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Abstract
The epithelial-mesenchymal transition (EMT) is a developmental process important for organ development, metastasis, cancer stemness, and organ fibrosis. The EMT process is regulated by different signaling pathways as well as by various epigenetic and post-transcriptional mechanisms. Here, we review recent progress describing the role of different chromatin modifiers in various signaling events leading to EMT, including hypoxia, TGF-, Notch, and Wnt, as well as discuss post-transcriptional mechanisms such as RNA alternative splicing and the effects of microRNAs in EMT regulation. Furthermore, we discuss on-going and future work aimed at a detailed understanding of the epigenetic and post-transcriptional mechanisms that regulate EMT. This work will shed new light on the cellular and tumorigenic processes affected by EMT misregulation.
Epigenetic control of EMT
EMT is a developmental process that involves loss of apical-basal polarity, loss of cell-to-cell contact, and actin cytoskeleton reorganization, resulting in the conversion of epithelial cells to mesenchymal cells [1,2]. It is fundamental for embryonic development and important for organ formation [1,2]. Pathological processes that utilize EMT include tumor metastasis, maintenance of cancer stemness, and fibrosis of different organs such as lung, kidney, and liver [1-4]. Repression of epithelial markers (e.g. E-cadherin (CDH1)) and upregulation of mesenchymal markers (e.g. vimentin (VIM) and N-cadherin (CDH2)) are typical gene expression changes observed during EMT [1,2]. Different EMT transcriptional regulators including Snail (SNAI1), Slug (SNAI2), Twist1 (TWIST1), ZEB1, ZEB2, E12, and E47 mediate EMT and metastasis in response to different signaling pathways [5,6]. Cells can also undergo the reverse transformation, termed the mesenchymal-epithelial transition (MET). MET occurs during embryonic development and pathological processes [1,2]. That both EMT and MET can occur underscores the plasticity of these processes.
Similar to the processes of germ cell development, stem cell differentiation, and malignant transformation, EMT involves epigenetic reprogramming with widespread changes to chromatin modifications [7-11]. However, it is unknown how the chromatin modifiers and changes in histone marks coordinate EMT [10-12]. In theory, chromatin modifiers should be able to coordinate the repression of epithelial genes and activation of mesenchymal genes simultaneously through differential changes of specific histone marks. However, although a number of chromatin-modifying enzymes are known to be involved in EMT [13-18], none have been shown to function in tandem at epithelial and mesenchymal genes, and no histone mark changes specific to EMT have been identified. In addition to typical EMT marker genes, genes related to cell adhesion, migration, and motility (e.g. fibroblast specific protein 1 (FSP1), syndecan, and laminin 1) are also regulated during EMT [19]. For the purpose of discussion in this review, we refer to these as motility genes or EMT-related genes and consider them separately because their epigenetic regulation may be different from canonical EMT marker genes. Because EMT involves diverse processes (surface marker changes, cytoskeletal remodeling, extracellular matrix reorganization, and transcription factor switch)[1,2,19], it is unlikely that one single chromatin modifier would govern all the different aspects of EMT. The identities and roles of all the potential chromatin-modifying enzymes, as well as the histone marks they deposit and/or remove remain to be determined. 

Recently, specific histone marks were discovered at the promoters of EMT marker genes or motility genes under hypoxic or TGF--induced conditions [20,21]. In addition to being regulated at the epigenetic level, EMT is also regulated at the post-transcriptional level via RNA alternative splicing and the effects of microRNAs [22-24]. 
In this review, we discuss these epigenetic and post-transcriptional regulatory events during EMT. We focus on downstream readout of signaling events triggered by hypoxia, TGF-, Notch, and Wnt and on post-transcriptional mechanisms such as RNA alternative splicing and the effects of microRNAs due to the recent progress in these fields. We hope that this review will provide insight to guide future explorations of novel mechanisms regulating EMT in response to different signaling events. Delineation of the mechanisms regulating EMT may provide targets that can become candidates for drug development to treat cancer metastasis or other diseases caused by EMT.
