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Premature preterm rupture of membranes (PPROM), rupture of fetal membranes before 37 weeks of gestation, is the leading identifiable cause of spontaneous preterm births. Often there is no obvious cause that is identified in a patient who presents with PPROM. Identifying the upstream molecular events that lead to fetal membrane weakening presents potentially actionable mechanisms which could lead to the identification of at-risk patients and to the development of new therapeutic interventions. Functional genomic studies have transformed understanding of the role of gene regulation in diverse cells and tissues involved health and disease. Here, we review the results of those studies in the context of fetal membranes. We will highlight relevant results from major coordinated functional genomics efforts and from targeted studies focused on individual cell or tissue models. Studies comparing gene expression and DNA methylation between healthy and pathological fetal membranes have found differential regulation between labor and quiescent tissue as well as in preterm births, preeclampsia, and recurrent pregnancy loss. Whole genome and exome sequencing studies have identified common and rare fetal variants associated with preterm births. However, few fetal membrane tissue studies have modeled the response to stimuli relevant to pregnancy. Fetal membranes are readily adaptable to cell culture and relevant cellular phenotypes are readily observable. For these reasons, this is now an unrealized opportunity for genomic studies isolating the effect of cell signaling cascades and mapping the fetal membrane responses that lead to PPROM and other pregnancy complications.
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INTRODUCTION

Preterm birth remains a major public health challenge affecting 10% of pregnancies in the United States (World Health Organization, 2016). The leading identifiable cause of preterm birth is premature preterm rupture of membranes (PPROM) (Mercer, 2010). Preeclampsia is characterized as shallow trophoblast invasion leading to incomplete spiral artery remodeling. It affects 5% of pregnancies and is an iatrogenic cause of prematurity and the leading cause of maternal and perinatal death (Souza et al., 2013). These adverse pregnancy outcomes all have multifactorial causes incorporating genetic and environmental risk factors.

Functional genomics assays aim to define the relationships between the human genome and epigenome; the environment; and molecular, cellular, and organismal phenotypes. The past decade has been transformative for functional genomics, owing largely to high-throughput short read sequencing providing quantitative and genome-wide readout for many functional genomic assays. Such assays are particularly adept at identifying differential activity that may result from changes in the environment, such as hormone exposures or immune insults [e.g., (McDowell et al., 2018; Pulido-Salgado et al., 2018)]. Today, there are a vast array of genome-wide functional genomic technologies available to measure a wide variety of aspects of gene expression, DNA methylation, histone positioning and modifications, transcription factor binding, gene regulatory activity, other factors that indicate gene regulation (Arnold et al., 2013; Mundade et al., 2014; Finotello and Di Camillo, 2015; Tirado-Magallanes et al., 2016). Through those studies, there is now extensive information about the gene regulatory state of diverse cells and tissues.

For the purposes of this review, we define functional genomic assays as those that scan large fractions of the genome for evidence of regulatory activity. In the context of human disease studies, such regions are a promising starting point for subsequent efforts to discover causative biological mechanisms. Follow-up is then needed to evaluate the biological consequences of identified regulatory regions, both in terms of the effects on cellular and organismal phenotypes and also in terms of the effects of non-coding genetic variation on their activity.

Functional genomics studies have primarily focused on immortalized cell models, ostensibly because they are highly proliferative and robust. However, recent advances in the adaptation of functional genomics protocols for use on limited primary cells and tissues have created the potential to study more physiologically relevant cell models [e.g., (Vento-Tormo et al., 2018; Chung et al., 2019)]. In the context of preterm birth, fetal membranes are a key tissue of interest, and ideally suited for genomic analysis due to their availability and amenability to cell culture. Protocols to culture and expand amnion and chorion cells were developed in the 1980s (Burgos and Faulk, 1981). Culturing primary cells in these systems allows for interrogation of fetal membranes by genomic assays. In addition, several genomic assays are now feasible from a limited number of primary cells, and even single cells, making culturing unnecessary (Jia et al., 2018; Wang et al., 2019). Together these developments have led to a number of genomic assays comparing fetal membrane tissues from healthy pregnancies to those involved in preeclampsia, early pregnancy loss and preterm birth.



DEFINING FETAL MEMBRANE SPECIFIC REGULATORY STATE

Functional genomic assays on fetal membrane samples have been completed both by large genomics consortia such as ENCODE and Roadmap Epigenomics (The Encode Project Consortium, 2012; Roadmap Epigenomics Consortium et al., 2015), as well as by individual labs (Kim et al., 2012; Lim et al., 2012; Table 1). The consortia efforts have focused on amnion and chorion tissues from full term and second trimester samples. Across those samples, they have measured genome-wide gene expression using RNA-seq, cytosine methylation using whole genome bisulfite sequencing, and the locations of covalent histone modifications, indicators of active gene regulation, using ChIP-seq.


