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Objective: Genome-wide transcriptomic studies on gestational tissues in labor provide molecular insights in mechanism of normal parturition. This systematic review aimed to summarize the important genes in various gestational tissues around labor onset, and to dissect the underlying molecular regulations and pathways that trigger the labor in term pregnancies.

Data sources: PubMed and Web of Science were searched from inception to January 2021.

Study Eligibility Criteria: Untargeted genome-wide transcriptomic studies comparing the gene expression of various gestational tissues in normal term pregnant women with and without labor were included.

Methods: Every differentially expressed gene was retrieved. Consistently expressed genes with same direction in different studies were identified, then gene ontology and KEGG analysis were conducted to understand molecular pathways and functions. Gene-gene association analysis was performed to determine the key regulatory gene(s) in labor onset.

Results: A total of 15 studies, including 266 subjects, were included. 136, 26, 15, 7, and 3 genes were significantly changed during labor in the myometrium (seven studies, n = 108), uterine cervix (four studies, n = 64), decidua (two studies, n = 42), amnion (two studies, n = 44) and placenta (two studies, n = 41), respectively. These genes were overrepresented in annotation terms related to inflammatory and immune responses. TNF and NOD-like receptor signaling pathways were overrepresented in all mentioned tissues, except the placenta. IL6 was the only gene included in both pathways, the most common reported gene in all included studies, and also the gene in the central hub of molecular regulatory network.

Conclusions: This systematic review identified that genes involved in immunological and inflammatory regulations are expressed in specific gestational tissues in labor. We put forward the hypothesis that IL6 might be the key gene triggering specific mechanism in different gestational tissues, eventually leading to labor onset through inducing uterine contraction, wakening fetal membranes and stimulating cervical ripening.

Systematic Review Registration: Identifier [CRD42020187975].
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INTRODUCTION

Timely and safe parturition is one of the essential elements of a successful pregnancy, which is a key factor in the human reproductive cycle. The initiation of parturition has been characterized by uterine changes including cervical softening and ripening, activation of amnion and decidual membranes, and conversion of uterine smooth muscle from being quiescent to contractile (Smith, 2007). Abnormal timing of triggering these changes leads to adverse pregnancy outcomes. For instance, premature activation causes preterm birth that is one of major causes of neonatal mortality and morbidity (Vogel et al., 2018). Delayed activation may lead to post-term pregnancy, associated with fetal compromise and in-utero death (Cunningham et al., 2014). Excessive stimulation might also cause precipitate labor, resulting in maternal and neonatal morbidity (Cunningham et al., 2014). However, the mechanisms triggering and sustaining human parturition are not fully understood, as this process entails a complex and multifactorial set of events that derive from both the maternal and fetal unit.

Human parturition has been demonstrated as a hormonal event. Placental production of corticotropin-releasing hormone, which is linked to fetal and maternal cortisol positive feedback mechanism, may initiate an endocrine cascade, leading to an exponential increase near term (Frim et al., 1988; Majzoub and Karalis, 1999). Corticotropin-releasing hormone is capable of increasing the actions of oxytocin and prostaglandins, that is inducing uterine contractility (Ravanos et al., 2015). Progesterone is another essential hormone keeping the uterus in a quiescent state during gestation. Although in some animals a decrease of maternal serum progesterone levels is the initiation step of parturition, it is not the case in humans (Zakar and Mesiano, 2011). “Functional progesterone withdrawal” has been proposed by investigators as a potential mechanism in human labor (Brown et al., 2004; Mesiano et al., 2011).

So far, mRNA profile of gestational tissues from samples taken before and after the onset of labor using genome-wide analysis brings molecular insights into the underlying mechanism of parturition. In order to dissect the underlying molecular regulation and pathways of the pregnancy clock and alarms to initiate the parturition, we conducted this review to systematically review and summarize the consistently differentially expressed genes in various gestational tissues of healthy pregnancies before and after labor onset in more than one transcriptomic study.



METHODS

Untargeted genome-wide transcriptomic studies comparing the gene expression of various gestational tissues in normal term pregnant women with and without labor were included. This systematic review was performed and reported according to the guidelines set by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.