Chromatin modifiers and co-regulators involved in the hypoxic response
Hypoxia (pO2 level less than 10 mmHg) is a microenvironmental factor that plays a critical role in the development and progression of tumors [2,6]. Intratumoral hypoxia followed by stabilization of hypoxia-inducible factor-1 (HIF-1) is one of the most important mechanisms promoting tumor progression and metastasis [6]. Hypoxia/HIF-1 activates transcription factors that induce EMT [6]. Various co-regulators are involved in the hypoxic response [25-27] (Table 1). Co-activators, such as histone acetyltransferase CBP/p300, facilitate the activation of HIF-1 target genes [25], and co-repressors with histone deacetylase (HDAC) activity, such as HDACs, are essential for 70% of HIF-1-responsive genes [28], suggesting that both gene activation and repression mechanisms are required during the hypoxia-induced response. 
Changes in histone methylation also occur under hypoxic conditions, as indicated by the involvement of histone demethylases such as JMJD1A (KDM3A), JMJD2B (KDM4B), JMJD2C (KDM4C), and histone methyltranferases (HMTs), such as G9a (EHMT2) in changing gene expression pattern of many genes with functions related to tumor growth, tumor suppression, or metastasis [29-34]. G9a also methylates non-histone chromatin proteins, including the chromatin modifiers Reptin and Pontin, to achieve specific changes in gene expression patterns [35,36]. However, none of these chromatin modifiers have been specifically linked to the regulation of EMT marker genes, but rather they act globally throughout the genome under a wide variety of conditions. This suggests the specificity may come from the factors that recruit these different chromatin remodelers to specific promoters. It will be important to delineate the interactions between EMT transcriptional regulators (e.g. Snail, Twist1, etc) and chromatin modifiers (e.g. HDAC3) to understand how these global chromatin modifiers achieve specificity during EMT in response to hypoxia. 
Chromatin changes in hypoxia-induced EMT
Based on the findings described above, it is clear that EMT depends on both repressive and active chromatin states to coordinately regulate the expression of epithelial and mesenchymal genes, but the specific details of this regulation are still being worked out. It was known that knockdown of HDAC3, which directly deacetylates H3K4Ac at the promoters of EMT marker genes but not at those of non-EMT maker genes (e.g. HSP90, VEGF), abolished hypoxia-induced EMT [20]. However, the significance of the H3K4Ac was unknown [37] until a recent result showed that the presence of this mark creates a binding site for certain chromodomain proteins that mediate pericentric heterochromatin silencing in fission yeast [38]. The presence of H3K4Ac on the promoters of EMT marker genes may also create a site that can be specifically recognized by HDAC3 to mediate hypoxia-induced EMT. The results described above indicate that H3K4Ac may be a histone mark specific for EMT marker genes. 
HDAC3 activity also increased the levels of H3K4me2/3 through crosstalk with one of the components of the human MLL and SET1 (hCOMPASS) HMT complexes, WDR5. WDR5 is induced by hypoxia and is essential for vertebrate development and various physiological functions [39-44]. The physical interaction between HDAC3 and WDR5 increased HMT activity under hypoxic conditions [20]. This result is surprising because HDAC3 is a co-repressor, whereas MLL and SET1 are typically considered activators [40,45]. Nevertheless, this result is consistent with recent findings that HDAC complexes associate with the 5’ transcribed regions of active genes to prevent cryptic transcription or promote efficient elongation by RNA polymerase II in Saccharomyces cerevisiae and to reset chromatin for subsequent rounds of transcription in mammalian cells [46-48]. HDAC3 possibly augments HMT activity by creating a docking site for WDR5, inducing conformational changes, affecting protein modifications, or increasing the stability of the HMT complex. The molecular mechanism remains to be determined. 
Another unresolved observation is that promoters of EMT marker genes are subject to two different histone modifications on the same histone residue: deacetylation of H3K4Ac and methylation of H3K4 (Figure 1). It is interesting that the H3K4Ac mark originally found at EMT marker genes is removed by HDAC3 during EMT, and the H3K4me2/3 mark is subsequently added to the same amino acid. This suggests that competition by chromatin modifiers for this residue may in part control the balance of EMT. Removal of H3K4Ac may trigger EMT by allowing for the addition of H3K4me2/3, which either forms part of a repressive bivalent domain along with H3K27me3 on epithelial genes (see below) or leads to gene activation of mesenchymal genes. Investigation of possible crosstalk (direct or indirect) between HDAC3 and other chromatin-modifying complexes may reveal the mechanism by which the hypoxia signal is relayed between different histone marks. 
