Dynamic expression of TET1, TET2, and TET3 dioxygenases in mouse and human placentas throughout gestation
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Abstract
Introduction: Throughout pregnancy, the placenta dynamically changes as trophoblast progenitors differentiate into mature trophoblast cell subtypes. This process is in part controlled by epigenetic regulation of DNA methylation leading to the inactivation of ‘progenitor cell’ genes and the activation of ‘differentiation’ genes. TET methylcytosine dioxygenases convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) during DNA demethylation events. Here, we determine the spatiotemporal expression of TET1, TET2, and TET3 in specific trophoblast cell populations of mouse and human placentas throughout gestation, and consider their role in trophoblast cell differentiation and function. 
Methods: In situ hybridization analysis was conducted to localize Tet1, Tet2, and Tet3 mRNA at key stages of mouse placental development. The distribution of 5mC and 5hmC in these samples was also evaluated. In comparison, expression patterns of TET1, TET2, and TET3 protein in human placentas were determined in first trimester and term pregnancies. 
Results: In mouse, Tet1-3 mRNA was widely expressed in trophoblast cell populations from embryonic (E) day 8.5 to E12.5 including in progenitor and differentiated cells. However, expression became restricted to specific trophoblast giant cell subtypes by late gestation (E14.5 to E18.5). This coincided with cellular changes in 5mC and 5hmC levels. In human, cell columns, extravillous trophoblast and syncytiotrophoblast expressed TET1-3 whereas only TET3 was expressed in villus cytotrophoblast cells in first trimester and term placentas. 
Discussion: Altogether, our data suggest that TET enzymes may play a dynamic role in the regulation of transcriptional activity of trophoblast progenitors and differentiated cell subtypes in mouse and human placentas. 
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Highlights
· TET enzymes are expressed through gestation in human and mouse placentas
· Late gestation Tet expression is restricted to specific mouse trophoblast subtypes 
· Differential TET expression in early and late human placentas was observed
· TET expression in trophoblast correlates with 5-hydroxymethylcytosine levels
· Trophoblast progenitors and differentiated cells likely require TET function

1. Introduction
The transition from progenitor to differentiated cell requires dynamic epigenetic regulation. DNA methylation is a stable epigenetic mark that is generally associated with transcriptional silencing. Occurring mainly at CpG dinucleotides, DNA methylation is catalysed by DNA methyltransferases (DNMTs). Conversely, the Ten eleven translocation (TET) family of methylcytosine dioxygenases actively demethylate cytosines by targeting 5-methylcytosine (5mC) for oxidation to generate 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) [1, 2]. In general, 5hmC is transient in the epigenome and found at a lower levels than 5mC [3]. However, some cells contain high levels of 5hmC, such as embryonic stem cells (ESCs) [4] and Purkinje neurons [5]. While the role of 5mC in transcriptional regulation is well studied, the function of 5hmC is less clear [6, 7]. Nonetheless, DNA modified with 5hmC is generally present in euchromatin suggesting that it promotes transcriptional activity [8, 9]. Trophoblast cells have hypomethylated DNA relative to the embryo [10], which is necessary for normal placental development and therefore, a successful pregnancy. Gene knockout studies indicate that TET enzymes are critical for differentiation of a wide range of cell populations including ESCs [11], blood [12], and skeletal cells [13]. However, the role of TET enzymes in trophoblast differentiation and function is unclear.
While architecturally different, both humans and mice have hemochorial placentas that comprises of three main layers: an outer maternal layer containing decidual cells and vasculature that brings maternal blood to and from the conceptus; a ‘junctional’ region that attaches the placenta to the uterus and consists of trophoblast cells with invasive and/or endocrine functions; and an inner layer composed of highly branched placental villi consisting of outer trophoblast cells that are bathed in maternal blood and surround an inner core of stroma and fetal capillaries [14]. Placenta villi are where maternal and fetal blood come in close proximity for nutrient and waste exchange. 
During human placental development, extravillous cytotrophoblast (EVT) cells differentiate from progenitors in cell columns and invade into the uterine spiral arteries [15]. Villous formation results when the chorionic plate gives rise to stem villi, which branch to form terminal villi with a continuous layer of multinucleated syncytiotrophoblast cells that directly contact maternal blood [15]. Beneath these cells lie a progenitor population of cytotrophoblast that fuse to form syncytiotrophoblast cells [15]. In mice, primary trophoblast giant cells (TGCs) provide a barrier between the maternal decidua and the conceptus, and the ectoplacental cone (EPC) and chorion have formed by embryonic (E) day 8.0 [16]. The EPC contains progenitor cells of the junctional zone including spongiotrophoblast (SpT) cells, glycogen trophoblast (GlyT) cells and some TGC subtypes [17, 18]. Alternatively, the chorion contains syncytiotrophoblast progenitor cells [19]. Upon chorioallantoic attachment at E8.5, branching morphogenesis is initiated and villi form the labyrinth layer [19]. The labyrinth is functional by E10.5 when maternal and fetal blood circulations are established and separated by a trilaminar layer of trophoblast cells including the sinuisoidal-TGCs that contact maternal blood, and a bilayer of syncytiotrophoblast cells that surround fetal capillaries [14, 20]. Defects in mouse and human placenta development have deleterious effects on fetal development [14]. 
Though some differences exist, mechanisms of epigenetic regulation are largely thought to be analogous in mouse and human placentas. Both models contain imprinted genes that are regulated by DNA methylation and are critical for placental development (e.g. Igf2, H19, Mest, Cdkn1c, etc.) [21]. Furthermore, 5mC, 5hmC, and histone methylation marks are present in human trophoblast cells during gestation [22]. In the early mouse embryo, patterns of 5mC and 5hmC differ between progenitor and differentiated trophoblast cells [23] suggesting differential regulation of methylation as cells become specified. In ESCs [11] and the embryo proper [24], TET enzymes promote differentiation, though similar evidence is lacking in the trophoblast lineage. 
Placental development is divided into the ‘development phase’ when trophoblast cell proliferation and differentiation occurs, and the ‘mature phase’ when the placenta increases in size and blood volume due to cell morphogenesis and dilation of blood vessels [25]. Indeed, the transition from the ‘development’ to ‘mature’ phase is marked by a transcriptional change of ~4000 genes including cell cycle, cell growth, and morphogenesis genes [26]. It is hypothesized that DNA methylation machinery may be implicated in this process, although the extent to which TET enzymes are involved is unknown. Loss of Tet expression in the Tet1 knockout [27] and the Tet1/2 double knockout [28] mice results in postnatal and prenatal growth restriction, respectively, which suggest a role in placental development and function. To better understand epigenetic dynamics in trophoblast cells between early and late pregnancy, we investigate the spatiotemporal expression of TET1, TET2, and TET3 in correlation with nuclear 5mC and 5hmC levels in specific trophoblast cell subtypes throughout mouse and human placental development.