TABLE 1. Published genomic analyses in fetal membrane tissues.

[image: Table 1]RNA-seq typically measures mRNA transcript levels that can be compared among tissue types to identify tissue specific transcription (Mortazavi et al., 2008). Bisulfite sequencing assays identify methylated cytosine that are typically thought to be related to silencing of gene activation. They do so by using sodium bisulfite treatment to convert unmethylated cytosines to uracil prior to PCR amplification and sequencing (Meissner et al., 2008). When sequencing treated and untreated DNA, the uracil bases sequence as thymine in treated samples but remain as cytosine in untreated samples (Clark et al., 1994). Finally, ChIP-seq assays use antibodies to isolate DNA-bound proteins including histones (Johnson et al., 2007; Robertson et al., 2007). ChIP-seq can detect histone subunits altered with post translational modifications that influence DNA affinity and, in turn, how accessible the DNA is to transcriptional machinery (Zhou et al., 2011). Together, these datasets can establish a baseline of gene regulatory state across among membranes from healthy pregnancies, and an assessment of the changes in gene regulation between the second and third trimester.

Additional studies have investigated the gene expression (Kim et al., 2012) of healthy term placental tissue types including fetal membranes. Transcriptomic analysis shows that placental cell types are more similar to each other when compared to other adult tissue types, but each placental cell type shows a subset of tissue type specific gene expression as well (Kim et al., 2012). The epithelial specific splice regulator ESPR1 is significantly unregulated in fetal membrane tissue, particularly the amnion, above other tissue types. In the amnion, the relative expression of ESPR1 is 50% higher than that of next highest tissue of the 16 adult tissues measured. Substantial alternative splicing and novel isoforms specific to the fetal membranes have been found by RNA-seq studied of healthy term membranes (Kim et al., 2012).

To further define healthy gene regulation in fetal membranes, microarray-based gene expression studies compared activated amnion from late term non-laboring elective Cesarean-sections, defining activation as high NF-κB protein levels similar to the levels observed in post-delivery samples (Lim et al., 2012). That activation of the amnion is an early step that stimulates the synthesis of prostaglandins, cytokines and chemokines initiating the beginning of labor. Although all the samples were non-laboring, some samples were closer to the onset of labor at the time of C-section and could be differentiated from more quiescent samples. Activation of the amnion is associated with an up regulation of a cell death and cancer associated gene network, consistent with an increase in apoptosis in activated amnion (Lim et al., 2012). An additional gene network associated with cell-to-cell signaling is also unregulated in response to activation, consistent with the role of the amnion as an early initiator of labor induction.



HEALTHY VERSUS PATHOLOGICAL FETAL MEMBRANES

Functional genomic studies are particularly powerful for identifying molecular differences between different cell states, such as between fetal membrane tissues from healthy pregnancies and those with pregnancy complications. Differentially regulated genes from these studies can identify molecular pathways that may be either causal or a downstream consequence, and in the best cases can nominate new therapeutic targets. In fetal membrane tissues, such comparative studies have been done to compare healthy tissues to those from patients with preterm birth, recurrent early pregnancy loss, and preeclampsia.


Preterm Birth and Membrane Rupture

Due to the integral role fetal membranes play in maintaining pregnancy or stimulating parturition, a substantial amount of research has been devoted to understanding changes in gene regulation that occur during the onset of parturition. RNA-seq analyses have revealed hundreds of gene expression changes that occur between the site of membrane rupture and distal membrane sites in term spontaneously ruptured membranes. For example, Nhan-Chang et al. (2010) used microarrays to identify 677 differentially expressed genes at the site of rupture compared to a distal site in the chorion (Nhan-Chang et al., 2010). The differentially expressed genes were enriched for increased expression of genes involved in complement and coagulation at the site of rupture, suggesting a role for immune activation in membrane integrity. Genes related to extracellular matrix-receptor interaction were most altered at the site of rupture, consistent with the role of the extracellular matrix in maintaining fetal membrane integrity (Bryant-Greenwood, 1998).

Because signaling cascades leading to fetal membrane rupture can be informative in identifying the causes of membrane rupture, directly comparing the gene expressed at the site of rupture in preterm and term deliveries can give more direct insight into the cause of PPROM. The gene expression patterns of term membrane samples are more internally consistent whereas preterm samples are more variable (Pereyra et al., 2019). The variability in preterm samles suggests multiple signalling cascades lead to preterm birth, distinct from those leading to term births. Despite this variability, 270 significantly differentially expressed genes with a >2-fold gene expression change were found when comparing membranes from early preterm births to membranes from term births. Several genes from the tumor necrosis factor (TNF), chemokine and voltage gated potassium channel families were significantly differentially regulated. Inflammatory and immunological pathways were also significantly up-regulated in preterm birth, consistent with a role for immune responses in the etiology of some preterm birth (Velez et al., 2008).

