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Abstract: Recently described as the sixth base of the DNA macromolecule, the precise role of
5-hydroxymethylcytosine (5ShmC) is the subject of debate. Early studies indicate that it is functionally
distinct from cytosine DNA methylation (5mC), and there is evidence for 5hmC being a stable derivate
of 5mC, rather than just an intermediate of demethylation. Moreover, 5ShmC events correlate in time
and space with key differentiation steps in mammalian cells. Such events span the three embryonic
germ layers and multiple progenitor cell subtypes, suggesting a general mechanism. Because of the
growing understanding of the role of progenitor cells in disease origin, we attempted to provide
a detailed summary on the currently available literature supporting 5ShmC as a key player in adult
progenitor cell differentiation. This summary consolidates the emerging role for 5hmC in defining
cellular fate.
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1. Introduction

Like evidence in a crime scene, cytosine DNA methylation (5mC) can reconstitute diverse
information about the origin and context of the host cell [1]. While sex can be easily identified
from 5mC data, algorithms designed in recent years use 5mC to also extract information about the
major tissue types in which a given cell resides and the age of the donor [2]. Even in complex samples
such as blood, DNA methylation can be used to infer the proportion of major cell subpopulations [3],
illustrating the tissue- and cell-specificity of 5mC. More recently, several studies showed that, at the
level of progenitor cell differentiation, it is the loss of 5mC at particular intragenic regions that precedes
a switch in cell identity, as we will show throughout this study. The improved knowledge of how this
DNA demethylation occurs is leading to a redefinition of DNA methylation dynamics.

Presence of 5-hydroxymethylcytosine (5hmC) in the genome was suggested in 1972, in rat’s
brain and liver DNA [4]. However, it was not until 2009 when 5hmC was identified as an unusual
nucleotide when comparing the abundance of 5mC in Purkinje and granule cells [5]. In parallel,
Tet Methylcytosine Dioxygenase 1 (TET1) was first described as an enzyme able to convert 5mC to
5hmC by oxidation [6]. Increasing the complexity of this field, additional oxidized derivatives of
5mC (i.e., 5-carboxylcytosine (5caC) and 5-formylcytosine (5fC) [7] and two new members of the TET
family (i.e., TET2 and TET3) have been described [8,9]. Although with a slightly distinct chemical
construction, all three TET proteins are considered as ShmC “writers” [8,9], while all three oxidized
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derivatives of 5mC were initially defined as intermediaries in the active process of DNA demethylation
(Figure 1).

writers
readers
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TET2 UHRF2
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a-KG succinate  g-KG succinate
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Figure 1. Cytosine methylation cycle. Cytosine DNA methylation (5mC) groups introduced by
DNA Methyl-Transferases (DNMTs) can be iteratively oxidized to 5-hydroxymethylcytosine (ShmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) by the action of Tet Methylcytosine Dioxygenases
(TETs). Three “writers” (i.e., TET1, TET2, and TET3), and at least one “reader” (i.e., UHRF2), have been
identified for 5ShmC. x-KG: a-ketoglutarate; BER: base excision repair; SAH: S-adenosylhomocysteine;
SAM: S-adenosylmethionine; TDG: thymine DNA glycosylase.

Ever since the discovery of the “sixth base”, strenuous efforts have been made to characterize the
precise role of 5hmC in development. Such roles are becoming more evident as we learn about 5ShmC
specific genomic localization, its relative stability, and its recognition by other proteins. Based on the
available evidence, we illustrate here how ShmC is consistently found as a dynamic mark during the
establishment of cell identity in multiple model systems.

2. 5-Hydroxymethylcytosine: “Localized, Stable and Readable”