Search Strategy

We searched Pubmed and Web of Science for articles published from inception to January 2021, using the following combination of terms: (“parturition” OR “delivery” OR “labor”) AND (“gene expression profiling” OR “transcriptome” OR “whole exome sequencing” OR “microarray analysis” OR “oligonucleotide array sequence analysis” OR “gene expression”). Search results were filtered by “published in English.” We also screened the reference citations for relevant studies to identify possible missing publications.



Study Selection

Publications were included if they were (1) human studies; (2) normal term pregnancy; (3) comparisons between two groups of term pregnant women with and without labor, or comparisons between before and after labor onset in the same group of women; (4) untargeted genome-wide analysis; (5) studying differential gene expression; (6) original article. Studies were excluded if they met any of the following conditions: (1) samples were extracted from women with complicated pregnancy; (2) samples were prepared from cells rather than tissues; (3) tissue samples were treated before RNA extraction; (4) only conference contents or the abstracts were published, or the specific data were missing; and (5) subjects who need to receive medication to induce labor were included.



Data Extraction

The literature search and data extraction from all eligible studies was independently performed by two reviewers. Any discrepancy in the search result was resolved by discussion between a third reviewer and all participating authors. The following data were extracted if available: (1) study characteristics (authors, publication year, number of subjects, gestational weeks at delivery, mode of delivery, and types, locations and methods of sample collection), (2) methods (gene expression profiling technology), (3) statistical results of differential expression testing (lists of significantly changed genes during onset of labor, direction of change, fold-change value, raw and adjusted p-value).



Data Synthesis

We first retrieved all reported differentially expressed genes based on each study's significance threshold for differential expression with and without term spontaneous labor, and then extracted genes reported in two or more studies within the same tissue. For genes with consistently expressed RNA levels in same direction across different studies of the same tissue, gene ontology (GO) and Kyoto Encyclopedia of Gene and Genomes (KEGG) enrichment analysis, which are effective in clustering the functional genes accordingly to cellular, biological and molecular processes, were conducted using the Database for Annotation, Visualization and Integrated Discovery (DAVID) and g:Profiler (Raudvere et al., 2019). WebGIVI (Sun et al., 2017), a web-based visualization tool, was used to present the network between differentially expressed genes and related pathways. False discovery rate (FDR) was applied to adjust the raw p-value for multiple comparisons. Only results with FDR < 0.05 was considered as statistically significant.




RESULTS


Study Selection and Basic Characteristics

We identified 1,655 studies in the two databases, however only 26 publications remained after selection by criteria listed in section Study Selection (Figure 1). Eleven studies were further excluded due to the following reasons: five studies were not genome-wide analysis (Montenegro et al., 2009; Kim et al., 2013; Gomez-Lopez et al., 2017; Lui et al., 2018; Stanfield et al., 2019), differentially expressed genes were not analyzed in two studies (Weiner et al., 2010; Bukowski et al., 2017), two studies had no list of differentially expressed genes due to absence of statistically significant results (Sitras et al., 2008; Montenegro et al., 2009), one study had no comparison between term pregnant women with and those without labor (Makieva et al., 2017), and one study included subjects who required medication to induce labor (Sharp et al., 2016). Eventually, 15 studies (Esplin et al., 2005; Havelock et al., 2005; Bukowski et al., 2006; Haddad et al., 2006; Hassan et al., 2006, 2010; Han et al., 2008; Bollapragada et al., 2009; Lee et al., 2010; Mittal et al., 2010; Peng et al., 2011; Chan et al., 2014; Stephen et al., 2015; Rinaldi et al., 2017; Ackerman et al., 2018), including 266 pregnant women, were included in the final review. A single type of gestational tissue was investigated in 12 of included studies, two types of gestational tissues were investigated in one study (Brown et al., 2004), and three types of tissues were studied in two studies (Lee et al., 2010; Ackerman et al., 2018). The detailed selection procedure was presented in Figure 1.


[image: Figure 1]
FIGURE 1. Flow chart of study selection.