2. Methods
2.1 Mouse dissections
This research was regulated under the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012 following ethical review by the University of Cambridge Animal Welfare and Ethical Review Body (AWERB). C57Bl/6 mice (http://jaxmice.jax.org) were mated to generate conceptuses at E8.5, E10.5, E12.5, E14.5, E16.5, and E18.5. Noon of the day that the copulatory plug was detected was designated E0.5. At least three placentas per time point were assessed. C57Bl/6 adult male brains were dissected for use as a positive control. Tissue was fixed overnight in 4% paraformaldehyde (PFA)/1x phosphate buffered saline (PBS) at 4C. Samples were processed for cryosectioning (10 m) or paraffin sectioning (7 m). 

2.2 Human placentas
First trimester placentas (N=4) and decidua basalis samples (N=3) were collected between 7-11 weeks gestation with informed written consent and the approval of the Joint UCL/UCLH Committees on the Ethics of Human Research (05/Q0505/82) from patients undergoing surgical termination of pregnancy under general anesthesia for psycho-social reasons. Gestational age was confirmed by ultrasound measurement of the crown rump length of the embryo. Term placentas (N=3) were collected from normal term singleton pregnancies delivered by elective caesarean section at 39-weeks gestation with informed written consent of the patients and permission of the Cambridgeshire 2 Research Ethics Committee (03/360). All tissue samples were fixed in 4% PFA/1xPBS and embedded for paraffin sectioning. 

2.3 In situ hybridization
Synthesis of digoxigenin-labelled sense and anti-sense probes was performed by PCR amplification of cDNA templates using DIG RNA Labelling Mix (Roche, Cat. No. 11277073910) and gene-specific primers (Supplementary Table 1). In situ hybridization was performed as previously described [29]. Briefly, for probes against Tet1, Tet2, and Tet3, cryosections were rehydrated in 1x PBS under RNase-free conditions, treated with 30g/ml proteinase K (Roche) in 50mM Tris/2.5mM EDTA for 10 min at room temperature, acetylated with 0.25% acetic anhydride (Sigma) in 0.1M triethanolamine (Sigma) buffer for 10 min, and hybridized with ~50ng of DIG-labelled riboprobe per section in 200l hybridization buffer (Amresco) overnight at 55C. Sense probes were generated as negative controls, and were used in conditions similar to above. For probes against Ctsq and Tpbp, the same protocol was performed with the following modifications. Dewaxed and rehydrated paraffin sections were treated with 30g/ml proteinase K for 20 min at room temperature and probe hybridization occurred at 65C overnight. All posthybridization washes, antibody detection of DIG-labelled probes, and colour development were performed as previously described in detail [29]. Sections were counterstained with Nuclear Fast Red (Sigma-Aldrich). A NanoZoomer 2.0-RS (Hamamatsu) and NDP.view2 viewing software program (Hamamatsu) were used to obtain images. 

