cell proliferation and migration, by affecting gene expression at nearly all levels (7, 8). LncRNA TPTEP1 was reported to inhibit the proliferation of non-small cell lung cancer cells through abating miR-328-5p expression (9). In renal cell carcinoma, lncRNA00312 attenuated cell proliferation and migration significantly (10). In addition, lncRNA DRAIC was found to regulate cell proliferation and migration in HSCR by affecting the miR-34a-5p/ITGA6 pathway (11). The silence of AFAP1-AS1 promoted HSCR progression by acting as an endogenous RNA to absorb miR-195 (12). Moreover, LOC100507600 is proved to participate in the development of HSCR through regulating BMI1 expression in a miR128-1-3p–dependent manner (13). However, the functions of lncRNAs in HSCR remain largely unknown.

RMST has been authenticated as a critical role during the neuronal differentiation (14, 15). Briefly, Ng et al. (16) induced differentiation of the ReN-VM neural stem cells using N2B27 medium, and 7 days later, the control group yielded TUJ1+ and MAP2+ neurons, while very few positive stained cells were observed in RMST knockdown group. In addition, RMST could promote the activation of microglial cells by activating TAK1-mediated NF-κB signaling (17). From the microarray analysis in our previous study, we found that RMST was downregulated in HSCR, indicating that RMST might play a key role in the progression of HSCR (18). Interestingly, miR-1251, which was transcribed from the same genomic region as RMST, was also downregulated in aganglionic segment. However, we found that RMST did not regulate miR-1251 directly. There might be other regulatory mechanisms to be uncovered.

Sex determining region Y (SRY)-box 2 (SOX2) is implicated in transcriptional regulation (19, 20). For example, SOX2 has been shown to regulate multiple malignant processes of breast cancer through the SOX2/miR-181a-5p, miR-30e-5p/TUSC3 axis (21). More importantly, SOX2 is closely related to the nervous system, and the terminal differentiation of postmitotic olfactory neurons was directly regulated by SOX2 (22). Numerous evidence has indicated that the downregulation of SOX2 attenuated cell growth and migration obviously (23, 24). Herein, SOX2 was found low expressed in HSCR and was predicted to bind to the promoter region of miR-1251 through bioinformatics analysis. Furthermore, RMST could enhance the regulation of SOX2 on downstream genes by interacting with SOX2 (25).

In this study, we demonstrated that RMST was downregulated in HSCR aganglionic colon and inhibited cell proliferation and migration by functioning as a transcriptional co-regulator of SOX2 to regulate miR-1251 in the progression of HSCR.



MATERIALS AND METHODS


Clinical Information

This study was approved by the Institutional Ethics Committee of Children's Hospital of Nanjing Medical University (approval number: 201703057), and the experiments were carried out according to approved guidelines. In total, 32 aganglionic colon tissues were collected from patients who accepted radical operation of HSCR (age: 126.8 ± 14.31 days; gender: male 26, female 6) in Children's Hospital of Nanjing Medical University. In total, 32 controls matched with cases on age and gender were randomly picked out from isolated patients (age: 103.1 ± 10.47 days; gender: male 25, female 7) who underwent surgery for intussusception or incarcerated strangulated inguinal hernia (without enteric nervous malformation). The clinical features are also shown in Table 1. Tissues were harvested and stored at −80°C immediately after surgery. All HSCR patients were diagnosed through pathological analysis. Written informed consent from all participants was obtained.


Table 1. Clinical characteristics of study population.
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Microarray Analysis

The microarray analysis was performed as our previous study described (18). Briefly, the Agilent human lncRNA Array v3.0 (4 × 180k format) was designed for profiling human lncRNAs. GeneSpring v12.0 software (Agilent, USA) was employed for the raw data summarization, normalization, and quality control. For the selection of dysregulated lncRNAs, the threshold value of ≥2- and <2-fold change and a Benjamini–Hochberg corrected p-value of 0.05 were adopted. Kangchen Bio-tech (Shanghai, China) conducted this microarray analysis.



Quantitative Real-Time PCR

To isolate total RNA from tissues and cells, Trizol reagent (Invitrogen Life Technologies Co, USA) was applied. qRT-PCR was employed to detect RMST, miR-1251, and AHNAK expression level by using SYBR (Takara Bio, Japan) reactions on Light Cycler 480 (Roche, Switzerland) according to the manufacturer's protocol. GAPDH and U6 were applied as an internal control for mRNA and miRNA detection, respectively. The expression quantity was analyzed with the 2−ΔΔCT method. Primer sequences are shown in Table 2.


Table 2. Primer sequences for quantitative RT-PCR.
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Western Blotting

RIPA lysis buffer (Beyotime, Shanghai, China) was applied to extract total proteins from colon tissues and cultured cells. BCA Protein Assay Kit (Beyotime, Shanghai, China) was used to detect protein concentration. The same amount of total proteins were isolated in 10% SDS-PAGE, subsequently transferred to PVDF membranes, and then blocked with fat-free milk for 1 h. At 4°C, primary antibodies were used for incubation overnight. Afterwards, corresponding secondary antibodies were added for 2 h of incubation at room temperature. Finally, the membranes were imaged via ECL and Western blot detection reagents (Thermo Fisher Scientific, MA, USA). Primary antibodies including anti-AHNAK (1:1,000, SC134252), anti-SOX2 (1:1,000, SC17320X), and anti-GAPDH (1:1,000, SC47724) were obtained from Santa Cruz (CA, USA). The corresponding secondary antibodies were obtained from Beyotime (Shanghai, China).



Chromatin Immunoprecipitation

By using ChIP Assay Kit (Thermo Fisher Scientific, Shanghai, China), ChIP was implemented in accordance with the operating instructions. First, cross-linked chromatin was sonicated into around 200- to 1,000-bp fragments. Anti-SOX2 was used to immunoprecipitate the chromatin. Goat immunoglobulin G (IgG, ab172730) was employed to be the negative control. PCR was performed using SYBR Green Mix (Takara Bio, Japan). The primer sequences are shown in Table 2.



Cell Culture and Transfection

SH-SY5Y and 293T cell lines were acquired from ATCC. Cells were cultured at 37°C, 5% CO2 condition using DMEM (Hyclone, USA) culture medium containing 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. The inhibitor of miR-1251 (a chemically modified RNA single strand), siRNAs of RMST, SOX2, and AHNAK, and the corresponding negative controls were synthesized by Genechem (Shanghai, China). Transfection experiments were conducted by using Lipofectamine 2000 Reagent (Invitrogen, USA).



Cell Proliferation Assay

To test the cell viability, cell counting kit-8 (CCK-8; Dojindo, Japan) was employed. After transfection, cells were cultured in 96-well-plates for 24–48 h and subsequently incubated with CCK-8 reagent for 1–2 h. Eventually, the OD value at 450 nm was detected by the TECAN infinite M200 Multimode microplate reader (Tecan, Mechelen, Belgium). Each assay was conducted independently in triplicate.



Cell Migration Assay

Transwell chambers were placed above a 24-well-plate. After transfection around 24–48 h, cells were resuspended with serum-free medium to 1 × 106 cells/ml. About 1 × 105 cells were seeded to the upper chamber. Five hundred microliters of complete culture medium containing FBS was added to the lower chamber. Then 24–48 h later, 4% paraformaldehyde was applied to fix the lower chamber cells and then crystal violet staining solution was used to stain cells. Cells that migrated to the lower chamber were counted and imaged using an inverted microscope (×20, five fields were randomly selected for counting). All experiments were conducted in triplicate.



Dual-Luciferase Reporter Assay

pGL3-AHNAK-WT and pGL3-AHNAK-MUT were constructed by inserting the predicted 3′-UTR sequence of AHNAK binding to miR-1251 and the mutated sequence into the pGL3 promoter vector (Genechem, Shanghai, China). For reporter assay, cells were plated into 24-well-plates and transfected with 100 ng of pGL3-AHNAK-WT and pGL3-AHNAK-MUT, 50 nM miR-1251 mimics, and negative control using Lipofectamine 2000. Renilla luciferase vector pRL-SV40 (5 ng) was transfected into cells as control. Based on the obtained ratio, the activation degree of target reporter genes in different sample was compared.



Statistical Analysis

GraphPad Prism 7.0 (GraphPad Software, USA) was adopted for data analysis. Between two groups, t-test was applied to determine the statistically significant differences, while the comparison among multiple groups was performed via one-way ANOVA. All data were presented as the mean ± SEM. P < 0.05 was considered to be statistically significant.




RESULTS


RMST and miR-1251 Were Downregulated in HSCR Patients

By qRT-CR, we found RMST was obviously downregulated in aganglionic colon segments compared with normal controls (Figure 1A). Receiver operating characteristic (ROC) curve analysis showed that RMST could serve as a molecular marker for the prognosis of HSCR (Supplementary Figure 1G). Transwell and CCK-8 assays showed that the knockdown of RMST inhibited both SH-SY5Y and 293T cells' proliferation and migration (Figure 1B). We also found the RMST intronic transcript miR-1251 was downregulated in aganglionic tracts (Figure 1C). When cells were transfected with miR-1251 inhibitor, the cell migration and proliferation was also attenuated significantly (Figure 1D).
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FIGURE 1. RMST and miR-1251 were downregulated in HSCR patients. (A) RMST was downregulated obviously in aganglionic tracts of HSCR patients than control ones. (B) Transwell and CCK-8 assays showed that cell migration and proliferation was inhibited when RMST was knocked down in 293T and SH-SY5Y cells. (C) MiR-1251 was low expressed obviously in aganglionic colon tissues of HSCR patients compared with controls. (D) Cell proliferation and migration was attenuated obviously when miR-1251 was knocked down in 293T and SH-SY5Y cells. **p < 0.01, ***p < 0.001.




miR-1251 Was Transcriptionally Regulated by SOX2

Since miR-1251 is transcribed from the same genomic locus as RMST, we suspected that RMST might regulate the expression level of miR-1251. However, there was no significant change on miR-1251 expression level after the downregulation of RMST, indicating RMST did not regulate miR-1251 directly (Supplementary Figure 1B). Moreover, SOX2 was predicted to bind with the 2-kbp upstream promoter region of miR-1251 using Promoter Scan (http://www.ncbi.nlm.nih.gov/Class/NAWBIS/Modules/DNA/dna21b.html) (Supplementary Figure 1F). The binding relationship was confirmed by the ChIP experiment (Figure 2A), and the silence of SOX2 decreased miR-1251 expression significantly (Figure 2B). In aganglionic colon segments, SOX2 was low expressed at both mRNA and protein levels compared with normal controls (Figures 2C,D). When cells were transfected with SOX2 siRNA, cell proliferation and migration was weakened obviously, while upregulating miR-1251 could reverse it partially (Figures 2E–G).
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FIGURE 2. miR-1251 was transcriptionally regulated by SOX2. (A) CHIP assay showed that SOX2 could bind to the promoter region of miR-1251. (B) After downregulating SOX2, the expression of miR-1251 was reduced. (C,D) SOX2 was downregulated in HSCR patients at both mRNA and protein level. (E–G) When 293T and SH-SY5Y cells were transfected with si-SOX2, cell migration, and proliferation was inhibited, but the upregulation of miR-1251 could partially reverse it. *p < 0.05, **p < 0.01, and ***p < 0.001.




RMST Functioned as a Co-regulator of SOX2

The RIP assay revealed that RMST interacted with SOX2 protein, indicating RMST might function through SOX2 (Figure 3A). As shown in Figure 3B, miR-1251 was downregulated after cells were transfected with SOX2 siRNA and the expression of miR-1251 was much lower in cells co-transfected with RMST siRNA and SOX2 siRNA. CCK-8 and transwell assays have shown that the knockdown of both RMST and SOX2 attenuated cell proliferation and migration more obviously compared with just downregulating RMST or SOX2 alone. Meanwhile, the upregulation of miR-1251 partially reversed the combined suppressive effects of si-RMST and si-SOX2 (Figures 3C,D).
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FIGURE 3. RMST functioned as a co-regulator of SOX2. (A) RIP assay confirmed RMST could bind to SOX2 protein. (B) The expression of miR-1251 was downregulated in “SOX2 siRNA” group and was reduced more in “RMST siRNA+SOX2 siRNA” group, but was not changed significantly in “RMST siRNA” group compared with the control group. (C,D) CCK-8 and transwell assays revealed that when the expression of RMST and SOX2 were both knocked down, the cell proliferation and migration was more weakened than just downregulated RMST or SOX2 alone. However, the upregulation of miR-1251 could partly reverse the inhibitory effects of “RMST siRNA+SOX2 siRNA” on cell proliferation and migration. *p < 0.05, **p < 0.01, and ***p < 0.001.




AHNAK Was the Target Gene of miR-1251

MiR-1251 was predicted to interact with the 3′-UTR region of AHNAK (Figure 4A). Compared with the control group, the luciferase activity was significantly decreased when cells were co-transfected with miR-1251 mimics and pGL3-AHNAK-WT plasmid (Figure 4B). In 293T cells, the knockdown of miR-1251 increased the expression of AHNAK (Figure 4C). In aganglionic tracts, AHNAK was overexpressed at both mRNA and protein levels (Figures 4D,E). As rescue experiment results have shown, the reduction of AHNAK could partially reverse the influence of miR-1251 inhibitor on cell migration and proliferation (Figures 4F–H).


[image: Figure 4]
FIGURE 4. AHNAK was the target gene of miR-1251. (A) The schematic diagram of binding sites between miR-1251 and AHNAK. (B) The luciferase activity was abated obviously when transfected with miR-1251 mimics and pLG3-AHNAK-wild compared with control; however, the luciferase activity was not changed significantly when transfected with miR-1251 mimics and pLG3-AHNAK-mut in 293T and SY5Y cells. (C) When miR-1251 was knocked down, the mRNA level of AHNAK was raised. (D,E) AHNAK was upregulated in stenotic tracts of HSCR patients at mRNA and protein level compared with control tracts. (F–H) The downregulation of miR-1251 inhibited cell migration and proliferation, but the knockdown of AHNAK could partially reverse it in 293T and SH-SY5Y cells. *p < 0.05, **p < 0.01, and ***p < 0.001.




RMST Functioned as a Transcriptional Co-regulator of SOX2 to Inhibit miR-1251 and Raise AHNAK Expression

Combined with the aforementioned results, we hypothesized that RMST enhanced the regulation of SOX2 on miR-1251 and then promoted the expression of AHNAK. The expression of AHNAK showed no significant difference between the RMST siRNA group and the control group. However, the expression of AHNAK was increased when SOX2 was knocked down (Figures 5A,B). Furthermore, the expression of AHNAK was much lower in “RMST siRNA+SOX2 siRNA” group than in “SOX2 siRNA” group, indicating that RMST upregulated the expression of AHNAK via acting as a SOX2 transcriptional co-regulatory factor (Figures 5A,B). Afterwards, the rescue experiments were set up, and we found the combined inhibitory effects of “RMST siRNA and SOX2 siRNA” on cell proliferation and migration could be partially alleviated by simultaneously downregulating the expression of AHNAK (Figures 5C,D).
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FIGURE 5. RMST functioned as a SOX2 transcriptional co-regulator to inhibit miR-1251 and raise AHNAK expression. (A,B) When cells were transfected with RMST siRNA, the mRNA, and protein expression of AHNAK was not changed obviously; however, the transfection of SOX2 siRNA raised the expression of AHNAK and the downregulation of both RMST and SOX2 increased this more. (C,D) The cell proliferation and migration was inhibited in “RMST siRNA” or “SOX2 siRNA” groups compared with control and was inhibited more obviously in “RMST siRNA+SOX2 siRNA” group. (E) However, the simultaneous downregulation of AHNAK could partially alleviate the inhibitory effects caused by the knockdown of both RMST and SOX2. ns, p ≥ 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.





DISCUSSION

Recently, more and more ncRNAs, especially miRNA and lncRNA, have been found to play critical roles in epigenetic regulation and take part in the occurrence and development of numerous diseases (26–28). Although there have been some reports about ncRNAs in HSCR, its mode of action and mechanism still require further studies (29–34). In this study, we detected that RMST and the intronic miR-1251 were downregulated in the aganglionic tracts of HSCR patients for the first time. The diagnostic value of RMST was also assessed via ROC. However, the number of samples was relatively not large enough and more population samples are needed for further validation. The knockdown of RMST inhibited cell proliferation and migration obviously, indicating that RMST might play a key role in the progression of HSCR.

MiR-1251 was first demonstrated as a potential prognostic marker in head and neck squamous cell carcinoma (35). The role of miR-1251 in other diseases is still unclear. Herein, we found that the cell proliferation and migration was significantly inhibited by knocking down miR-1251, suggesting that miR-1251 might also be involved in the pathogenesis of HSCR through inhibiting the proliferation and migration of ENCCs. Although miR-1251 was derived from the intronic region of RMST, we found that RMST did not regulate the expression of miR-1251 directly. There might be other regulatory mechanisms.

According to the bioinformatical analysis, SOX2, a transcription factor, was predicted to bind to the promoter region of miR-1251, and we performed ChIP assay to confirm this binding relationship. SOX family, such as SOX10, has been proved to be related to the pathogenesis of HSCR (36), but there are few reports about the role SOX2 exerts in HSCR. SOX2 has been reported to regulate the proliferation and differentiation of peripheral nerve cells in the peripheral nervous system (37). Moreover, SOX2 is closely related to the development of embryonic neural tube and neural crest cells (38–40). In the present study, we found that SOX2 was significantly downregulated in aganglionic tracts of HSCR patients. Furthermore, the downregulation of SOX2 significantly inhibited cell proliferation and migration, while the upregulation of miR-1251 could partially reverse it. These findings elucidated that SOX2 might be critical for the biological function of ENCCs by regulating miR-1251.

LncRNAs are known to bind with certain proteins to influence the function target proteins (41). Zhang et al. (42) found LINC00319 contributed to AML leukemogenesis via elevating SIRT6 through FUS-dependent pathway. LncRNA OCC-1 was verified to suppress cell growth through binding to and destabilizing HuR protein in colorectal cancer (43). RMST has been reported to bind to SOX2, and we also confirmed the relationship by using RIP assay in the present study, suggesting that RMST might function as a co-regulator of SOX2 in HSCR. We found that miR-1251 expression was reduced more when RMST and SOX2 were both knocked down compared with silencing SOX2 alone. Furthermore, the inhibition of cell proliferation and migration was more obviously when downregulating RMST and SOX2 than just decreasing RMST or SOX2. However, the enforced expression of miR-1251 partially reversed the combinative inhibitory effects, indicating that RMST functioned by acting as a transcriptional co-regulator of SOX2 to enhance the regulation of SOX2 on miR-1251.

MiRNAs generally exert their functions by degrading the target genes (44). We found that AHNAK, a kind of scaffold protein, was the target gene of miR-1251. The upregulation of AHNAK has been shown to impair cell proliferation and migration (45). In this study, we elucidated the upregulation of AHNAK in HSCR. Moreover, we found that AHNAK expression was not changed significantly when RMST was silenced. The knockdown of SOX2 increased the expression of AHNAK, and the downregulation of RMST strengthened this effect. Combined with the aforementioned, we revealed that RMST could regulate the expression of AHNAK and exerted its roles through RMST/SOX2/miR-1251/AHNKA axis.

Taken together, our study demonstrated that the downregulation of RMST inhibited cell proliferation and migration in HSCR. In terms of mechanism, RMST functioned as a transcriptional co-regulator of SOX2 to regulate the expression of AHNAK by strengthening the regulatory effect of SOX2 on miR-1251. The novel RMST/SOX2/miR-1251/AHNAK pathway might be helpful for the understanding of the pathogenesis of HSCR and the development of targeted therapy for HSCR.

However, this study still has some limitations. When the expression of RMST was decreased alone, the cell proliferation, and migration was also inhibited. Whether RMST has other regulatory patterns requires further investigation. In addition, in vivo experiments are also needed for further study.
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Supplementary Figure 1. (A) The transfection efficiency of si-RMST in 293T and SH-SY5Y cells. (B) There was no significant change in miR-1251 expression in 293T and SH-SY5Y cells when transfected with si-RMST. The transfection efficiency of miR-1251 inhibitor (C), si-AHNAK (D), and oe-AHNAK (E) in 293T and SY5Y cells. (F) SOX2 was predicted to bind with the 2-kbp upstream promoter region of miR-1251. (G) The ROC analysis of RMST. ns, p ≥ 0.05, **p < 0.01, and ***p < 0.001.