The simultaneous presence of increased H3K4me2/me3 and H3K27me3 constitutes a bivalent domain at the promoters of epithelial genes and may be established prior to changes in gene expression, for which it will be important later on in MET. In support of this, bivalent domains silence developmental genes in ES cells while keeping them poised for activation at a later developmental stage [49,50]. Alternatively, this bivalent domain may be established sequentially during EMT. In this scenario, under hypoxic conditions, HDAC3 is recruited to the epithelial gene promoters to deacetylate local histones, including H3K4Ac, which would then become available for other modifications. Binding of EZH2, a polycomb group silencer and lysine methyltransferase, would cause H3K27me3. Together with the persistent and/or increased levels of H3K4me3, which outcompetes the H3K4Ac mark during EMT, a bivalent domain would be established (Figure 1a). 
There are still a number of remaining questions about the role of chromatin in regulating EMT under hypoxic conditions. For example, does HDAC3 regulate other histone marks on a different set of genes? Are there novel chromatin modifiers induced by hypoxia that regulate different histone marks and different sets of genes? Other sets of hypoxia-responsive genes could represent important phenotypes induced by hypoxia other than EMT (e.g. energy metabolism, angiogenesis, etc), but they may share similarities in the modes of their epigenetic regulation reflective of the common signal. A similar scenario can be found in the critical chromatin modifications that promote or inhibit the efficiency of somatic cell reprogramming in stem cells [51].
Epigenetic reprogramming in TGF--induced EMT
     TGF-is a pleiotropic cytokine that regulates mammalian development, differentiation, and homeostasis in almost all cell types and tissues [52]. The TGF- superfamily includes TGF-, bone morphogenetic proteins (BMPs), and Nodal [1]. TGF- signaling is a key mediator of EMT in cancer progression and metastasis and can be used to induce EMT in various epithelial cells [1,52]. After binding to its receptors, TGF- induces the binding of the canonical SMAD4-SMAD2/3 transcription factor complex to the promoters of Snail and Slug, transcriptional regulators that mediate EMT [52]. Other EMT regulators such as ZEB1, ZEB2, E12/E47, and Twist1 are also induced by TGF- [52]. TGF- can also induce non-SMAD pathways such as Ras/MAPK, Rho-like GTPase, and PI3 kinase/Akt that further mediate EMT [52]. One interesting result demonstrating the crosstalk between these signaling pathways showed that Snail and SMAD3/4 form a transcriptional repressor complex to promote TGF--induced EMT [53]. Co-regulators and chromatin modifiers, including histone deacetylases (HDAC1, 4, 6) and EZH1/2, have been shown to be required for TGF--induced EMT [52,54-57]. However, no specific change in histone modification associated with TGF--induced EMT has been identified.
Recently, global epigenetic reprogramming was observed during TGF--induced EMT in mouse hepatocytes [21]. Examination of bulk chromatin showed a decrease in H3K9me2 levels, but there was no decrease in H3K9ac. Bulk H3K36me3 and H3K4me3 both increased after TGF- treatment. Expression of LSD1 (lysine specific demethylase 1) (KDM1), a H3K4 and H3K9 demethylase, increased after TGF- treatment. LSD1 appears to be largely responsible for TGF--induced histone mark changes because LSD1 knockdown completely abolished the decrease in bulk H3K9me2 and partially abrogated the increase in bulk H3K36me3 and H3K4me3. The decrease in H3K9me2 levels was mainly restricted to large organized heterochromatin K9-modifications (LOCKs) domains, which are enriched for H3K9me2, and few changes were seen outside these domains. Increased levels of H3K36me3 (a modification typically coupled to transcription) were found in gene-rich regions between LOCKs (at LOCKs boundaries) that contain motility genes and genes with EMT-related functions. By contrast, the regions that exhibited increased H3K4me3 only overlap ~21% with LOCKs, and gene ontology analysis showed that they encode functionally different genes than those enriched with H3K36me3 [21]. Taken together, the results of this study indicate that histone methylation changes in response to TGF- are targeted to specific genes and that the functional outcome of this mark is highly context-dependent, both in terms of the residue and the region within the genome in which it occurs.