2.4 Immunohistochemistry
Tissue sections were boiled in a pressure cooker in 0.01M sodium citrate, 0.05% Tween 20 (pH 6) or 0.01M Tris-EDTA buffer, 0.05% Tween 20 (pH 9), and blocked in host serum for 1 hour at room temperature. Primary and secondary antibody dilutions were made in 5% host serum, 1% bovine serum albumin (Sigma-Aldrich) in 1x Tris-buffered saline with 0.1% Tween-20 (Sigma). Primary antibodies and dilutions included: anti-5hmC (1:300; 39769, Active Motif), anti-5mC (1:100; BI-MECY-0100, Eurogentec), anti-Tet1 (1:100, NBP1-78966, Novus Biologicals), anti-Tet2 (1:100; EB09642, Everest Biotech), anti-Tet3 (1:50, sc-139186, Santa Cruz), anti-F4/80 (1:100, MCA497R, BioRad), anti-cytokeratin 7 (1:100, M7018, Dako) and biotinylated DBA lectin (6.6ug/ml, B-1035, Vector Laboratories). Secondary antibodies and dilutions included: horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG (1:300; ab6802, Abcam), HRP-conjugated donkey anti-goat IgG (1:300; ab6885, Abcam), biotin-conjugated goat anti-mouse IgG (1:300; 115-065-205, Jackson ImmunoResearch), and ImmPRESS™ reagent anti-rat IgG kit (MP-7444, Vector Laboratories). DNA was counterstained with haematoxylin. For negative controls, placenta tissue sections were treated as above but incubated with the secondary antibody only. 

2.5 qRT-PCR 
Total RNA was extracted from whole placentas using TRIzol reagent (Sigma-Aldrich). Reverse-transcription was performed with a RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas) using 2g RNA/20l reaction. PCR amplification was conducted using MESA SYBR® Green qPCR MasterMix Plus (Eurogentec) on a DNA Engine Opticon® 2 system (MJ Research, Inc.). Transcript levels were normalised to Hprt1 and Polr2a RNA levels. Fold change was quantified using the ΔΔCt method. Experiments were conducted in triplicate with five biological replicates. For primer sequences, refer to Supplemental Table 1. 

2.6 Statistics
Relative mRNA expression levels were calculated using a one-way ANOVA with a Tukey test post-hoc using GraphPad Prism 7 software. p<0.05 was considered significant. 

3. Results
3.1 Tet mRNA is widely expressed in mouse trophoblast progenitors, yolk sac, and maternal decidua at E8.5. 
To explore Tet1-3 mRNA expression in mouse placenta throughout gestation, in situ hybridization was performed on histological sections. Sense riboprobes against Tet1-3 were used on placental tissue as negative controls (Figs. 1-4; Supplementary Fig. S1). To ensure riboprobe specificity, adult mouse brain tissue where Tet gene expression is known [59-60] was used as a positive control (Supplementary Fig. S2). At E8.5, Tet1, Tet2, and Tet3 mRNA expression was apparent throughout the chorion and EPC (Fig. 1). The nuclei of chorionic trophoblast cells ubiquitously immunostained for 5mC (Fig. 1AB). In contrast, heterogeneous levels of 5hmC were apparent in chorionic cells: regions of low 5hmC levels associated with branch-point initiation sites (Fig. 1Y) where the cells have begun differentiating into syncytiotrophoblast [30]. In contrast, EPC cells displayed strong 5hmC and weak 5mC levels (Fig. 1Z,AC). Parietal-TGCs were also positive for Tet mRNA (Fig. 1G,O,W), exhibited strong 5hmC staining (Fig. 1AA), and lower levels of 5mC (Fig. 1AD). Cytoplasmic staining for 5mC was also present in parietal-TGCs at E8.5 (Fig. 1AD), though this is likely background staining as indicated by the negative controls (Supplementary Fig. S1D). 
	The yolk sac, important for nutrient transfer and haematopoiesis in early gestation [31], also expressed Tet1-3 mRNA at E8.5. Tet1 and Tet3 mRNA was detected throughout the visceral yolk sac (Fig. 1F,V), though Tet2 mRNA was limited to its mesothelial layer (Fig. 1N). Tet expression was undetectable in the parietal yolk sac (Fig. 1F,N,V). This data suggests a role for TETs in extraembryonic tissue at E8.5 beyond trophoblast cells. Additionally, maternal decidua also expressed Tet genes at E8.5. Although Tet2 and Tet3 mRNA was widely expressed throughout the decidua (Fig. 1P, X), Tet1 mRNA expression was restricted to a specific mesometrial cell population (Fig. 1H; Supplementary Fig. S3). To identify the Tet1+ cells, we immunostained for markers specific for two main leukocyte subsets in the mouse decidua including tissue-resident uterine natural killer cells (DBA lectin+) and macrophages (F4/80+) on serial sections adjacent to those stained for Tet1. Neither F4/80 nor DBA lectin was expressed in Tet1+ cells (Fig. 1H; Supplementary Fig. S3) indicating that Tet1+ cells located in the maternal decidua are yet-to-be identified. 5hmC and 5mC staining within the decidua was widespread (Supplementary Fig. S3) and most similar to Tet2 and Tet3 mRNA expression.