Functional genomic studies can also identify genes of interest for specific causes of preterm birth. In one example, comparisons of gene expression in fetal membranes between preterm labor with intact membranes and membranes from PPROM patients identified Proteinase Inhibitor 3 (PI3) having significantly decreased expression in PPROM samples (Tromp et al., 2004). Immunohistochemical staining confirmed the decreased expression levels of PI3 protein expression in fetal membranes collected from patients presenting with PPROM (Tromp et al., 2004). PI3 is an anti-proteinase that may protect the extracellular matrix from degradation by proteases, specifically Elastase 2 and Proteinase 3 (Guyot et al., 2005). In other cell types, TNFα and IL1β have been found to induce PI3 production (Pfundt et al., 2000; Bingle et al., 2001). PI3 was not previously implicated in preterm birth or PPROM specifically, but genome wide studies suggest decreased expression, due to genetic or environmental signaling, could lead to PPROM.

Functional genomic studies have also identified differential epigenetic states which may contribute to or result from such gene expression differences. Differential DNA methylation in amnion between term and preterm pregnancies in labor and term pregnancies not in labor show the majority of changes in methylation occur at the onset of labor. A large portion of the differentially methylated genes are associated with non-coding RNA and imprinted genes (Kim et al., 2013). Of the regions that show changes in methylation between preterm and term, enrichment in genes related to cation transport, cytokine production and extracellular matrix receptor interactions were observed, supporting differential expression studies demonstrating similar patterns in functional enrichment (Kim et al., 2013).

MicroRNAs, another layer of control, regulate gene expression post-transcriptionally through binding to and destabilizing mRNA molecules (Ambros, 2004). Although most miRNA lack experimentally validated targets, computational predictions can suggest genes that may be involved in biological processes (Ekimler and Sahin, 2014). Ten miRNA were specifically differentially regulated between term in labor and preterm labor membranes, all of which were down regulated (Montenegro et al., 2009). Additionally, the RNA processor Dicer was down regulated suggesting miRNAs play a key role in the parturition process at term but not preterm. Coupled with gene expression data, these studies can show regulation that occurs at the onset of labor that separates preterm and term processes.



Early Pregnancy Loss

Early embryonic arrest affects approximately 10% of pregnancies with rates increasing as the age of couples trying to conceive increases (Larsen et al., 2013). Pregnancy loss is due to factors including uterine abnormalities, abnormal chromosomes and infection pathologies but genetic factors can also lead to a pregnancy loss (Xu et al., 2016). Transcriptomic profiles from chorionic villi of early embryonic arrest samples compared to gestation age matched elective termination samples show differentially expression in PI3K-Akt signaling pathway, Jak-STAT pathway and complement and coagulation signaling cascades (Yang et al., 2019). One study looking specifically at long non-coding RNA that are differentially regulated in chorionic villi between patients with recurrent miscarriage and those undergoing an elective abortion found up regulation of steroid hormone biosynthesis and extracellular matrix interaction and well as down regulation of TGF-beta signaling and apoptosis pathways (Wang et al., 2017). An additional study comparing chorionic villi from recurrent pregnancy loss couples, defined as having five or more miscarriages, to elective termination samples shows a substantial down regulation of key small non-coding RNA as well as histone genes (Sõber et al., 2016). Those results suggest that chorionic villi cells begin repressing key cellular processes leading to loss of the pregnancy.



Preeclampsia

Preeclampsia is a common disease that is the leading cause of pregnancy associated mortality and morbidity for both the mother and child (Roberts and Cooper, 2001). Shallow trophoblast invasion and impaired remodeling of the uterine spiral arteries are associated with preeclampsia (Pennington et al., 2012). Gene expression of amnion epithelial cells from healthy and preeclamptic c-sections were compared to understand the underlying disease etiology. Functional annotation of differentially expressed genes identified pathways involved in extracellular matrix-receptor interaction and focal adhesion. Additional validation studies showed differential expression of matrix metalloproteinases that control degradation of the extracellular matrix (Kim et al., 2016).