Despite the wide-spread effect of LSD1 knockdown in TGF--induced EMT, it does not change the expression of E-cadherin and vimentin, indicating the involvement of other chromatin modifiers in the regulation of EMT marker genes [21]. Although LSD1 was shown to interact with the SNAG domain of the transcription factor Snail to repress E-cadherin expression, LSD1 knockdown only partially relieved the repression, indicating the requirement of other chromatin modifiers to fully repress E-cadherin expression [17,18]. Demethylation of H3K4me2 by LSD1 at the E-cadherin promoter contributes to Snail-induced repression [17]. In addition to its role in gene repression, unpublished preliminary evidence suggests that Snail activates epithelial genes that are marked with H3K4me3. Interestingly, LSD1 is enriched at promoters with high levels of H3K4me3 [21], suggesting the possibility that Snail and LSD1 are competing for binding at these promoters. Alternatively, LSD1 may be acting on a different mark, H3K9me1/2, and reductions in the level of this mark may be required to activate mesenchymal gene expression (Figure 2). The detailed mechanism remains to be explored.

Finally, although not directly involved in EMT, TRIM33, which is a SMAD-binding tripartite motif (TRIM) protein implicated in TGF--dependent erythroid differentiation and mesoderm development, has been shown to bind to the dual histone mark H3K9me3/H3K18ac. This binding event generates a scaffold at the promoter of genes including Gsc and Mixl1, which are then rapidly activated in response to Nodal signaling and mediate gastrulation, mesendoderm morphogenesis, and endoderm formation [58]. Therefore, Nodal signaling transforms a repressive histone mark into a platform for activation at the Gsc and Mixl1 loci. This highlights the importance of examining histone marks in their biological context and cautions against predicting gene expression changes based solely on the presence or absence of certain marks. 
EMT regulation by other signaling pathways

     Notch signaling is involved in cell proliferation, survival, apoptosis, and differentiation, all of which affect the development of many organs [59]. The Notch signaling network is frequently deregulated through the aberrant upregulation of Notch receptors and their ligands in many human malignancies [59]. Notch activation results in EMT during development and tumor progression through direct regulation of Snail and Slug as well as through crosstalk with TGF-, FGF, and PDGF [1,2,59]. Canonical Wnt/-catenin signaling is another pathway involved in EMT by virtue of its importance for the initiation and maintenance of mesoderm development and inappropriate activation of Wnt/-catenin signaling is observed in many types of human cancers [1,2]. Although less is known about the epigenetic changes involved in Notch/Wnt-induced EMT, there have been some studies documenting specific histone modifications in these pathways [60-76]. These chromatin modifiers and histone mark changes were mostly identified during Drosophila development and some of the target genes regulated by the Notch/Wnt pathways can induce EMT, metastasis, and tumor progression in mammalian cells. 
In the Notch pathway, different epigenetic mechanisms including the monoubiquitination of H2B by BRE1 (RNF20)(a ringer finger domain protein and an E3 ubiquitin ligase) and the participation of Nipped-A (the fly homolog of the yeast Tra1 and component of the Drosophila SAGA and Tip60 complexes) in the Notch activator complex are required to activate Notch target genes such as Hey1 (hairy/enhancer-of-split-related transcriptional repressor) and Notch-1 receptor [60,61]. Loss of Hey1 impairs transformation- or cardiac-associated EMT, leading to inhibition of tumorigenesis or congenital heart defects [62,63]. Notch-1 induces EMT and tumor progression in pancreatic cancer cells [64]. The histone chaperones anti-silencing factor 1 (ASF1) is linked to Notch signaling and required for acetylation of H3K56, levels of which are increased in multiple types of cancers and correlated with increased ASF1 levels [65,66]. Expression levels of ASF1b, the mammalian ASF1 isoform, are predictive of outcome in breast cancer patients [67]. Finally, the NAD(+)-dependent deacetylase and gene repressor SIRT1 collaborates with ZEB1 to induce EMT and promote prostate cancer cell migration and metastasis [68]. 