3.2 Tet mRNA expression becomes spatially restricted in the mouse placenta by late gestation.
To determine whether Tet genes are expressed in mid- to late gestation, we performed qRT-PCR analysis on whole mouse placentas at E10.5, E14.5, and E18.5. Tet1-3 mRNA expression was consistently highest at E10.5 with levels decreasing by E18.5 (Fig. 2A-C). Next, the spatial localization of Tet gene expression was determined in mouse placentas at E10.5 (Fig. 2), E14.5 (Fig. 3), and E18.5 (Fig. 4) by in situ hybridization. Tet1-3 mRNA was detected in the labyrinth at E10.5-E12.5 including syncytiotrophoblast cells and sinusoidal-TGCs (Fig. 2E,J,O; Supplementary Fig. S4). By E14.5-E18.5, a gradual restriction of Tet mRNA to the sinusoidal-TGCs was apparent (Figs. 3B,G,L, 4B,I,P; Supplementary Fig. S4), which might indicate that DNA methylation is dynamic in sinusoidal-TGCs after differentiation is complete. To show specificity of Tet mRNA to sinusoidal-TGCs, serial sections of placentas at E18.5 were stained for Tet1-3 and the sinusoidal-TGC marker Ctsq (Supplementary Fig. S2).
Immunostaining for 5mC and 5hmC revealed that nuclear 5mC levels were maintained in all labyrinth cells from E10.5-E18.5 (Figs. 2S, 3P, 4V). While syncytiotrophoblast nuclei had high 5mC levels throughout gestation, sinusoidal-TGC nuclei revealed patchy 5mC immunostaining. Alternatively, high 5hmC levels were present in all labyrinth trophoblast cells at E10.5 (Fig. 2S) but levels gradually decreased by E18.5 (Figs. 3P, 4V) when sinusoidal-TGC nuclei revealed irregular 5hmC immunostaining and syncytiotrophoblast nuclei did not display appreciable levels of 5hmC (Fig. 4V). Altogether, these data are consistent with Tet expression in the labyrinth and suggest restricted activity of TET enzymes in the late placenta.
	Beyond the labyrinth, all Tets were expressed in the EPC/SpT cells at E10.5-E18.5 (Figs. 2F,JK, P, 3C,H,M, 4C,J,Q; Supplementary Fig. S4). In GlyT cells, which are only apparent between E14.5-E16.5 and identified by morphology, Tet1-3 were strongly expressed (Fig. 3C,H,M; Supplementary Fig. S4). Serial sections of placentas were stained for Tet1-3 and the spongiotrophoblast layer specific marker Tpbpa to emphasize cell-specificity (Supplementary Fig. S2). Immunostaining of 5mC in SpT and GlyT cells was consistent from E10.5-E18.5 (Figs. 2V, 3S, 4Y; Supplementary Fig. S4). Most SpT and GlyT nuclei displayed 5hmC throughout gestation (Figs. 2T, 3Q, 4W). However, SpT cells at E18.5 showed heterogeneous immunostaining for 5hmC with some cells showing robust levels and others showing weak levels (Fig. 4W). 

3.3 Tet mRNA is expressed in all mouse trophoblast giant cell subtypes
We sought to determine whether other TGC subtypes expressed Tet mRNA. Regardless of their placental location, TGCs line maternal blood sinuses [32, 33] and produce hormones and cytokines that regulate maternal adaptations to pregnancy [34]. While parietal-TGCs, which separate the spongiotrophoblast layer from the maternal decidua and are identified by their relatively large nuclei, expressed Tet2-3 mRNA in a heterogeneous manner at E10.5 (Fig. 5B-C), Tet1 expression was not appreciable (Fig. 5A). By E14.5-E18.5, all parietal-TGCs expressed Tet1-3 mRNA (Fig. 5F-G,K-M) with Tet3 expression displaying a considerable reduction by E18.5 (Fig. 5M). Reciprocal patterns of 5hmC and 5mC in parietal-TGCs were observed with 5hmC levels gradually decreasing (Fig. 5D,I,N) and 5mC levels steadily increasing (Fig. 5E,J,O) by E18.5 reflecting Tet3 expression in particular. 
At E14.5-E18.5, Tet1-3 mRNA was detectable in all canal-TGCs, which surround the spaces that carry oxygenated maternal blood to the base of the labyrinth (Fig. 5P-R,U-W), and both 5hmC and 5mC levels were steady (Fig. 5S-T,X-Y). In contrast, spiral artery-TGCs that surround the spiral arteries in the maternal decidua expressed all three Tets at E18.5 and not E14.5 (Fig. 5Z-AB,AE-AG). Correspondingly, 5mC levels were strong in spiral artery-TGCs at E14.5 (Fig. 5AD,AI) whereas 5hmC levels were low (Fig. 5AC,AH).
 