RESPONSE TO STIMULI

Understanding signaling events that cause membrane rupture can suggest specific pathways misregulated in PPROM. Testing specific response pathways can connect early signaling events from in vitro stimulus response studies to in vivo studies that examine the progression of labor. Such in vitro studies can circumvent the limitation that observational studies are necessarily correlative and thus cannot differentiate between the cause and consequence. Additionally, in vitro stimulus-response studies can identify intermediate steps leading to the onset of phenotype that observational studies miss due to strict limits on tissue collection during pregnancy. For example, in vitro functional genomic studies of fetal membranes cells responding to inflammatory stimuli can reveal the direct effects of those signals on pathways related to cell proliferation, adhesion, or apoptosis that may impact the timing of membrane rupture. Indeed, studies of cultured amnion mesenchyme cells exposed to an IL1β challenge for up to 8 h showed transcriptional dynamics reflecting an immediate immune challenge compared to sustained response. The early responsive genes showed signatures of NF-κB activity, a well-documented effector of IL-1 signaling (Cogswell et al., 1994; Greten et al., 2007; Liu et al., 2017). Later responsive genes had more diverse transcription factor binding sites indicative of a cascade of downstream gene regulatory events. Those secondary factors including the AP-1 family transcription factors that were not regulated by the initial IL-1β response (Li et al., 2011). Similarly, immune challenges to chorionic trophoblast cells through lipopolysaccharide (LPS) show an increase in gene expression related to cytokine production and response, although this signaling appears to be mediated through the STAT1-STAT3 pathway (Jiang et al., 2018). While differential DNA methylation is detected following LPS stimulation, 2 h of LPS induction may not be enough to detect significant changes in methylation. Together, these studies demonstrate the types of insights possible from functional genomic studies of fetal membrane cells after in vitro exposures. However, many of the common signals in pregnancy such as hormonal changes, oxidative stress and mechanical force changes remain to be investigated.



GENETIC STUDIES OF FETAL MEMBRANES

Transcriptomic and DNA methylation studies can take on additional informative power when combined with genetic association studies. Most variants identified in genome wide association studies are found in non-coding regions (Zhang and Lupski, 2015). Integration with functional genomic data sets can reveal candidate causal mechanisms, including target genes of clinical importance (Lowe and Reddy, 2015). The primary challenge is that the lead signal in a genetic association study is in linkage disequilibrium with many surrounding variants. Thus, the patterns of linkage disequilibrium in the study population limit resolution, often to >10 kb. Functional genomic datasets can suggest which variants in that LD-based region are most likely to have regulatory activity (Conde et al., 2013). That approach was used to identify a variant that abolishes a transcription factor binding site that represses interleukin 1 family members in fetal membranes (Liu et al., 2019). The variant identified was suggested to have a gene expression effect on multiple members of the interleukin 1 family including IL1A, IL36G, and IL36RN. A similar approach was also used in a genome wide association study of early preterm and term infants. Several significant variants near the gene SLIT2 were identified that overlaps regions of DNase hypersensitivity, suggesting regulatory activity, in several fetal tissues including the amnion (Tiensuu et al., 2019).

The combination of epigenomic data and genome wide association studies has also been employed for other pregnancy complications affecting the fetal membranes, including preeclampsia. A genome wide association study that incorporated both maternal and fetal DNA variants identified a variant near the gene FLT1 from the offspring of pregnancies associated with preeclampsia (McGinnis et al., 2017). The evidence for the effect of this variant was built by the fact that Roadmap Epigenomics incorporating many different epigenetic datasets, such as histone modifications and open chromatin sites, labeled this site as a putative enhancer in both amnion and trophoblast cell types.

While many genome wide association studies detect common non-coding variants from large populations, rare coding variants can also contribute to disease. In these cases, whole exome sequencing is often employed to detect these variants. A whole exome sequencing study of PPROM cases and healthy term controls in an African American population identified 10 rare variants more common in PPROM cases than term controls in native regulators of innate immunity, LPS detoxifying enzymes and antimicrobial protein genes (Modi et al., 2017). An additional follow up replication study replicated two of the variants in the genes DEFB1 and MBL2, both thought to be antimicrobial proteins in fetal membranes (Modi et al., 2018). The use of genomic sequencing technologies can detect both common and rare variants associated with fetal membranes pathologies. Studies identifying variants relevant to these pathologies are outlined in Table 2.


TABLE 2. Published genetic analyses of preterm birth.
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FUTURE STUDIES

While the number of studies comparing regulation between healthy and pathological membranes is growing, the data available remains sparse. Published studies have largely focused on comparing transcriptomic data or DNA methylation between cases and controls, often using microarray measurements that are noisier and have less dynamic range than sequencing-based methods (Zhao et al., 2014). In addition, few studies on fetal membranes have deposited raw data in publicly available databases, limiting benefit to other fetal membrane researchers. All together missing are assays of chromatin accessibility or histone modification in fetal membrane tissue type which can add more information about different levels of regulation and suggest transcription factors responsible for signaling that leads to pregnancy complications. Expanding studies of the response to relevant stimuli in fetal membrane tissues is a major opportunity. Studies thus far have focused on cellular responses to inflammatory stimuli but further studies looking at mechanical stress, hormone signaling and oxidative stress using in vitro tissue models in addition to cellular models to replicate the structural complexity of fetal membranes and cellular interaction can help add to a more complete understanding of the signaling that leads to PPROM, preterm birth, preeclampsia or early pregnancy loss.



AUTHOR CONTRIBUTIONS

SC wrote the manuscript with supervision from TR. TA and LF edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

SC and TR were supported by NIH Grant R01HG010741. LF was supported by NIH Grant 1K01TW010828-01.