Mapping 5ShmC location represented a first step in deciphering its function. Early methods such
as immunofluorescence (IF) and mass spectrometry (MS) allowed researchers to assess global levels
of 5hmC, and high-performance liquid chromatography-mass spectrometry (HPLC-MS) is still the
most accurate method for ShmC global detection [10]. However, the development of locus-specific
methods has played a pivotal role in our comprehension of the functional role of 5ShmC. In general,
affinity-based enrichment methods are widely used and can be easily combined with genome-wide
profiling. Affinity-based applications can be divided into antibody and chemical capture-based
methods, with both approaches providing highly reproducible results [11], and the vast majority of
information on the distribution of 5ShmC has been generated by antibody-based methods as 5ShmC
immunoprecipitation (hMeDIP) [12]. Regarding chemical labelling enrichment technics, those based on
-glycosyltransferase (3GT)-catalyzed 5ShmC glycosylation such as glycosylation labelled sequencing
(hMe-Seal), glucosylation, periodate oxidation and biotinylation (GLIB), and J-binding protein 1
sequencing (JBP-1) have also been extensively used; however, they are claimed to exhibit relatively
low resolution compared to the antibody-based methods [11,13]. More recently, oxidative bisulfite
sequencing (oxBS-Seq) [14] and TET assisted bisulfite sequencing (TAB-Seq) [15] were published
and, starting now, they will be widely used methods in order to provide single resolution maps
of 5hmC. However, both techniques require excessive chemical treatments and therefore can cause
DNA damage. Furthermore, oxBS-seq and TAB-Seq require at least 30x sequencing depths to provide
reliable, quantitative results.
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Globally, 5hmC was shown by IF to be enriched in the euchromatin compartment [16].
Although exposed and accessible to anti-ShmC antibodies in euchromatin, the presence of 5ShmC in
heterochromatin seems to be hindered by binding proteins under non-denaturizing IF conditions [17].
Novel chemical methods allowed researchers to precisely map the genomic distribution of 5hmC and
distinguish it from other cytosine variants. Immunoprecipitation with 5hmC antibodies followed by
sequencing (hMeDIP-Seq) provided the first genome-wide map of ShmC distribution, and confirmed
its association with active transcription, CpG islands, 5’ regions of LINE1, CTCF, and pluripotency
transcription factor (TF) binding sites and, in general, regions marked by 5mC decrease and active
chromatin marks [16]. Upon differentiation from embryonic stem cells (ESCs) into embryonic bodies,
the levels of 5ShmC decreased. As will be discussed below, with the exception of neurogenesis,
this distribution and global decrease of ShmC is consistent across many models of differentiation.
Also in ESCs, 5hmC was described in association with bivalent promoters (i.e., simultaneously occupied
by histone marks H3K4me3 and H3K27me3). In this sense, it was recently shown that TET enzymes
block aberrant hypermethylation in this type of promoter, ensuring robust lineage-specific transcription
upon differentiation [18]. Another type of “bivalency” has been recently described at later stages
of differentiation, in which genes simultaneously display promoter 5mC and gene body 5hmC at
developmentally important genes [19]. Finally, Ficz et al. also described 5hmC association with
non-CpG methylation resulting in strand bias that increased as a response of TET1/2 silencing.
Interestingly, whenever 5hmC and 5mC occurred in parallel, gene expression was higher compared to
regions in which 5mC occurred alone [16].

Growing evidence confirms the distribution and dynamics of ShmC during embryonic cell
development, outlining that it is functionally distinct from 5mC. However, the relatively low levels
of 5ShmC in the human genome, as well as the presence of other oxidized cytosine variants (5fC and
5caC), raised fundamental questions regarding the stability of the novel mark. Indirectly, genome-wide
acquisition of 5hmC during neurogenesis in the absence of a major 5mC drop suggested that rather
than an intermediate of demethylation, ShmC serves as a stable signal on its own [20,21]. In addition,
direct evidence of 5ShmC stability in different cell types was obtained from ultrasensitive analytical
liquid chromatography-tandem mass spectrometry (LC-MS/MS), showing no change in the levels
of 5ShC over cell cycle phases [22]. Moreover, data suggested that 5mC oxidation does not occur
on the nascent strand but must be formed in the double-stranded DNA produced immediately after
replication [22]. Although several fundamental questions remain to be explained regarding TET
binding and interaction affinities, a single, remarkable study described 5ShmC-DNA interactions as
much more stable and less prone than 5mC-DNA to further oxidation [23]. Favoring the idea that
5hmC is a persistent mark, compared to 5fC and 5caC, 5hmC is a poor substrate for TETs, thus
protecting 5hmC from further oxidation [23,24] (reviewed in [25]). In a similar way, 5{C and 5caC are
more efficiently recognized by thymine-DNA glycosylase (TDG) for removal and subsequent base
excision repair (BER) leading to demethylation [26] (Figure 1). Together, higher affinities of TETs and
TDG for 5fC and 5caC ensure a relative abundance and recognition of ShmC in the genome.