Supplementary Figure 2. The flowchart of bioinformatics analysis steps. The binding relationship between RMST and SOX2 was demonstrated by reference and RIP assay. Promoter Scan was applied to predict the binding relationship between SOX2 and miR-1251 promoter region. MicroRNA database was employed to predict the target gene of miR-1251.
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Recessive mutations in BRAT1 cause lethal neonatal rigidity and multifocal seizure syndrome (RMFSL), a phenotype characterized by neonatal microcephaly, hypertonia, and refractory epilepsy with premature death. Recently, attenuated disease variants have been described, suggesting that a wider clinical spectrum of BRAT1-associated neurodegeneration exists than was previously thought. Here, we reported a 10-year-old girl with severe intellectual disability, rigidity, ataxia or dyspraxia, and cerebellar atrophy on brain MRI; two BRAT1 variants in the trans configuration [c.1014A > C (p.Pro338 = ); c.706delC (p.Leu236Cysfs*5)] were detected using whole-exome sequencing. RNA-seq confirmed significantly decreased BRAT1 transcript levels in the presence of the variant; further, it revealed an intron retention between exon 7 and exon 8 caused by the synonymous base substitute. Subsequent prenatal diagnosis for these two variants guided the parents to reproduce. We expand the phenotypic spectrum of BRAT1-associated disorders by first reporting the pathogenic synonymous variant of the BRAT1 gene, resulting in clinical severity that is mild compared to the severe phenotype seen in RMFSL. Making an accurate diagnosis and prognostic evaluation of BRAT1-associated neurodegeneration is important for reproductive consultation and disease management.
Keywords: BRAT1, nonprogressive cerebellar ataxia syndrome, synonymous variant, intron retention, prenatal diagnosis
INTRODUCTION
Variations in BRAT1 (BRCA1-associated ataxia telangiectasia mutated activator 1) are initially recognized as the cause of lethal neonatal rigidity and multifocal seizure syndrome (RMFSL; OMIM#614498), which is characterized by neonatal microcephaly, intractable seizures, hypertonia, and early demise. Subsequently, neurodevelopmental disorder with cerebellar atrophy and with or without seizures (NEDCAS; OMIM#618056) caused by biallelic BRAT1 variants were reported and redefined the description of “lethality.” Recently, a milder clinical form that manifests as nonprogressive cerebellar ataxia (NPCA) was described in some childhood-onset patients (Mahjoub et al., 2019), suggesting that a wider phenotypic spectrum of BRAT1-associated neurodegeneration exists than was previously thought.
Physiological functions of the disease-causing gene BRAT1 are diverse (Fernandez-Jaen and Ouchi, 2016). It encodes a protein that interacts with the tumor suppressor gene BRCA1 at its C-terminus and binds to ATM1, considering a master controller of the cell cycle signaling pathways required for cellular responses to DNA damage (Ouchi and Ouchi, 2010). BRAT1 can form a complex with an ATPase domain-containing protein, BRP1 (BRAT1 Partner 1), and prevent transcriptional silencing at methylated genomic regions (Zhang et al., 2016). It may also be involved in cell growth and apoptosis (Straussberg et al., 2015). BRAT1 deficiency secondary to biallelic BRAT1 mutations may increase the glucose metabolism, reduce the mitochondrial reactive oxygen species (ROS) concentration, deteriorate cell growth and migration, and induce neuronal atrophy (Puffenberger et al., 2012; Saunders et al., 2012; So and Ouchi, 2014; Wolf et al., 2015). The complexity and extensiveness of the BRAT1 gene function are the biological basis for the huge phenotypic heterogeneity. However, the exact mechanism by which variations in BRAT1 trigger neurodegeneration and to what extent a defect in ATM function contributes to this disease are unknown.
In this study, we first reported the clinical course of a proband with NPCA caused by novel compound heterozygous BRAT1 variants, which include a negligible pathogenic synonymous variant. Functional studies confirmed the effect of them on transcription. The result provided a theoretical basis and guidance for this family in reproductive genetic counseling and prenatal diagnosis. Furthermore, we summarized all published cases with BRAT1 variation, which provide insight into the clinical–genetic correlation and the pathophysiology of the disease.
Clinical Report
A 10-year-old girl who presented severe intellectual disability and poor motor ability was transferred to our genetics center for consultation due to the family’s reproductive plan.
The patient was the second child of nonconsanguineous parents of Chinese and had a healthy adolescent sister (pedigree in Figure 1A). There were unremarkable findings during her prenatal, perinatal, and neonatal courses. Physical examination at birth revealed a normal height, normal weight, and normal head 101 circumference (51 cm; 48th percentile).
[image: Figure 1]FIGURE 1 | Nonprogressive cerebellar ataxia syndrome phenotype and pedigrees. (A) Pedigrees of the family with NPCA profiled in this study. The proband is marked in black. (B–C) Facial appearance of the proband is not specific (left); typical facial dysmorphisms in reported BRAT1-associated NPCA including epicanthal folds, a high arched palate, etc [right, Ref (Srivastava et al., 2016)]. (D–E) Brain MRI of the proband at the age of 4 showed typical cerebellar atrophy (left), which almost showed no progress at 9 years (right). (F) Distribution of reported pathogenic variants in BRAT1. Annotations include the following: exon (grass–green square); variation types: frameshift (purple square), missense (yellow circle), nonsense (green triangle), red diamond (splice site), and synonymous (green cross circle).
However, global developmental delay was presented initially a few months later. She developed head control at 6 months and could not sit until 15 months. At 2.5 years, she could only babble, make consonant sounds, and communicate her needs by crying and gazing. After an individualized neurorehabilitation therapy, she was able to sit briefly and pull to stand at 3 years. One year later, she could stand independently for a few minutes and walk with a walker. At 5 years, she could say 5–10 word phrases that were dysarthric, identify people who were in constant contact with her, and follow simple commands. Meanwhile, behavior with episodes of impulsivity and irritability began to appear since then. She attended special schooling for rehabilitation training but with poor performance until last re-evaluation and was considered to have severe intellectual disability with a mental age of less than 3 years.
Until now, she could stand alone and walk slowly with limited support in a rigid- and broad-based gait with flexed arm posture (Supplementary Videos S1,2). She also presented slight dysmetria, which interferes in fine motor skills during the performance of tasks (Supplementary Video S3). Although her facial expression shows relative paucity (Figure 1B), no evident BRAT1-assoicated dysmorphisms, such as epicanthal folds, high arched palate, fifth finger clinodactyly, or single palmar crease, were observed (Figure 1C). Her cranial nerves were intact except pendular nystagmus. Motor exam has shown mild hypertonia and resistance during extension, but tendon reflexes were normal.
Cranial magnetic resonance imaging (MRI) spectroscopy was first performed at the age of 4, which recorded cerebellar atrophy (Figure 1D). In the following years, she showed stable cerebellar atrophy on serial neuro-MRI (Figure 1E). Electroencephalography was uniformly negative.
Laboratory examination included serum tests for alpha-fetoprotein (AFP), inborn errors of the metabolism, amino acids, very long-chain fatty acids, acylcarnitine and carnitine profiles, infectious work-up, TORCH (toxoplasmosis, rubella, cytomegalovirus, and herpes simplex virus) tests, urine organic acid analyses, and conventional indicators in cerebrospinal fluid (CSF) analysis, which were all within normal limits. We also ruled out the possibility of serine biosynthesis defects and nonketotic hyperglycinemia by normal serine and glycine. After precluding aneuploidy and copy number variations (CNVs), we conducted a Trio WES on the family.
MATERIALS AND METHODS
Genetic Investigations
Genomic DNA was extracted using a Qiagen DNA blood mini kit (Qiagen GmbH, Hilden, Germany). Library preparation and target enrichment were performed using a SureSelectXT Clinical Research Exome kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer’s specifications. Then, Trio WES was performed using 2 × 150 bp in the paired end mode of the NextSeq 500 platform (Illumina, San Diego, CA) to obtain an average coverage of above 110x, with 97.6% of target bases covered at least 10x. Sequence quality analysis and filtering of mapped target sequences were performed with the ‘varbank’ exome and genome analysis pipeline v.2.1 as described previously (Vetro et al., 2020). Analysis of genetic results was based on the genomic variation database (http://dgv.tcag.ca/dgv/app/home), DECIPHER database (https://decipher.sanger.ac.uk/), and OMIM database (http://www.ncbi.nlm.nih.gov/omim). The found variants were further verified by Sanger sequencing in fetuses and parents.
RNA Sequence
Total RNA was extracted from peripheral blood samples using Qiagen blood RNA extraction kit I (QIAGEN, United States); the procedures and standards were performed according to the manual. After complete property control of RNA and quality control of RNA concentration and purity are qualified, 1 μg of RNA is aspirated for mRNA library construction. The mRNA library was constructed using a TIANSeq Fast RNA Library Kit (Illumina, United States) according to the manufacturer’s instructions, where mRNA was purified and enriched from 1 μg of the total RNA samples and then fragmented about 250 bp, and the index adapter was added. Finally, using a high-fidelity enzyme amplifies the library. After quality control, the libraries were sequenced on an Illumina HiSeq 4,000 platform.
Chorionic Villus Sampling
Fetal samples were collected by chorionic villus sampling at 13 weeks of gestation. The procedure was performed using the transabdominal approach. Under aseptic conditions, an 18 or 20 gauge spinal needle was inserted into the placenta under continuous ultrasound guidance. A 20 cc syringe containing the collection media is attached to the end of the needle once the stylet is removed. Negative pressure is created, and the needle is moved up and down through the placenta, collecting the tissue (Jones and Montero, 2021).
RESULTS
Genetic Findings
Whole-exome sequencing analysis identified compound heterozygous mutations in the BRAT1 gene, c.706delC (p.Leu236Cysfs*5), and a synonymous variant, c.1014A > C (p.Pro338 = ), which were confirmed by sanger sequencing and segregated with the disorder in her family (Figure 2A).
[image: Figure 2]FIGURE 2 | Overview of genetic testing results of BRAT1. Sanger sequencing of BRAT1 variants. (A) Chromatograms demonstrated the compound heterozygous status of c.1014A > C and c.706delC in the BRAT1 gene in the proband, the proband’s father, and the proband’s mother. The position of the variant or the corresponding wild-type nucleotide is labeled with black arrows. (B) Software predictions strongly suggest that the substitution of c.1014A > C might cause aberrant splicing. (C) Groups were significantly different from each other (controls vs. proband, p < 5.7*10−5; controls vs. father, p < 2.7*10−4; controls vs. mother, p < 1.2*10−4; and two-tailed unpaired t-test). (D) RNA-seq read coverage shows aberrant retention of intron 7 of BRAT1 in the proband and in the heterozygous (c.1014A > C) father relative to wild-type controls.
Neither both the variants were reported in public databases nor their functional impact was examined. The deletion variant c.706delC (p.Leu236Cysfs*5) in exon 5 was predicted to lead to a frameshift and to cause loss of the full-length protein (821 amino acids) due to truncation after the first 236 residues. It is predicted to be pathogenic (VarSome, https://varsome.com/ and ClinVar https://www.ncbi.nlm.nih.gov/clinvar/).
The other variant, c.1014A > C (p.Pro338 = ) in exon 7/8, is not conserved among species, and the amino acid pro at the position 338 of BRAT1 protein is not changed as well; however, varSEAK analysis predicts that the mutation may cause the classic splicing site c.1015 + 1 to be skipped (Figure 2B). Thus, RNA-seq was exerted to identify potential splicing defects associated with the variants in the NPCA case.
BRAT1 expression levels in RNA-seq showed a trend toward lower expression in heterozygous parents and the compound heterozygous proband and confirmed significantly decreased BRAT1 transcript levels in the presence of the variant (Figure 2C), consistent with NMD of the mutant transcript. Meanwhile, BRAT1 expression was higher in the synonymous variants’ father than in the frameshift variants’ mother, although the difference was not statistically significant (Figure 2C). Furthermore, RNA-seq analyses identified significantly increased retention of intron 7 of BRAT1 in the proband and the heterozygous father relative to the heterozygous mother and wild-type control samples (Figure 2D). It was presumed to be the effect of NM_152743.3 c.1014A > C (p.Pro338 = ) mutation. Altogether, these results suggest that both the variants participate in the pathogenesis of NPCA.
Prenatal Diagnosis for Reproduction and Follow-Up
The mother of the proband underwent prenatal diagnosis at 12 weeks of gestation during her third pregnancy using chorionic villus sampling. Fortunately, Sanger sequencing showed that the fetus inherited neither of the above sites (Figure 1A). Prenatal and neonatal courses of the fetus were uncomplicated. A male neonate 2,560 g in weight and 51 cm high was delivered at the term, without microcephaly (HC 348 mm). In the following years, his head circumference has grown consistently within the 95th centile. Other growth parameters, strength, reflexes, and sensation were normal until the last visit at 18 months.
DISCUSSION
A total of 30 patients with clinical manifestations ranging from RMFSL to NPCA had been identified as homozygous or compound heterozygous variants in BRAT1 (Table 1, Figure 1F). In BRAT1-related disorders, cerebellar hypoplasia seemed not congenital (Wolf et al., 2015; Srivastava et al., 2016; Celik et al., 2017). Clinical classifications depend on the rate of progression of atrophy after birth determined. Nearly 75% of them present with severe RMFSL, with almost all accompanied by multifocal or refractory epilepsy or even intrauterine jerks (Celik et al., 2017). Epilepsy occurs in 41.6% of NEDCAS/NPCA patients, mostly before 3 years of age. It had been reported that a few NPCA cases, which mapped to the SCA15 locus on chromosome 3pter, might develop spasticity or focal dystonia with increasing age (Dudding et al., 2004). However, in NPCA caused by BRAT1, including the case here, later-onset spasticity is extremely rare on long-term follow-up.
TABLE 1 | Clinical features of individuals with previously described BRAT1 variants besides the present study.
[image: Table 1]Divergence is much huger for the clinical–genetic correlation. It has been mentioned that the phenotypic spectrum of BRAT1-associated disorders is associated with the domain, localization, type, and zygosity of the identified variant (13) (Dudding et al., 2004). According to Table 1, the variant type rather than the variant domain is closely related to the phenotype severity. For example, homozygous variants R78P and p. V62E, both located on the apoptosis-related N-terminal CIDE (cell death-inducing DFF-45-like effector) (Lugovskoy et al., 1999; Choi et al., 2017), caused typical RMFSL (Li et al., 2021) and mild NPCA (Lugovskoy et al., 1999), respectively. Complex mechanisms such as the mutation affecting one or more as unidentified activities of this protein (Kurosaki and Maquat, 2016) or associated with BRAT1-related pathways might be involved. It may modulate the severity rather than simply disrupt the mitochondrial function and the ATM kinase activity. As to the variant type, individuals with BRAT1 biallelic null variants usually lead to severe symptoms and are mostly fatal at the early stage. However, in biallelic BRAT1 missense variants, phenotypic variability is huge, ranging from RMFSL to NPCA. Interestingly, we noticed that in individuals with biallelic BRAT1 gene null variants, females always exhibited a milder phenotype than males (Mundy et al., 2016; Srivastava et al., 2016), even for siblings who carried the same variants. The special phenotypic divergence cannot be explained simply by variable penetrance or genetic backdrop heterogeneity. It is hypothesized that other sub-equivalent genes located on the X chromosome have some effects of the “female protective model” in neurodevelopmental disorders (Jacquemont et al., 2014). The mechanism is yet to be further confirmed.
The variant p. Leu236Cysfs*5 resulted truncation after the first 236 residues, and half of the protein was most likely to lose the function. The trans variant c.1014A > C translates to p. Pro338Pro, which has not been functionally silent. It generated an aberrant transcript with intron 7 retention by affecting the splicing accuracy. Intron retaining can reduce gene expression at the post-transcriptional level and thereby impose an additional level of gene regulation, such as the degradation of mRNA transcripts via nonsense-mediated decay (NMD) and the regulation of nuclear mRNA export (Low et al., 2015; Schmitz et al., 2017). Wild-type BRAT1 was diffusely expressed in the cytoplasm and the nucleus (Li et al., 2021). As-retained intron transcripts accumulate in the nucleus (Boutz et al., 2015), which might also reduce the amount of cytoplasmic BRAT1 available for the downstream events.
The poor efficiency of mRNA transcription, rather than completely abolished BRAT1 protein in a truncating genetic backdrop, made the BRAT1 protein synthesis in the early life insufficient to maintain the good development of the cerebellum, which may underlie the etiology of the mild, nonprogress phenotypic form of BRAT1-related neurodevelopmental disorders. c.1014A > C is the first pathogenic synonymous variant identified in the BRAT1 gene, which is associated with autosomal recessive NPCA. Before this, there was a synonymous substitution at c.1395G > C (p.Thr465 = ), which had been reported in the severe phenotypic form of RMFSL (24). Although the mechanism has not been clarified, it conjectured that there exist multiple exon skipping, mRNA degradation, and complete deletion of BRAT1 protein. Novel synonymous variants in BRAT1 should never be ignored as silent sound in diagnosis, which occasionally shed light on the underlying pathogenesis of the disease.
CONCLUSION
Our results not only broaden the mutation/phenotype spectrum of BRAT1 but also contribute to comprehend possible pathogenic mechanisms of BRAT1. It is beneficial to specific genetic counseling and timely perinatal management.
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Meckel syndrome (MKS), also known as the Meckel–Gruber syndrome, is a severe pleiotropic autosomal recessive developmental disorder caused by dysfunction of the primary cilia during early embryogenesis. The diagnostic criteria are based on clinical variability and genetic heterogeneity. Mutations in the MKS1 gene constitute approximately 7% of all MKS cases. Herein, we present a non-consanguineous couple with three abnormal pregnancies as the fetuses showed MKS-related phenotypes of the central nervous system malformation and postaxial polydactyly. Whole-exome sequencing identified two novel heterozygous mutations of MKS1: c.350C>A and c.1408-14A>G. The nonsense mutation c.350C>A produced a premature stop codon and induced the truncation of the MKS1 protein (p.S117*). Reverse-transcription polymerase chain reaction (RT-PCR) showed that c.1408-14A>G skipped exon 16 and encoded the mutant MKS1 p.E471Lfs*92. Functional studies showed that these two mutations disrupted the B9–C2 domain of the MKS1 protein and attenuated the interactions with B9D2, the essential component of the ciliary transition zone. The couple finally got a healthy baby through preimplantation genetic testing for monogenic disorder (PGT-M) with haplotype linkage analysis. Thus, this study expanded the mutation spectrum of MKS1 and elucidated the genetic heterogeneity of MKS1 in clinical cases.
Keywords: MKS1 gene, Meckel syndrome, PGT-M, intron mutation, exon skipping variant
INTRODUCTION
Cilia are microtubule-based organelles that extend from the surface of most eukaryotic cells. Defects in this organelle cause a series of disorders known as ciliopathies (Mitchison and Valente, 2017; Reiter and Leroux, 2017; Andreu-Cervera et al., 2021; Luo et al., 2021). Meckel syndrome (MKS, MIM 249000) is a rare and lethal autosomal recessive ciliopathy with highly variable phenotypes, extreme genetic heterogeneity, and complex allelism with other related ciliopathies, such as Joubert syndrome (JBTS, MIM 213300) (Salonen et al., 1984a; Parisi, 2019). MKS is mainly characterized by central nervous system malformation (most commonly occipital encephalocele), cystic kidney dysplasia, fibrotic changes of the liver, and postaxial polydactyly (Logan et al., 2011; Hartill et al., 2017). Globally, the incidence rate of MKS has been estimated at 1/140,000–1/13,250 in live births, and a high prevalence was observed in Finland and Belgium (Salonen et al., 1984b; Auber et al., 2007). The MKS-affected fetuses usually die in utero or shortly after birth.
Genetic studies have identified several genes related to MKS, such as MKS1, TMEM216, TMEM67, CEP290, RPGRIP1L, CC2D2A, NPHP3, TCTN2, B9D1, B9D2, TMEM231, KIF14, and TMEM107, and most of them encode proteins concentrated to the ciliary transition zone (TZ) (Bergmann et al., 2016; Dean et al., 2016; Wu et al., 2020). The TZ is characterized by Y-shaped structures spanning from the axoneme to the ciliary membrane that functions as a barrier between the cilia components and the cytoplasmic group to regulate the material transport and signal transmission of the cilia (Garcia-Gonzalo et al., 2011; Anvarian et al., 2019). Systematic genetic studies have grouped the known TZ proteins into three functional modules: MKS module, NPHP module, and CEP290 module (Goncalves and Pelletier, 2017). The B9 domain-containing proteins, including MKS1, B9D1, and B9D2, function as soluble MKS-module components and are associated with normal cilia biogenesis and ciliary diffusion (Bialas et al., 2009; Gogendeau et al., 2020; Okazaki et al., 2020). Previous studies have identified >80 pathogenic MKS1 mutations that contribute to approximately 7% of all reported MKS cases (Hartill et al., 2017).
Preimplantation genetic testing (PGT) is an invasive prenatal diagnosis that involves the biopsy of a single or few cells from in vitro fertilized embryos and testing of the biopsied samples for genetic aberrations, followed by the selective transfer of unaffected embryos under specific conditions (De Rycke and Berckmoes, 2020). Clinically, PGT is available for monogenic disorder (PGT-M), wherein the disease-causing locus has been identified unequivocally. In the present study, we identified two novel MKS1 mutations, c.350C>A and c.1408-14A>G, in a couple with three times of abnormal pregnancies. The genetic analysis and functional study showed the pathogenicity of these two mutation sites. Finally, assisted reproductive technology (ART) combined with PGT-M helped the couple get a healthy baby. These findings extended the spectrum of MKS1 mutations in MKS and manifested the role of PGT in blocking single-gene diseases.
METHODS AND MATERIALS
Subjects and Ethical Approval
The non-consanguineous couple first visited the Institute of Reproduction and Genetics, Chongqing Health Center for Women and Children (Chongqing, China), three times due to abnormal pregnancies and to consult for PGT. Pedigree data were obtained from the couple and their parents. Clinical assessments, including ultrasonic examination and assisted reproductive technology (ART), were performed in the related clinical departments. This study was approved by the Ethics Committee of the Chongqing Health Center for Women and Children. Informed consent was obtained from the couple.
Whole-Exome Sequencing and Variants Analysis
The exomes were captured using the Agilent SureSelect Human All Exon V6 Kit (Agilent Technologies Inc., CA, United States) and sequenced on an Illumina NovaSeq 6000 platform (Illumina Inc., CA, United States). The clean reads derived from targeted sequencing were filtered and aligned to the human reference genome (GRCh37/hg19) using the Burrows–Wheeler Aligner (BWA) (Li and Durbin, 2009). Single-nucleotide variants (SNVs) and InDels were called using Genome Analysis Toolkit (GATK), annotated with Ensembl Variant Effect Predictor (McLaren et al., 2016), and filtered using multiple databases, including NCBI dbSNP, HapMap, 1,000 human genome dataset, and gnomAD. Finally, all the variants were annotated according to the guidelines of the American College of Medical Genetics and Genomics (ACMG) (Richards et al., 2015), and the variants from known causative genes of MKS were analyzed. The Human Gene Mutation Database (HGMD) and VarSome were used to screen the mutations reported previously. The variants were validated by Sanger sequencing.
Validation of Mutations
Sanger sequencing was used to validate MKS1 mutations in the aborted fetuses (II:1 and II:3) and the couple (I:1 and I:2) (Figure 1A) The following primers were used: MKS1-exon4-forward: 5′-TTC​TTG​GTT​CCC​CTG​CCA​TTC-3′, MKS1-exon4-reverse: 5′-CTC​ACC​ACC​TGT​AGA​CTG​TGC-3’; MKS1-intron15-forward: 5′-CTG​TGT​CAT​TGC​TGG​GGA​GTC-3′, MKS1-intron15-reverse: 5′-CCA​GCC​ACA​TGG​TTA​CGG-3′. The products were purified on 2% agarose gels, sequenced with ABI 3500 (Thermo Fisher, MA, United States), and analyzed using Chromas 2.6.5 (Technelysium Pvt. Ltd., United States).
[image: Figure 1]FIGURE 1 | Identification of novel MKS1 mutations in a Chinese family with MKS. (A) The pedigree of this family showed a history of abnormal pregnancy. (B) Ultrasonographic images of fetuses II:1 and II:3 showed the occipital encephalocele and postaxial polydactyly, respectively. (C) Sanger sequencing of MKS1 showed the inheritance pattern of mutant sites between the couple and the three fetuses. (D) Schematic of MKS1 gene and MKS1 protein. The mutation sites with related amino acid change were labeled. The B9 domain is labeled as the B9-C2 domain.
Amino Acid Conservation and Protein Sequences
The amino acid sequence and name of mutant MKS1 proteins were analyzed using Name Checker (https://mutalyzer.nl/name-checker). The MKS1 amino acid sequences from different species were compared using the ClustalW software and analyzed using ESPript 3.0 (https://espript.ibcp.fr/ESPript). Wild-type and mutant MKS1 proteins were modeled using Illustrator for Biological Sequences (IBS, http://ibs.biocuckoo.org/online.php).
Intron Mutation Analysis and Reverse-Transcription Polymerase Chain Reaction
The mutations at the 3′-terminus of intron 15 were found in the gnomAD database (http://gnomad-sg.org/). The effect of these mutations was analyzed with varSEAK (https://varseak.bio/) and SpliceAI (https://spliceailookup.broadinstitute.org/). Total RNA was extracted from blood samples using the QIAamp RNA blood mini kit (Qiagen, Germany), according to the manufacturer’s instructions. PrimeScript Reverse-Transcription Polymerase Chain Reaction (RT-PCR) kit (Takara, Japan) was used for RT-PCR. The forward primer (5′-GGC​TGA​GCT​GAG​GAG​GTT​TT-3′) used for cDNA amplification was located at exon 15, while the reverse primer (5′-CTT​CCA​GAC​GGT​CCA​ACA​CA-3′) was located at exon 17. Then, the products were purified on 2% agarose gels and analyzed on ABI 3500.
qPCR