3.4 TET proteins are expressed in the human placenta throughout gestation. 
To assess the spatiotemporal pattern of TET expression in human placenta, histological sections from first-trimester placenta and decidua basalis (7-11 weeks gestation) and term (39-weeks gestation) pregnancies were immunostained for TET1-3 protein. Histological sections immunostained with the secondary antibody only were used as negative controls (Supplementary Fig. S5). All three TETs were expressed in trophoblast cell columns of first-trimester placentas (Fig. 6A-B,I-J,Q-R). Cell columns include the progenitors of EVT cells nearest the villi that gradually differentiate as the cells move towards the decidua [35]. Based on cell location, TET1 expression appeared less robust in column trophoblast progenitors than in differentiated column cells (Fig. 6A-B). Maternal decidua from first-trimester pregnancies expressed all three TET proteins in a subset of EVT cells (Fig. 6C-D,K-L,S-T) as confirmed by immunostaining serial sections with the pan-trophoblast cell marker cytokeratin 7 (Supplementary Fig. S5A-F). In placental villi, TET1-3 proteins were detected in syncytiotrophoblast cells at all pregnancy stages assessed (Fig. 6F-H,M-P,U-X) with the exception of villi at 8-weeks when TET1 was undetectable in all villus cells (Fig. 6E). Villus cytotrophoblast cells, which fuse to form the syncytiotrophoblast layer upon differentiation, expressed TET3 protein from 10-weeks gestation until term (Fig. 6U-X). Otherwise, TET1 and TET2 were undetectable in villus cytotrophoblast cells at all stages assessed (Fig. 6E-H,M-P). Interestingly, both cytoplasmic and nuclear TET immunostaining was present (Fig. 6). TET1-2 enzymes are largely restricted to differentiated villus trophoblast (i.e., syncytiotrophoblast) in first trimester and term human placentas whereas TET3 expression is present in syncytiotrophoblast cells and their progenitors from early to late gestation. TET expression patterns in term placentas observed in our study were consistent with those observed in the Human Protein Atlas (http://www.proteinatlas.org). 