REFERENCES

Ambros, V. (2004). The functions of animal MicroRNAs. Nature 431, 350–355. doi: 10.1038/nature02871

Arnold, C. D., Gerlach, D., Stelzer, C., Boryn, L. M., Rath, M., and Stark, A. (2013). Genome-wide quantitative enhancer activity maps identified by STARR-Seq. Science 339, 1074–1077. doi: 10.1126/science.1232542

Bingle, L., Tetley, T. D., and Bingle, C. D. (2001). Cytokine-mediated induction of the human elafin gene in pulmonary epithelial cells is regulated by nuclear factor- B. Am. J. Respir. Cell Mol. Biol. 25, 84–91. doi: 10.1165/ajrcmb.25.1.4341

Bryant-Greenwood, G. D. (1998). The extracellular matrix of the human fetal membranes: structure and function. Placenta 19, 1–11. doi: 10.1016/S0143-4004(98)90092-3

Burgos, H., and Faulk, W. P. (1981). The maintenance of human amniotic membranes in culture. Br. J. Obstet. Gynaecol. 88, 294–300. doi: 10.1111/j.1471-0528.1981.tb00984.x

Chung, C. Y., Ma, Z., Dravis, C., Preissl, S., Poirion, O., Luna, G., et al. (2019). Single-Cell chromatin analysis of mammary gland development reveals cell-state transcriptional regulators and lineage relationships. Cell Rep. 29, 495–510.e6. doi: 10.1016/j.celrep.2019.08.089

Clark, S. J., Harrison, J., Paul, C. L., and Frommer, M. (1994). High sensitivity mapping of methylated cytosines. Nucleic Acids Res. 22, 2990–2997. doi: 10.1093/nar/22.15.2990

Cogswell, J. P., Godlevski, M. M., Wisely, G. B., Clay, W. C., Leesnitzer, L. M., Ways, J. P., et al. (1994). NF-Kappa B regulates IL-1 beta transcription through a consensus NF-Kappa B binding site and a nonconsensus CRE-like site. J. Immunol. 153, 712–723.

Conde, L., Bracci, P. M., Richardson, R., Montgomery, S. B., and Skibola, C. F. (2013). Integrating GWAS and expression data for functional characterization of disease-associated SNPs: an application to follicular lymphoma. Am. J. Hum.Genet. 92, 126–130. doi: 10.1016/j.ajhg.2012.11.009

Ekimler, S., and Sahin, K. (2014). Computational methods for microRNA target prediction. Genes 5, 671–683. doi: 10.3390/genes5030671

Finotello, F., and Di Camillo, B. (2015). Measuring differential gene expression with RNA-Seq: challenges and strategies for data analysis. Brief. Funct. Genomics 14, 130–142. doi: 10.1093/bfgp/elu035

Greten, F. R., Arkan, M. C., Bollrath, J., Hsu, L. C., Goode, J., Miething, C., et al. (2007). NF-K B is a negative regulator of IL-1β secretion as revealed by genetic and pharmacological inhibition of IKKβ. Cell 130, 918–931. doi: 10.1016/j.cell.2007.07.009

Guyot, N., Zani, M. L., Maurel, M. C., Dallet-Choisy, S., and Moreau, T. (2005). Elafin and its precursor Trappin-2 still inhibit neutrophil serine proteinases when they are covalently bound to extracellular matrix proteins by tissue transglutaminase. Biochemistry 44, 15610–15618. doi: 10.1021/bi051418i

Jia, G., Preussner, J., Chen, X., Guenther, S., Yuan, X., Yekelchyk, M., et al. (2018). Single cell RNA-seq and ATAC-seq analysis of cardiac progenitor cell transition states and lineage settlement. Nat. Commun. 9:4877. doi: 10.1038/s41467-018-07307-6

Jiang, K., Wong, L., Chen, Y., Xing, X., Li, D., Wang, T., et al. (2018). Soluble inflammatory mediators induce transcriptional re-organization that is independent of Dna methylation changes in cultured human chorionic villous trophoblasts. J. Reprod. Immunol. 128, 2–8. doi: 10.1016/j.jri.2018.05.005

Johnson, D. S., Mortazavi, A., and Myers, R. M. (2007). Genome-wide mapping of in vivo protein-DNA interactions. Science 316, 1497–1503.

Kim, J., Pitlick, M. M., Christine, P. J., Schaefer, A. R., Saleme, C., Comas, B., et al. (2013). Genome-wide analysis of DNA methylation in human amnion. Sci. World J. 2013:678156.