The basic characteristics of these included studies were shown in Table 1. These studies were conducted between 2004 and 2017 and sample sizes ranged from 10 to 39. The most studied gestational tissue was myometrium (n = 7), followed by the uterine cervix (n = 4), amnion (n = 2), decidua (n = 2), placenta (n = 2), maternal blood (n = 1), fetal blood (n = 1), and uterine fundus (n = 1). Not surprisingly, the methods of procuring the same type of tissue did vary, albeit slightly, across the concerned studies. Myometrial samples in the above studies (Esplin et al., 2005; Havelock et al., 2005; Bukowski et al., 2006; Bollapragada et al., 2009; Mittal et al., 2010; Chan et al., 2014; Ackerman et al., 2018) were obtained from the upper lip of the uterine incision during the surgery or after delivery. Cervical samples were obtained from the anterior lip of the cervix through vagina after delivery (Bukowski et al., 2006; Hassan et al., 2006, 2010; Bollapragada et al., 2009). Amniotic samples in one study were obtained from at least 2 cm apart from the rupture site of the fetal membrane and the margin of the placenta by blunt dissection (Han et al., 2008). Decidual samples were isolated from the fetal membrane by manual separation (Stephen et al., 2015; Rinaldi et al., 2017). Placental samples were obtained from the central area (Lee et al., 2010; Peng et al., 2011). Maternal blood (5 mL) was collected by venipuncture following the delivery of placenta (Peng et al., 2011), fetal blood was collected immediately after the umbilical cord was clamped and cut (Peng et al., 2011), and uterine samples were obtained from the outside surface of the uterine fundus (Bukowski et al., 2006). There was no detailed information on the sample collection in the remaining studies.


Table 1. Basic characteristics of included studies.
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Microarray was used in 13 of the 15 included studies, and RNA-seq was used in the other two studies. The significance threshold for differential expression was different in each study, and most of them were based on the raw or adjusted p-value and fold-change value (Table 1). Non-protein coding miRNAs but not mRNA were investigated in two studies (Hassan et al., 2010; Ackerman et al., 2018), so they were not included in the subsequent functional analysis based on protein-coding mRNA.



Synthesis of Results

A total of 3,187 unique differentially expressed genes were reported in the 13 studies. Of these, only 421 genes (13.2%) were reported in two or more studies. For each gene in each type of gestational tissue, its reported direction of changes in RNA levels during labor across different studies was compared (Tables 2–6). Only genes with consistently increased or decreased RNA levels were grouped into five final gene lists (labor-associated gene lists), one for each type of tissue, for statistical comparison with the entire list of genes in the human genome (reference gene list). For each gestational tissue, gene annotation terms (e.g., GO terms such as biological process; Supplementary Material) or gene-associated pathways (e.g., KEGG pathways; Figure 2) that were overrepresented in a labor-associated gene list compared with the reference gene list were identified. Results across five types of gestational tissues were summarized (Figures 2–5).


Table 2. Genes with RNA levels reported by two or more studies to be significantly changed in the myometrium during labor.
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Table 3. Genes of which RNA levels were reported by two or more studies to be significantly increased in uterine cervix during labor.
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Table 4. Genes of which RNA levels were reported by two or more studies to be significantly increased or decreased in decidua during labor.
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Table 5. Genes of which RNA levels were reported by two or more studies to be significantly increased in amnion during labor.
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Table 6. Genes of which RNA levels were reported by two or more studies to be significantly increased in placenta during labor.
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FIGURE 2. Significantly overrepresented KEGG pathways for significantly increased genes identified by two or more studies in myometrium (A), uterine cervix (B), decidua (C), and amnion (D) using DAVID and g:Profiler. KEGG pathways overrepresented in four mentioned gestational tissues were marked by red rectangle. Red dots represent enriched pathways identified by DAVID and blue dots represent pathways identified by g:Profiler. Size of dots represents the gene counts in our gene list involved in the corresponding pathways.



[image: Figure 3]
FIGURE 3. Genes-pathways network in myometrium (A), uterine cervix (B), decidua (C), and amnion (D). Genes involved in the two pathways (i.e., TNF signaling pathway and NOD-like receptor signaling pathway) which enriched in the four tissues were highlighted by red line.
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FIGURE 4. Genes of which the expressions were reported significantly changed in more than one tissue by two or more studies.
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FIGURE 5. Gene-gene interaction analysis of the differentially expressed genes that overlapped across gestational tissues. Nodes represent genes, edges represent gene-gene association, and colors of edges stand for association evidence in the STRING database.