In addition to confined genomic location and biochemical stability, a characteristic of other
chromatin marks such as histone modifications is their capacity to be read and interpreted by
specific proteins. A computational method that combined 139 published assays (chromatin
immunoprecipitation sequencing (ChIP-Seq), MeDIP-Seq and glucosylation, periodate oxidation
and biotinylation sequencing (GLIB-Seq), involving 77 chromatin features (3 cytosine modifications,
13 histone marks, and 61 chromatin related proteins), revealed four different co-evolutionary
associations of 5hmC with chromatin related proteins: SIN3A/LSD1, TET1/MBD2, MBD2/MLL2,
and OGT/TAF1 [27]. The associations of these 5himC writers/erasers (i.e., TET1, OGT, and LSD1)
do not reflect direct physical interactions of the protein pairs but rather their roles in the control of
cytosine modifications and gene regulation. Although early studies described several molecules as
potential readers of ShmC, further mass spectrometry (MS) measurements failed to provide direct
evidence on binding to 5hmC (reviewed by [28]). A single MS study revealed that the Set and Really
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Interesting New Gene (RING) finger-associated (SRA) domain of UHRF2 specifically interacts with
5hmC [29]. This discovery was subsequently supported by a structural and biochemical study [30],
which demonstrated that the UHRF2-SRA domain, unlike the equivalent domain in UHRF1, does
not preferentially bind to hemi-methylated DNA. Instead, it binds to fully hydroxymethylated and
hemi-hydroxymethylated DNA 3.2- and 1.5-fold more tightly than it does to hemi-methylated DNA,
respectively. In addition, the Chromatin target of Prmtl (CHTOP)-methylosome complex, which
methylates H4R3, has been recently described as a novel molecular interactor of 5ShmC in a study
conducted in gliomas [31,32].

Interestingly, 5fC and 5caC seem to be associated with numerous molecular readers [28,33-35].
Of note, these methylated variations have been shown to cause pause at the transcription rate generated
by RNA Polymerase II (Pol IT) binding. No similar mechanism has been detected for 5hmC so far, which
is in line with the previously described phenomenon that 5hmC is a hallmark of active gene expression.

3. Specific 5-Hydroxymethylcytosine Enrichment Identifies Blood Cell Subtypes

In agreement with its relative stability and readability, recent studies provide ample evidence of
the importance of the “sixth base” during differentiation and lineage commitment of several adult
cell types. Given the existence of relatively easy approaches to perform in vitro differentiation and
selection of well-characterized types of hematopoietic cells, substantial data has been accumulated
to favor the role of 5hmC in transcriptional programming of myeloid and lymphoid differentiation
(Table 1).

Table 1. 5-hydroxymethylcytosine (shmC) and blood cell subtypes.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors
Myeloid & Lymphoid
HSCs Hs umbilical cord CD34+ RRHP + NGS exons, promoters, no data Tekpli et al., 2016
cells enhancers
promoters and gene
HSCs Mm Tet2 and Dnmt3a CMS-IP + sequencing  bodies of highl Dnmt3a, Tet2  Zhang etal,, 2016
knockout mice q & &Y &
expressed genes
Myeloid
Macrophages, enhancers, ShinC changes Garcia-Gomez et
P1ages, Hs in vitro differentiation OxBS + HM450 at promoters and gene TET2, TDG, AID
Osteoclasts bodies al., 2017
Demethylation at
monocyte elutriation and . nucleosome-free loci that
Macrophages Hs differentiation OxBS + sequencing gain active enhancer TET2 Wallner et al., 2016
marks
Dendritic hMediP (and
cells Hs in vitro differentiation glycosylation-sensitive  candidate gene promoters TET2 Klug et al., 2013
restriction) + qPCR
Tet2 knockout mice + g TSS distal (enhancers), Montagner et al.,
Mast cells Mon in vitro differentiation GLIB-Seq gene bodies Tet2 2016
TF binding sites, gene
Erythrocytes Hs in vitro culture of HSCs hMe-Seal; TAB-Se bodies of overexpressed TET2, TET3 Madzo et al., 2014
y y q P
genes
cultured cord blood
Erythrocytes Hs CD34+ cells LC-MS global loss of 5ShmC TET2, TET3 Yan et al., 2017
Lymphoid
enhancers, gene bodies. B
B cells Hs in vitro activation of hMe-Seal cell identity genes lose no data Caron et al., 2015
human naive B cells whereas Plasma Cell v
identity genes gain 5ShmC
mice deficient for Tet2 B cell enhancers,
B cells Mm X CMS-IP + sequencing chromatin-accessible Tet2, Tet3 Lio et al., 2016
and Tet3 in early B cells .
reglons
purified naive and gene bodies of highly Tsagaratou et al
T cells Mm in vitro differentiated T CMS-IP + sequencing expressed genes, active no data 281% ouetal,
cell subtypes tissue-specific enhancers
BGT catalyzed
T cells Mm sorted mouse cell restriction enzyme candidate gene approach no data Sellars et al., 2015