4. Discussion
Investigation into the regulation of DNA methylation during development has revealed important roles for TET dioxygenases in ESCs [11] and embryonic development [24, 28]. Despite this, information regarding TET activity in the placenta is scarce. Here, we demonstrate that Tets are expressed across gestation in mouse trophoblast progenitors, differentiated trophoblast cells, and other extraembryonic cells. All three mouse Tets showed similar mRNA expression patterns that correlated with 5mC and 5hmC levels in specific trophoblast subtypes. Similarly, TET1-3 proteins were expressed in a subset of EVTs and their progenitors in the first trimester human placenta. Despite this, differential TET expression was apparent in human placental villi. In early and late gestation, TET1 and TET2 were detected in syncytiotrophoblast cells whereas TET3 was expressed in both syncytiotrophoblast and their cytotrophoblast progenitors suggesting a possible unique role for TET3 cytotrophoblast differentiation and function. In support of our findings, others have shown that the ratio of 5hmC:5mC levels is much higher in syncytiotrophoblast cells than villus cytotrophoblast across gestation [22]. The reverse is true of villus cytotrophoblast where 5mC was far more robust than 5hmC [22]. While TET expression in progenitor cells might be expected, these data suggest that terminally differentiated trophoblast cells also require TET enzymatic activity. This might be to maintain an epigenetically dynamic transcriptional state throughout pregnancy. 
	Cell differentiation requires changes to DNA and histone methylation marks to repress ‘progenitor genes’ and to upregulate ‘differentiation genes’ [36]. Therefore, TET regulation of DNA methylation during the developmental phase of the placenta (E8.5-E13.5) would help to promote the transcription of cell cycle and differentiation genes. Alternatively, during the mature placenta phase (E14.5-E18.5), Tet mRNA was restricted to specific terminally-differentiated trophoblast subtypes including invasive spiral artery-TGCs, sinusoidal-TGCs of the labyrinth, and SpT and GlyT cells of the junctional zone. Importantly, these Tet-expressing cells, similar to human syncytiotrophoblast cells where TET1-3 proteins were also expressed, have an endocrine function whereby they produce hormones and cytokines required to modulate maternal physiology during pregnancy, parturition, lactation, and offspring rearing [34, 37-39]. Genes encoding hormones must be responsive throughout pregnancy, and TET enzymes might help to regulate this process by promoting the demethylation of DNA and transcriptional activity. Examples of such secreted factors in mouse may include the following: Rodent TGCs, SpT and GlyT cells secrete prolactin-like proteins at mid- to late gestation [26] into the maternal circulation to regulate maternal adaptation to pregnancy [29, 40, 41]. SpT cells limit uterine endothelium growth by expressing anti-angiogenic proteins FLT1 and proliferin [42, 43]. While control of these genes by DNA methylation in the placenta has not yet been demonstrated in the placenta, it is possible that TET activity is required to ensure normal function of differentiated trophoblast. 
Due to gastrulation defects leading to the early lethality of Tet1/2/3 triple knockout mice [24], it is not possible to investigate the collective role of TETs in the regulation of DNA methylation during trophoblast differentiation and function in these mutants. However, Tet1 single knockout and Tet1/2 double knockout in mice result in growth restriction at birth or at midgestation, respectively [27, 28]. Fetal growth restriction correlates to poor placental development and function [44-48]. Since Tet1 and Tet2 are widely expressed in trophoblast progenitors in mice and differentiated trophoblast cells in mice and humans, it is possible that TET1-2 play a yet-to-be determined role in trophoblast differentiation and function. Further exploration is required in the context of the knockout models. Similarly, loss of DNMTs results in DNA demethylation and phenotypes, such as growth restriction, developmental delay, placental phenotypes (e.g., chorion defects), and embryonic lethality. Mouse Dnmt3L mRNA is expressed predominately in the chorion trophoblast, which small in Dnmt3L-/- conceptuses leading to placental insufficiency that is associated with embryonic growth restriction [61]. Dnmt1 knockout and Dnmt3a/3b double knockout mice result in developmental delay, growth restriction, and/or embryonic lethality by E10.5 [49-51]. Embryonic lethality at E10.5 is often associated with a placental phenotype [14]. Furthermore, maternal loss of Dnmts causes a chorioallantoic attachment defect [52], a process that is required for placental development [14]. Together, these models indicate that regulation of DNA methylation is likely required for trophoblast differentiation and/or function. In support of this hypothesis, the Tet, 5mC and 5hmC expression data in our study show the presence of these epigenetic marks in trophoblast cells throughout gestation. Without single-cell methylome and transcriptome techniques, determining the epigenetic effects of Tet deficiency in trophoblast cell subtypes will be difficult to ascertain due to the complexity of the mouse placental structure. 
The best known function for TET enzymes is the oxidation of 5mC to form 5hmC, 5fC, and 5caC during the demethylation of CpG sites [53]. Therefore, we made an association between Tet mRNA expression and 5hmC levels to indicate a role for TETs during trophoblast differentiation and function. The cells in which TETs were expressed also displayed high 5hmC and lower 5mC [this study; 33]. Apart from DNA demethylation, TET enzymes also regulate gene transcription through other mechanisms by directly recruiting O-GlcNAc transferase (OGT) to transcriptional start sites to promote GlcNAcylation of histones and transcription [54, 55]. Separately, TET proteins associate with active [56] and repressive [57] histone marks to epigenetically regulate gene expression during differentiation. To fully understand the role of TETs in the placenta, these alternative functions should also be considered. Interestingly, we observed cytoplasmic localization of TET immunostaining in the human placenta, which may indicate a new cytoplasmic function for TET or that TETs are sequestered in the cytoplasm to regulate their nuclear function as was previously shown in other cell types [58]. 
Continued expression of TET enzymes in trophoblast cells after differentiation likely indicates a dynamic epigenome and transcriptome in the placenta until birth. Defects in epigenetic remodeling, particularly during the transition between trophoblast progenitor and differentiated cells, may prevent a healthy placenta and thus a successful pregnancy. Further exploration of the role of TETs in placenta development and function is required.
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Fig. 1. The mRNA of all Tets is widely expressed throughout the mouse conceptus at E8.5. Spatial localization of (A-H) Tet1, (I-P) Tet2, and (Q-X) Tet3 mRNA expression in representative histological sections of whole mouse conceptuses at E8.5 as determined by in situ hybridization (purple). Sections are counterstained with Nuclear Fast Red (pink). (A, I, Q) A whole conceptus at E8.5. Dotted line and yellow arrows indicate ectoplacental cone. White arrowheads indicate parietal-TGCs. (E, M, U) Sense negative controls of ectoplacental cone and chorion).  Higher magnification images are shown to the right to depict Tet mRNA expression in the (B-C, J-K, R-S) chorion, (B, D, J, L, R, T) ectoplacental cone (dotted line), (C,F, S,V) mesothelium (black arrow) and endoderm (black arrowheads) of the visceral yolk sac, (F, N, V) parietal-TGCs (white arrowheads), and (G, O, W) maternal decidua (H, P,X). Boxes in B and R indicates region of higher magnification in G and W, respectively. (H) Serial sections of maternal decidua showing Tet1 mRNA expression (purple) in a subset of cells and either the macrophage marker F4/80 (brown) or the uterine natural killer cell marker DBA-lectin (brown) to determine colocalization with Tet1. Matching coloured arrows indicate the same cell in serial sections. (Y-AD) Immunostaining of (Y-XX) 5hmC (brown) and (AB-AD) 5mC (brown) in the (Y, AB) chorion, (Z, AC) ectoplacental cone, and (AA, AD) parietal-TGCs of mouse placentas at E8.5. DNA stained with hematoxylin (blue). Red arrowheads indicate chorion branchpoint initiation sites. Ch, chorionic trophoblast layer; Dec, maternal decidua; Em, embryo; EPC, ectoplacental cone; Me, chorion mesothelial layer; P-TGC, parietal trophoblast giant cell. Scale bars: A, H, O = 1 mm; B, I, P = 100 m; C-G, J-N, Q-U, V-AA = 25 m.

Fig. 2. Relatively high expression of Tet1-3 mRNA in mouse placenta at E10.5. (A-C) qRT-PCR analysis of (A) Tet1, (B) Tet2, and (C) Tet3 mRNA expression levels in whole mouse placentas at E10.5, E14.5, and E18.5. Data is depicted as mean ± standard error. Expression levels were normalised to both Hprt1 and Polr2a mRNA levels and depicted as an average. N=5 placentas per time point. Statistical significance was calculated by one-way ANOVA with Tukey test posthoc. §P=0.05, *P<0.05, **P<0.01, ****P<0.0001. (D-P) Spatial localization of (D-F) Tet1, (I-K) Tet2, and (N-P) Tet3 mRNA expression in representative histological sections of mouse placentas at E10.5 as determined by in situ hybridization (purple). Sections were counterstained with Nuclear Fast Red (pink). (G-H, L-M, Q-R) Negative controls showing sense probe expression in the (G, L, Q) labyrinth and (H, M, R) spongiotrophoblast. (D, I, N) Whole placentas at E10.5. Boxes indicate regions of higher magnification in panels to the right depicting the (E, J, O) labyrinth layer and (F, K, P) spongiotrophoblast layer (dotted line). (S-V) Immunostaining of (S-T) 5hmC and (U-V) 5mC in placentas at E10.5. Representative regions of the (S, U) labyrinth layer and (T, V) spongiotrophoblast layer are shown. Arrows, parietal-TGCs; arrowheads, sinusoidal-TGCs; Dec, maternal decidua; Lab, labyrinth; SpT, spongtiotrophoblast layer; f, fetal capillary; m, maternal blood sinusoid. Scale bars: D, I, N = 1 mm; E-F, J-K, O-P = 25 m, G-H, L-M, Q-R = 100 m.