Myometrium

Myometrium was investigated in 6 mRNA studies. The expression of 144 genes were reported to be changed in women with labor compared to those without labor in two or more studies (Table 2). Of these, 102 genes showed consistently increased (Table 2, first section) and 34 genes showed decreased (Table 2, second section) mRNA expression across multiple studies. However, the remaining eight genes showed inconsistent direction of change in RNA levels during labor across studies (Table 2, third section), which were not further analyzed.

Of the genes with consistently increased RNA levels in the myometrium during labor, PTGS2 was reported in four of the six relevant studies (66%), whereas AEBP1, ANGPTL4, AQP9, CEBPD, FOSB, LIF, LILRA4, PIM1, S100A9, SELE, SERPINE1, SERPINE2, SLC16A10, SLC16A3, and TRIB1 were reported in three studies (50% of the relevant studies) (Table 2, first section). Of the genes which were observed to be expressed at decreased RNA levels in the myometrium during labor, ANGPTL1, CYP4B1, FAXDC2, PLCL1, and SELENOP were reported in three studies (50% of the relevant studies), whereas the remaining 29 genes were reported in two studies (Table 2, second section). DAVID and g:Profiler, web server for functional enrichment analysis, were used to gain insight into the biology of these consistently changed genes. DAVID showed that 25 biological processes, such as inflammatory response, neutrophil chemotaxis and response to interleukin 1 (Supplementary Material 1), and seven pathways, including TNF signaling pathway, NOD-like receptor signaling pathway, Jak-STAT signaling pathway and cytokine-cytokine receptor interaction pathway (Figure 2A, red dots) were significantly overrepresented in this comparison. While analysis in g:Profiler demonstrated 390 biological processes (Supplementary Material 2) and 15 pathways (Figure 2A, blue dots) were enriched in the same comparison. Among the 10 biological processes with the lowest FDR, eight biological processes were related to the immune/inflammatory response, and the other two biological processes were associated with zinc ion. Enriched pathways identified by DAVID were also identified by g:Profiler (Figure 2A).



Cervix

There were 26 genes reported in two or more studies (maximum three studies) to show changed RNA levels in the cervix during labor. Across the multiple studies, the RNA levels of all 26 genes were consistently higher in women with labor than those without (Table 3). Compared with the entire list of genes in the human genome, in DAVID, this 26-gene list was overrepresented with 21 biological processes, including inflammatory response, immune response and chemokine-mediated signaling pathway (Supplementary Material 3), and overrepresented with 11 pathways, including those associated with TNF, NOD-like receptor and chemokine signaling (Figure 2B, red dots). While in g:Profiler, this list was enriched in 266 biological processes, among which 10 biological processes with the lowest FDR were parts of immune/inflammatory response (Supplementary Material 4) and 22 pathways, of which 10 pathways were shared with the analysis using DAVID (Figure 2B, blue dots).



Decidua

Gene expression profile in decidua was investigated in two included studies. Fifteen genes were identified to be differentially and consistently changed during labor by both studies. All the direction of changes were upregulated, except that of NDUFS8 which was downregulated (Table 4). DAVID analysis showed three overrepresented pathways (Figure 2C, red dots) but no enriched biological processes; while analysis using g:Profiler showed the 15-gene list was enriched with 263 biological processes (Supplementary Material 5) and 32 pathways (Figure 2C, blue dots) in decidua. TNF and NOD-like receptor signaling pathway were identified by two databases.



Amnion

Of the two studies on amnion, mRNA levels of seven genes were reported to be significantly and consistently increased by both included studies. Using DAVID, GO analysis showed five overrepresented biological processes which belong to the immune/inflammatory response (Supplementary Material 6) and pathway analysis revealed six overrepresented pathways (Figure 2D, red dots). Enrichment analysis in g:Profiler showed the 7-gene list in amnion was enriched in 224 biological processes, including immune cell migration and response to cytokine/chemokine, (Supplementary Material 7) and 27 pathways (Figure 2D, blue dots). Five pathways, TNF, NOD-like receptor, legionellosis, cytokine-cytokine receptor interaction, and chemokine signaling pathways, were identified by both DAVID and g:Profiler (Figure 2).