In the Wnt pathway, Dot1/KMT4, a H3K79 histone methyltransferase, requires the monoubiquitination of H2B by BRE1 to methylate H3K79 on the promoters of certain Wnt target genes such as Frizzled receptors (the receptors of Wnt/-catenin signaling)[69]. The human counterpart of Dot1 (hDOT1L) is required for MLL fusion protein-mediated leukemogenesis [70]. SET8/KMT5A (a SET-domain containing histone methyltransferase) induces H4K20me to activate the expression of AXIN2 (an Axin homolog that stabilizes-catenin) and c-Myc and contribute to tumorigenesis [71]. Another SET domain containing protein, SET8, physically associates with Twist1 to induce H4K20me on the promoters of E-cadherin and N-cadherin, leading to EMT and metastasis [72]. The ATP-dependent chromatin-remodeling enzyme brahma-related gene 1 (BRG1) is critical for expression of Wnt target genes such as WISP1 (WNT1-inducible signaling protein-1), which induces EMT and causes pulmonary fibrosis [73,74]. Recruitment of PRMT2 (protein arginine methyltransferase 2) and subsequent methylation of H3R8me at the -catenin target genes is required to establish the dorsal developmental program in Xenopus, and PRMT2 has been shown to modulate ER (estrogen receptor) signaling and promote breast cancer progression [75,76]. Taken together, the evidence described above provides a rough outline of the epigenetic changes that occur during Notch/Wnt-induced EMT and tumorigenesis and highlights the delicate balance of chromatin marks that is maintained in normal cells. It will be important to fill in this outline of epigenetic changes and compare them to the changes seen in hypoxia- or TGF--induced EMT to better understand if and how these two pathways differ from other pathways at the epigenetic level.
EMT regulation by alternative splicing events

     In addition to epigenetic changes, EMT is also regulated by post-transcriptional mechanisms (Table 2). One of these mechanisms, alternative splicing, was first shown to be connected to EMT based on alternative splicing events of fibroblast growth factor receptor 2 (FGFR2) during EMT in rat bladder carcinoma cells [77]. Alternative splicing of FGFR2 is mediated by epithelial-specific ESRP splicing factors which are associated with the epithelial phenotype [78,79]. Subsequent results showed that TGF- activates ZEB1 to repress ESRP factors and induce EMT [80,81]. Recently, an EMT-driven alternative splicing program was observed in Twist1-overexpressing human mammary epithelial cells (HMLEs) [22]. Specifically, different types of alternative splicing (e.g. skipped exon, mutually exclusive exon, alternative to 5’ or 3’ splice site, and alternative first or last exon) have been shown to occur in Twist1-induced EMT. In addition, alternative splicing of genes involved in actin cytoskeleton, cell-cell junction, regulation of cell migration and wound healing, all important for EMT, are overrepresented during this process and correlate with EMT gene transcription changes. Further analysis showed that several types of splicing factors, including ESRPs, RBFOX family members, MBNL, CELF, hnRNP, and PTB family members, regulate these alternative splicing events. EMT-associated alternative transcripts correlate with the aggressive and metastatic phenotype of breast cancer cell lines and are expressed in primary human breast cancer samples. Similarly, epithelial-specific splicing and mesenchymal-specific splicing were discovered in separate populations of infiltrative ductal carcinoma cells derived from breast cancer cells [22]. These novel signatures of alternative splicing may have prognostic or diagnostic potential. 