The primers used for real-time fluorescence quantitative PCR (qPCR) were as follows: forward 5′-CTC​CGA​GTC​CAC​CTG​CAA​AGA​ATC-3′ and reverse 5′-CTC​CTC​CTC​TTC​GTC​TTC​CTC​TGG-3′ for MKS1 exons 2 and 3; forward 5′-GGA​TCC​TTC​AAG​GGG​GAA​CG-3′ and reverse 5′-CAT​GAA​GGC​CCT​GGA​CTG​CT-3′ for MKS1 exon 16; forward 5′-ATG​CAG​AAT​CCA​CGC​CAG​TAC​AAG-3′ and reverse 5′-TCA​GTC​GCT​CCA​GGT​CTT​CAC​G-3′ for RPS18 as the control. The expression of MKS1 was evaluated using EvaGreen SuperMix (Bio-Rad, United States) on a CFX96 apparatus (Bio-Rad, United States) and analyzed using the 2−ΔΔCt method by normalizing to that of RPS18.
Plasmid Construction
The full-length coding sequence (CDS) of MKS1 (NM_017777.4) was amplified by RT-PCR from wild-type, c.350C>A heterozygous, and c.1408-14A>G heterozygous subjects and subcloned into the pcDNA3.1-Myc B vectors (Invitrogen, USA). B9D2 was inserted into the pCMV-HA plasmid. All plasmid sequences were validated by Sanger sequencing.
Cell Culture, Transfection, and Western Blot Analysis
HEK293T cells were provided by Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China), and grown at 37°C in the presence of 5% CO2 in DMEM (HyClone, United States) supplemented with 10% fetal bovine serum (HyClone, United States). 293T cells were seeded in six-well plates (Corning, United States), and 2.5 µg wild-type or mutant MKS1 vector was transfected using Lipofectamine 3000 reagent (Thermo Fisher, United States). The cells were lysed with cell lysis buffer for western blot and immunoprecipitation (IP) (Beyotime, China) after transfection for different times (12, 24, 36, and 48 h), and 20 μg protein was analyzed by western blot. The anti-Myc antibody (AM926, 1:1,000) was purchased from Beyotime. Actin antibody (Beyotime, AA128, 1:1,000) served as an internal control.
Co-IP
For co-IP, MKS1 (1.5 µg) and B9D2 (1.0 µg) expression vectors were co-transfected into HEK293T cells. After 36 h post-transfection, HEK293T cells were rinsed with ice-cold phosphate-buffered saline (PBS) and lysed with IP lysis buffer (Beyotime, China) supplemented with a protease inhibitor cocktail. After 20 min, cell lysates were cleared by centrifugation at 14,000 × g, 4°C for 5 min. The supernatant was used for the co-IP assay by shaking with BeyoMag™ anti-Myc magnetic beads (Beyotime, China) at 4°C for 4–6 h. After three washes, protein-Myc bead complex was eluted with IP buffer containing 150 μg/ml 3× Myc peptides (Beyotime, China) for 2 h. Then, the elution products were subjected to western blotting. The following antibodies (1:1,000, Beyotime, China) were used: anti-Myc, anti-HA, and goat anti-mouse HRP.
Controlled Ovarian Stimulation
The COS was conducted using a gonadotropin-releasing hormone (GnRH) antagonist protocol based on the ovarian reserve of the I:2 subject. It was initiated on day 2 of the cycle with a dose of 250 IU recombinant follicle-stimulating hormone (rFSH, Puregon, Organon, Netherlands). GnRH antagonist (0.25 mg; Cetrotide, Merck Serono, Switzerland) was given on cycle day 8. Human chorionic gonadotropin (hCG, Merck Serono, Switzerland) was administered as a trigger on cycle day 10, and transvaginal oocyte retrieval was performed after 36 h. Consequently, 13 oocytes were obtained, and five blastocysts were biopsied after intracytoplasmic sperm injection (ICSI).
PGT-M Procedure
Whole-genome amplification of each embryo biopsy sample was performed using the MALBAC WGA kit (Yikon Genomics, China), following the manufacturer’s instructions. A total of 60 single-nucleotide polymorphism (SNP) markers linked to the mutation alleles were selected for linkage analysis. The mutation site and SNPs were amplified using specific primer pairs; the amplification products were pooled with the MALBAC WGA products and sequenced. The chromosomal copy number and the mutation site and SNPs were analyzed, as published previously (Huang et al., 2015).
RESULTS
Identification of Novel MKS1 Mutations in MKS-Related Family
As shown by the family genetic map (Figure 1A), the non-consanguineous couple (I:1 and I:2) suffered from abnormal pregnancy three times, while the family presented no related medical history. Ultrasonographic images showed that the three aborted fetuses (II:1, II:2, and II:3) had clinical features of MKS such as occipital encephalocele, cerebellar vermis agenesis, and postaxial polydactyly (Figure 1B; Supplementary Table S1). Renal/hepatic involvement was not observed by ultrasonography in these fetuses. WES of the proband II:3 identified two novel MKS1 (NM_017777.4) variants, c.350C>A and c.1408-14A>G (Figure 1C). Moreover, analysis of MKS1 with Sanger sequencing in I:1, I:2, II:1, and II:3 showed that these two compound heterozygous mutations were inherited from their parents (Figure 1C).
The maternally inherited variant, c.350C>A, is a novel nonsense mutation causing the premature stop of MKS1 translation at the conserved Ser117, thereby encoding the mutant MKS1 p.S117*, while the paternally inherited variant, c.1408-14A>G, is located at intron 15 (Figure 1D). MKS1 c.350C>A is not recorded in the human disease-related databases (gnomAD, ClinVar, and HGMD), and the truncated MKS1 protein would be a loss of function without the C-terminal B9-C2 domain. MKS1 c.1408-14A>G is known as rs1194131222 with a rare frequency (0.000007228) in the gnomAD database, and no clinical case has yet been reported. Thus, according to the ACMG guidelines, the MKS1 c.350C>A mutation is classified as “pathogenic” (PVS1: very strong pathogenicity, PS4: strong pathogenicity, PM2: moderate pathogenicity, and PP1: supporting pathogenicity), and the MKS1 c.1408-14A>G mutation is classified as “uncertain significance” (PM3+PP1+PP4).
c.1408-14A>G Induced the Skip of Exon 16 in MKS1 mRNA Splicing
As previously reported, MKS1 c.1408-34_1408-6del29bp [AGAAACCTGAGGCTGTCCCAATGGCATGC], the Finnish major mutation, affected the MKS1 mRNA splicing with the skip of exon 16 and induced frameshift of the MKS1 protein, resulting in MKS in a homozygous pattern (Kyttälä et al., 2006; Auber et al., 2007). Aberrant splicing was reported as a crucial mutational mechanism in MKS1-induced Meckel–Gruber syndrome (Frank et al., 2007). To date, 22 variants have been identified at the 3′-terminus of intron 15, while two variants (c.1408-1G>A and c.1408-34_1408-6del29bp) were predicted to induce the skip of exon 16, as assessed by varSEAK and SpliceAI (Figure 2A; Supplementary Table S2). The analysis showed an uncertain significance of c.1408-14A>G on MKS1 mRNA splicing.
[image: Figure 2]FIGURE 2 | Confirmation for the effect of c.1408-14A>G on MKS1 mRNA splicing. (A) Schematic of the three exons (exons 15, 16, and 17), the partial sequence of intron 15, and the location of three variants (c.1408-1G>A, c.1408-14A>G, and c.1408-34_1408-6del29bp). The red arrows indicate the localization of primers used in RT-PCR. (B) Image of agarose gel electrophoresis of the RT-PCR products from the couple (I:1 and I:2). The red arrows show the wild-type (W) and mutant (M) product. (C) Sanger sequence of the RT-PCR products. The upper panel shows the wild-type MKS1 sequence with two dashed lines labeling the boundary of exon 15/exon 16 and exon 16/exon 17. In the mutant sequence, exon 15 was ligated directly with exon 17, manifesting the ship of exon 16 during mRNA splicing. (D) Alignment results of human wild-type and mutant MKS1 proteins with other species (gorilla, pig, horse, sheep, rabbit, and mouse). Only the C-terminal sequence is displayed.
To further investigate the effect of c.1408-14A>G, RT-PCR was conducted with primers specific to exons 15 and 17. The results showed that there was one band >200 bp in I:2, and there were two bands in I:1 (one >200 bp and one <200 bp) (Figure 2B). Sanger sequencing of the two bands demonstrated a direct connection between exons 15 and 17 in the shorter one with the skip of exon 16 (Figure 2C), implying that the effect of c.1408-14A>G was like c.1408-34_1408-6del29bp on MKS1 mRNA splicing. Using the in silico prediction software Name-Checker, the mutant CDS was predicted to encode the MKS1 p.E471Lfs*92 protein (Supplementary data S1). BLAST and alignment with MKS1 proteins across evolution manifested the partial dysfunction of the highly conserved B9-C2 domain (313–493 aa) in MKS1 p.E471Lfs*92 (Figure 2D). Herein, we updated the clinical significance of MKS1 c.1408-14A>G as “pathogenic.”
Mutations Disrupted the Function of MKS1 Protein
Previous studies have shown that the nonsense codons in all internal exons could trigger a nonsense-mediated mRNA decay (NMD) process (Nagy and Maquat, 1998). The c.350C>A variant resulted in a premature stop codon in exon 4, which probably triggered the degradation of mutant MKS1 mRNA through the NMD pathway, while the c.1408-14A>G variant induced the skip of exon 16 and generated a new stop codon in the 3′-untranslated region (3′-UTR) (Figure 3A). The results of qPCR with specific primers for exons 2–3 and 16 respectively showed that the expression level of MKS1 gene in an I:2 heterozygous subject was equivalent to the control individual (Figure 3B), implying the absence of NMD process for the c.350C>A variant. Moreover, the MKS1 level detected for exon 16 was downregulated in the c.1408-14A>G heterozygous individual (I:1), confirming the skip of exon 16 during the MKS1 mRNA splicing process.
[image: Figure 3]FIGURE 3 | MKS1 mutants lose the interaction with B9D2 protein. (A) Schematic of the MKS1 proteins (wild-type, E471Lfs*92, S117). The red rectangle indicates the frameshifted sequence of MKS1 p.E471Lfs*92. (B) Relative MKS1 mRNA levels of the individuals (I:1 and I:2) compared to the healthy control. (C) Relative MKS1 mRNA levels of 293T cells transfected with Myc-tagged MKS1 CDS shown in (A) for 12, 24, 36, and 48 h. Data from three independent experiments were used for quantification. Error bars represent mean ± SD. Statistical significance was determined by unpaired Student’s t-test. ns: nonsense. ***p < 0.001. (D) Immunoblot analysis of 293T cells shown in (C), implying the expression of wild-type and frameshifted MKS1 with the absence of MKS1 p.S117*. (E) Immunoprecipitation of Myc-tagged MKS1 variants with B9D2. The pull-down of B9D2 with the Myc bead demonstrated the function of the B9-C2 domain of MKS1 proteins.
The C-terminal B9-C2 domain (313–493 aa) of MKS1 protein is conserved across evolution and essential for the predominant interaction between MKS1, B9D1, and B9D2, which is essential for cilial function (Dowdle et al., 2011; Romani et al., 2014; Okazaki et al., 2020). The truncated protein MKS1 p.S117* produced by the c.350C>A variant was predicted to lose its function completely, while the elongated protein MKS1 p.E471Lfs*92 maintained partial B9-C2 domain (313–470 aa) with the frameshift of the C-terminus (471–561 aa). We transfected 293T cells with Myc-tagged wild-type or mutant MKS1 expression plasmids to investigate the effect of these two variants on the B9 domain function. qPCR with specific primers for exons 2–3 confirmed the transcription of wild-type and mutant MKS1 in the transfected 293T cells (Figure 3C). However, immunoblots with anti-Myc antibody demonstrated the expression of the wild-type and the frameshifted MKS1 proteins, while the MKS1 p.S117* was undetectable (Figure 3D). Co-IP assays with B9D2 protein showed that the wild-type MKS1 but not the MKS1 p.E471Lfs*92 interacted with B9D2, implying the dysfunction of the B9-C2 domain of MKS1 p.E471Lfs*92 (Figure 3E). Thus, c.350C>A and c.1408-14A>G variants disrupted the function of MKS1 and were pathogenic for fetal development.
PGT for the MKS1 Variants
To avoid the occurrence of abnormal pregnancy, the non-consanguineous couple (I:1 and I:2) chose the in vitro assisted reproductive technology combined with PGT-M for the MKS1 variants. Clinically, the I:2 individual was consecutively treated with an antagonist for ovulation induction, and 11 mature oocytes at the metaphase II (MII) stage were retrieved through the laparoscopic ovarian puncture method (Figure 4A). After intracytoplasmic sperm injection (ICSI), seven zygotes developed into transferable embryos, and five blastocysts were biopsied for amplification with multiple annealing and looping-based cycles (Figure 4B).
[image: Figure 4]FIGURE 4 | PGT for the two MKS1 variants. (A) Statistical data of the ART and PGT-M cycles of the MKS-related couple. (B) The images of in vitro early embryonic development. (C) Results of haplotype linkage analysis. Based on the genotype of the SNP locus of the aborted fetus II:3, embryos carrying the MKS1 gene mutations were deduced: unknown gender without MKS1 mutations; unknown gender with MKS1 mutations.
The linkage analysis with SNP array for haplotype showed that two embryos were normal, and the other three were affected (Figure 4C). Finally, one healthy embryo was transferred, and luteal phase supports were administered routinely. Serum β-hCG levels were measured at 14 days after frozen embryo transplantation (FET). The presence of a gestational sac and fetal heartbeat detected by ultrasound at 5 weeks after FET was evidence of clinical pregnancy. Sanger sequencing was performed on the amniotic fluid sample collected by amniocentesis at 18 weeks of gestation; no MKS1 mutation was found.
DISCUSSION
In this study, we reported a Chinese MKS-related family with two novel MKS1 mutations displaying occipital encephalocele, cerebellar vermis agenesis, and postaxial polydactyly. No renal/hepatic involvement was observed by ultrasonography. The nonsense mutation, c.350C>A, induced premature termination of MKS1 translation but did not trigger the degradation of mutant mRNA by NMD. The c.1408-14A>G variant was in intron 15 and resulted in the skip of exon 16 during the MKS1 mRNA splice, thereby coding an elongated MKS1 protein (p.E471Lfs*92). In vitro functional analysis with 293T cells showed the instability of MKS1 p.S117* and the disruption of B9-C2 domain in MKS1 p.E471Lfs*92. Finally, the non-consanguineous couple was assisted with PGT-M for pregnancy with a healthy baby without MKS1 mutations.
The MKS1-related genotype–phenotype correlation was proposed as follows: two null alleles of MKS1 result in MKS; one null allele and one non-truncating allele that leaves the B9-C2 domain intact result in JBTS; two non-truncating alleles result in Bardet–Biedl syndrome (BBS, MIM 615990) (Bader et al., 2016; Luo et al., 2020). Previous studies have identified the compound heterozygous mutations of MKS1 (p.R158* and p.E471Lfs*92), which disrupted the intracellular localization of MKS1 and induced defects in cilium length and the number of patient fibroblasts (Slaats et al., 2016). In the present study, the two variants (p.S117* and p.E471Lfs*92) identified in the MKS-related fetuses localized near the reported mutations and functioned through the comparable genotype–phenotype regulation model.
According to Mendel’s law of inheritance, the incidence of autosomal recessive diseases in the offspring is 25%. Moreover, the frequency of genetic mutations is variable among the populations in different regions. In the assisted reproductive process, high attention is focused on preventing genetic diseases, especially autosomal recessive diseases. As a well-established alternative to invasive prenatal diagnosis, PGT for monogenic disorder (PGT-M) has evolved into an effective clinical method for MKS-related families.
In summary, we identified two novel variants, expanding the mutation spectrum of MKS1. Our findings further implicated that the clinical significance of MKS1 variants needs an in-depth investigation. PGT and extended carrier screening are effective tools for genetic disease blocking in clinical applications. Together, these findings would be beneficial for the MKS patients and their families.
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We studied associations of persistent respiratory morbidity (PRM) at 6 and 12 months after acute respiratory failure (ARF) in previously healthy children with single-nucleotide polymorphisms (SNPs) of surfactant protein (SP) genes. Of the 250 enrolled subjects, 155 and 127 were followed at 6 and 12 months after an ARF episode, respectively. Logistic regression analysis and SNP–SNP interaction models were used. We found that 1) in the multivariate analysis, an increased risk at 6 and 12 months was associated with rs1124_A and rs4715_A of SFTPC, respectively; 2) in a single SNP model, increased and decreased risks of PRM at both timepoints were associated with rs1124 of SFTPC and rs721917 of SFTPD, respectively; an increased risk at 6 months was associated with rs1130866 of SFTPB and rs4715 of SFTPC, and increased and decreased risks at 12 months were associated with rs17886395 of SFTPA2 and rs2243639 of SFTPD, respectively; 3) in a two-SNP model, PRM susceptibility at both timepoints was associated with a number of intergenic interactions between SNPs of the studied SP genes. An increased risk at 12 months was associated with one intragenic (rs1965708 and rs113645 of SFTPA2) interaction; 4) in a three-SNP model, decreased and increased risks at 6 and 12 months, respectively, were associated with an interaction among rs1130866 of SFTPB, rs721917 of SFTPD, and rs1059046 of SFTPA2. A decreased risk at 6 months was associated with an interaction among the same SNPs of SFTPB and SFTPD and the rs1136450 of SFTPA1. The findings revealed that SNPs of all SFTPs appear to play a role in long-term outcomes of ARF survivors and may serve as markers for disease susceptibility.
Keywords: persistent respiratory morbidity, long-term outcomes of pediatric acute respiratory failure, SNP–SNP interaction, surfactant protein genetic variant, pediatric acute respiratory failure
INTRODUCTION
Acute respiratory failure (ARF) is a common cause of invasive mechanical ventilation need and admission to pediatric intensive care units (PICUs) in children with an incidence of 3% of total PICU admissions (Ibiebele et al., 2018; Khemani et al., 2019). Recent advances in critical care that use early lung protective strategies and improvement in supportive care have led to a gradual decrease in mortality of pediatric ARF (Matthay et al., 2017). This has shifted the focus from mortality to new morbidities in this cohort (Keim et al., 2018). Studies have shown a significant decline in the functional status of pediatric ARF survivors at discharge (Pollack et al., 2009). More specifically, persistent respiratory morbidity (PRM) occurred after 6 and 12 months of an ARF episode even in previously healthy children (Keim et al., 2020). In addition, there is a considerable heterogeneity in the progression of the disease and long-term outcomes of pediatric ARF patients (Keim et al., 2020), indicating a complex interaction between genetic and environmental factors. Nonetheless, studies of long-term sequelae of ARF in children are limited (Yehya and Thomas, 2016). To our knowledge, no studies have specifically examined the role of genetics, an important host variable, as a risk factor for PRM after an episode of ARF in previously healthy children.
Pulmonary surfactant consists of 90% lipids and 10% surfactant proteins (SPs). There are two major types of SPs in the lung; 1) The hydrophobic surfactant proteins (SP-B and -C) are responsible for reducing the surface tension and essential for normal lung function (Serrano and Perez-Gil, 2006), and 2) the hydrophilic SPs (SP-A and -D) are responsible primarily for innate immunity and host defense against infections (Wright, 2005; Kishore et al., 2006; Depicolzuane et al., 2021; Floros et al., 2021). SP-B, SP-C, and SP-D are each encoded by a single gene, SFTPB, SFTPC, and SFTPD, respectively, whereas SP-A is encoded by two similar genes, SFTPA1 and SFTPA2, that are differentially regulated (Floros and Tsotakos, 2021) and identified with functional, structural, and other differences (Thorenoor et al., 2019; Gandhi et al., 2020b; Thorenoor et al., 2020; Xu et al., 2020; Floros et al., 2021). Several single-nucleotide polymorphisms (SNPs) have been described for each of these genes (DiAngelo et al., 1999; Wert et al., 2009; Silveyra and Floros, 2012). These SNPs are common in the general population and shown to associate with various acute and chronic pulmonary diseases, such as neonatal respiratory distress syndrome (RDS) (Kala et al., 1998; Nogee et al., 2000; Rämet et al., 2000; Floros et al., 2001), cystic fibrosis (Lin et al., 2018), acute respiratory distress syndrome (Lin et al., 2000b), chronic obstructive pulmonary disease (Seifart et al., 2002), interstitial pulmonary fibrosis (Selman et al., 2003), severity of respiratory syncytial virus (RSV) (Thomas et al., 2009), tuberculosis (TB) (Floros et al., 2000), and hypersensitivity pneumonitis (HP) (Gandhi et al., 2021). Importantly, we previously demonstrated that these SNPs are associated with pediatric ARF and its short-term outcome, pulmonary dysfunction. at discharge in the same cohort (Gandhi et al., 2020a).
Taken together, we postulated that the SPs contribute to the progression of pediatric ARF and its long-term outcome, PRM, at 6 and 12 months after the index admission for ARF. To eliminate potential confounding contribution of other chronic illnesses to long-term sequelae of pediatric ARF, we enrolled only previously healthy children for the current study. We hypothesized that multiple genetic variants of the SP genes are associated with long-term outcomes after an ARF episode through single genetic variations within a gene, and/or through intragenic (within the same gene) or intergenic (with different genes) interactions. To our knowledge, this is the first study examining the association of genetic variants in PRM after an admission for ARF in previously healthy children. Our results indicate the association of complex SNP–SNP interactions of the surfactant protein genes with PRM at 6 and 12 months, and may contribute to the pulmonary sequelae in pediatric ARF survivors.
SUBJECTS AND METHODS
Study Population
We prospectively enrolled 250 previously healthy children from 0 to 24 months of age that required invasive ventilation for an index case of ARF secondary to respiratory illness at 10 participating pediatric intensive care units (PICUs) over 5 consecutive years. This multicenter cohort has been described in detail elsewhere (Gandhi et al., 2020a; Keim et al., 2020). Briefly, previously healthy children, who met at least one of the three criteria, 1) chest radiograph with either focal or diffuse infiltrative pulmonary process, 2) radiographic evidence of air trapping, or 3) clinical exam findings of lower respiratory tract illness, were determined to have primary respiratory cause of ARF. We prospectively collected all demographic and clinical data for children with ARF.
These subjects were followed up at 6 (n = 155) and 12 months (n = 127) after the index ARF admission via telephonic interview of a designated parent about the subject’s health status. Questions included the 11-item PedsQL™ asthma module health-related quality of life symptom scale (Chan et al., 2005; Greenley et al., 2008; Seid et al., 2010). The parents’ responses were recorded on a scale of 0–4, where 0 = never and 4 = almost always. Parents were also asked about prescribed medications, frequency of use, and whether the child had been diagnosed with asthma, and/or had visits to the physician’s office or emergency department or had been readmitted to the hospital, PICU for “breathing problems,” and finally, if the child required mechanical ventilation post index admission.
Cases: children, at 6 and 12 months of discharge, who developed PRM as defined a priori, i.e., if the subject met one of the following criteria: 1) diagnosis of asthma, 2) use of bronchodilator in the last month, 3) use of inhaled corticosteroid, 4) representation to care for a “breathing”-related complaint, or 5) asthma module health-related quality of life symptom scale score ≥5. The cohort of the current study differs from the original ARF cohort in terms of chronicity and long-term respiratory symptoms. In other words, the initial incident is defined as ARF; however, ∼45% of the ARF children continue to have breathing symptoms and get diagnosed with PRM. Thus, all children with PRM had an episode of ARF, but not all patients with ARF developed PRM. Controls: children who did not meet predefined criteria of PRM at 6 and 12 months following an index admission to PICU for ARF.
We collected blood samples of the study participants after obtaining informed consent from a parent or legal guardian. This study was approved by the institutional review board of participating sites.
DNA Isolation and Genotype Analysis
Genomic DNAs were extracted from blood samples using QIAamp Blood kit (Qiagen, Valencia, CA, USA) as described previously (DiAngelo et al., 1999). We used the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method to analyze the SFTPA1, SFTPA2, SFTPD (DiAngelo et al., 1999; Lin et al., 2000b), SFTPB (Lin et al., 2000a; Lin et al., 2000b), and SFTPC (Selman et al., 2003) gene polymorphisms as described earlier (DiAngelo et al., 1999). The PCR primer sequences and restriction enzymes used for the current study are described elsewhere (DiAngelo et al., 1999; Gandhi et al., 2020a; Gandhi et al., 2021). A total of 14 target SNPs of surfactant protein genes SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD were selected based on their associations with various acute and chronic pulmonary diseases (Lin et al., 2000b; Floros et al., 2000; Floros et al., 2001; Selman et al., 2003; Thomas et al., 2009; Silveyra and Floros, 2012; Lin et al., 2018; Gandhi et al., 2020a; Gandhi et al., 2021). These include: five SNPs from SFTPA1: rs1059047, rs1136450, rs1136451, rs1059057, and rs4253527; four SNPs from SFTPA2: rs1059046, rs17886395, rs1965707, and 1965708; one SNP from SFTPB: rs1130866; two SNPs from SFTPC: rs4715 and rs1124; and two SNPs from SFTPD: rs721917 and rs2243639. The details of the studied SNPs are given in Supplementary Table S1. The SP-A1 and SP-A2 genotypes were assigned as described (DiAngelo et al., 1999). To reduce bias in the genotype, all samples were processed together in a blinded fashion with those assigning genotypes unaware of the clinical status.
Statistical Analysis
The frequency of the alleles in the two groups were compared using the Chi-square test, or the Fisher’s exact test when the expected frequency of the allele was too small (<5). Assuming no allele dose–effect, univariate logistic regression was applied to each allele or SP-A genotype to test whether the existence of a given minor allele and/or genotype distinguishes PRM from no PRM. Alleles that were significantly associated with PRM in univariate analysis (p-value < 0.1) were included in the multivariate logistic regression analysis (Floros et al., 2000; Selman et al., 2003). The univariate analysis was done for screening and selection of variables for the multivariate analysis; therefore, the relaxed p-value of less than 0.1 was used. In the multivariate analysis of PRM at 12 months, a positive bacterial culture on admission and PRM at 6 months were obliged to be included in the model due to their significant associations in the univariate analysis. Variable selection was performed using a backward elimination method with a prespecified significance level of 0.05.
Wang et al. (2010) developed a computational model for detecting additive, dominant, and epistatic effects by integrating quantitative genetic theory into a case-control design context. This model can particularly characterize high-order epistatic interactions even with the modest sample size; hence, we used this model (Wang et al., 2010) to study associations of SP gene polymorphisms with PRM at 6 and 12 months (Wang et al., 2010; Gandhi et al., 2020a; Gandhi et al., 2021). Of note, in the present study, the reference (major) and alternate (minor) alleles were assigned based on the “NCBI dbSNP database of genetic variation” using the global population (Sherry et al., 2001), and the significant findings were noted in terms of the reference to the minor allele in its homozygous or heterozygous form. The model of Wang et al. dissects the genetic effects, including the additive (a) and dominant (d) of the minor allele at a single SNP, pairwise interaction effects at two SNPs, and three-way interactions in a three-SNP model.