Fig. 3. Tet mRNA is expressed in mouse placenta at E14.5. (A-O) Spatial localization of (A-C) Tet1, (F-H) Tet2, and (K-M) Tet3 mRNA expression in histological sections of mouse placentas at E14.5 as determined by in situ hybridization (purple). Sections were counterstained with Nuclear Fast Red (pink). (A, F, K) Whole placentas at E14.5. Boxes indicate regions of higher magnification in panels to the right depicting the (B, G, L) labyrinth layer and (C, H, M) spongiotrophoblast layer. Negative controls showing sense probe expression in (D, I, N) labyrinth and (E, J, O) spongiotrophoblast. (P-S) Immunostaining of (P-Q) 5hmC and (R-S) 5mC in the (P, R) labyrinth layer and (Q, S) spongiotrophoblast layer at E14.5. Arrowheads indicate sinusoidal-TGCs. The dotted lines in A, F, and K indicate the border between the labyrinth and the spongiotrophoblast layers. The dotted lines in C, E, H, J, M and O indicate the border between spongiotrophoblast cells and glycogen trophoblast cells. Dec, maternal decidua; f, fetal capillaries; GlyT, glycogen trophoblast cells; Lab, labyrinth; m, maternal blood sinusoids; SpT, spongiotrophoblast. Scale bars: A, F, K = 1 mm; B-C, G-H, L-M, P-S = 25 m, D-E, I-J, N-O = 100 m.

Fig. 4. Tet mRNA is no longer detected in syncytiotrophoblast cells in mouse placenta at E18.5. Spatial localization of (A-D) Tet1, (H-K) Tet2, and (O-R) Tet3 mRNA expression in histological sections of mouse placentas at E18.5 as determined by in situ hybridization (purple). DNA was counterstained with Nuclear Fast Red (pink). (A, H, O) Histological sections of whole placentas at E18.5. Labelled boxes indicate regions of higher magnification in panels to the right depicting the (B, I, S) labyrinth layer, (C, J, Q) spongiotrophoblast layer, and (D, K, R) chorionic plate. (E-G, L-N, S-U) Similar regions are depicted for negative controls showing sense probe expression. (V-Y) Immunostaining of (V-W) 5hmC and (X-Y) 5mC in the (V, X) labyrinth layer and (W, Y) spongiotrophoblast layer at E18.5. DNA was stained with hematoxylin (blue). Arrowheads indicate sinusoidal-TGCs. The dotted lines in A, H, and O indicate the border between the labyrinth and the spongiotrophoblast layers. Dec, maternal decidua; Lab, labyrinth; GlyT, glycogen trophoblast cells; SpT, spongiotrophoblast. Scale bars: A, H, O = 1 mm, B-D, I-K, P-R = 25 m, E-G, L-N, S-U = 100 m.

Fig. 5. Differential Tet mRNA expression in trophoblast giant cell subtypes in mouse placentas from E10.5-E18.5. mRNA expression of Tet1, Tet2, and Tet3 in specific trophoblast giant cell (TGC) subtypes as determined by in situ hybridization including (A-C, F-H, K-M) parietal-TGCs (P-TGCs; black arrowheads), (P-R, U-W) canal-TGCs (C-TGCs; white arrowheads), and (Z-AB, AE-AG) spiral artery-TGCs (SpA-TGCs; arrows) in mouse placentas from E10.5-E18.5. Immunostaining of (D, I, N, S, X, AC, AH) 5hmC (brown) and (E, J, O, T, Y, AD, AI) 5mC (brown) in specific TGC subtypes at E10.5-E18.5. In situ hybridization stained sections were counterstained with Nuclear Fast Red (pink). Immunostained sections were counterstained with hematoxylin (blue). m, maternal blood sinusoid. Scale bars: 25 m.

Fig. 6. Differential TET expression in trophoblast cells of first and third trimester human placentas. Immunostaining of TET1, TET2, and TET3 (brown) in first-trimester and term placental histological sections. Sections were counterstained with hematoxylin (blue). Specific placental structures shown include: (A-B, I-J, Q-R) cell columns, (C-D, K-L, S-T) maternal decidua basalis, and (E-H, M-P, Q-T) placental villi. Gestational stage is indicated in each panel. Boxed regions in (E-H, M-P, Q-T) are shown at a higher magnification in the insets of each panel. White arrowheads indicate villus cytotrophoblast cells. Black arrowheads indicate syncytiotrophoblast cells. v, villi; c, cell column; IVS, intervillus space. Scale bars: A-D, I-L, Q-T = 20 m, E-H, M-P, U-X = 100 m (insets = 25 m).