Further experiments showed that ESRP1 confers epithelial-like properties to mesenchymal cells. However, these splicing factors individually only constitute part of the EMT program. For example, overexpression of ESRP1 or depletion of RBFOX2 does not induce a complete reversion to the epithelial phenotype. ESRP1 overexpression reverses the repression of ENAH (a regulator of actin polymerization) but not E-cadherin, whereas depletion of RBFOX2 does not change the expression of EMT marker genes with the exception of vimentin. However, both events could change the actin cytoskeleton as well as the migration activity of cells, suggesting that they play a partial role in the reversion of the EMT phenotype specifically with regards to motility genes. This observation is not surprising because even taken together, ESRP1, RBFOX2, MBNL, CELF, hnRNP, and PTB may only regulate part of all EMT-associated alternative splicing and these only represent part of the spectrum of all splicing factors. Other types of alternative splicing related to EMT include SF2/ASF (serine and arginine-rich carboxy-terminal domain splicing factor 1 (SRSF1))-mediated splicing of the Ron protooncogene and the alternative splicing of CD44 and HDAC6 [82-84]. By contrast, Sam68 (KHDRBS1), a Src-associated RNA binding protein that modulates splicing, can also induce the splicing-activated mRNA decay of SF2/ASF to regulate EMT [85]. Recently, Zeppo1 (Zinc finger elbow-related proline domain protein 1) (ZNF703) was shown to induce EMT through the regulation of the p120 catenin (CTNND1) isoform and repression of E-cadherin [86]. The relative abundance of different isoforms of Mena (ENAH)(MenaINV-an invasive form and Mena11a-a less invasive form) can regulate key stages of metastatic progression in breast cancer cells [87]. Finally, modulation of histone modifications could dictate splice site switching [88]. For a summary of the different splicing isoforms between epithelial and mesenchymal stages, see [89]. In summary, alternative splicing should lead to changes in protein function dependent on the formation of different isoforms that determine different EMT phenotypes. 
EMT regulation by microRNAs

     A second post-transcriptional mechanism that contributes to EMT involves microRNAs (miRNAs), which are small (18-24 nt) noncoding RNA molecules that regulate gene expression at the post-transcriptional level through inhibition of translation or initiation of mRNA decay [23,24]. miRNAs may possess oncogenic or tumor suppressor activity [24], and various miRNAs were shown to be involved in  EMT and metastatic processes [23,24,89]. The key miRNAs regulating EMT and metastasis can be categorized into four major regulatory hubs that are regulated by important oncoproteins or tumor suppressors (Figure 3). These miRNAs can also regulate their upstream regulators through negative feedback inhibition. The first hub includes the miR-200 family, miR-205, and miR-34, which are regulated directly by p53 and indirectly by TGF- (Figure 3a)[90-93]. For example, TGF- activates the expression of ZEB transcription factors, which repress the expression of miR-200 family members. The miR-200 miRNAs negatively regulate ZEB factors and TGF-, constituting a double negative feedback loop. The miR-200 family negatively regulates BMI1 (a stemness promoting gene) expression, which is activated by Twist1 to mediate stem-like properties [89]. A negative feedback loop also exists between ZEB factors and miR-34 as well as between Snail and miR-34 [93]. miR-34 and miR-200c are activated by p53 to repress EMT [92]. These regulatory loops indicate the necessity of maintaining the balance between these molecules. The second hub includes miR-10b and let-7i, which are regulated by Twist1 (Figure 3b)[24,94] and targets HOXD10 as well as NEDD9 and DOCK3, respectively [24,94]. Regulation of these targets by either miR-10b or let-7i affects the activity of RHOC (Ras associated GTP binding protein C)/PAK1 (p21 activated kinase 1) or RAC1 (Ras-related C3 botulinum toxin substrate 1), respectively, resulting in increased metastatic activity and/or 3D cancer cell movement induced by Twist1 [24,94]. The third hub includes let-7, the miR-17-92 cluster, miR-9, miR-155, and miR-29, which are regulated by c-Myc and/or TGF- (Figure 3c)[95-97]. These miRNAs target different molecules related to cell junction integrity, cell adhesion/migration, and angiogenesis, resulting in increased metastatic activity that is induced by c-Myc and/or TGF- (Figure 3c). The fourth hub centers on miR-21, which regulates multiple molecules involved in the metastatic process including cell cycle/apoptosis regulators (p53, CDC25A, PTEN, FasL (FASLG)) and molecules related to migration (TPM1, TIMP3, RECK, maspin, MARCKS) (Figure 3d)[24,98]. Multiple negative feedback loops also exist in the molecules regulated by miR-21 (i.e. PDCD4, SPRY1/2, BTG2), which negatively regulate the upstream signaling molecules (i.e. AP1, ERK, and Ras) that activate the expression of miR-21 [98]. A negative feedback loop also exists between miR-21 and NFIB (nuclear factor IB). STAT3 (signal transducer and activator of transcription 3) either positively or negatively regulates miR-21 depending on cellular context. TGF- and BMP2/4 activate miR-21 expression, whereas BMP6 indirectly represses miR-21 expression [24]. All these modes of regulation suggested that miR-21 is a convergence point of upstream signaling in the induction of metastasis. The results described above reflect the complex picture of positive regulation and negative feedback loops inside each regulatory hub. Detailed signaling information can be found in various recent review articles [23,24,89-91,95-98]. In summary, these miRNAs affect diverse functions in the regulation of EMT and metastasis and can also be regulated by different signaling pathways related to EMT and metastasis, adding another layer to the intricate gene expression program underlying EMT.