Kim, J., Zhao, K., Jiang, P., Lu, Z.-X., Wang, J., Murray, J. C., et al. (2012). Transcriptome landscape of the human placenta. BMC Genomics 13:115. doi: 10.1186/1471-2164-13-115

Kim, M., Yu, J. H., Lee, M., Kim, A. L., and Jo, M. H. (2016). Differential expression of extracellular matrix and adhesion molecules in fetal-origin amniotic epithelial cells of preeclamptic pregnancy. PLoS One 11:e0156038. doi: 10.1371/journal.pone.0156038

Larsen, E. C., Christiansen, O. B., Kolte, A. M., and Macklon, N. (2013). New insights into mechanisms behind miscarriage. BMC Med. 11:154. doi: 10.1186/1741-7015-11-154

Li, R., Ackerman, W. E., Summerfield, T. L., Yu, L., Gulati, P., Zhang, J., et al. (2011). Inflammatory gene regulatory networks in amnion cells following cytokine stimulation: translational systems approach to modeling human parturition. PLoS One 6:e20560. doi: 10.1371/journal.pone.0020560

Lim, S., Macintyre, D. A., Lee, Y. S., Khanjani, S., Terzidou, V., Teoh, T. G., et al. (2012). Nuclear factor Kappa B activation occurs in the amnion prior to labour onset and modulates the expression of numerous labour associated genes. PLoS One 7:e34707. doi: 10.1371/journal.pone.0034707

Liu, T., Zhang, L., Joo, D., and Sun, S. C. (2017). NF-K B Signaling in inflammation. Signal. Transduct. Target Ther. 2:17023. doi: 10.1038/sigtrans.2017.23

Liu, X., Helenius, D., Skotte, L., Beaumont, R. N., Wielscher, M., Geller, F., et al. (2019). Variants in the fetal genome near pro-in Fl Ammatory cytokine genes on 2q13 associate with gestational duration. Nat. Commun. 10:3927. doi: 10.1038/s41467-019-11881-8

Lowe, W. L., and Reddy, T. E. (2015). Genomic approaches for understanding the genetics of complex disease. Genome Res. 25, 1432–1441. doi: 10.1101/gr.190603.115

McDowell, I. C., Barrera, A., D’Ippolito, A. M., Vockley, C. M., Hong, L. K., Leichter, S. M., et al. (2018). Glucocorticoid receptor recruits to enhancers and drives activation by motif-directed binding. Genome Res. 28, 1272–1284. doi: 10.1101/gr.233346.117

McGinnis, R., Steinthorsdottir, V., Williams, N. O., Thorleifsson, G., Shoote, S., Hjartardottir, S., et al. (2017). Variants in the fetal genome near FLT1 are associated with risk of preeclampsia. Nat. Genet. 49, 1255–1260. doi: 10.1038/ng.3895

Meissner, A., Mikkelsen, T. S., Gu, H., Wernig, M., Hanna, J., Sivachenko, A., et al. (2008). Genome-scale DNA methylation maps of pluripotent and differentiated cells. Nature 454, 766–770. doi: 10.1038/nature07107

Mercer, B. M. (2010). “Preterm premature rupture of the membranes,” in Preterm Birth: Prevention and Management, Vol. 101, ed. B. M. D. Vincenzo (Washington, DC: American College of Obstetrics and Gynecologists), 217–231. doi: 10.1002/9781444317619.ch19

Modi, B. P., Parikh, H. I., Teves, M. E., Kulkarni, R., Liyu, J., Romero, R., et al. (2018). Discovery of rare ancestry-specific variants in the fetal genome that confer risk of preterm premature rupture of membranes (PPROM) and preterm birth. BMC Med. Genet. 12:e0174356. doi: 10.1186/s12881-018-0696-4

Modi, B. P., Teves, M. E., Pearson, L. N., Parikh, H. I., and Strauss, F. (2017). Rare mutations and potentially damaging missense variants in genes encoding fibrillar collagens and proteins involved in their production are candidates for risk for preterm premature Rupture of membranes. BMC Med. Genet. 19:181.

Montenegro, D., Romero, R., Kim, S. S., Tarca, A. L., Draghici, S., Kusanovic, J. P., et al. (2009). Expression patterns of MicroRNAs in the chorioamniotic membranes: a role for MicroRNAs in human pregnancy and parturition. J. Pathol. 217, 113–121. doi: 10.1002/path.2463

Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L., and Wold, B. (2008). Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 5, 621–628. doi: 10.1038/nmeth.1226

Mundade, R., Ozer, H. G., Wei, H., Prabhu, L., and Lu, T. (2014). Role of ChIP-Seq in the discovery of transcription factor binding sites, differential gene regulation mechanism, epigenetic marks and beyond. Cell Cycle 13, 2847–2852. doi: 10.4161/15384101.2014.949201

Nhan-Chang, C.-L., Romero, R., Tarca, A. L., Mittal, P., Kusanovic, J. P., Erez, O., et al. (2010). Characterization of the transcriptome of chorioamniotic membranes at the site of rupture in spontaneous labor at term. Am. J. Obstet. Gynecol. 202:462.e1-41. doi: 10.1016/j.ajog.2010.02.045