subpopulations

protection + qPCR; OxBS
+gPCR

(CD4 locus)
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Table 1. Cont.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors
in vivo-generated Tth 5hmC loss in Tth cells at
Tth cells Mm cells from Bcl6-RFP hMedIP-Seq Bcl6 binding sites Tetl Liu et al., 2016
reporter mice compared to naive T cells
Tth cells Hs human PBMCSX and DNA dot plot, global 5hmC gain, no TET2, TET3 Wau et al,, 2016
lupus prone mice MedIP-Seq genome context data
Methyl/Hydroxymethyl  gene body enrichment
CD4 T cells Hs human CDA4+ T cell sensitive qPCR and TSS depletion, TET1 Nestor et al., 2016

differentiation ex vivo (EpiMark) actively transcribed genes

introns and intergenic
CD4 T cells Mm mouse T cell subtypes hMedIP + sequencing regions, lineage-specific Tet2
TFs

Ichiyama et al.,
2015

mouse CD8+ T cells with overall reduction of

CD8 T cells Mm low or high HIF hMedIP + qPCR 5hmC Tet2 Tyrakis et al., 2016
signalling
chromatin
. . . accessible-regions Tsagaratou et al.,
iNKT cells Mm Tet2-Tet3 DKO mice CMS-IP + sequencing associated with iNK T cell Tet2, Tet3 2017
development
Treg cells Mm H2S-deficient (Cbs=/=) 44 pjof; hMedIP + qpcR  LOXP3 promoter and Tetl, Tet2 Yang et al., 2015
mice CNS2
Treg cells Mm Tet2-Tet3 DKO mice OxBS + sequencing Foxp3 CNS1 and CNS2 Tet2, Tet3 Yue et al., 2016

Hs: Homo Sapiens; Mm: Mus Musculus; HSC: Hematopoietic stem cells; iNKT cells: Invariant natural killer T
cells; Peripheral blood mononuclear cells (PBMCs); HIF: Hypoxia-inducible factors; DKO: Double knock-out;
RRHP: reduced representation of hydroxymethylation profiling; NGS: next-generation sequencing; CMS-IP:
cytosine-5-methylenesulphonate immunoprecipitation; OxBS: oxidative bisulfite; HM450: Infinium 450K bead
arrays; hMeDIP: 5hmC immunoprecipitation; hMeDIP-Seq: hMeDIP Sequencing; gPCR: Quantitative polymerase
chain reaction; GLIB: glycosylation, periodate oxidation, and biotinylation; GLIB-Seq: GLIB-Sequencing; hMe-Seal:
BGT-catalyzed 5hmC glycosylation labelled sequencing; TAB-Seq: Tet-assisted bisulfite sequencing; LC-MS:
liquid chromatography mass spectrometry; TSS: transcription start site; TF: Transcription factor; CNS: Conserved
non-coding sequences; TDG: thymine DNA glycosylase, AID: activation-induced deaminase.

Globally, a drop in 5hmC levels has been described during differentiation from hematopoietic
stem cells (HSCs) [36], except for one study showing overall 5hmC increase (without genome
context data) [37]. Despite this global reduction, 5hmC remains enriched at particular loci, matching
the distribution shown by earlier studies (i.e., promoters and gene bodies). In addition, 5hmC
enrichment has been described in enhancers [19,36,38—41] and lineage-specific TF binding sites [42,43].
In line with this, 5hmC changes are overrepresented in highly transcribed genes. For example,
chromatin-accessible-regions are associated with T cell [36,44] and induced natural killers (iNK)
T cell development [45], Treg FoxP3 activation [46,47], B cell identity genes [39,41], or Bcl6 binding
sites in T follicular helper (Tfh) cells [48] (Figure 2 and Table 1). During mast cell development,
it was shown that Tet2 knockout caused differential ShmC levels in genes enriched with leukocyte
differentiation and proliferation, malignant transformation, and mast cell-related processes [40].
Hypo-hydroxymethylated loci overlapped with enhancer regions, suggesting that 5ShmC had a role in
transcriptional programming [40].