.
Concluding remarks
The common theme emerging from recent work in this field is that many chromatin modifiers involved in EMT play dual roles in the repression and activation of EMT marker, motility, or EMT-related genes. However, no single one has been shown to be a “master regulator” that governs all the gene expression patterns regulating EMT, suggesting certain EMT pathways require more than one chromatin modifier to execute both the repression and activation of EMT marker and EMT-related genes. This is unsurprising given that EMT involves so many different aspects and changes in gene expression. The dependence on a network of chromatin modifications and post-transcriptional mechanisms provides a measure of built-in control for this critical cellular process, such that multiple levels of regulation (including EMT transcriptional regulators, chromatin modifiers, alternative splicing, and microRNA) are all required to achieve the full spectrum of EMT. This coordinated action is beneficial because relying on a single level of control may be disastrous as EMT is tightly linked to cell migration and metastasis, which may have detrimental effects on the organism. 
In going forward, it will be important to identify specific chromatin modifiers or a unique histone mark or sets of marks associated with EMT. These could then be used to search for novel genes with the same signature, leading to a more complete understanding of the gene expression patterns involved in EMT. It will also be important to search for differential post-transcriptional modifications that determine the expression fate of EMT marker or EMT-related genes. The epigenetic mechanisms and chromatin modifiers identified from these researches will provide important targets for future treatment because chromatin modifiers have proven to be targetable by small molecules and mutations or changes in the levels of chromatin modifiers are constantly linked to human diseases [99]. 
Finally, the results from the literature support the hypothesis that chromatin modifications are essential mediators of the activity of numerous EMT transcriptional regulators and play an indispensable role in this process. Information obtained from these mechanistic approaches should help guide target-tailored therapy (e.g. HDAC3-specific inhibitors in hypoxic tumors) using the different epigenetic targets identified under various signaling pathways or post-transcriptional mechanisms. 
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Figure 1. A model of the epigenetic changes during hypoxia-induced EMT. (a) For epithelial genes, HDAC3 deacetylates H3K4Ac and interacts with transcription factors (TF) to cause gene repression. The H3K27me3 and H3K4me bivalent domain is observed on the promoters. The question marks indicate the possible deacetylation of H3K27Ac by HDAC3. (b) For mesenchymal genes, HDAC3 deacetylates H3K4Ac and interacts with transcription factors and histone methyltransferase (HMT) complexes to cause gene activation. The activation mark H3K4me is observed on the promoters. Red arrows: indicate removal of the acetyl group of H3K4Ac or H3K27Ac by HDAC3. The labeled marks are on histone 3.
Figure 2. A model depicting TGF--induced EMT. (a) The H3K9me2 labeled chromatin state before TGF- treatment. (b) TGF- treatment causes LSD1 (together with EMT transcriptional regulators) to demethylate H3K9me2. This is followed by increased H3K4me and H3K36me, leading to derepression of LOCK regions and activation of motility genes. The question mark indicates the unidentified chromatin modifier(s) that regulate(s) EMT marker and motility gene expression (vimentin and E-cadherin). Arrows indicate the activation or repression of genes. Motility genes are located in the boundary regions. The empty arrowheads indicate the contribution of multiple different processes (e.g. regulation of EMT marker genes, widespread chromatin changes, activation of motility genes) to the final EMT phenotypes. 