An example with a detailed explanation is provided below in order to understand the additive and dominant effects of each SNP in a given interaction type. Please consider the example of an SNP with three genotypes AA, Aa, and aa. To estimate its additive effect, the homozygotes (AA and aa) were compared against its heterozygote (Aa), whereas to estimate its dominant effect, the heterozygote (Aa) was compared against the average size of the two homozygotes (AA and aa). Thus, the interaction type “a1d2” in a two-SNP model [with the first SNP with three possible genotypes (AA, Aa, and aa) and the second SNP with three possible genotypes (BB, Ba, and bb)] can be interpreted as follows: two-locus genotypes with a homozygote at the first locus and heterozygote at the second locus, i.e., AABb, aaBb, perform differently than the remaining genotypes (AABB, AAbb, AaBB, AaBb, Aabb, aaBB, and aabb). According to this model, we sorted the case-control genotype observations into a 2 × 2 contingency table to examine the association of each of the genetic effects of individual SNPs with PRM at 6 and 12 months.
The logistic regression model was implemented to estimate the genetic effect of that particular SNP after adjusting for covariates (age, sex, race, and weight). These variables were selected based on the biological possibilities and the significant difference between groups. We used the race as a covariate to adjust for differences in allele frequencies between races. The OR with 95% confidence interval (95% CI) was estimated using the Cochran’s and Mantel–Haenszel tests to assess the magnitude of the dominant/additive effect (Day and Byar, 1979). The false discovery rate (FDR) was controlled at 5% using the Benjamini–Hochberg method to account for multiple testing (Hope, 1968; Hochberg, 1995). We reported all possible SNP–SNP interactions associated with cases with p-value < 0.05 for single SNPs and two- and three-SNP interaction models.
RESULTS
Clinical Characteristics of the Study Group
Of the 250 patients enrolled in the study, follow-up questionnaires were completed for 155 patients (∼61%) and 127 patients (∼50%) at 6 and 12 months, respectively. Persistent respiratory morbidity was diagnosed in 66 patients (42.5%) at 6 months and in 57 patients (44.8%) at 12 months. Figure 1 shows the flow diagram of patients with PRM. We did not observe statistically significant difference in age, sex, race, and ethnicity between groups at both timepoints as shown in Table 1. As shown previously in our clinical paper (Keim et al., 2020), PRM at 6 months was predictive of developing PRM at 12 months, whereas a positive respiratory bacterial culture during the index admission was predictive of developing PRM at both timepoints.
[image: Figure 1]FIGURE 1 | Flow diagram of patients with persistent respiratory morbidity (PRM). Red arrow depicts transfer of patients from one group to another.
TABLE 1 | Demographics and clinical characteristics of the study group at 6 and 12 months.
[image: Table 1]Association of Surfactant Protein Single-Nucleotide Polymorphisms With Persistent Respiratory Morbidity
Univariate and Multivariate Analyses
At 6 and 12 months, no significant differences were observed in the frequency of the studied SNPs between the two groups (PRM vs. no PRM). The frequency distribution of the majority of SNPs did not deviate from the Hardy–Weinberg equilibrium (Supplementary Tables S2 and S3). An increased risk of PRM at 6 months was significantly associated with rs1124 of the SFTPC in the univariate and multivariate logistic regression analysis, OR = 11.7 (1.9–217.9), p = 0.03 (Supplementary Table S4). At 12 months, significant differences (p < 0.1) were observed for the SFTPA2 marker allele (rs17886395_G), the SFTPD marker allele (rs721917_G), the SFTPC marker alleles (rs4715_A, rs1124_A), and SFTPA1 (6A3) in the univariate analysis. Of these, based on an OR <1, a decreased risk for PRM was associated with rs721917_G of the SFTPD and SFTPA1 (6A3), whereas an increased risk for PRM was associated with other marker alleles (OR >1) (Table 2). When these marker alleles were considered in the multivariate analysis, an increased risk for PRM was significantly associated with only one allele, the SFTPC (rs4715_A), OR = 3 (1.14–9.5), p = 0.04 (Table 2).
TABLE 2 | Persistent respiratory morbidity (PRM) vs. no PRM at 12 months (univariate analysis).
[image: Table 2]Single-Single-Nucleotide Polymorphism Model
At 6 and 12 months, an increased risk of PRM was associated with rs1124, OR = 5.8 (1.8–19.3) of the SFTPC that exhibited an additive effect, whereas a decreased risk of PRM was associated with rs721917 of the SFTPD that exhibited a dominant effect, p < 0.05. Only at 6 months, an increased risk of PRM was associated with rs1130866 of the SFTPB, OR = 3.2 (1.2–8.6), and the rs4715 of the SFTPC, OR = 6.2 (1.4–27.4), and each exhibited an additive effect. Only at 12 months, increased and decreased risks of PRM were associated with rs17886395 of the SFTPA2 and rs2243639 of the SFTPD, respectively, and exhibited a dominant effect (Table 3).
TABLE 3 | Association of surfactant protein (SP) gene single-nucleotide polymorphisms (SNPs) with persistent respiratory morbidity (PRM) at 6 and 12 months in a single-SNP model after adjusting for covariates (age, sex, race, and weight).
[image: Table 3]For SNP–SNP interaction tables, the column “interaction type” represents interactions that could be intragenic, i.e., between SNPs of an individual gene, or intergenic, i.e., between SNPs of different genes. The letter “a” is for additive and “d” is for dominant effect of that particular SNP. The number following “a” or “d” indicates the position of the corresponding SNP, for example, an interaction of the a1d2 type indicates the additive and dominant effects of SNP 1 and SNP 2, respectively, in the two-SNP model. For the three-SNP model, the a1a2d3 interaction type indicates the additive effects of SNPs 1 and 2, and the dominant effect of SNP 3.
Two-Single-Nucleotide Polymorphism Model
At 6 months, decreased risk of PRM was associated with 12 interactions of different combinations between SNPs of the studied genes in a two-SNP model, OR = 0.1–0.5 (Table 4). All interactions were intergenic (between SNPs of different genes). The majority of significant interactions involved the rs1130866 of the SFTPB (n = 7) and interacted with SNPs of hydrophilic SPs (n = 6). We observed four and two interactions between SNPs of the hydrophilic and hydrophobic SPs alone, respectively.
TABLE 4 | Associations of SP gene SNP interactions with persistent respiratory morbidity (PRM) at 6 months in a two-SNP model after adjusting for covariates (age, sex, race, and weight).
[image: Table 4]At 12 months, PRM was associated with a total of 29 interactions among SNPs of SP genes in a two-SNP model (Table 5). All but one interactions were intergenic. The one intragenic interaction (SNPs of the same gene) was between SNPs of the SFTPA2 (rs1059046 × rs1965707, a1d2, OR = 2.9 (1.1–7.8), p < 0.05). Significant intergenic interactions (n = 28) that included the other studied genes were as follows: 15, 10, 8, and 5 interactions for each SFTPA1, SFTPA2, SFTPB, and SFTPC, respectively. The SFTPD SNPs had the highest number of interactions with SNPs of other SPs (n = 18), particularly the rs721917 of the SFTPD (n = 13).
TABLE 5 | Associations of SP gene SNPs with persistent respiratory morbidity (PRM) at 12 months in a two-SNP model after adjusting for covariates (age, sex, race, and weight).
[image: Table 5]Out of the 29 interactions, 11 were among SNPs of both hydrophilic and hydrophobic SPs, and 17 and 1 were between SNPs of the hydrophilic and hydrophobic SPs alone, respectively. A decreased risk of PRM was associated with the majority of the interactions, whereas an increased risk of PRM was associated with only 10 interactions. Of note, the susceptibility to PRM changed based on the effect of a particular SNP in a given interaction. For example, if the increased risk of PRM was associated with the interaction (rs1059046 × rs1124), and the interaction type was a1a2, OR = 5.3 (1.1–25.1), it would indicate that the additive effects of both SNPs were associated with increased risk. However, the decreased risk of PRM was associated with the same interaction, if the interaction type was d1a2, OR = 0.4 (0.2–0.8), this indicates that the dominant effect of rs1059046 and the additive effect of rs1124 are associated with decreased risk. In addition, 9 out of the 12 significant interactions associated with a decreased risk of PRM at 6 months remained significant at 12 months as well.
Three-Single-Nucleotide Polymorphism Model
At 6 and 12 months, the rs1130866 of the SFTPB, and the rs721917 of the SFTPD interacted with the rs1059046 of the SFTPA2 in a three-SNP model (Table 6). A decreased risk of PRM at 6 months was associated with these intergenic interactions. However, an increased risk of PRM at 12 months was associated with the same interactions. In addition, a decreased risk of PRM only at 6 months was associated with interactions among the same SNPs of the SFTPB and SFTPD (noted above) and the rs1136450 of the SFTPA1. Furthermore, as shown in Table 6, the effect size of the seven intergenic interactions. as denoted by the OR, was variable, based on the effect (additive or dominant) of the particular SNP at the particular position, OR = 0.07–0.25 (Table 6).
TABLE 6 | Association of SP gene SNP interactions with persistent respiratory morbidity (PRM) at 6 and 12 months in a three-SNP model after adjusting for covariates (age, sex, race, and weight).
[image: Table 6]DISCUSSION
Surfactant dysfunction and dysregulated inflammation, individually or in conjunction with each other, are central to the pathophysiologic mechanisms of various pulmonary diseases, including ARF in children (Amigoni et al., 2017). Because SPs play a role in surfactant dysfunction and/or regulation of inflammatory processes/innate immunity, we hypothesized that natural genetic variants of SPs are associated with PRM at 6 and 12 months after an ARF episode. The results indicated that 1) PRM at both timepoints is associated with SNPs of all five SP genes. 2) Increased risk of PRM is associated with rs1124 of the SFTPC at 6 months in the univariate and multivariate analyses and in the single-SNP model, whereas increased risk of PRM at 12 months is associated with rs4715 of the SFTPC in the univariate and multivariate analyses. 3) At both timepoints, increased and decreased risks of PRM is associated with rs1124 of the SFTPC and the rs721917 of the SFTPD, respectively, in the single-SNP model. 4) Increased and decreased risks of PRM at 12 months is associated with rs17886395 of the SFTPA2 and rs2243639 of the SFTPD, respectively, in the single-SNP model. 5) PRM at 12 months is associated with one significant intragenic interaction between SNPs of the SFTPA2 (rs1059046 × rs1965707). 6) No association between increased and decreased risks of PRM at 6 and 12 months, respectively, was observed with any of the SNP−SNP interactions in the two- and three-SNP model (6 months) or the three-SNP model (12 months). 7) In the three-SNP model, one intergenic interaction (rs1059046 × rs1130866 × rs721917) is associated with decreased and increased risk of PRM at 6 and 12 months, respectively. 8) The intergenic (rs1136450 × rs1130866 × rs721917) interaction is associated with a decreased risk of PRM at 6 months with a variable effect size.
We used two different statistical methods to study associations of SNPs of the SP genes with PRM at 6 and 12 months. The first one is the multivariate logistic regression analysis adjusting for selected covariates using backward elimination method (p < 0.1). The other method is the Wang’s SNP–SNP interaction model, an integrated approach, which uses principles of quantitative genetics to decompose the genetic effect of a particular SNP into its underlying components (Wang et al., 2010). In this analysis, the covariates (age, sex, race, and weight) were selected based on the biological possibilities and the differences between the two groups (cases vs. controls). The marker alleles shown to associate with risk of PRM at 6 and 12 months are almost identical (based on the OR) to those observed in the univariate and multivariate analyses. These observations indicate that these associations are true rather than spurious and may validate the newer two- and three-SNP–SNP interaction models.
Association of SP SNPs in the single-SNP model: In the single-SNP model, decreased risk of PRM at both timepoints was associated with rs721917 of the SFTPD (Table 3). The rs721917 results in an alteration of the codon corresponding to amino acid 11 in the mature protein, where a methionine is replaced by a threonine. The Thr11 (C allele) variant has been associated with low serum levels of SP-D (Heidinger et al., 2005) and is shown to inhibit SP-D oligomerization (Heidinger et al., 2005). Previously, this SNP (C allele) is shown to associate with an increased risk of severe RSV (Lahti et al., 2002) and TB (Floros et al., 2000). In this study, we found the rs721917_G allele to associate with a decreased risk of PRM, which is consistent with the previous findings, where the C allele was associated with an increased risk. However, the difference in allele significance among studies may partly be due to differences in study populations and disease processes.
Increased risk of PRM at both timepoints was associated with rs1124 of the SFTPC (Table 3), whereas increased risk of PRM at 6 months was associated with the rs4715 (A allele) of the SFTPC only. Previously, we showed in the same dataset (Gandhi et al., 2020a) that the rs4715 (A allele) was associated with an increased risk of ARF (compared with nonARF newborns) but not with the short-term outcome, pulmonary dysfunction at discharge. Other studies have shown that haplotypes of these SNPs, but not of individual SNPs, are associated with severity of RSV infection but are protective against the long-term outcome, asthma (Puthothu et al., 2006). Although in the current study, haplotype analysis was not performed; this is a goal in future studies. Conversely, although 55% of the children in our study had RSV bronchiolitis, an increased risk of PRM was associated with each of the SFTPC SNPs. These contrasting findings could be due to difference in patient population, environmental conditions, case-control definitions, and/or statistical approaches used for the studies. To date, no studies have been done to examine the functional impact of these polymorphisms. Therefore, we can only speculate at this time. A preclinical study in mice has shown that SP-C encoded by the SFTPC gene is important for stabilization and recruitment of phospholipids in surfactant (Glasser et al., 2001). It is plausible that these polymorphisms may decrease surfactant stability and, in turn, increase susceptibility to PRM.
Increased risk of PRM at 6 months was associated with the rs1130866 (C allele) of SFTPB. The same SNP is shown to associate with an increased risk of various other pulmonary diseases, such as chronic obstructive pulmonary disease (Seifart et al., 2002), acute respiratory distress syndrome (Lin et al., 2000b), interstitial pulmonary fibrosis (Selman et al., 2003), and ARF in adults (Quasney et al., 2004), but with a decreased risk of HP (Gandhi et al., 2021) and neonatal RDS (Floros et al., 2001). This SNP is shown to increase apoptosis, lung injury, and mortality in humanized transgenic mice (Xu et al., 2016). Moreover, this SNP (rs1130866) is part of an N-linked glycosylation site [Asn(129)-Gln-Thr131] enabling posttranscriptional N-linked glycosylation of proSP-B (Wang et al., 2003). An in vitro study showed an allele-specific (Ile131Thr) delay in the secretion of SP-B as well as a lower rate of secretion under experimental conditions (Taponen et al., 2013). Furthermore, a transgenic mouse model of pneumonia and sepsis carrying the C allele of this SNP showed a decreased number of lamellar bodies, SP-B concentration, and increased surface tension compared with wild-type mice after infection (Yang et al., 2019). These biologic mechanisms may shed light on the association of the rs1130866 with increased risk of PRM in our patient population where the most common etiology of ARF was pneumonia. In summary, given the importance of SP-B and SP-C in normal lung function, we postulate that SNPs of the hydrophobic proteins play a central role in ARF and its disease progression even after 1 year of the initial insult in previously healthy children. These SNPs, although not part of the mature protein, may modulate various aspects of the encoded precursor proteins, function, or other, as discussed above for SP-B, although the mechanistic details are currently unknown.
Increased risk of PRM only at 12 months was associated with rs17886395 (G allele) of the SFTPA2 gene in the single-SNP model. In contrast, the same SNP (G allele) was associated with a decreased risk of community-acquired pneumonia in Spanish adults (García-Laorden et al., 2011). Of note, the same SNP (G allele) was associated with an increased risk of TB and allergic bronchopulmonary aspergillosis in Indian study groups (Madan et al., 2002; Saxena et al., 2003). This SNP changes the amino acid from proline (C allele) to alanine (G allele). Proline is an important component of the repetitive subunit Gly-X-Pro in the collagen region of SP-A and is known to provide stability to triple helical collagenous structures (Improta et al., 2001). We speculate that this SNP (G allele) leads to unstable and/or partially functional SP-A, and this, in turn, may increase susceptibility to respiratory infections.
Interestingly, the majority of the significant SNPs in the single-SNP model are associated with increased risk of PRM; however, when found in interactions with other SNPs, they are associated with a decreased risk of PRM at both timepoints. Recent studies have shown that a genetic variant in the presence of another variant can alter the susceptibility of an individual to certain diseases (Cordell, 2009). The additive and/or epistatic interactions among surfactant protein genetic variants may alter concentrations and/or functional capabilities of certain SPs, and/or host defense at the cellular, molecular, or tissue level (Cordell, 2009). In addition, we have previously shown association of SP SNP interactions (but not with a single SNP) with ARF and its short-term outcome (Gandhi et al., 2020a). Collectively, our results support that epistasis plays an important role in the development and progression of complex diseases, such as PRM (Marchini et al., 2005), and studying SNP–SNP interactions is crucial to our understanding of the regulation of physiological function and their impact in health and disease state.
Association of SP SNPs in the two- and three-SNP model: Decreased risk of PRM at both timepoints was associated with the majority of significant interactions and involved SNPs of both hydrophobic and hydrophilic SP genes. The rs721917 (C allele) of SFTPD is significant by itself and is associated with a decreased risk of PRM. This SNP interacted with other SNPs of the SP genes and was present in the majority of SNP–SNP interactions associated with a decreased risk of PRM. These indicate a protective role of the rs721917 (C allele) of the SFTPD gene in the long-term outcomes of ARF survivors; however, the underlying mechanism is unknown. At 12 months, some of the significant interactions are associated with increased or decreased risks of PRM depending on dominant or additive effects of each SNP in that particular interaction in the two-SNP model (Table 5). For example, the interaction between the rs1965708 of the SFTPA2 and the rs1136450 of the SFTPA1 is associated with an increased risk of PRM if the interaction type is a1d2, meaning that the rs1965708 and the rs1136450 exhibit additive and dominant effects, respectively. However, the susceptibility to PRM could reverse with reversal of the effects of the involved SNPs, as shown for these two SNPs, if the interaction type, for example, is d1a2. We observed eight such interactions with the same SNPs to associate with either increased or decreased risk of PRM at 12 months based on the effect of SNPs in the given interaction (Table 5).
In the current study, we applied principles of quantitative genetics that help to deconstruct the effects of each SNP on disease susceptibility. The gene dosage is an important factor for normal gene function in health and disease conditions (Veitia and Potier, 2015). Too much or too little of a gene product and their interactions could possibly lead to over-, under-, and/or nonfunction of genes in a disease state (Veitia and Potier, 2015). Furthermore, various studies have shown that the serum concentration and biochemical properties of surfactant proteins are altered in pediatric ARF as assessed by genetic and environmental factors (Sørensen et al., 2006; Dahmer et al., 2020; Saleh et al., 2021). The disease phenotype may change based on a quantitative or qualitative imbalance of a given gene product in a given microenvironment. Together, these observations may explain the change in susceptibility to PRM based on the effect of a particular SNP in a particular interaction. Of note, one intragenic interaction between SNPs (rs1059046 and rs1965707) of the SFTPA2 is associated with an increased risk of PRM at 12 months. These SNPs, by themselves or in combination, have been shown to associate with an increased risk of severe RSV infection and asthma in children (Lüfgren et al., 2002; Pettigrew et al., 2007; El Saleeby et al., 2010). In the current study, about ∼55% of the patients with PRM had RSV bronchiolitis as an etiology of ARF; hence, our findings are in line with previous observations.
In the three-SNP model, significant intergenic interactions between SNPs of both hydrophobic (SFTPB) and hydrophilic SPs (SFTPA1, SFTPA2, and SFTPD) exhibited disease-specific outcomes, meaning the same interaction with similar effects of the involved SNPs decreased the risk of PRM at 6 months but increased the risk of PRM at 12 months (Table 6). Currently, these observations are puzzling and difficult to understand. However, future in vitro and/or in vivo experiments studying the impact of these gene–gene interactions on the level and properties of SPs in health and disease may help to understand these observations.
The majority of SNPs and their interactions associated with PRM risk at 6 months remained significant at 12 months as well, yet the specific interactions are very distinct from ARF and its short-term outcome in the same cohort (Gandhi et al., 2020a). In fact, the pattern of SNPs and their interactions was unique to each disease population. For example, SNPs of the SFTPB and the SFTPC by themselves and/or through their interactions were significantly associated with cystic fibrosis (Lin et al., 2018), whereas, SNPs of the SFTPA1 and SFTPA2 and their interactions were associated with an increased HP risk in a Mexican population (Gandhi et al., 2021) and RDS in prematurely born neonates (Amatya et al., 2021). The majority of the significant interactions associated with an increased ARF risk involved SFTPA2 SNPs, whereas the majority of the significant interactions associated with an increased risk of pulmonary dysfunction at discharge involved SFTPA1 SNPs in the same dataset (Gandhi et al., 2020a). This is an interesting observation because SP-A2 encoded by SFTPA2 and SP-A1 encoded by SFTPA1 for the most part exhibit higher activity in innate host defense/inflammatory processes and in surfactant-related functions, respectively (Floros et al., 2021). In the current study, SNPs of the hydrophobic SPs by themselves were associated with an increased risk of PRM, whereas their interactions with the hydrophilic SPs were associated with a decreased risk of PRM at 6 and 12 months. These findings may point at significant roles of a particular set of SNPs and their interactions in ARF and disease progression (short term at 28 days, and long term at 6 and 12 months) in previously healthy children. Based on the odds ratio, of the two- and three-SNP interactions, there is only one for each with an OR of more than 5 that is associated with an increased risk for PRM at 12 months. In the two-SNP model, this interaction is of the a1 effect type, between rs1965707 of the SFTPA2 × rs1136450 of SFTPA1, and in the three-SNP model, the interaction is of the a1d3-effect type, among rs1059046 of the SFTPA2 × rs1130866 of the SFTPB × rs721917 of the SFTPD. None of the interactions had ORs of more than 5 in PRM at 6 months. Of interest, infection was the major etiology of ARF in the studied cohort. Considering the vital role of the hydrophilic SPs, particularly SP-A, in innate immunity and host responses of the lung to infection, these findings are not surprising. In the future, if these results are duplicated in a validation cohort, identification of such high-risk interactions could possibly influence clinical decision making for prognostication and counselling of parents of pediatric ARF survivors.
Strengths of this study include 1) the multicenter prospective longitudinal study design enrolling previously healthy children and the well-characterized demographic, illness, and environmental exposure information for the study cohort, and 2) the use of two different statistical approaches adjusting for clinically important variables. Some limitations should be noted for the current study. First, based on the inherent drawbacks of case-control design, the cause–effect explanation is limited. Second, we did not measure the level of SPs in serum or bronchoalvolar lavage fluid; therefore, the impact of these SNPs on SP level is unknown. Third, we only have a moderate sample size and somewhat heterogeneous patient population, despite restricting the study to those with previously healthy lungs. According to the simulation studies of Wang et al. (2010), although this sample size may produce a power of approximately 50%, it can adequately reduce false-positive rates. Thus, while a portion of significant loci remains to be detected using a larger sample size, all significant genetic effects detected in this study deserve a further investigation. More importantly, our study has identified high-order epistatic interactions for persistent respiratory morbidity susceptibility, a genetic phenomenon that has been thought to be important but highly unexplored. The majority of enrolled patients were non-Hispanic Caucasian children; hence, generalization of our findings is limited. In addition, population stratification based on race and ethnicity, and the principal component analysis, were not done, and this omission may have introduced false-positive associations. However, we have adjusted for several variables, including race, to account for difference in allele frequencies among different races. Nonetheless, these associations should be validated and replicated in heterogeneous groups of patients in a sufficiently larger sample size.
In conclusion, we showed, for the first time, the association of SP SNPs with long-term sequelae of ARF survivors in previously healthy children. Our results indicate that both groups of SPs, those involved in normal lung function, and those involved in innate immunity, associate with PRM at 6 and 12 months via complex interactions. The SNP–SNP interaction statistical method helps to identify novel high-order interaction-mediated genotype–phenotype associations not found with the standard univariate/multivariate analyses in the same dataset. The knowledge gained from the current study could be used to develop specific markers to predict long-term sequelae of ARF survivors in previously healthy children, and thus, in the long term, an intervention may be initiated to attenuate the long-term pulmonary sequelae of ARF.