Many of these studies provide mechanistic data supporting the role of TETs in cell differentiation.
This is the case for Tet2 (and to a lesser degree Tet3), which is consistently reported in
murine models [39,40,43,45-47,49] and human cells [37,38,42,50-52]. Of note, the role of Tet2 in
mast cell differentiation described above [40] is partially independent of 5ShmC, as rescuing mast
cell developmental changes upon Tet2 knockout was only possible by the re-expression of Tet2
independently of its catalytic activity, which assumes that Tet2 possibly interacts with other complexes
(something similar has been shown between TET1 and the SIN3A co-repressor complex [53]).
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Figure 2. 5-Hydroxymethylcytosine dynamics during blood cell differentiation. Evidence for dynamic
changes in 5mC (gray lines) or 5hmC (red lines) at the indicated loci, as associated with immune lineage
commitment. Dashed lines represent additional evidence. Corresponding PubMed PMIDs for each
study are shown in red. TSDRs: Treg-specific demethylated regions. ThO: naive T helper cells.

3.1. Myeloid Lineage

In addition to mast cells, specific redistribution of ShmC has been described during differentiation
of monocytes into macrophages or into dendritic cells [50,51]. Moreover, a unique role of ShmC in red
blood cell development seems well established according to a study that provided a comprehensive
view of 5hmC distribution at stem/early progenitors, primitive erythroid progenitors, basophilic,
polychromatic, orthochromatic, and reticulocytes [42].

Initially, by mass spectrometry measurements, using both in vitro as well as in vivo models, the
authors described a general increase of 5ShmC during commitment to the erythroid lineage, followed
by remarkable decrease during the subsequent steps of differentiation [42]. In contrast to the dynamic
fluctuation of 5ShmC, 5mC exhibited modest decrease. Besides negligible levels of TET1 and TET3,
TET2 seemed to be involved in the differentiation process, being the highest at the time point of specific
erythroid lineage commitment. As for other cell types, in parallel with the overall decrease, elevated
levels of 5ShmC were detected at particular loci [42]. As erythropoiesis is a replication dependent
process, this argues in favor of a stable 5ShmC mark at given DNA regions that overlaps with TF
binding sites and activating histone marks (i.e., H3K4mel, H3K4me3, H3K9ac, and H3K27ac).
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3.2. Lymphoid Lineage

On a pioneer study of 5hmC and T-cell lineage commitment, deep sequencing was performed on
purified samples (double positive, CD4 single positive, CD8 single positive, naive CD4, naive CDS,
and CD4-differentiated Th1l and Th2 T helper cells) enriched by cytosine-5-methylenesulfonate-based
immunoprecipitation [36]. In all cell types, ShmC was found to be highest at promoters and intragenic
regions, without enrichment for transcription start sites (TSS). On average, naive T-cells showed higher
global 5hmC compared to the previous stage of differentiation, followed by a drop at the later stages
(Th1 and Th2). As the reduction of 5ShmC was replication-dependent, this initially suggested that 5ShmC
had been passively diluted in a cell cycle manner. However, in contrast to 5mC, gene body 5hmC
exhibited significant positive correlation with gene expression accompanied with Pol II occupancy and
enrichment for active histone marks. Moreover, 5hmC was suggested to mark long-range interactions
between enhancers and other regulatory regions at the transition points of T-cell development. More
recently, using Tet2-Tet3 double knock-out (DKO) mice, the same group showed that TET proteins are
essential for maturation of invariant natural killer T cells (iNKT), and its absence generates a T cell
antigen receptor (TCR)-mediated expansion of these cells and a lethal lymphocytic infiltrate in lung
and liver [45]. Transcriptomic evaluation identified a characteristic profile of natural killer NKT17
cells (expressing RAR-related orphan receptor y (RORyt) and Interleukin 17) and genes related with
malignant transformation.