Pennington, K. A., Schlitt, J. M., Jackson, D. L., Schulz, L. C., and Schust, D. J. (2012). Preeclampsia: multiple approaches for a multifactorial disease disease models & mechanisms. Dis. Model. Mech. 5, 9–18. doi: 10.1242/dmm.008516

Pereyra, S., Sosa, C., Bertoni, B., and Sapiro, R. (2019). Transcriptomic analysis of fetal membranes reveals pathways involved in preterm birth. BMC Med. Genomics 12:53. doi: 10.1186/s12920-019-0498-3

Pfundt, R., Wingens, M., and Bergers, M. (2000). TNF-α and serum induce SKALP / Elafin gene expression in human keratinocytes by a P38 MAP Kinase-dependent pathway. Arch. Dermatol. Res. 292, 180–187. doi: 10.1007/s004030050475

Pulido-Salgado, M., Vidal-Taboada, J. M., Garcia-Diaz Barriga, G., Solà, C., and Saura, J. (2018). RNA-Seq transcriptomic profiling of primary murine microglia treated with LPS or LPS + IFNγ. Sci. Rep. 8:16096. doi: 10.1038/s41598-018-34412-9

Roadmap Epigenomics Consortium, Kundaje, A., Meuleman, W., Ernst, J., Bilenky, M., Yen, A., et al. (2015). Integrative analysis of 111 reference human epigenomes. Nature 518, 317–329. doi: 10.1038/nature14248

Roberts, J. M., and Cooper, D. W. (2001). Pathogenesis and genetics of pre-eclampsia. Lancet 357, 53–56. doi: 10.1016/s0140-6736(00)03577-7

Robertson, G., Hirst, M., Bainbridge, M., Bilenky, M., Zhao, Y., Zeng, T., et al. (2007). Genome-wide profiles of STAT1 DNA association using chromatin immunoprecipitation and massively parallel sequencing. Nat. Methods 4, 651–657. doi: 10.1038/nmeth1068

Sõber, S., Rull, K., Reiman, M., Ilisson, P., Mattila, P., and Laan, M. (2016). RNA sequencing of chorionic villi from recurrent pregnancy loss patients reveals impaired function of basic nuclear and cellular machinery. Sci. Rep. 6:38439. doi: 10.1038/srep38439

Souza, J. P., Gülmezoglu, A. M., Vogel, J., Carroli, G., Lumbiganon, P., Qureshi, Z., et al. (2013). Moving beyond essential interventions for reduction of maternal mortality (the WHO multicountry survey on maternal and newborn health): a cross-sectional study. Lancet 381, 1747–1755. doi: 10.1016/S0140-6736(13)60686-8

The Encode Project Consortium (2012). An integrated encyclopedia of DNA elements in the human genome. Nature 489, 57–74. doi: 10.1038/nature11247

Tiensuu, H., Haapalainen, A. M., Karjalainen, M. K., Pasanen, A., Huusko, J. M., Marttila, R., et al. (2019). Risk of spontaneous preterm birth and fetal growth associates with Fetal SLIT2. PLoS Genet. 15:e1008107. doi: 10.1371/journal.pgen.1008107

Tirado-Magallanes, R., Rebbani, K., Lim, R., Pradhan, S., and Benoukraf, T. (2016). Whole genome DNA methylation: beyond genes silencing. J. Cancer Res. Clin. Oncol. 8, 5629–5637. doi: 10.1007/s00432-017-2467-6

Tromp, G., Kuivaniemi, H., Romero, R., Chaiworapongsa, T., Kim, M., Kim, R., et al. (2004). Genome-wide expression profiling of fetal membranes reveals a deficient expression of proteinase inhibitor 3 in premature rupture of membranes. Am. J. Obstet. Gynecol. 191, 1331–1338. doi: 10.1016/j.ajog.2004.07.010

Velez, D. R., Fortunato, S. J., Morgan, N., Edwards, T. L., Lombardi, S. J., Williams, S. M., et al. (2008). Patterns of cytokine profiles differ with pregnancy outcome and ethnicity. Hum. Reprod. 23, 1902–1909. doi: 10.1093/humrep/den170

Vento-Tormo, R., Efremova, M., Botting, R. A., Turco, M. Y., Vento-Tormo, M., Meyer, K. B., et al. (2018). Single-cell reconstruction of the early maternal–fetal interface in humans. Nature 563, 347–353. doi: 10.1038/s41586-018-0698-6

Wang, J., Rieder, S. A., Wu, J., Hayes, S., Halpin, R. A., de los Reyes, M., et al. (2019). Evaluation of ultra-low input RNA sequencing for the study of human T Cell transcriptome. Sci. Rep. 9:8445. doi: 10.1038/s41598-019-44902-z

Wang, L., Tang, H., Xiong, Y., and Tang, L. (2017). Differential expression profile of LONG noncoding RNAs in human chorionic villi of early recurrent miscarriage. Clin. Chim. Acta 464, 17–23. doi: 10.1016/j.cca.2016.11.001

World Health Organization (2016). Preterm Birth Fact Sheet. 2016. Geneva: World Health Organization.