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Objectives: Some genetic causes of heterotaxy have been identified in a small number of heterotaxy familial cases or animal models. However, knowledge on the genetic causes of heterotaxy in the fetal population remains scarce. Here, we aimed to investigate the clinical characteristics and genetic spectrum of a fetal cohort with heterotaxy.
Methods: We retrospectively investigated all fetuses with a prenatal diagnosis of heterotaxy at a single center between October 2015 and November 2020. These cases were studied using the genetic testing data acquired from a combination of copy number variation sequencing (CNV-seq) and whole-exome sequencing (WES), and their clinical phenotypes were also reviewed.
Result: A total of 72 fetuses diagnosed with heterotaxy and complete clinical and genetic results were enrolled in our research. Of the 72 fetuses, 18 (25%) and 54 (75%) had left and right isomerism, respectively. Consistent with the results of a previous study, intracardiac anomalies were more severe in patients with right atrial isomerism than in those with left atrial isomerism (LAI) and mainly manifested as atrial situs inversus, bilateral right atrial appendages, abnormal pulmonary venous connection, single ventricles or single atria, and pulmonary stenosis or atresia. In 18 fetuses diagnosed with LAI, the main intracardiac anomalies were bilateral left atrial appendages. Of the 72 fetuses that underwent CNV-seq and WES, 11 (15.3%) had positive genetic results, eight had definitive pathogenic variants, and three had likely pathogenic variants. The diagnostic genetic variant rate identified using WES was 11.1% (8/72), in which primary ciliary dyskinesia (PCD)-associated gene mutations (CCDC40, CCDC114, DNAH5, DNAH11, and ARMC4) accounted for the vast majority (n = 5). Other diagnostic genetic variants, such as KMT2D and FOXC1, have been rarely reported in heterotaxy cases, although they have been verified to play roles in congenital heart disease.
Conclusion: Thus, diagnostic genetic variants contributed to a substantial fraction in the etiology of fetal heterotaxy. PCD mutations accounted for approximately 6.9% of heterotaxy cases in our fetal cohort. WES was identified as an effective tool to detect genetic causes prenatally in heterotaxy patients.
Keywords: congenital heart, heterotaxy syndrome, whole exome, CNV (copy number variant), echocardiagraphy
INTRODUCTION
Heterotaxy syndrome is a congenital disorder resulting from incorrect establishment of left–right (LR) patterning during embryogenesis. It is a relatively uncommon syndrome, with an incidence rate of approximately 1:7,000–1:5,000 (Lin et al., 2000; Reller et al., 2008). Classic heterotaxy is characterized by abnormally arranged thoracic and visceral organs and a relatively high mortality mainly due to cardiac defects. Owing to the complexity of this disease, there is no consensus regarding the precise nomenclature of heterotaxy and nosological relationships between clinical and phenotypic features of patients with heterotaxy; however, it is generally classified as left or right isomerism. Clinical outcomes are remarkably poorer in patients with right isomerism than in those with left isomerism (Baban et al., 2018). Moreover, despite surgical management, the occurrence of congenital heart defects associated with heterotaxy has a relatively poor survival associated compared to that of patients with similar congenital heart defects but without heterotaxy (Bartz et al., 2006; Kim et al., 2008). Hence, heterotaxy is not only a disease with significant phenotypic heterogeneity but also a disorder with a considerable medical and economic burden associated with it.
The molecular mechanisms of LR patterning have been extensively investigated in animal models, and numerous implicated genes have been identified. However, only a few of them are candidate genes for causing heterotaxy in humans (Ma et al., 2012; Bellchambers and Ware, 2018). In 1997, the zinc finger protein of the cerebellum 3 gene (ZIC3) was first identified as the cause of heterotaxy based on familial X-linked pedigrees. However, mutations in ZIC3 explain only 3–5% of sporadic heterotaxy cases (Bellchambers and Ware, 2018). Similarly, although the Nodal signaling pathway is a conserved and well-established pathway involved in embryonic LR development, point mutations in members of the Nodal pathway are found only in 5–10% of patients with heterotaxy (Dykes, 2014; Grimes and Burdine, 2017; Pelliccia et al., 2017). Currently, known genes account for only approximately 10–20% of sporadic cases (Sutherland and Ware, 2009; Fakhro et al., 2011). As its specific genetic etiology is currently identifiable in only a minority of patients, numerous novel genes and pathways implicated in the pathogeny of this disorder are expected to be discovered in the next years.
During the past decade, copy number variants (CNVs) and single-nucleotide polymorphisms (SNPs) that are associated with heterotaxy have been identified using G-banding and chromosome microarray analysis (Cowan et al., 2016). Moreover, whole-exome sequencing (WES) has been slowly implemented in the clinical setting in recent years as it can detect intragenic variants and lead to a more comprehensive genetic diagnosis (Li et al., 2019). WES enables the rapid analysis of a large number of gene sequences and has permitted the discovery of genes involved in numerous genetic diseases. To date, only a few studies have used WES to uncover the genetic etiology of congenital abnormalities, and most of them have focused on the study of postnatal cases (Lord et al., 2019; Diderich et al., 2021). To the best of our knowledge, no studies have used WES for the prenatal genetic diagnosis of heterotaxy.
In this study, the combination of CNV sequencing (CNV-seq) and WES was used to detect causative genes and mutations associated with heterotaxy in a prenatal cohort. We aimed to determine the characteristics of the genetic variants identified using WES and to evaluate the diagnostic value of WES in patients with heterotaxy. To this end, fetus, mother, and father trios were sequenced simultaneously. The detected variants were then interpreted following the guidelines recommended by the American College of Medical Genetics (ACMG).
MATERIALS AND METHODS
Patient Recruitment
We retrospectively investigated the previously diagnosed cases of fetuses with heterotaxy at the Beijing Anzhen Hospital, Capital Medical University, from October 2015 to November 2020. Clinical data, including gestational age at diagnosis, family history, indications for fetal echocardiography, and pregnancy outcomes, were collected. The available postnatal echocardiograms and autopsy studies were reviewed to confirm the diagnosis of heterotaxy. This study was approved by the research ethics board of Anzhen Hospital, and informed consent was obtained from the parents.
Echocardiographic Data and Phenotypic Classification
Fetal echocardiography was performed using a segmental approach with standardized anatomical planes and pulse-wave and color Doppler imaging. All cases were diagnosed by two independent investigators with extensive experience in the field of fetal cardiology (Carvalho et al., 2013). Heterotaxy was diagnosed when fetuses exhibited visceral situs ambiguity and complex congenital heart disease (CHD) (Primo et al., 2020).
Right atrial isomerism (RAI) was diagnosed in the presence of characteristic cardiac anomalies, including atrioventricular septal defect, conotruncal lesions, anomalous pulmonary venous return, and atrial appendages on both sides of the body that have the appearance of a morphologically right atrial appendage, and with at least one of the following findings: 1) juxtaposition of the abdominal aorta and inferior vena cava (IVC) or 2) visceral heterotaxy, namely, discordant laterality of the stomach, portal sinus, or gallbladder. Left atrial isomerism (LAI) was suspected in the presence of azygos continuation of the interrupted IVC and at least one of the common features of LAI: 1) cardiac defects, 2) heart block, and 3) visceral heterotaxy. The spleen was also assessed to classify the type of atrial isomerism, namely, asplenia in RAI and polysplenia in LAI.
CNV-Seq
Fetal samples, including dermal biopsies, umbilical cord blood, and parent blood, were collected. All fetus–mother–father trios underwent CNV-seq and WES. Both CNV-seq and WES were performed using a research-based protocol. CNV-seq was performed as described previously (Kearney et al., 2011; Liu et al., 2015). Briefly, RNA-free high-molecular-weight genomic DNA (gDNA) was isolated from the umbilical cord using a QIAGEN DNA Blood Midi/Mini Kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer’s protocol. The quality and concentration of gDNA from the samples were assessed using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, United States). Approximately 5 million sequencing reads from each sample were mapped to the NCBI human reference genome (hg19/GRCh37) using the Burrows–Wheeler Aligner and allocated to 20 kb sequencing bins with a 5 kb sliding window to achieve a high resolution in identifying CNVs. The expected resolution was 100 kb. The CNV profiles of each chromosome were represented as log2 of the mean sequencing reads of each sequencing bin along the chromosome.
Detected CNVs were evaluated based on a scientific literature review and the following public databases: DECIPHER (https://decipher.sanger.ac.uk/), DGV (http://dgv.tcag.ca/), 1000 Genomes Project (http://www.internationalgenome.org/), OMIM (http://omim.org/), ClinVar (http://www.ncbi.nlm.nih.gov/clinvar), ClinGen (https://www.clinicalgenome.org/), and ISCA CNV (https://www.iscaconsortium.org). Following the ACMG and Genomics standards and guidelines for the interpretation of CNVs, CNVs were classified into three categories: benign, uncertain clinical significance, and pathogenic (Riggs et al., 2021). In this study, we only report pathogenic CNVs.
WES and Data Analysis
gDNA was extracted from the umbilical cord and parental blood using a QIAGEN DNA Blood Midi/Mini Kit. DNA libraries were prepared using an Agilent liquid capture system (Agilent SureSelect Human All Exon V6) according to the manufacturer’s protocol. The size distribution and concentration of the libraries were determined using an Agilent 2100 Bioanalyzer and quantified using real-time polymerase chain reaction. The DNA library was sequenced on an Illumina Hiseq 4000 or Illumina Novaseq for paired-end 150 bp-long reads according to the manufacturer’s protocol. The mean sequencing coverage on target regions of whole-exome sequencing was 103-fold. Raw image files were processed using bcl2fastq (Illumina) for base calling and generating raw data. Low-quality sequencing reads were filtered using a quality score of 20 (Q20). The average read depths were 103X for each case. The reads were aligned with the NCBI human reference genome (hg19/GRCh37) using the Burrows–Wheeler Aligner. The BAM files were subjected to SNP analysis, duplication marking, indel realignment, and recalibration using GATK and Picard.
Variant Annotation, Filtering, and Classification
After variant detection, wANNOVAR (http://wannovar.wglab.org/) was used for annotation. Variant frequencies were determined using dbSNP150 (https://www.ncbi.nlm.nih.gov/SNP/), the 1000 Genomes Project, Exome Variant Server (http://evs.gs.washington.edu/EVS), ExAC (http://exac.broadinstitute.org/), and in-house databases. Common SNPs (minor allele frequency > 0.1%) were removed. Nonsynonymous, spliced, frameshift, nonframeshift variants and variants located in splice sites within 10 bp of an exon were prioritized for the study. SIFT (http://sift.jcvi.org), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), MutationTaster (http://www.mutationtaster.org), and CADD (http://cadd.gs.washington.edu) were used to predict the pathogenicity of missense variants, whereas Human Splicing Finder (http://www.umd.be/HSF) and MaxEntScan (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) were used to evaluate the splicing effects. Moreover, databases such as OMIM, ClinVar, and Human Gene Mutation Database (http://www.hgmd.org) were used to determine variant harmfulness and pathogenicity when appropriate. ACMG variant classification recommendations were utilized for all reported variants (Li et al., 2017). Variants were classified into one of the following five categories: pathogenic, likely pathogenic, of uncertain significance, likely benign, or benign.
Sanger Sequencing Confirmation
Sanger sequencing was performed to confirm all potentially diagnostic genetic variants identified.
Statistical Analyses
Categorical variables are presented as frequencies (percentages) and were compared using the Pearson χ2 test or Fisher’s exact test. Statistical analyses were performed using SPSS version 23 (SPSS Inc., Chicago, IL, United States). Statistical significance was set at p < 0.05.
RESULTS
Cohort Characteristics
From October 2015 to November 2021, 135 pregnant women found to have fetuses with heterotaxy were screened for inclusion in our study. Among them, eight chose to continue pregnancy without genetic testing and 127 chose to terminate their pregnancy (of which 49 women chose not to undergo genetic testing or to do it at other medical centers or companies). Hence, 78 parents chose to terminate the pregnancy and underwent CNV-seq and WES sequentially at our center. Six cases were excluded because of incomplete imaging or the lack of evidence of heterotaxy. Thus, 72 pregnancies were eligible for the analysis in our study (Figure 1). Autopsy was refused by the parents for 41 fetuses.
[image: Figure 1]FIGURE 1 | Flowchart summarizing detection of genetic variants by CNV-Seq and WES performed in 72 prenatal samples with heterotaxy. CNV, copy number variation; WES, whole-exome sequencing.
All parents were healthy according to their physical examination reports and were nonconsanguineous. The mean maternal age at diagnosis was 28.2 ± 4.11 years, and the median gestational age was 23.74 ± 2.84 weeks. Left isomerism was present in 18 (25%) fetuses, and right isomerism was present in 54 (75%) among all fetuses analyzed (72). The spectrum of cardiovascular abnormalities is shown in Table 1. The main intracardiac anomalies detected among the 54 fetuses with prenatally diagnosed RAI were atrial situs inversus, bilateral right atrial appendages, abnormal pulmonary venous connection, single ventricles or atria, and pulmonary stenosis or atresia. Among the 18 fetuses diagnosed with LAI, the main intracardiac anomaly was the presence of bilateral left atrial appendages. Table 2 summarizes the distribution of visceral abnormalities among patients with left and right isomerism; it also summarizes the visceral abnormalities in patients with RAI. Most RAI patients presented with juxtaposition of the descending aorta and IVC on the same side, aspenia, and bilateral right bronchi. The main extracardiac anomalies in LAI were interrupted IVC, bilateral left bronchi (long), polysplenia, and arrhythmias.
TABLE 1 | Spectrum of cardiovascular abnormalities in right and left atrial isomerism patients.
[image: Table 1]TABLE 2 | Spectrum of visceral abnormalities in right and left atrial isomerism.
[image: Table 2]Frequency of the Genetic Variants in Different Presentations of Heterotaxy
Among the 72 cases analyzed, eight had definitive pathogenic variants and three had likely pathogenic variants. The positive detection rate was approximately 15.3% (11/72). The frequencies of the genetic variants in patients with different presentations of heterotaxy are shown in Supplementary Table S1. The positive genetic detection rate for isomerism of the right atrial appendages was significantly higher than that for isomerism of the left atrial appendage (p = 0.04).
Diagnostic Yield of CNV-Seq
Among the 72 cases for whom CNV-seq analysis was performed, three (16.9%) had a chromosomal abnormality, including one (7.2%) with aneuploidy (21 chromosome trisomy) and two (9.6%) with a de novo pathogenic CNV (22q11.2 deletion). The three cases with such chromosomal abnormalities were prospectively excluded from the WES analysis.
Contribution of Single-Gene Defects
Of the 69 patients for whom WES analysis was performed, 11.6% (8/69) had a positive result, indicating an increased yield of 11.1% (8/72) and an overall diagnostic yield of 15.3% (11/72) in the entire cohort (Table 1). The genotype–phenotype information of the eight cases is shown in Table 3. The ratio of recessive genotypes was 8.3% (6/72), whereas dominant mutations accounted for 4.2% (3/72) of heterotaxy patients. De novo mutations accounted for 2.8% (2/72) of patients.
TABLE 3 | Genotype–phenotype information of patients diagnosed with pathogenic variants, likely pathogenic variants, or variants of uncertain significance.
[image: Table 3]In our cohort, the largest contribution of pathogenic diagnostic genetic variant-related phenotypes was primary ciliary dyskinesia (PCD). We found evidence of recessive mutations (compound heterozygous alleles) in CCDC40, CCDC114, DNAH5, DNAH11, and ARMC4. All these genes are known to cause PCD (MIM 242650). The remaining likely pathogenic and candidate variants were identified in genes that have not been previously reported to be associated with heterotaxy, including FOXC1, KMT2D, and FGFR3. These genes have been reported to be related to heart development, except for FGFR3. The patient with the mutation in FGFR3 had extracardiac phenotypes of disorders of the cervical vertebrae (C4–7), lymph node cysts of the neck, abnormal appearance of the right ear, defects of the right radius, defects of the right thumb, single umbilical arteries, abnormal running of the portal vein, asplenia, and a double right main bronchus.
DISCUSSION
To the best of our knowledge, this is the first cohort-based study assessing the contribution of genetic variants to heterotaxy in a fetal population. Most importantly, we identified genetic abnormalities in 11 (15.3%) fetuses. These abnormalities represented aneuploidies, CNVs, and diagnostic genetic variants in 1.4, 2.8, and 11.1% of the cases, respectively. WES combined with CNV-seq, rather than just CNV-seq or targeted panels, which only provide partial information about the genome, led to a dramatic rise in the detection rate of genetic variants associated with heterotaxy in our prenatal cohort. This finding supports the notion that WES is an effective tool for detecting the genetic causes of heterotaxy as it can detect both chromosomal abnormalities and novel candidate genes.
Importantly, the WES results showed a spectrum of gene variants involved in the occurrence of heterotaxy, highlighting the need for implementing the use of this technique in a clinical setting to facilitate perinatal decision making and management when conventional tests such as karyotype testing or microarray analyses are inconclusive. Nearly half of the diagnostic genetic mutations identified in prenatal heterotaxy patients were associated with PCD, which is a recessive heterogeneous disorder of motile cilia that presents with chronic otosinopulmonary disease and organ lateral defects in 50% of the cases and with heterotaxy in 10% of the cases (Knowles et al., 2013). Moreover, a previous study reported that patients with heterotaxy and PCD had a higher prevalence of respiratory symptoms compared to patients with heterotaxy without PCD (Shapiro et al., 2014). In addition, another study has shown that patients with PCD and mutations in CCDC40 have a more severe disease course with an earlier onset and a higher prevalence of neonatal respiratory distress than PCD patients without such mutations (Davis et al., 2015). Hence, we recommend the use of WES in combination with standard diagnostic testing in patients prenatally diagnosed with heterotaxy to identify the pathogenic genetic variants and predict severity of the disease after birth.
Point mutations in Nodal signaling pathway members, which are known to be associated with laterality defects, were not routinely identified in our cohort. This may be due to the limitations of the screening conditions used in the previous studies. Numerous mutations identified in Nodal by previous studies were classified as benign in our research, according to the ACMG guidelines (Mohapatra et al., 2009). Mutations in ZIC3 are also well-documented to be related to situs abnormalities. In our cohort, we did not find any pathogenic or likely pathogenic variants of ZIC3. This may be because ZIC3 mutations underlie only a minority (3–5%) of sporadic heterotaxy cases (Bellchambers and Ware, 2018). Expanding the size of the cohort used may contribute to test this hypothesis. Finally, in our study, many genes related to PCD encoding components of cilia or the assembly of motile cilia were identified. This result is consistent with previous research showing that ultrastructural dynein arm defects strongly correlate with the development of situs abnormalities (Knowles et al., 2016). Collectively, these data highlight how the use of different research techniques or cohorts reveals differences in the genetic spectrum of heterotaxy. These differences should be considered in the clinical setting when performing molecular diagnostics.
Two genes that had not been previously associated with heterotaxy but have been found to be involved in early cardiac development (KMT2D and FOXC1) were identified in this study. The sequence alteration in coding exon 31 of KMT2D is identified in one family: a heterozygous deletion of one nucleotide, c.6595delT, predicting a frameshift with a premature stop codon at position 2,262 of the protein p.(Y2199fs*64). The variant was not detected in both parents, confirming that the variant is de novo. This variant has not yet been reported in public databases, including the Genome Aggregation Database (gnomAD), the Exome Aggregation Consortium (Exac), 1000 Genomes Project (1KGP), and Exome Sequencing Project (ESP6500). KMT2D is a major cause for Kabuki syndrome (OMIM:147920), in which CHD is predominantly presented. Nearly 31–58% of the patient had CHD, including a single ventricle with a common atrium, VSD, ASD, ToF, coarctation of aorta, and patent ductus arteriosus (Niikawa et al., 1988; Digilio et al., 2001). For this reason, the mutation was considered as a pathogenic mutation. Another sequence alteration in coding exon 6 of FOXC1 is identified in one proband: a heterozygous insertion of three nucleotides, c.11241125insCGA, predicting that the amino acid residue aspartic acid was inserted after position 375, p.G375delinsGD (Table 3). This variant has not yet been reported in public databases, including gnomAD, Exac, 1KGP, and ESP6500. The variant was not detected in both parents, confirming that the variant is de novo. One FOXC1-related phenotype showed in OMIM was Axenfeld–Rieger syndrome, type 3, the features of which included hearing loss, CHD, dental anomalies, developmental delay, and a characteristic facial appearance, central nervous hypoplasia (Maclean et al., 2005). In conclusion, the mutation was considered as a likely pathogenic mutation.
Additionally, we also identified FGFR3 as a candidate gene. FGFR3 is known to cause achondroplasia with rhizomelic shortening of the limbs, characteristic facies, exaggerated lumbar lordosis, a limitation of elbow extension, genu varum, and trident hand (Bellus et al., 1995). In our study, the fetus with a de novo FGFR3 mutation was diagnosed with RA (PA-VSD, right-sided aortic arch accompanied by a mirror branch, bilateral right bronchi, and the absence of the spleen) and achondroplasia (disordered arrangement of cervical vertebrae, missing right radius, abnormal appearance of the right ear, trident right hand, and a higher measurement volume of the lateral ventricle) (Nelson et al., 1988). However, FGFR3 has not been reported to be the genetic cause of heterotaxy to date and has rarely been shown to be related to cardiac abnormalities, except for one case of FGFR3-related craniosynostosis combined with a cleft mitral valve (Agochukwu et al., 2012). Functional experiments have shown that FGFR3 is highly expressed in primary cardiomyocytes (Touchberry et al., 2013) and regulates the intracellular calcium levels and cardiac contractility in cardiac hypertrophy, suggesting that it plays a role in cardiomyocytes or heart development.
Although prenatal diagnosis of heterotaxy has been well studied, the spectrum of underlying gene variants has rarely been reported. Our retrospective cohort study demonstrated the spectrum of cardiac and other associated anomalies in heterotaxy in a prenatal cohort and confirmed previous findings of fetal atrial isomerism. Our results showed a greater incidence of RAI than LAI, which is consistent with other studies in Asian cohorts (Yan et al., 2008). It has been previously reported that patients with RAI have more severe cardiac abnormalities compared with patients with LAI (Buca et al., 2018). We observed that the positive genetic detection rate is 3 times higher in RAI than in LAI, even though the difference is not significant for right and left isomerism (Supplementary Table S1). In the future, it is necessary to evaluate this in larger cohorts. Based on these results, we recommended the use of genetic testing, particularly for fetuses diagnosed with RAI. Additionally, the results of this study indicate that the genetic spectrum of fetal heterotaxy must be evaluated in larger studies.
Study Limitations
This study had some limitations. First, the sample size of this study was relatively small. Second, subtle dysmorphic features cannot be determined using fetal ultrasound, and some phenotypes, particularly neurodevelopmental disorders, cannot be determined in the prenatal setting.
Another major limitation of our study is the deviation of our cohort. As a matter of fact, we work in a referral center which is famous for diagnosing fetal cardiac abnomalities, and the patients we see normally have complicate malformations which may be difficult for primary doctors to diagnose. Therefore, the abnormality of the fetus heart we see in our center is more complicated compared to other centers. For this reason, our cohort may not represent the clinical characteristic of whole prenatal heterotaxy patients neither the TOP rate under normal conditions.
If we calculate the termination of pregnancy rate in our cohort, we may be shocked by the extremely high rate. This may be partly explained by the deviation of our cohort we mentioned above, and more importantly, it may be caused by two reasons: first, in China, the decision to choose TOP is considered a private matter of the couple (Lou et al., 2018). Second, high-quality, targeted counseling following prenatal diagnosis of CHD was not available in China in previous years. In China, the TOP following prenatal diagnose was 97.4% in Hunan and 84.8% in Beijing (Yang et al., 2009; Xie et al., 2017; Li et al., 2018). For now, high-quality, targeted counseling following the prenatal diagnosis of CHDs was established and disseminated, and this condition may improve in the future.
CONCLUSION
Clinical phenotyping and next-generation sequencing of a cohort of fetuses with heterotaxy revealed that 1. diagnostic genetic variants were the main genetic cause of fetal heterotaxy, 2. mutations related to PCD were common in the prenatal heterotaxy cohort, and 3. mutations in genes related to Nodal signaling were rare. In contrast to other studies based on animal models or human case reports, our study was conducted on a cohort of prenatal heterotaxy cases, which provided novel insights into the genetic etiology of heterotaxy syndrome. Our results raise the question of whether the insights obtained from animal models and isolated cases with heterotaxy can be extended to fetal patients, especially when determining the candidate genes to be included in sequencing panels. Our results also demonstrate that WES is a promising method for identifying diagnostic genetic variants and novel candidate genes in heterotaxy patients.
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Died at
4years 3mo