Of note, studies supporting a role of 5mC/5hmC in immune cell development have been
performed in both mouse and human cells (Table 1). For example, analogous DNA methylation
dynamics are observed during differentiation of human naive B cells into plasma cells [41].
Most differentially methylated loci identified in this process were demethylated and enriched for
enhancers, with demethylation becoming particularly pronounced at terminal stages of development.
Initial assessment by selective chemical labeling followed by dot blot showed global loss of ShmC
during differentiation, accompanied by decrease in TETs expression. However, 5ShmC was found to be
enriched at specific DNA regions, particularly at B-cell identity genes with enhancer chromatin marks
(i.e., H3K4mel and H3K27ac) (Figure 2). As mentioned above, 5hmC at gene bodies correlated with
gene expression.

Therefore, 5hmC events take place at all stages of lymphoid cell differentiation, from HSCs to
highly specialized cell types (Figure 2). For example, 5hmC seems to define the transition to the
lymphoid lineage, the choice between B and T cell types, and between CD4 and CD8 T cells [36].
Furthermore, 5hmC enrichment at specific loci has been described for each of the well specialized
fates of naive T helper (ThO) cells (i.e., Th1, Th2, Th17, Thf, and Treg). Indeed, studies of Treg cell
differentiation represent a good example of what has been done in other systems in terms of linking
S5hmC to cell identity. Defined as the master TF of Treg programming almost 15 years ago [54], Foxp3
was later shown to be demethylated in particular loci called Treg-specific demethylated regions (TSDRs)
(Figure 2). TSDRs were described as the most reliable criterion for natural Treg identification long before
the first ShmC studies became available [55,56]. In addition, TSDRs were suggested as a requirement
for lineage stabilization [55-58] and a way to distinguish Tregs from different origins (i.e., thymic vs.
periphery vs. in vitro) [56-60]. While TSDRs were associated with intragenic conserved non-coding
sequences (CNS) in the Foxp3 loci displaying a particular chromatin landscape [57], additional TSDRs
were found in mice in other immune-related genes as well (i.e., Ctla4, I12va, Ikzf4, and Tnfrsf18) [61].
After several additional studies highlighted that CNS2 is specifically demethylated in Tregs [62,63],
subsequent work demonstrated that TET proteins were necessary for Foxp3 5ShmC enrichment [46,47].
More recently, one additional CNS loci (CNS0) has been described as a FoxP3 super-enhancer and
a binding site for the chromatin organizer Satb1 [64].

Overall, mouse and human studies agree on a dynamic redistribution of 5hmC in myeloid and
lymphoid differentiation (including both T and B cells). Also, in mice and humans, ShmC is enriched in
gene bodies and enhancers of the corresponding cell identity genes. In addition, in line with its role in
blood cell development, TETs mutations are often detected in lymphoid and myeloid malignancies [65].
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Indeed, the frequency of frameshift and nonsense mutations in TET?2 is estimated to be as high as
45% in patients with chronic myelomonocytic leukemia [66]. Although this places TET mutations as
driver events in leukemia, it is worth mentioning that TET2 mutations alone have proven insufficient
to cause cancer [65]. Future studies aimed at elucidating a more comprehensive role of TET mutations
in the 5mC-5hmC balance may shed light on the dynamic interplay between genetic and epigenetic
machinery in disease development, rather than considering mutations as master regulators.

4. 5-Hydroxymethylcytosine Is Redistributed during Terminal Differentiation from All
Germ Layers

In addition to most blood cell subtypes, ShmC has been associated with differentiation into other
cell types from mesodermal origin. Moreover, examples also exist for the endodermal and ectodermal
germ layers, as described below (Table 2).