Placenta

Besides, there were three genes identified to be differentially expressed in the two studies on placenta, and mRNA levels of them were consistently increased during labor (Table 6). No significantly overrepresented biological processes or pathways related to the three genes in placenta were found in DAVID. While 189 biological processes, including cytokine production and regulation of cytokine production, were enriched (Supplementary Material 8), but no pathways were enriched, in g:Profiler.

As gene expression in uterine fundus, maternal blood and cord blood was investigated in only one single study, we could not make further comparison for these tissues.



Comparison of Results From Myometrium, Cervix, Amnion, Decidua, and Placenta

We also searched for any overlapping of the reported differentially expressed genes across reviewed gestational tissues. A total of 23 genes were identified to be differentially expressed, between women with labor and without labor, in more than one tissue and by two or more studies (Figure 4). All the expressions were reported to be upregulated. No genes were shared across all the five reviewed tissues. IL6 was the only gene expression that was significantly changed in all tissues, except placenta. Seven genes, CXCL1, CXCL2, CXCL3, TNFAIP3, SOCS3, PTGS2, and IER3, were reported in three of the five reviewed tissues. The remaining 14 genes were reported in two of the reviewed tissues. To visualize how these overlapping gene were related, Search Tool for Retrieval of Interacting Genes/Proteins (STRING) with a high-confidence score (interaction score ≥ 0.90) comparing with a genome background and the evidence mode in the settings were performed (Szklarczyk et al., 2019). The potential interactions are shown in Figure 5. Nodes represent genes, edges stand for the gene-gene associations and the line color indicates the type of interaction evidence in the STRING database. Notably, IL6 was the central node in the network.



Functional Enrichment Analysis

To gain insight into the spatial differences of biology, we summarized the similarities and differences of the overrepresented pathways across the reviewed gestational tissues. No enriched pathways related to placenta were identified by either database. TNF and NOD-like receptor signaling pathways were overrepresented in all reviewed tissues except placenta by both databases (red rectangles in Figure 2). To better visualize the association between the identified genes and related pathways in each tissue, the gene-pathway network was created (Figure 3), showing that IL6 was the only gene reported in the four mentioned tissues and related to these two pathways (Figure 3). Mineral absorption pathway, involving MT1A, MT1M, MT1F, MT2A, and STEAP1, was identified by two databases but was overrepresented in only myometrium (Figures 2, 3).




DISCUSSION

Initiation of human parturition entails a complex, multifactorial set of events, and the mechanism of which remains barely understood. To provide an overview of the current literature on human labor transcriptomics, we conducted a systematic review analyzing genome-wide studies of gestational tissues in healthy pregnancies.


Principal Findings

Principal findings of this systematic review were: (1) IL6, the most reported differentially expressed gene during labor in our included studies, was identified to be significantly upregulated in seven studies across four gestational tissues and was the central gene among the overlapped genes across gestational tissues; (2) Pathway analysis indicated TNF and NOD-like receptor signaling pathways overrepresented in the myometrium, cervix, decidua and amnion. IL6 was the only gene reported in the four tissue types and involved in the two pathways. (3) Metal ion-associated annotation terms, such as response to zinc and cadmium ion and mineral absorption pathway, were overrepresented in only myometrium.



Role of IL6 in the Onset of Human Labor

Interleukin 6 is a well-known marker with upregulated expression in preterm birth, premature rupture of membrane (PROM), and term labor (Febbraio and Pedersen, 2005). In this review, of the 13 studies in which the differential expression of protein-coding mRNA was investigated, seven studies reported the increased mRNA levels of IL6 across the myometrium, cervix, decidua and amnion (Haddad et al., 2006; Hassan et al., 2006; Han et al., 2008; Bollapragada et al., 2009; Chan et al., 2014; Stephen et al., 2015; Rinaldi et al., 2017). However, no change in mRNA levels was reported in the two studies on placenta (Lee et al., 2010; Peng et al., 2011). Inconsistent findings on the IL6 expression in laboring placenta have been discussed in previous review (Hadley et al., 2018). Overall, IL6 is a common cytokine in most of gestational tissues with increased expression during labor. IL6 is a pleiotropic cytokine with broad effects on immune system, including promoting proliferation of lymphocytes and regulating acute-phase response (Hunter and Jones, 2015). Interestingly, IL6 has both pro- and anti-inflammatory properties (Scheller et al., 2011).