Diedat the age of
17 mo because

of respiratory
faiure

Died at 15 mo
of age

Died at 14 mo

Diedat the age of
12mo

Died at 10 mo

Diedatthe age of
10mo

Diedat the age of
75mo

diedat theage of
7mo due to

respiratory
infection and
malnutiton

Diediat the age of
6modue to
cardiac arest

Diedat the age of
smodue to
cardiac arest

Diedat 10 weeks
of age

Diedat the age of
2modue to
severe
necrotizing
enterocoitis

grade Il

Died at 2 mo

Died at 34 d

Died at 6 d old

Associated
clinical
phenotypes

Mid intellectual disabilty,
ataxia, motor
development delay,
language delay, gaze-
evoked nystagmus

Mid intellctual disabity,
ataxic, motor
development delay,
dysarthvia, gaze-evoked
nystagmus.

Hypotonia,
microcephaly, dysmetria
and truncal titubation,
ataxic, intelleotual
disabitty, ataxia, and
cerebelr atrophy, head
circumerence, global
developmental delay,
biatera 15th finger
clinodactyly

Hypotonic, dysmetra,
microcephaly, dysarteic
speech and penduiar
nystagmus, gobal
developmental deiay,
activtyinduced tremar,
biateral 5th fioger
cinodactyly

Seizures, hypertonia,
microcephalc,
generalzed axial and
peripheral hypertonia
and hyper-reflexia,
motor development
delay, language delay

Microcephaly,
hypertonia, progressive
enoephalopathy never
presented seizures

Right esotropia, mid
optic nerve hypoplasia,
with decreased visual
acuty biateraly,
moderate appendicuiar
rigidity, dyspravxia, global
developmental delay,
biateralsth finger
clinodactyly

Drug-resistan seizures,
microcephaly,
developmental delay

Seizures, microcephaly,
diffutty swallowing,
visual impairment,
nystagmus, ataxia, and
frequent episodes of
autonormic dysreguiation
axal hypotonia,
appendioular hypertonia,
global developmental
delay, motor
development delay

Febrie seizures,
hypertonia, nystagmus,
esotropia, arrested head
growth P10, motor
development delay,
developmentaly delayed

Seizures, hypertonia,
microcephaly, axial
hypotonia and
symmetric hyperionia,
intermittent
asymptomatic
bradycardia and
hypothermia,
nonepileptic apnea,
chronic lungdiseas, dry
skin

Early onset epieptic
encephalopathy
postnatal, microcephaly,
apnea, feecing
problems, bracycardia,
global developmental
delay, madescensus
testis, left-sded ol
foot, and lef-sided pes
adductus

Microcephaly.
hypertonia, focal,
multfocal motor seizures
with clonic features,
apnea, eye deviation to
either side, clustering on
awakening and
drowsing, epieptic
spasms, and tonic
seizures

Epileptic seizures (eye
biinking and myoclonus.
left hand) and
hypertonia,
microcephaly

Drug-resistan seizures,
microcephaly, and
developmental delay

Microcephaly.
hypertonia, focal motor
clonic seizures,
migrating between
hemispheres.