Supplementary Figure Legends
Supplementary Fig. S1. Negative controls for in situ hybridization and immunohistochemistry experiments in mouse placentas at key time points. (A-C) Sense in situ hybridization probes for (A) Tet1, (B) Tet2, and (C) Tet3 are shown as controls in representative histological sections of mouse placentas at E8.5, E10.5, E12.5, E14.5, E16.5, and E18.5. Sections were counterstained using Nuclear Fast Red (pink). (D) For immunohistochemistry experiments, secondary antibody-only controls are shown in representative histological sections of mouse labyrinth layers at E10.5, E14.5, and E18.5. Sections were counterstained using hematoxylin. Inset image indicates parietal-TGCs at E10.5 (black arrowheads) with background staining. Dotted lines indicate regions of glycogen trophoblast cells. Ch, chorion; EPC, ectoplacental cone; GlyT, glycogen trophoblast cells; Lab, labyrinth layer; P-TGC, parietal-trophoblast giant cells; SpT, spongiotrophoblast. Scale bars: 100m.

Supplementary Fig. S2. Tet in situ probe specificity. (A-L) Co-localization of Tet1, Tet2, or Tet3 with Tbpba (a spongiotrophoblast cell layer marker) or Ctsq (a sinusoidal-TGC marker) in serial histological sections of placentas at E14.5 and E18.5 by in situ hybridization. (M-O) Histological sections of adult mouse brain stained with anti-sense in situ hybridization probes for Tet1, Tet2, and Tet3. Scale bars: M, high magnification images: (black line) 25 m, (white line) 50 m; M, low magnification images: 250 m. J, K, L, high magnification images: 25 m; low magnification images: 250 m. 

Supplementary Fig. S3. Decidual Tet1 mRNA expression does not co-localize with uNK cell or macrophage markers at E8.5. Serial sections of mouse conceptuses at E8.5 were stained using (A-C) DBA lectin, a uterine natural killer (uNK) cell marker, and (D-F) Tet1 in situ hybridization probe, or using (G-I) an antibody against the macrophage marker F4/80 and (J-L) Tet1 in situ hybridization probe. Boxes indicate regions of higher magnification of the mesometrial decidua in images to the right. Matching arrows indicate the same cell in serial sections. Immunostaining of (M-O) 5hmC and (P-R) 5mC in the decidua at E8.5. DNA was stained with hematoxylin (blue). Boxed areas in N and Q indicate higher magnification images in O and R.  Scale bars: A, D, G, J, M,P, 1 mm; B, E, H, K, N, Q, 50 m; C, F, I, L, O, R, 25 m. 

Supplementary Fig. S4. Spatial localization of Tet mRNA in mouse placentas at E12.5 and E16.5. Spatial localization of (A-J) Tet1, (K-T) Tet2, and (U-AD) Tet3 mRNA expression in histological sections of mouse placentas at (A-C, K-M, U-W) E12.5 and (F-H, P-R, Z-AB) E16.5 as determined by in situ hybridization (purple). Sections were counterstained with Nuclear Fast Red (pink). Sections of whole placentas are shown at (A, K, U) E12.5 and (F, P, Z) E16.5. The dotted lines indicate the spongiotrophoblast layer. Labelled boxes indicate regions of higher magnification in panels to the right depicting the (B, G, L, Q, V, AA) labyrinth layer and (C, H, M, R, W, AB) spongiotrophoblast layer (dotted lines indicate region of glycogen trophoblast cells). Arrowheads indicate sinusoidal-TGCs. Similar regions are depicted for negative controls of sense probe expression in (D, I, N, S, X, AC) labyrinth and (E, J, O, T, Y, AD) spongiotrophoblast. Dec, maternal decidua; f, fetal capillary; GlyT, glycogen trophoblast cell; Lab, labyrinth; m, maternal blood sinusoid; SpT, spongiotrophoblast. Scale bars: A, F, K, P, U, Z, 1 mm; B-C, G-H, L-M, Q-R, V-W, AA-AB, 25 m, D-E, I-J, N-O, S-T, X-Y, AC-AD; 50 m. 

Supplementary Fig. S5. Colocalization of TETs and cytokeratin in first trimester maternal decidua. Histological sections of maternal decidua at 10-weeks gestation showing immunostaining for (A) TET1, (C) TET2, and (E) TET3 protein (brown). (B, D, F) Extravillous cytotrophoblast cells were labelled with an antibody against cytokeratin-7 in a serial decidual section. (G-H) For immunohistochemistry experiments in human placenta, secondary antibody-only controls are shown in term placental villi. (G-K) Anti-rabbit secondary antibody control for TET1 and TET2. (L-P) Anti-goat secondary antibody control for TET3. All sections were counterstained with hematoxylin (blue). Scale bars: A-P low mag; 100m, A-P high mag; 25 m.
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