Figure 5 showed the potential associations among overlapped differentially expressed genes across gestational tissues. IL6 was the central gene and linked with multiple genes. IL6 linked with, previously demonstrated to induce, a cluster of chemokines, such as CXCL1 and CXCL8, which chemoattract immune cells, especially neutrophils (Roy et al., 2012; Caiello et al., 2014). IL6 also linked with CSF3, which stimulates the proliferation and maturation of neutrophils. But the definite association between IL6 and CSF3 is required further investigation. Besides, NAMPT, which inhibits neutrophil apoptosis, increases the production of IL6 (Travelli et al., 2018). Therefore, IL6 was associated with genes increasing the number and activity of neutrophils. Neutrophils might participate in the human labor by releasing enzymes including MMPs which induce cervical ripening, and by secreting cytokines which further induce the infiltration of immune cells. Moreover, IL6 upregulates expression of PTGS2 leading to the production of prostaglandins which induce myometrial contractions (Mitchell et al., 1991). Besides, IL6 was also associated with TNFAIP6 and SOCS3, which negatively regulate inflammatory response. This suggests that the anti-inflammatory property of IL6 might also involves in the onset of human labor, and increased expressions of anti-inflammatory genes are of importance to maintain the inflammatory homeostasis during physiological term parturition.

Figure 3 showed the association between genes and related pathways. As shown in Figure 3, TNF and NOD-like receptor signaling pathways were enriched in myometrium, cervix, decidua and amnion, and IL6 were identified to changed significantly during labor and contributed most to the two pathways. Previous studies also investigated the role of IL6 in human labor. Rauk et al. showed that IL6 upregulates the expression of oxytocin receptor and the capacity of binding oxytocin in myometrium explants (Rauk et al., 2001), which induces uterine contraction. Mitchell et al. found that IL6 stimulate production of prostaglandins in a concentration-related manner in decidua and amnion cells (Mitchell et al., 1991). Meisser et al. demonstrated that IL6 increase the activity of MMPs, which is essential in cervical ripening (Meisser et al., 1999). Taken together, we speculate that IL6 might play a determinant role in the onset of human labor via multiple connections with genes across gestational tissues. On the other hand, transcriptomic analysis in opossum showed that parturition was characterized by an inflammatory response consistent with human parturition (Hansen et al., 2016; Griffith et al., 2017). However, the IL6 transcripts were elevated and peaked at parturition and dropped afterward in opossum, but stayed high level in humans (Hansen et al., 2017). The shorter pregnancy and labor process in opossum than humans might contribute to the differences, suggesting a unique process in human labor.

Interleukin 6 can be produced in almost all immune cells in response to microbial molecules, but the mechanism by which how it triggers the secretion of IL6 in normal term labor without evidence of infection remains unclear. Phillippe proposed a “cell-free fetal DNA (cffDNA)/telomore hypothesis” that the increase in cffDNA, which is released by placenta during apoptosis at term, stimulates toll-like receptor 9 leading to production of pro-inflammatory cytokines including IL6 (Phillippe, 2015). However, further studies are needed to investigate this theory and the function of IL6 in human labor.



Inflammatory and Immune Response in Human Labor

Results of this systematic review confirmed that inflammatory and immune response are involved in most gestational tissues in normal human parturition. GO analysis demonstrated that inflammatory response, immune response, chemokine-mediated signaling pathway and response to lipopolysaccharide were overrepresented in the myometrium, cervix and amnion. CXCL1, CXCL2 and CXCL3 were involved in the four biological processes and the mRNA levels were upregulated in the three relevant tissues. Apart from the general concept of inflammatory and immune response, chemokine-mediated signaling pathway comprises a series of molecular events initiated by chemokines binding to its receptors, which is essential for the coordination of cell migration. Overrepresented chemokine-mediated signaling pathway, as well as the increased expression of CXCL1, CXCL2, and CXCL3, may explain the infiltration of immune cells in gestational tissues during labor (Frim et al., 1988; Majzoub and Karalis, 1999).