Polymorphic seizures
and hypertonia,
microcephaly

Microcephaly,
hypertonia, focal clonic.
seizures with apnea,
tachycardia

Drug-resistant seizures,
hypertonia,
microcephaly

Seizures (myocloric,
tonic and clonic
migrating focal),
hypotonia, microgratia,
microcephaly. down-
sinted paipebral
fissures, myocionicierks,
apnea, and bradycardia

myodioni sezures,
paroxysmal convulsions,
hypertonia, hyperaciive
deep tendon reflexes,
smalland asymmetical
frontal bones,
overapping cranil
sutures, recurrent
respiatory tract
infectons, dysphagia

Myodlonic seizures,
hypertonia and
contractures, arrested
head growth, inabilty to
swalow, and bouts of
apnea-bradycarda,
cardiac arrest

Myodlonic seizures,
hypertonia and
contractures, arrested
head growth, inabilty to
swallow, and bouts of
apnea-bradycarda,
cardiac arrest

Progressive
encephalopathy with
refractory seizures,
hypertonia, episodic
apnea, microcephaly,
dysmorphic features

Epilpic seizures (0ss of
consciousness, toric
posturing, myocionus),
hypertonia,
microcephaly, mi
hypotonia

Microcephaly,
hypertonia, myocionic
seizures, focal cloric
seizures migrating
between hemispheres,
excessive startle from

day 1

Focal motor seizures,
microcephaly,
hypertonia

Intractabde focal
seizures, microcephaly,
rigty, apnea, and
congenial heart isease

Electroencephalogram

Not offered

Not offered

Not offered

Nomal

Meainly left-sided temporo-
ocoipital epleptiom discharges.
and absence of a posterior
dominant rhythm

Nomal

Showed frequent 3-4 Hz
generaized spike and wave
‘complexes (without ciical
correlate)

Mulitocal epieptiform actvty

Nomal

Not offered

Episodes of focal electrographic
status epieplicus

Focal continuous spike
discharges n the right more than
in the left occipital region

Muittocal epieptiform
dischargesictal: migrating focal
seizures; seizures arising from
fight central region, vertex, left
central, left cocipital, right
temporal, and left temporal
region; epieptic spasms and
periodc spasms,
hypsarhythmia

Continuous abnormal
background pattem and
multtocal seizure activty

Multfocal epieptiform activty

Muittocal epieptiform
discharges, discontinuous
backgroundictal: migrating focal
seizures from one region to
another, most frequent onset
from the right posterior quadrant,
other onsets i the left posterior
region and left frontocentral
region

Generalized and focal sharp and
spke waves

Mulitocal epieptiorm
discharges, discontinuous
background intermittentyctal;
migrating focal seizures; central,
right occipita spread to the left
occipil region, lef temporal
spread to the left hemisphere
then the right hermisphere, bi-
occipital onset

4-6 Hz theta background
activty, biateral frontotemporal
sharp waves and 8-10 Hz alpha
waves during cinical seizures

Generalzed epieptiom activiy,
migrating focal epieptiform
activty, and background
decgleration

Initia: more sharp wave
discharges in the lef forehead-
parietalregion than in the right
forehead-parietal region 2mo:
focal sharp wave discharges and
spike and slow-wave complexes
in the lef foreheactemporal
region

Bilateral epieplic actity with
biateral discharges

Sharp waves and biateral spikes
predominantly over the right
hemisphere

Diffuse encephalopathy, with
frequent ictal acthvty from
multiple cortical areas

Burst-suppression patter, with
ong suppressions (10-16 5),
mlifocal negative sharp vavers

Muttocal epieptiform
discharges, discontinuous
backgroundictal: myocionic
seizures, clonic seizures, facial
dloric movements, with
migration from the right posterior
occital region o the left
posterior region

Mulifocal epieptiform
discharges, discontinuous

backgroundictal: focal seizure
migrating from the left central
region o the right hemisphere

Not offered

Brain
MRI

9 years: stable isolated
cerebellar atrophy

16 years: stable solated
cerebellar atrophy

3 years:stable isoiated
cerebellr atrophy

5 years: stable isolated
cerebellar atrophy
Prominent cerebelar

intesfolal spaces, which
remained unchanged from
2,3 years

Progressive enlargement
of the cerebelar nterfolial
spaces, cerebelar atrophy

3 mo: decreased
myeination and thin
corpus callosum

3 years: ight temporal
lobe encephalomalacia.
‘and cerebelar and veris

hypoplasia
19 and 48 mo: moderate

progressive cerebelar
atrophy

5 mo: normal 21 mo and
4 years 3 mo: enlargement
of the cerebelar interfolal
spaces compatie with
cerebelar atrophy and
mildly delayed myeination

Not offered

3.5 years: progressive
‘cerebellar and brainstem

atrophy

Not offered

One d of ife: normal
structures but subtle

nonspecific foci of the.
cerebral white matter

45 mo: mid global
cerebral volume loss with
prominence of the sui
and secondary
enlargement of the lateral
ventrick, nomal cerebelar
structures

“Thin corpus calosum,
diated internal and
external cerebrospinal fic
spaces, and deayed
mysfination

Onem 12.: very smal
hemosiderin deposition
within lateral ventricies and
subarachnoid spaces from
previous VH7.5 m:
prominent ventricles and
‘extra-axial CSF spaces.
with associated white
matter volume loss,
nonspecific abnormal
‘white matter signal

Two mo: normal

12mo: severe generalzed
atrophy, hardly any
myelination

13 mo: global cerebral and
‘cerebellar atrophy

Thee d: smallright
occipita subdural
hemorhage18
hemorrhage resolved

“The myelination patter
was approprate for the
patients age,
subaracnoid space was
sightly widened

Two d: mild thinning of the
‘corpus calosum 2 m 10 d:
mild thinning of the corpus.
callosum, increasing
prominence of CSF
spaces, likely ex vacuo
diatation

Ik normal, 3 mo:
cerebra and cerebelar
atrophy and thinning ofthe
corpus calosum

Atrophic corpus callosum,
hypomyeiisation,
brainstem, and cerebelar
vermis hypoplasia

brain magneic resonance
imaging indicated that the.
biateral frontal and
temporal subarachnoid
space was widened, and
the corpus calosum was
thin

Normal

Normal

Mid thiming of the corpus
calous and delayed
myefination

Not offered

17 o small subacute
subdural hemorthage
along the tentorium with
left parietal bone
cephaihematoma

3 asymmetric T2 signal
in deep posteror parietal
‘white matter biateraly,
smal subdural
hemorthages in the
posterior parietal region
and posteror fossa, focal
area of subarachnoidpial
hemorthage i the.
posterior fossa adjacent to
the tentorium on the right
side 3 w: poor
opercularization of Syian
fissure in the
frontotemporal region,
hemorrhages unchanged

Not offerect
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Gene SNP Effect Odd ratio 95% CI P-value P-value Adjusted*

SFTPA2 rs17886395 Additive 0.16 0.06-0.43 0.0006 0.03

*P-value is adjusted for gestational age, sex, as well as for multiple comparisons by FDR, P < 0.05.
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Genel SNP 1

SFTPA2 rs17886395
*SFTPAT rs1136450
SFTPA2 rs1965708
SFTPB rs2077079
SFTPB rs3024798

Gene2

SFTPD

SFTPAT
SFTPAT
SFTPAT

SFTPC

SNP2

rs721917
rs4253527
rs4253627
rs1059047

rs4716

Effect

did2
did2
did2
dia2
d2
did2
ald2
ald2

0Odds ratio

0.56
1.69
177
0.54
0.43
1.69
0.19
57

95% Cl

0.45-0.69
1.32-2.07
1.42-2.19
0.41-0.72
0.29-0.62
1.32-2.17
0.09-0.38
256-12.65

P-value

9.33E-08
8.88E-06
3.08E-07
291E-05
1.61E-05
2.85E-05
3.04E-05
3.44E-05

P-value adjusted

9.77€-06
0.003097
0.000161
0.004226
0.004507
0.004507
0.004507
0.004507

Interaction effect: a- additive, d-dominant, ad-aditive x dominant, dd-dominant x dominant between the two SNPs. The intragenic interaction is marked with an asterisk ().
The interactions associated with risk are highlighted in yellow.

Numbers 1.and 2 in the effect column represent SNP1 and SNP2, respectively.

The ald2 stands for aditive effect for SNPT and dominant effect for SNP2.

The d1d2 stands for dominant effect for SNP1 and dominant effect for SNP2.

P-value is adjusted for gestational age, sex, and corrected for multiple comparisons by FDR, P-value adjusted <0.01
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Genel

*SFTPA2
SFTPA2

SFTPA2

SFTPA2
SFTPA2
SFTPA2
SFTPA2
SFTPA2
SFTPA2
SFTPA2
*SFTPAT
*SFTPAT
*SFTPAT
SFTPA2

SFTPAT

SFTPA2
SFTPA2

SFTPA2
SFTPA2
SFTPA2
SFTPA2
SFTPA2
*SFTPB

SNP1

rs1069046
151965707

rs1050046

rs17886395
rs1059046
rs17886395
rs17886395
rs17886395
151059046
rs17886395
rs1069047
rs1136450
rs1069047
rs1059046

rs1136450

rs1965708
rs1059046

151059046
rs17886395
rs1965708
rs1965708
rs1069046
rs2077079

Gene2

SFTPA2
SFTPA2

SFTPA2

SFTPA2
SFTPAT
SFTPAT
SFTPAT
SFTPAT
SFTPAT
SFTPAT
SFTPAT
SFTPAT
SFTPAT
SFTPD

SFTPAT

SFTPD
SFTPAT

SFTPAT
SFTPAT
SFTPAT
SFTPAT
SFTPB
SFTPB

SNP2

rs1965707
rs1965708

rs17886395

rs1965707
rs1136451
rs1069047
rs1136450
rs1069047
151136450
rs1059047
rs1136450
rs1136451
rs1136451
rs721917

rs4263527

rs721917
rs4263527

rs1136450
rs1136451
rs1136450
rs1059057
rs2077079
rs3024798

Gene3

SFTPA2
SFTPAT

SFTPAT

SFTPAT
SFTPA1
SFTPA1
SFTPAT
SFTPA1
SFTPAT
SFTPA1
SFTPAT
SFTPA1
SFTPAT
SFTPB

SFTPB

SFTPB
SFTPD

SFTPD
SFTPD
SFTPD
SFTPB
SFTPB
SFTPB

SNP3

rs1966708
rs1136450

rs1059047

rs1136451
rs1059057
rs1059057
rs1059057
rs1136450
1$4263527
rs1136451
rs1136451
rs1059057
rs1059057
rs7316

rs7316

rs1130866
15721917

15721917
rs721917
1s2243639
rs2077079
rs1130866
rs7316

Effect

did2d3
did2d3
d1d3
did2d3
did2d3
did2d3
did2d3
ald2d3
d1d2d3
did2d3
d1d2d3
did2d3
d1d2d3
did2d3
dia2d3
did2
did2a3
did2
d1d2a3
d2d3
did3
dla2d3
d1d2d3
did2d3
d1d2d3
did2d3
did2d3
did2d3

Odd’s ratio

055
055
1.92
057
059
157
0.54
476
057
053
153
0.62
053
057
4.09
053
051
201
1.96
052
051
0.49
053
0.61
1.62
1.64
0.67
0.63

95% Cl

0.46-0.65
0.46-0.65
1.47-2.51
0.47-0.69
0.49-0.72
1.3-1.89
0.44-0.65
2.67-8.47
0.47-0.69
0.44-0.65
1.28-1.81
0.51-0.75
0.43-0.64
0.47-0.69
239-7.00
0.41-0.67
0.40-0.64
1.66-2.60
1.52-2.52
0.40-0.67
0.40-0.64
0.39-0.62
0.45-0.63
0.49-0.73
1.34-1.95
1.33-2.01
0.57-0.79
0.52-0.76

P-value adjusted

7.74E-08
1.30E-07
0.001018
3.54E-05
0.000159
0.001033
8.12E-07
0.001024
0.000401
8.12E-07
0.001018
0.001235
2.82E-07
1.77E-05
0.0012
0.000197
6.71E-05
6.71E-05
0.000196
0.000362
3.54E-05
1.40E-05
1.12E-08
0.000467
0.000273
0.001275
0.001295
0.001029

Interaction effect: a- aditive, d-dominant, for example, dda-dominant x dominant x adtive among the three SNPs. The intragenic interactions are marked with asterisks ().
The interactions associated with risk are highlighted in yellow
Numbers 1, 2 and 3 n the effect column represent SNP1, SNP2, and SNP3, respectively.
The dif stands for dominant effect for SNP1, d2 stand for dominant effect for SNP2, and a3 stand for adltive effect for SNP3.

P-value adjusted is for gestational age, sex, and corrected for multiple comparisons by FDR, P < 0.01
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Total number of patients in each column
Cardiac abnormality

Cardiac position

Levocardia

Dextrocardia

Mesocardia

Atrial arrangement

Atrial situs inversus

Bllateral right atrial appendages

Bllateral left atrial appendage

No record

SV/SA

Non-SV/SA

AVSD

Non-AVSD

Outflow tracts and great vessels
DORT
Non-DORT
TGA
Non-TGA
PS or PA
Non-(PS or PA)
Truncus arteriosus
Truncus arteriosus
Non-truncus arteriosus

Aortic arch
Left aortic arch
Right aortic arch
Unknown

Venous anomalies
SvC
Right SVC
Left SVC
Bilateral SVC
Unknown
TAPVC/PAPVC
TAPVC/PAPVC
Non-TAPVC/PAPVC

RAI
N% (95% CI)

54

23 (42.6)
22 (40.7)
9(16.7)

8(14.8)
29 (53.7)
0
17 31.5)
27 (50.0)
27 (50.0)
35 (64.8)
19.(35.2)

21(38.9)
33 (61.1)
7(130)
47 67.0)
43 (79.6)
11 (20.4)

9(16.7)
45 (83.3)

21 (389)
15 (27.8)
18 (33.3)

19352
4(7.4)
20 (37.0)
11 (20.4)

28 (61.9)
26 (48.1)

LAI

N% (95% Cl)

18

14 (77.7)
3(167)
1(68)

1(66)
0

14 (77.8)
3(16.7)
3(167)
15 (83.3)
9 (500)
9 (500)

6(33.3)
12 (66.7)
2(11.9)
16 (88.9)
8 (44.4)
10 (55.6)

1(66)
17 (94.4)

8 (44.4)
7(389)
3(16.7)

8 (44.4)
00
5(7.8)
5(278)

4(222)
14(77.8)

Number of patients

37 (51.4)
25 (34.7)
10 (13.9)

9(125)
29 (40.3)
14 (19.4)
20 (27.8)
30 (41.7)
42 (68.3)
44 (61.1)
28 (38.9)

27 (37.5)
45 (62.5)
9(12.5)
63(
51(70.8)
21(29.2)

10 (86.1)
62 (13.9)

29 (40.3)
22 (30.6)
21(29.2)

27 (37.5)
4(56)
25 (34.7)
16 (22.2)

32 (44.9)
40 (85.6)

0.035°

0.000°

0.013°

0.264°

0673°
1.000°
0.004°

0.434°

0.380°

0.642°

0.028°

The Chi square or Fisher's exact test was performed as appropriate; a. Pearson’s Chi-squared test; b. Fisher's exact test; RAI, right atrial isomerism; LAI, left atrial isomerism; AVSD,
atrioventricular septal defect; SV/SA, single ventricle or single atrium; DORT, double-outlet right ventricle; TGA, transposition of great arteries; PS or PA, pulmonary stenosis or atresia;

SVC, superior vena cava: TAPVC/PAPVC, anomalous pulmonary venous retum.
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Variables No RDS (n = 458) RDS (n = 477) P-value

Gestational age (weeks): median (QR) 33(31,35) 30 (26, 34) <0001
Sex: 1 (%)

Female 236 (51) 198 (41) 0.02*
Male 220 (48) 277 (58)

Race: n (%)

Non-Hispanic white 328(71) 343 (72)

Non-Hispanic black 64(14) 82(17) 009
Hispanic 20(4) 25(5)

Asian-pacific islander 23(5) 13(2)

Other/mixed parents 22(4) 13(2)

Infant birth weight (g) + SD 1818 £515 1,474 £ 606 <0.001*
Preterm labor: 1 (%)

Absent 64 (14) 74 (15) 036
Present 203 (44) 196 (41)

Maternal diabetes mellitus: n (%)

No 419.(92) 412 (94) 027
Yes 33(7) 21(5)

Chorioamnionttis: 1 (%)

No 161 (35) 204 (49) 026
Yes 35(8) 33(7)

Antenatal steroid: 1 (%)

No 1(06%) 16 (3%) 0.0003*
Yes 280 (61%) 273 (57%)

Surfactant use: n (%)

No 448 97) 167 (35) <0001
Yes £ 305 (64)

Chronic lung disease: n (%)

No 297 (65) 238 (50) <0001
Yes 16(4) 92 (20)

*The infants with RDS had younger gestational age at birth, lower bith weight, predominantly male, and had increased use of surfactent and higher incidence of chronic lung disease"".
The two groups (RDS, no RDS) did not differ i race, incidence of preterm labor, maternal diabetes melitus, chorioamnionitis™™.

Chronic lung disease included infants treated with oxygen at 28 days of lfe or at 36 weeks postmenstrual age (45).

“Chorioamnionitis is diagnosed based on clinical features such as matemnal fever (49).
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SNP Gene
rs1124 SFTPC
s721917 SFTPD
rs1130866 SFTPB
rs4715 SFTPC
rs17886395 SFTPA2
rs2243639 SFTPD

Allele

0O>00>

Interaction type

Additive
Dominant
Additive
Additive
Dominant
Dominant

Note. OR, odds ratio: Cl. confidence interval: FOR, false discovery rate.

PRM at 6 months

PRM at 12 months

p-Value

3.20E-03
9.00E-04
4.00E-04
4.30E-03

FDR

0.02
0.01
0.01
0.02

OR
(95%Cl)

5.8 (1.8-19.3)
0.5(0.3-0.8)
32(1.2-86)
6.2 (1.4-27.4)

p-Value

0.0025
351E-05

0.001
0.001

FDR OR
(95%Cl)
002 6.1(1.9-19.8)
0.001 03(02-05)
0.02 2.0(1.1-3.8)
002 0.4 (02-08)
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Patient 1 Patient 2 Patient 3 Patient 4

Age 3months  2months  3months 2 months
Gender Female Male Female Female
Bith weight NA 30009 27509 33509
Symptoms Severe Fever, Acute upper  Fever, cough
preumonia  infection respiratory
infection,
septicemia
Girical diagnosis SCID SCID SOID SCID
CD3% Decreased ~ 52.06% 54.46% 39.24%
(64-73%)
CD4*% NA 25.46% 41.14% 36.16%
(29-36%)
CD8"% NA 26.63% 7.97% 297%
(24-34%)
CD19'% Decreased  0.19% 17.95% 0
(14-21%)
CD16'CDS6%  NA 46.71% 22.59% 56.95%
(11-23%)
19G 3.7-839/1) NA 61 22 76
1A (0.14-05g1) NA 266 008 004
IgM NA 0.16 074 004
(0.33-125g/L)
TREC Abnomal  NA NA Abnormal
Region of Exons1-5  Exons1-3  Exons1-3  Exons1-4
deletion
Zygote of Homozygous Heterozygous  Heterozygous Heterozygous
deletion
Mutations / Exont: Exons: Exoné:
€.92T>C c328C>G  c.449_450insT
(P.L31P) (pL110V)
Zygote of / Heterozygous ~ Heterozygous ~ Heterozygous
mutation
Prognosis Died Refused Refused HSCT
HSCT HSCT
Lastfolow-up ~ Died at 10months  1yearand 1 yearand

4monthsold and 14 days 7 months. 3 months

NA means not available.
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SNP#2

15721917
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rs1130866
rs1130866
rs1136450
rs2243639

rs4715

rs1124
rs721917
15721917
rs1130866
15721917

Gene

SFTPD

SFTPD

SFTPB
SFTPB
SFTPAT
SFTPD

SFTPC
SFTPC
SFTPD
SFTPD
SFTPB
SFTPD

Interaction type

al
d2
al
did2
a2
a2
ald2
ald2
ala2
ald2
ald2
ald2
d1d2
a2
d2

p-Value

3.27E-04
3.05E-05
1.55E-03
6.68E-06
2.12E-04
9.22E-05
6.26E-05
1.65E-03
3.12E-02
3.14E-05
5.85E-06
3.46E-04
5.88E-04
5.74E-03
6.92E-03

FDR

0.0020
0.0007
0.0050
0.0006
0.0017
0.0011
0.0010
0.0051
0.0430
0.0007
0.0006
0.0020
0.0027
0.0131
0.0150

OR (95% CI)

0.1 (0.1-0.4)
05 (02-0.9)
02 (0.1-0.9)
05 (0.3-0.8)
03 (0.1-0.9)
02(0.1-0.7)
04 (0.2-0.9)
03(0.1-0.8)
02(0.1-0.8)
03 (0.1-0.6)
03(0.1-0.8)
05 (0.2-0.9)
06 (0.4-0.9)
02(0.1-0.8)
04 (02-08)

Note. Interaction type: a and d denote additive and dominant effects of the particular SNP. Numbers 1 and 2 denote effect of the particular SNP at that position. For example, the
151965707 x rs1136450 interaction is a102 type indiicating an adiditive effect of the rs 1965707 and a dominant effect of the rs1136450. This interaction is associated with a decreased risk
of PRM at 6 months. In someinteractions, only one SNP extibited a main effect, whereas, the other SNP remained silent but ther interaction was significant. For example, the rs1136451 x

721917 interaction shows two significant effect types a1 and d2 with the rs1136451 exhibiting a main additive effect and the rs72191 exhibiting a dominant effect.
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SFTPD

SFTPD
SFTPD
SFTPC
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SFTPD
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SFTPD

SFTPD
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SFTPD
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Interaction type

dla2
dia2
a2
d1a2
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a2
did2
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ald2"
ald2
at*
dtla2
ald2"
dt1a2
atd2*
d2
di1d2
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at
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d1d2
ald2
d2
dila2
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d2
ata2
at

d2
ald2
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ald2
did2
d2
ald2"
d2
did2

p-Value

4.92E-04
1.68E-05
8.50E-05
3.33E-04
8.62E-04
5.38E-03
5.35E-06
1.61E-05
4.38E-05
9.22E-07
5.17E-04
1.22E-02
1.74E-03
5.20E-03
231E-03
1.27E-03
2.38E-08
4.38E-04
2.99E-03
1.63E-04
1.05E-04
6.21E-04
1.98E-05
3.13E-03
9.75E-03
3.13E-05
3.62E-04
4.25E-05
3.10E-06
3.45E-05
5.93E-04
4.34E-05
4.24E-04
1.49E-03
3.15E-06
5.01E-09
3.99E-07
6.90E-05
1.10E-05
1.84E-05
3.50E-06
3.69E-03
6.47E-03
7.89E-06
3.14E-06

FDR

0.001051
0.000102
0.000288
0.000792
0.001716
0.007326
5.83E-05
0.000101
0.000165
1.91E-05
0.001092
0.014944
0.003022
0.007177
0.003708
0.002345
1.64E-06
0.000965
0.004446
0.000421
0.000328
0.001261
0.000103
0.004568
0.012155
0.000145
0.000848
0.000165
4.35E-05
0.000149
0.001227
0.000165
0.000963
0.002732
4.35E-05
1.01E-06
1.03E-05
0.000251
7.60E-05
0.000103
4.42E-05
0.005302
0.008473
0.000277
0.000145