Table 2. 5-hydroxymethylcytosine and non-blood cell subtypes.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors
Endoderm
LC-MS; IF; global 5hmC gain,
Hepatocytes Hs humaﬁ:}iertiilszzgsadult hMedIP + occupancy in active catabolic no data Ivanov et al., 2013
sequencing and metabolic genes
Hepatocytes Hs b;};g:eiti :;Vr:r hMedIP + QPCR ;l:s:][‘l‘j::r’: HNF2A TETL, TET2  Ancey etal, 2017
5-hmC gain at promoters
T84 colon cancer cells, dot blot; hMe-Seal; and gene bodies; highly
Colonocytes Hs primary colonocytes TAB-Seq expressed and induced TET1 Chapman etal, 2015
genes
THC: hMedIP promoters and gene bodies
. . . . of highly expressed genes.
Enterocytes Mm Lﬁfj::??hgit:ls tcl:l?: comlE g}fi:élth eightfold 5hmC signal gain Tetl Kim et al., 2016
v P s‘i encin in differentiated relative to
quencing Lgr5+ cells
Mesoderm
embryonic growth
Chondriocytes Mm plate; ATDC5 hMe-Seal gene bodies, near TSS Tetl Taylor et al., 2016
progenitors
embryonic, neonatal, hMedIP-Seq, introns and intergenic
. adult and TAB-Seq, regions; body of highly
Cardiomyocytes M hypertrophic biotin-glucosyl expressed genes and distal Tet2 Grecoetal,, 2016
cardiomyocytes tagging regulatory regions
gene bodies and low
. newborn and adult . methylated enhancers; Kranzhofer et al.,
Cardiomyocytes  Mm cardiomyocytes ELISA; hMe-Seal positively associated with no data 2016
gene expression
murine C2C12 global 5hmC gain in
Myocytes Mm myoblast in vitro s differentiated mYPtub?S‘ Tet2 Zhong et al., 2017
differentiation gradual 5hmC gain with
differentiation
mouse 3T3-L1 CTCF-associated enhancers . .
Adipocytes Mm pre-adipocytes and hllt/[M]ej(ﬁ’Ij_sPqui( activated during Tetl, Tet2 Dlugc())llséichevaher et
primay adipocytes ¢ q adipogenesis A
. GC-MS; .
Adipocytes Mm Murlng ST3-L1 MassARRAY; ShmC gain, globally and at Tet2 Yoo et al., 2017
preadipocytes hMeDIP the Ppary locus
LC-MS; IS; global 5hmC gain during
Sertoli cells Rn rat Sertoli cells hMe—S/eal/ puberty; correlated with no data Landfors et al., 2017

gene expression
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Table 2. Cont.

Cell Type Organism Model System 5hmC Technique 5hmC Enrichment 5hmC Writer Authors

Ectoderm

mouse Nestin+/Sox2+ global gain; positive

Neurons Mm adult neural stem hMi?Stek;ll?tIi(Ijsz\/ls correlation with Tet2 Lietal, 2017
cells (aNSC) ’ transcriptional upregulation
. . CpG island shores and
Neurons Hs hum:gr;etla;sbram OXBS&&IT;(I)Hed * shelves, flanking TSS and no data Spiers et al., 2017
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Rn: Rattus norvegicus; Dr: Danio rerio; ATDC5: chondroprogenitor cell line; TAB-Seq: Tet-assisted bisulfite sequencing;
GC-MS: Gas chromatography mass spectrometry; IF: immunofluorescence; IHC: Immunohistochemistry;
IS: Immunostaining; ELISA: Enzyme-linked immunosorbent assay.

4.1. Endoderm

Endoderm gives rise to many of the cell types that form the gastrointestinal tract and related
organs. The adult liver is relatively rich in 5hmC content, and global redistributions of 5mC [67-69]
and 5hmC [70] have been described during the fetal to adult liver transition. Specifically, liquid
chromatography mass spectrometry (LC-MS) estimations indicate that ShmC increases from 0.125% to
1% of the total cytosine content. In adult livers, such 5hmC occupancy is overrepresented at genes
involved in active catabolic and metabolic processes [71] (Figure 3). While these studies suggest
a role of 5ShmC in liver physiology, a recent report described a specific 5hmC event during hepatocyte
differentiation [72]. TET-dependent ShmC activation preceded activation of the HNF4A P1 promoter,
a master TF of hepatocyte identity (Figure 3). In the same model of hepatocyte differentiation from
a bipotent progenitor, we recently profiled 5mC/5hmC using oxidative bisulfite (OxBS) coupled to
HumanMethylationEPIC arrays (Illumina, San Diego, CA, USA), and noticed that this process involves
5mC reduction and 5hmC gain partially associated with the acquisition of hepatocyte expression
profile (unpublished results). Of note, liver tumor development has been associated with reduced TET
activity and 5ShmC in human samples [73], as well as in mouse [71] and in vitro models, suggesting
5hmC could be used as a biomarker of hepatocarcinogenesis [74].