Response to lipopolysaccharide refers to any processes resulted from lipopolysaccharide stimuli, a component of cell-wall of Gram-negative bacteria, resulting in the production of pro-inflammatory cytokines (O'Neill and Bowie, 2007). Response to lipopolysaccharide also has been implicated in the pathophysiology of preterm labor, PROM and chorioamnionitis (Romero et al., 1987, 1988). The involvement of this biological process in human labor, both preterm and term, may be due to production of pro-inflammatory cytokines via the above-mentioned mechanisms, such as stimulating secretion of prostaglandins which induce uterine contraction, or release of MMPs which facilitate cervical ripening. Further studies, nevertheless, are required to investigate the mechanisms.

Pathway analysis indicated that TNF and NOD-like receptor signaling pathway were overrepresented in all the reviewed tissues except placenta. Tumor necrosis factor (TNF) induces a broad range of molecular events, including induction of apoptosis, initiation of necrosis and activation of inflammation (Chu, 2013). In addition to the property of pro-inflammation, TNF also stimulates the synthesis of prostaglandins (Christiaens et al., 2008). On the other hand, nucleotide-binding oligomerization domain (NOD) like-receptors are a family of pattern recognition receptors, which are responsible for the detection of pathogen-associated molecular patterns, and the generation and regulation of innate immune system (Jakopin, 2014). These overrepresented biological processes and pathways in most gestational tissues indicated the involvement of inflammatory and/or immune response in the onset of normal human labor.

Besides the common biology defined by the differentially expressed genes during labor onset in most gestational tissues, specific molecular functions or pathways in certain tissue are also important to understand the underlying mechanism that triggers the human parturition.



Metallothioneins in Myometrium During Labor Onset

Genes encoding metallothioneins, including MT1A, MT1F, MT1M, MT1X, MT2A, and MT3, and related pathways, such as mineral absorption pathway, cellular response to zinc and cadmium ion, were overrepresented in exclusively the myometrium. Metallothioneins are a family of cysteine-rich, metal-binding proteins, capable of protecting cells against metal toxicity, oxidative stress and apoptosis (Klaassen et al., 1999; Shimoda et al., 2003). Considering the observations that increased infiltration and activity of cytotoxic cells, such as NK cells, in the gestational tissues during labor (Abadia-Molina et al., 1996; Wicherek and Galazka, 2007), the increased metallothioneins in myometrium suggests that metalloproteineins participate in the regulation of homeostasis responsible for restricting the overload of immune response. Also, in this review, upregulated expressions of genes related to metallothioneins were only reported in studies on myometrium, which might suggest that metallothioneins were involved in the myometrial contraction. However, the exact function of metallothioneins in the process of labor requires future study.



Information From Other Differentially Expressed Genes

The mRNA level of prostaglandin-endoperoxide synthase 2 (PTGS2) was identified to be significantly increased in myometrium, cervix and decidua by eight included studies in our review. PTGS2, also known as COX2, is the rate-limiting enzyme in the synthesis of prostaglandin, which is a strong stimulator of uterine activity (O'Brien, 1995). In addition to the upregulated expression during human labor, delayed parturition in mice lacking PTGS2 demonstrated the essential role of PTGS2 in initiating the labor (Gross et al., 1998; Loftin et al., 2001).

Adrenomedullin (ADM) gene levels were found to increase during labor in placenta. The expression of ADM was demonstrated to be predominantly expressed in placenta and fetal membrane but less in uterine muscle (Makino et al., 2001). Di lorio et al. reported that the plasma ADM protein level was significantly higher obtained after the labor onset than the concentration before labor, and the production of ADM by fetal membranes cultured cells was greater from samples collected after vaginal delivery than from Cesarean section (Di Iorio et al., 2001). The increased production of ADM throughout pregnancy was speculated to maintain a quiescent uterus, as ADM is a potent smooth muscle relaxant, and progesterone enhances the ADM production (Norwitz et al., 2007). But unlike the functional withdrawal of progesterone, the ADM concentration increased during labor, which was speculated previously to compensate for the increased synthesis and release of local-acting vasoconstrictor substances (e.g., prostaglandins) by acting to dilate vessels and facilitate blood flow during parturition (Al-Ghafra et al., 2003).