OR (95% Cl)

05 (0.3-0.9)
0.4 (0.2-0.7)
0.1(0.1-06)
06(03-09)
02(0.1-06)
03(0.1-09)
06 (04-09)
03(0.1-0.7)
1.8 (1.1-3.1)
0.4 (0.2-0.7)
66 (1.9-22.6)
05 (03-09)
1.8 (1.1-3.1)
05 (03-09)
19 (11-35)
05(03-08)
05 (03-0.7)
02(0.1-06)
45 (1.2-16.4)
03(02-06)
06 (04-09)
06 (03-09)
03 (02-05)
4.1 (1.3-136)
1.9 (1.1-32)
0.1(01-08)
05 (03-08)
07 (05-09)
0.4 (02-0.7)
04 (02-08)
05 (0.3-0.9)
07 (05-09)
0.4 (0.2-0.8)
0.1 (0.1-0.4)
0.1(01-03)
03(02-06)
05 (0.3-0.9)
16 (1.2-23)
0.4 (0.3-0.8)
05(03-08)
06 (0.5-0.9)
05 (03-09)
1.8 (1.1-3.1)
05 (03-08)
07 (05-09)

Note. Interaction type: aand d denote additive and dominant effects of the particular SNP. Numbers 1 and 2 denote the effect of the particular SNP at that position. An intragenic interaction
/s shown in bold. Interaction type that is associated with increased risk of PRM is marked with **". In some interactions, only one SNP exhibited a main effect, whereas the other SNP
remained silent, but their interaction was significant. For example, the rs1136450 x rs1124 interaction is an a2 type, indlcating that in this interaction, the main additive effect of rs1124 is

significant.
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SNP#1 SNP#2 SNP#3 PRM at 6 months PRM at 12 months

Interaction  p-Value FDR OR Interaction  p-Value  FDR OR
type (95%C1) type (95%Cl)
51050046 rs1130866  rs721917 ata2dd 000E+00 00001 007 ald3 621E-03 001 55
0.02-0.19) (1.5-20.5)
a2d3 230E-04 0002 021 a2d3 233E-03 0005 45
0.07-0.62) (1.4-14.6)
d2a3 108E-03 0,005 025 d2a3 7.70E-03 001 38
0.09-0.72) (1.1-13.7)
@ 520E-04 0003 014
0.04-0.44)
51136450 11130866 1721917 @ 900E-05 0001 0.10
0.03-0.35)
d2a3 220E-04 0002 024
0.08-0.72)

Note. Interaction type: a and d denote aditive and dominant effects of the particular SNP. Numbers 1, 2, and 3 denote the effect of the particular SNP at that position. For example, the
51136450 x rs1130866 x rs721917 interaction exhibits two effect types, d2 and d2a3. This indicates that the main dominant effect of rs1130866 in d2 type and the dominant and
additive effects of rs1130866 and rs721917, respectively, in the d2a3 type, are each significant. In the d2a3 interaction, the rs1136450 remained silent.
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Variable At 6 months At 12 months.
No PRM (n = 89) PRM (n = 66) p-Value No PRM (1 = 70) PRM (n = 57) p-Value

Demographics

Age (months) 344 42:48 0123 28239 4456 007

Female (%) 30 (34) 24 (36) 0734 23 (33) 21 37) 06

Non-White race (%) 29 (33) 17 (26) 0177 22 31) 19 (33) 056

Hispanic (%) 14 (16) 1421) 0384 12(17) 9(16) 084
Admission diagnosis (%) 0387 0.492

RSV bronchioitis 50 (56) 36 (54) 37 (53) 32 (56)

Other bronchiolitis 17 (19) (15) 14 (20) 11 (19)

Other preumonia a © 1(17) 5() 7(12)

Other respiratory failure 1(12) 9(14) 12(17) 6(11)

Nonpulmonary a( 0 2 1@
Positive bacterial culture (%) 39 (44) 41(62) 004 26 (37) 36 (63) 0.001
PDAD (%) 19 21) 3147) 0.001 19 (27) 1(37) 0245
PRM at 6 months (%) - - 10 (14) 1(72) 1.6924E-13

Note. PRM, persistent respiraiory morbicity: PDAD, pulmonary dysfunction at discharge; RSV, respiratory syncylial vine.
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Gene SNP Chr Position Allele PRM

n (%)
SFTPA2  rs17886395 10 Aot G 30 (26)
SFTPD rs721917 10 AATT G 57 (50)
SFTPC rs4715% 8 AA138 A 21(19)
SFTPC rst124 8 AA186 A 28 (25)
SFTPA1 oa° 10 34 (25)

No PRM
n (%)

23 (16)
60 (43)
38 (27)
52 (37)
23 (21)

OR (95%Cl)

2(091-4.5)
03 (0.11-099)
2(1-4.2)
1.9 (1.04-3.6)
0.66 (0.32-1.37)

p-Value

0.09
0.04
0.06
0.04
0.27

OR (95%CI)*

2.02(0.70-6.05)
0.4 (0.10-1.71)
3(1.14-95)
2.4(1.03-62)

0.36 (0.11-1.05)

p-Value*

02
02
0.04
0.06
0.07

Note. Chr, chromosorme; AA, amino acid; n (%). number of the given allele, in parenthesis the percentage of the given allele out of the possible aleles in the particular cohort is shown.
*adjusted for PRM at 6 months and positive bacterial culture. *remained significant in the multivariate analysis. OR, odds ratio: Cl, confidence interval,
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Characteristics Total Diagnosed Undiagnosed p-value
N (%) N (%) N (%)
(Total = 354) (Total = 131) (Total = 223)

Sex 0043
Male 186(525)  78(595)  108(48.4)
Female 168(475)  53(405)  115(51.6)
Meior cinical features by
systems”
Neuromuscular 174(492)  56(427)  118(529)  0.065
dysfunction
Cardiorespiratory 182(37.3)  45(343)  87(39.0) 0381
dysfunction
Hepatorenal disorder ~ 61(17.2)  22(168)  39(17.5) 0867
Infection 48(136)  20(153)  28(126) 0472
Malformation 43(124)  25(19.4) 18(8.1) 0.002
Outcomes of metabolic 0.63
acidosis
Been corrected 224(633)  85(649)  139(62.9)
Uncorrected 130(386.7)  46(35.1)  84(37.7)
Overall outcomes
Improved 149 (42.1)  40(30.5) 109 (48.9) 0.001
Gave up medical 55(155)  29(221)  26(117) 0009
support
Died with diseases 52 (14.7) 20 (15.3) 32 (14.3) 0.814

*One patient may have more than one cliical feature. p-values are obtained from
a y2-test.
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Pregnancy and birth history: (n=17)
IVF, Prenatal dexamethasone treatment,
Fetal Distress, IUGR, PIH, Gestational
Diabetes, Gestational Hypothyroidism,
Preeclampsia/eclampsia, Abnormal
Amniotic Fluid, Placental Abruption,
PPROM, Multiple-births, Genders,
Gestational Age, Weight, Asphyxia,
Hypotonia

Morbidities in the 1st week of life: (n=6)
NRDS, PDA, ASD/VSD, Respiratory
Failure, Hyperbilirubinemia, Early
Onset Infections

Early treatment after birth: (n=2)
Neonatal Resuscitation, Exogenous
Pulmonary Surfactant

Morbidities during
hospitalization: (n=4)
Airway Malformations,
Hypoglycemia,
Thrombocytopenia,
Hypothyroidism
Treatment: (n=2)

Invasive Mechanical
Ventilation, Invasive
Mechanical Ventilation=7d

Morbidities during
hospitalization: (n=3)

Late Onset Infections,
Intraventricular Hemorrhage,
Coagulation Disorders
Treatment: (n=3)

Caffeine Therapy,
Intravenous Glucocorticoid
Therapy, Diuretic Therapy
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Characteristic

Gestational age [week, median
(IQR)]
Birth weight [g, median (IQR)]

Sex (male), no. (%)

Multiple births, no. (%)

Neonatal respiratory distress
syndrome, no. (%)

Respiratory failure, no. (%)

Atrial septal defect or ventricular
septal defect, no. (%)

Patent ductus arteriosus, no. (%)
Thrombocytopenia, no. (%)
Coagulation disorders, no. (%)
Intraventricular hemorrhage
(grades lll and V), no. (%)
Early-onset infections (<7 days),
no. (%)

Late-onset infections (>7 days),
no. (%)

Airway malformations, no. (%)
Invasive mechanical ventilation
(IMV), no. (%)

IMV >7 days, no. (%)

Exogenous pulmonary surfactant,

no. (%)

Intravenous glucocorticoid
therapy, no. (%)

Caffeine therapy, no. (%)
Death, no. (%)

Total infants  BPD (n = 131)
(n = 245)

29.1 28.1
(27.9-30.6) (27.1-29.8)
1,200 1,090
(1,020-1,410) (945-1,260)
140 (57.1%) 80 (61.1%)
117 (47.8%) 72 (55%)
194 (79.2%) 113 (86.3%)
229 (93.5%) 131 (100%)

63 (25.7%) 41 (31.3%)

205 (83.7%) 118 (90.1%)
27 (11%) 23 (17.6%)

73 (29.8%) 52 (39.7%)

75 (30.6%) 55 (42%)

194 (79.2%) 114 (87%)
91 (37.1%) 60 (45.8%)
11 (4.5%) 10 (7.6%)
142 (58%) 102 (77.9%)
79 (32.2%) 72 (55%)
170 (69.4%) 102 (77.9%)

26 (10.6%) 25(19.1%)

197 (80.4%)
19 (7.8%)

116 (88.5%)
19 (14.5%)

All summary data are medians (25-75% percentile) or counts (%).

wk, week; gr, gram.

No BPD
(n=114)

30 (28.6-31.1)

1,332.5
(1,131.3-1,570)
60 (52.6%)
45 (39.5%)
81 (71.1%)

98 (86%)
22 (19.3%)

87 (76.3%)
(3.5%)
(18.4%)
(

17.5%)

2
2

7
4
1
0
80 (70.2%)
31 (27.2%)

1(0.9%)
40 (35.1%)

7 (6.1%)
68 (59.6%)

1(0.9%)

81 (71.1%)
0

P-value

< 0.001

< 0.001

0.229
0.022
0.006

< 0.001
0.046

0.006
0.001
< 0.001
< 0.001

0.002

0.004

0.025
< 0.001

< 0.001
0.003

< 0.001

0.001
< 0.001

Mild BPD
(n =44)

29 (27.8-29.7)

1,160
(1,072.5-1,280)
26 (59.1%)
27 (61.4%)
40 (90.9%)

44 (100%)
6 (13.6%)

40 (90.9%)

0 (

2 (4.5%)
10 (22.7%)

3 (29.5%)
35 (79.5%)

4 (31.8%)

1 (2.3%)
24 (54.5%)

10 (22.7%)
32 (72.7%)

2 (4.5%)

40 (90.9%)
0

Moderate BPD
(n =20)

28.8 (27.5-30.6)

1,110
(1,017.6-1,271.3)
13 (65%)

13 (65%)

18 (90%)

20 (100%)
9 (45%)

19 (95%)
4 (20%)
9 (45%)
10 (50%)
16 (80%)
13 (65%)

1(5%)
7 (85%)

1(55%)
5 (75%)

1(5%)

19 (95%)
0

Severe BPD
(n =67)

27.6
(26.6-29.4)
1,035
(915-1,200)
41 (61.2%)
32 (47.8%)
55 (82.1%)

67 (100%)
26 (38.8%)

9 (88.1%)
7 (25.4%)
3 (49.3%)
2 (47.8%)

63 (94%)

33 (49.3%)

8 (11.9%)
61 (91%)

51 (76.1%)
55 (82.1%)

22 (32.8%)

57 (85.1%)
19 (28.4%)

P-value

< 0.001

< 0.001

0.579
0.032
0.019

< 0.001
0.001

0.029
< 0.001
< 0.001
< 0.001

0.002

0.001

0.005
< 0.001

< 0.001
0.013

< 0.001

0.005
< 0.001
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Comparison Gene Samples Case (n) Case (n) Control Control Control Case (n) LOF MIS NSV (n) Score

LOF MIS (n) LOF (n) MIS (n) P-value P-value
BPD vs. control OBSLA 31 11 18 0 13 114 131 < 0.001 0.362 1 7.600
BPD vs. control NTRKA1 34 1 15 1 2 114 131 0.785 0.002 2 4.884
BPD vs. control CHRNA4 10 0 10 1 0 114 131 1.000 0.002 1 3.791
BPD vs. control PDE11A 24 7 14 2 3 114 131 0.124 0.011 0 3.766
BPD vs. control FRG1 24 9 10 2 3 114 131 0.049 0.070 0 3.764
BPD vs. control SPTAN1 26 0 19 0 4 114 131 1.000 0.002 1 3.613
BPD vs. control DCC 17 1 12 0 2 114 131 0.535 0.011 1 3.507
BPD vs. control BDP1 14 8 10 0 2 114 131 0.151 0.030 0 3.159
BPD vs. control C5 10 1 7 1 0 114 131 0.785 0.012 1 3.147
sBPD vs. mBPD/control  ACADSB 10 5 1 3 6 178 67 0.037 0.897 2 4.907
sBPD vs. mBPD/control  TCIRG1 15 3 5 0 13 178 67 0.020 0.578 1 4.646
sBPD vs. mBPD/control ~ OBSL1 31 e 10 4 21 178 67 0.011 0.323 0 4.408
sBPD vs. mBPD/control  FGFR3 17 0 12 0 9 178 67 1.000 0.003 1 3.594
sBPD vs. mBPD/control ~ BDP1 14 3 2 0 10 178 67 0.020 0.887 0 3.459
sBPD vs. mBPD/control  RBBP8 9 0 7 0 3 178 67 1.000 0.005 1 3.290
sBPD vs. mBPD/control ~ SPG7 20 0 8 1 5 178 67 1.000 0.008 1 3.077
sBPD vs. mBPD/control ~ GNAS 12 0 11 0 6 178 67 1.000 < 0.001 0 3.028

LOF/MIS, loss-of-function variants and missense variants; sBPD, severe bronchopulmonary dysplasia; mBPD, mild and moderate bronchopulmonary dysplasia; NSV,
variant not in unaffected siblings.
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Ve
Interrupted IVC, azygos/hemiazygos vein continuation
Noninterrupted VG

Relationship of IVC and descending aorta

IVC right of the spine and descending aorta left of the spine

VG left of the spine and the descending aorta right of the spine
IVC and descending aorta same side

VG left of the spine and the descending aorta anterior of the spine
IVC anterior of the spine and the descending aorta left of the spine
Unknown

Bronchi

Biateral right bronchi (short)
Bilateral left bronchi (long)
Multiple puimonary lobes
Unknown

Spleen
Polysplenia
Aspenia

Single right spleen
Single left spleen
Unknown

Stomach
Right-sided stomach
Left-sicled stomach
Stomach centrally situated
Unknown

Liver

Left-sided liver

Liver centrally situated
Right-sided liver
Unknown

RAI

1019
53 (98.1)

8(148)
1019
22 (40.7)
6(11.1)
0
16 (29.6)

18(33.3)
1(19
1(1.9

34 (63.0)

1(19
25 (46.3)
8(14.8)
1019
19 (35.2)

28 (51.9)
18(333)
3(56)
5(9.9)

24 (44.4)

18 (33.3)
7(130)
5(03)

16 (88.9)
2(11.1)

coo

166
1(66)

0
8 (44.4)
0
10 (55.6)

12 (66.7)
0
0
166
5(7.8

6(33.3)
9 (50)
0
3(16.7)

6(333)
9(50.0)

3(16.7)
0

Total (number of patients,
%)

17 (236)
85 (76.4)

8(11.1)
1(1.4)
22(306)
683
1(14)
17 (236)

18 (25)

9(125)
1(1.4)

44 (61.1)

13(18.1)
25(34.7)
8(11.1)
2(28)
24333

34 (472)
27 (375)
3(42)
8(11.1)

30 (41.7)

27 (375)

10 (13.9)
569

P (b)

0.053

0.29

0.511

The Chi square or Fisher's exact test as appropriate; a. Pearson’s Chi-squared test; b. Fisher's exact test. Values are presented as numbers (%). RAI, right atrial isomerism; LA, left atrial

isomerism: IVC. inferior vena cava.
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Gene Patient

[}

ARMC4

ccDCi14

DNAH11

KMT2D

STRAG

cCDC40

DNAHS.

FOXC1

FGFR3

55

17

57

2

43

70

Clinical
phenotypes

RAL (AVSD, RVOT, PS,
SRS, RSS, LOS)

RAL (HLHS, TAPVC,
asplenia, RSS, BRB)
RAL (AVSD, PA,
TAPVC, SVC, asplenia,
RSS, LSL)

RAL (SV, polysplenia,
SA, RSS, ICP)

RAL (SV, PASVC,
TAPVG, asplenia,

RSS, LCS)

RAL (8V, PS, RSS, LSL)

RAL (SA, SV, PS, SVC,
RSS, LSL)

RAL (LCS, RSS, CAT,
SV, AVSD, GAT)

RAL (PA-VSD, asplenia,
BRB, and other
extracardiac
abnormalities®)

NM_001290021
NM_144577.3

NM_003777.3

NM_003482

NM_001199042.1

NM_017950.3
NM_001369

NM_001453

NM_001163213

Variants
cDNA

©.1454G > A

©722T>G
.761_7680elGCGTCTGG
c.88G > A

©3470T > G

©.7628G > T
6595

©52345C > T

0.2560G > A
©.2843_2874de
©1126G > T
©2047C > T
©.1124_1125insCGA

©1144G > A

protein

p.G485D
pL241R
P.G254EIS'17
PRIOW
PLISTR

p.C2543F
P.Y2199is°64

PRES51Q
P.GI481s"69
PA3T6S
PRESIW
p.G375delinsGD

p.G382R

Parental
origin

MatPat
Mat/Pat

MaPat

De novo

Mat/Pat

MatPat
MatPat

De novo

Zygosity

Gompound
heterozygous
Compound
heterozygous
Gompound
heterozygous

Heterozygous

Homazygous

Gompound
heterozygous
Compound
heterozygous
Heterozygous

Heterozygous

Variant
(novel/
reported)
(PMID)

Novel
Novel
Novel
Novel
32502479;
31040815;
31507630
Novel
Novel

Novel

Novel
Novel
Novel
Novel
Novel

29080836

Gene-related
phenotypes

(phenotype
MIM number

Giiary dyskinesia,
primary,23 AR (615451
Ciiary dyskinesia,
primary,20,AR (615067
Giiary dyskinesia, prim
(611884)

Kabuki syndrome 1,AC
(147920)
Microphthaimia syndror
(601186)

Ciliary dyskinesia, prim
15,AR (613808)

Ciliary dyskinesia, prim
(608644)

Anterior segment dysg
3,AD (601631) Axenfel
syndrome,AD (602482
AchondroplasiaAD, (1

Matermal (Met); Patemal (Pat): Single right spleen (SRS); Right-siced stomach (RSS): Left-sided!liver (LSL); Liver centraly situated (LCS); Single right spieen (SRS): Biteral ight bronchi (BRE); Superor vena cava (SVG
Singleatria (S Transportation of great arteries (TGAY: Atroventricular septal defect (AVSD); Isolate cleft palate CP); Pulmonary atresia (PA); Pulmonary stenasis (PS};. Common arterial trunk (CAT); Double outlet of the
Hypoplastic left heart syndrome (HLHS): Total anomalous pulmonary venous connection (TAPVC): *Extracardiac abnormalities shown in the last paragraph in the condlusion part.
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Target gene

GAPDH

AHNAK

miR-1261

promoter region of miR-1251

Primer sequence (5'-3)

F: GCACCGTCAAGGCTGAGAAC
R: GGATCTCGCTCCTGGAAGATG
F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCG

F: ACTTCTGAGTGGTATGCTGCT

R: GGATGGTGGTTTTGATGTTTC

F: TIGCTGCCTCTTTAAGACTAGGA
R: CTGGGGCTCAAACTTCTCTC

F: TACCCTTCCTAAGGCTGACATT
R: TTGGACCCTTGAGTTTTGCAT

F: ACACTCCAGCTGGG
ACTCTAGCTGCCAAA

R: CTCAACTGGTGTCGTGGAGT
CGGCAATTCAGTTGAG AGCGCCTT

F: TGGACAAGCTGAAGATATGGACA
R: TGACCTCGATGGCAGTGATG
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Variable Control

Age(d, meanSE) 1031 1047
Gender

Male 2
Female 7

Student’s test.
bTwo-sided chi-squared test.

HSCR

1268 +14.31

26
6

0.19%

0.76°
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Blood index

White blood cell (x109/L)
Platelet (<109/L)

Neutrophi (x109/L)
Lymphocyte (x109/L)
Eosinophil (x109/L)

Red blood cel (x1,012/L)
Hemoglobin (g/)
Reticulocyte

CD3* (%)

CD3'CD4" (%)

CD3'CD8" (%)
CD3"CD16'/CD56" NK (%)
CD3°CD19" B (%)

Results

10.21
280.00
6.73
264
0.24
329
91
0.029
712
36.4
29.0
16
26.1

Reference range

5.2-9.1
100-300
2-7
084
0.05-0.5
4-45
120-170
0.005-0.015
61.7-77
25.8-41.6
18.1-29.6
10.4-19.78
9.02-14.1