Xu, Y., Shi, Y., Fu, J., Yu, M., Feng, R., Sang, Q., et al. (2016). Mutations in PADI6 cause female infertility characterized by early embryonic arrest. Am. J. Hum. Genet. 99, 744–752. doi: 10.1016/j.ajhg.2016.06.024

Yang, W., Lu, Z., Zhi, Z., Liu, L., Deng, L., Jiang, X., et al. (2019). High-throughput transcriptome-Seq and small RNA-Seq reveal novel functional genes and MicroRNAs for early embryonic arrest in humans. Gene 697, 19–25. doi: 10.1016/j.gene.2018.12.084

Zhang, F., and Lupski, J. R. (2015). Non-coding genetic variants in human disease. Human Mol. Genet. 24, R102–R110. doi: 10.1093/hmg/ddv259

Zhao, S., Fung-Leung, W. P., Bittner, A., Ngo, K., and Liu, X. (2014). Comparison of RNA-Seq and microarray in transcriptome profiling of activated T Cells. PLoS One 9:e78644. doi: 10.1371/journal.pone.0078644

Zhou, V. W., Goren, A., and Bernstein, B. E. (2011). Charting histone modifications and the functional organization of mammalian genomes. Nat. Rev. Genet. 12, 7–18. doi: 10.1038/nrg2905


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 © 2020 Cunningham, Feng, Allen and Reddy. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional Genomics of Healthy and Pathological Fetal Membranes



		INTRODUCTION



		DEFINING FETAL MEMBRANE SPECIFIC REGULATORY STATE



		HEALTHY VERSUS PATHOLOGICAL FETAL MEMBRANES



		Preterm Birth and Membrane Rupture



		Early Pregnancy Loss



		Preeclampsia







		RESPONSE TO STIMULI



		GENETIC STUDIES OF FETAL MEMBRANES



		FUTURE STUDIES



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fphys-11-00687-t001.jpg
Source

Roadmap Epigenomics

ENCODE

Tromp et al., 2004
Montenegro et al., 2009
Nhan-Chang et al., 2010
Lietal., 2011

Kim et al., 2012

Kim et al., 2013

Lim et al., 2012

Kim et al., 2016

Sober et al., 2016
Wang et al., 2017

Jiang et al., 2018

Pereyra et al., 2019
Yang et al., 2019

Tissue Type

Amnion, basal plate, chorion smooth,

trophoblast, placental vill

Amnion, basal plate, chorion,
trophoblast, placental vill

Chorioamnion
Chorioamnion

Amnion and Chorion
Amnion mesenchymal cells
Amnion, chorion
Amnion

Amnion

Amnion epithelial
Chorionic vill
Chorionic vill
Chorionic trophoblasts

Amnion and Chorion
Chorionic vill

Disease State

Healthy full term and 2nd trimester c-sections

Healthy full term and 2nd trimester c-sections

Preterm Labor, PPROM, Term in labor and term not in labor
Term in labor and not laboring and preterm labor

Healthy full term spontaneous rupture of membranes
Healthy term c-section stimulated with IL-1B

Healthy full term c-section

Term in labor and not laboring and preterm labor

Healthy full term c-section

Healthy and preeclamptic term c-section

Recurrent pregnancy loss and elective abortion 2nd trimester
Recurrent miscarriages and elective abortion

Healthy term c-section stimulated with LPS

Severe preterm and full term spontaneous labor
Early embryonic arrest and elective abortion 2nd trimester

Assay

mRNA-seq, histone
modification ChIP-seq

mRNA-seq, microRNA-seq,
DNase-seq, histone
modification ChIP-seq

Microarray

microRNA microarray
Microarray

Microarray

RNA-seq

lllumina Methylation BeadChip
Microarray

mRNA-seq

mRNA-seq, MicoRNA-seq
INcRNA microarray

RNA-seq, Whole Genome
Bisulfite Sequencing

RNA-seq
mRNA-seq, MicoRNA-seq






OPS/images/fphys-11-00687-t002.jpg
Source

McGinnis et al.,
2017

Modi et al., 2017

Modi et al., 2018

Liuetal., 2019
Tiensuu et al., 2019

Disease State

Offspring of preeclamptic
pregnancies and controls
Healthy term and PPROM
African American infants
Healthy term and PPROM
African American infants
Varied gestation duration
Term and spontaneous
preterm birth

Assay

SNP array

Whole Exome
sequencing
Whole Exome
sequencing
SNP array
SNP array





OPS/images/cover.jpg
, frontiers
in Physiology










OPS/images/logo.jpg
, frontiers
in Physiology