Figure 3. A summary of four microRNA regulatory hubs. (a) The regulatory hub of miR-200 family, miR-205, and miR-34 as well as their associated regulations. (b) The regulatory hub of let-7i and miR-10b as well as their associated regulations. (c) The regulatory hub of various microRNAs regulated by c-Myc and/or TGF-. (d) The regulatory hub of miR-21 and its associated regulations. Pathways in blue indicate activation and pathways in red indicate repression.
Glossary
Bivalent domains: the simultaneous presence of a repressive histone mark (e.g. H3K27me3) and an activation histone mark (e.g. H3K4me2/3) on the same promoter region of genes, usually indicating an inactive but poised state that allows rapid activation of the genes in response to a signaling cue.

Epithelial-mesenchymal transition (EMT): the process mediating the cell-type switch from epithelial to mesenchymal. It is characterized by down-regulation of epithelial markers (e.g. E-cadherin) and upregulation of mesenchymal markers (e.g. vimentin and N-cadherin) as well as loss of apical-basal polarity, loss of cell-cell adhesion, and reorganization of the actin cytoskeleton.
EMT marker genes: epithelial and mesenchymal genes whose expression changes during EMT (i.e. repression of epithelial genes and activation of mesenchymal genes).
EMT transcriptional regulators: transcription factors (e.g. Twist1, Snail, and Slug) that are induced by different signaling pathways to mediate EMT.
Epithelial splicing regulatory proteins (ESRPs): are epithelial-specific RNA binding proteins that promote splicing of the epithelial variant of the FGFR2, ENAH, and CD44 transcripts. 
EZH: EZH1 and EZH2 are polycomb group silencers and lysine methyltransferases. EZH2 is a critical component of polycomb repressive complex 2 (PRC2), which methylates H3K27, leading to gene repression.
G9a (EHMT2): a HMT that catalyzes mono- and di-methylation of H3K9, leading to gene repression. G9a also methylates non-histone proteins to modulate gene expression.
H3K4 acetylation (H3K4Ac): a mark commonly found at promoter regions of EMT marker genes. 
H3K4 di- or tri-methylation (H3K4me2/3): marks commonly found at gene promoters of activated genes. 

H3K9 di- or tri-methylation (H3K9me2/3): marks commonly found at promoter regions of repressed genes. 

H3K18 acetylation (H3K18Ac): a mark commonly found at promoter regions of transcriptionally active genes. Coupled with H3K9me3, this mark constitutes a bivalent domain and serves as a platform for activation of downstream targets of Nodal, including Gsc and Mixl1.
H3K27 trimethylation (H3K27me3): a mark commonly found at promoter regions of repressed genes, (e.g. increased H3K27me3 levels at epithelial gene promoters during EMT). Loss of H3K27me3 usually indicates that the gene has become activated (e.g. decreased H3K27me3 levels at the mesenchymal gene promoters during EMT).
H3K36 trimethylation (H3K36me3): a mark commonly found at promoter regions of transcriptionally active genes. However, this mark also induces histone deacetylation to restore normal chromatin structure in the wake of elongating RNA polymerase II to prevent inappropriate initiation.
HMT (histone methyltransferase): a generic term for proteins/complexes that add methyl groups to residues (typically lysines). 
JMJDs (KDMs): Jumonji-domain-containing proteins with lysine histone demethylase catalytic activity. 
LOCKs: large (100 kb-5 Mb) non-repetitive heterochromatin domains that are enriched for H3K9me2 and overlap with nuclear lamina-associated domains. 
LSD1 (KDM1): is the first histone demethylase identified. It removes methyl groups of H3K4 and H3K9. Although removal of H3K4me by LSD1 induces gene repression, LSD1 is required for estrogen/androgen receptor-dependent gene transcription through removal of H3K9me, indicating that LSD1 has different roles depending on the context in which it functions. 
Protein arginine methyltransferase (PRMT): a generic term for proteins/complexes that add methyl groups to arginine residues of histones and other proteins. 
Reprogramming: changes in gene activity that shifts cells to a different cell type (e.g. epithelial to mesenchymal, somatic cell to pluripotent stem cell).
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