Besides, mRNA levels of genes regulating the activity of plasminogen, such as SERPINE1 and PLAUR, were also reported to be changed during labor. Plasminogen activator family, including plasminogen activator urokinase-type (PLAU) and its receptor (PLAUR), is responsible for the MMPs activation (Ny et al., 2002; Curry Jr and Osteen, 2003). Plasminogen activator dependent activation of MMPs leads to activation of plasminogen activator and other MMPs, which further propagates the proteolytic cascade (Ny et al., 2002; Xu et al., 2010). Thus, the increased PLAUR level in cervix during labor facilitate the cervical remodeling and ripening through the activation of MMPs. On the other hand, plasminogen activator inhibitor-1 (SERPINE1) inhibits the activity and leads to the degradation of plasminogen activator (Olson et al., 2001). Expression of SERPINE1 was also found to be increased in myometrium and placenta during labor, which might be due to the elevated glucocorticoids (Medcalf et al., 1988). Aside from the ability to inhibits plasminogen activator, SERPINE1 also regulates cell adhesion to extracellular matrix, and SERPINE1 in the maternal-fetal interface disrupts the adhesion of cotyledon to caruncle which results in placental separation and expulsion (Burghardt et al., 2009; McNeel et al., 2013).



Limitations of Current Study

Firstly, heterogeneities in the study design and methods used among included studies make it challenging to compare the differential gene expression in different studies. All the included studies were cross-sectional studies rather than longitudinal and differ in mode of delivery. Regarding the transcriptome profiling, untargeted and unbiased transcriptome profiling methods were used in all included studies, but the sensitivity of profiling platform varies (Table 1). Qualitatively, however, the aggregated outcomes of these included studies demonstrated the most common changes during labor onset across different gestational tissues. Another problem that cannot be ignored is the different standards concerning data availability and differential gene expression criteria in different studies. For instance, several studies didn't report the full list of differentially expressed genes, but top 20 or 50 most significant genes, which may restrict and underpower the functional analysis. Therefore, we might omit information from genes that are important in labor onset but did not meet the threshold for differential expression or did not present in the original study. Aggregating raw data from each included study and analyzing it by the same statistical method would be helpful to adjust this problem. Secondly, only studies on protein-coding RNA can be included in the functional analysis, which might limit the important non-protein coding genes which regulate protein expression at the post-transcriptional level via interaction with targeted mRNAs. Functional analysis of these targeted mRNAs might be a remedy for this missing information. But in our review, only two studies investigated differential expression of miRNAs in myometrium and cervix, respectively. In addition, transcriptomic changes during preterm labor onset were not included in this review. Inflammatory and immune responses implicated in both preterm and term labor onset, but the reason why the timing of labor onset differs remains unclear. Comparing the similarities and differences in transcriptomic changes between preterm and term labor might provide insight. Lastly, in our study the comparisons were made between two groups of women with and without labor, of which differences identified might be inter-individual variation rather than labor-associated changes. Also, samples were obtained after the delivery of fetus/placenta in the current studies, due to the infeasibility of gestational tissues sampling at the early stage of labor, which might only demonstrate the changes at the later stages of labor instead of changes occurring at around the onset of labor. Considering that maternal blood enriches immune cells and can be serially taken during labor onset, transcriptomic studies using maternal blood from women who are about to go into term labor might provide markers to understand the initiation of human labor and to diagnosis labor-associated disorders.



Conclusion and Implications

The results of this systematic review suggested that immunological and inflammatory regulation are involved in specific gestational tissues during labor onset. TNF and NOD-like receptor signaling pathways were overrepresented in all mentioned tissues, except the placenta. IL6 was the only gene involved in both pathways and also reported in the four mentioned tissues. IL6 was the most common reported genes in included studies, and the central gene in the association network of overlapped genes across reviewed tissues. It demonstrates that IL6 might be the key gene that triggers specific mechanisms in different gestational tissues except placenta. The increased IL6, as well as other pro-inflammatory cytokines and chemokines, might lead to the onset of labor through inducing uterine contraction, wakening fetal membranes and stimulating cervical ripening.
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*Show i column 3 onwards are fold-change value of RNA levels during labor. A positive.
value represents an increased RNA level during labor, while a negative value represents a
decreased level.
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*Show in column 3 onwards are fold-change value of RNA levels during labor. A positive value represents an increased RNA level during labor; while a negative value represents a decreased level.
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decreased level.
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