Although 5hmC accumulation at the HNF4A P1 promoter seems to be transient, global higher
levels in adult liver suggest stable 5ShmC occupancy. In addition, stable accumulation of 5ShmC has
been described for enterocyte differentiation in well-known TF binding sites and targets involved in
this process [75,76]. This contrasts with the pattern shown for blood cell subtypes, at least at earlier
stages of blood cell differentiation (i.e., from HSCs) [19], in which there is a more general presence of
5hmC followed by a global drop that respects lineage-related loci, as described above. Interestingly,
both in blood cells and endoderm differentiation, 5ShmC redistribution was accompanied by a drop
in 5mC (compare 5mC kinetics in Figures 2 and 3). Also, in both cases, loss of gene expression in
committed cells correlated with a significant decrease in gene body 5hmC levels.
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Figure 3. 5-Hydroxymethylcytosine dynamics during cell differentiation. Evidence for dynamic
changes in 5mC (gray lines) or 5hmC (red lines) at the indicated loci, as associated with lineage
commitment. Dashed lines represent additional evidence. Corresponding PubMed PMIDs for each

study are shown in red.

4.2. Mesoderm (Other Than Blood Cells)
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Besides blood cells, a more recent base resolution study suggests an important role of ShmC
during terminal chondriocyte differentiation. An increase in global 5hmC IF signal was observed at
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the first stage of chondrogenic differentiation, followed by decrease at a later stage [77]. Using
B-Glucosyltransferase-based chemical labelling and sequencing, the authors benefited from the
previously established ATDC5 chondroprogenitor model system and found 5hmC enrichment near
TSSs. In a similar way to what was described in immune cell subtypes, the increase in 5hmC was even
more evident in gene bodies of key chondrogenic lineage-specific factors (Sox9, 5, and 6, Runx2, and
Col2al) and was associated with transcriptional activation.

Global and localized enrichment of 5hmC has also been described for myocyte [78] and
cardiomyocyte development [79,80]. 5ShmC enrichment was mainly found at gene bodies and distal
regulatory regions, marking active genes enriched for Pol II occupancy, as well as active histone marks.
The transition from embryonic into adult heart development was characterized by 5hmC peaks in
genes related to heart development, such as actin-filament-based process and regulation of heart
contraction. In addition, Tet2 has been implicated in both cardiomyocyte and myocyte development.
Tet2 knockout resulted in ShmC depletion at specific cardiomyocyte gene loci [80]. In a similar way,
knockdown of Tet2, but not Tetl, significantly reduced myocyte gene expression (myogenin, Myf6,
and myomaker) and impaired myoblast differentiation [78].

At least two studies have shown 5ShmC enrichment during adipocyte development, using murine
3T3-L1 preadipocytes as a model (Figure 3). In the first study, the chromatin insulator CTCF was found
to interact with TET enzymes to promote ShmC deposition at adipogenic transcriptional enhancers [81].
In the second study, also TET proteins (and particularly TET2) were shown to be required for
adipogenesis by increasing 5ShmC at the Ppary locus and inducing Ppary gene expression [82].

Finally, a recent study has shown that 5hmC is also redistributed in Sertoli cells, mesodermal cells
that are required for spermatogenesis. LC-MS evaluation of primary isolates of rat Sertoli cells from
juvenile (7 days) and adult animals showed a puberty-associated reduction of 5mC and increase of
5hmC [83]. 5hmC peaks gained during maturation were related to cell transport, catabolic process,
mitochondrion, and endocytosis, which go hand in hand with the fact that adult Sertoli cells have
a diverse and highly active metabolism with an abundance of mitochondria.

Similar to blood cell types, these studies relate the differentiation process to an enrichment of
5hmC, suggesting that a general ShmC shift in genomic distribution could be associated with the
upregulation of genes that define cell state.

4.3. Ectoderm

At the time of 5ShmC rediscovery, using a wide range of biochemical methods, the newly identified
5-hydroxymethyl-2’-deoxycytidine was shown to constitute 0.6% of total nucleotides in Purkinje
cells [5]. Being highly abundant in brain, 5ShmC was immediately suggested to have a role in
the genomic control of neural functions. Therefore, together with ESCs, neurons of various types,
anatomical locations, and levels of differentiation have been some of the best-studied cell types in
terms of 5mC/5hmC content, distribution, and function. We refer the readers to specialized reviews in
5hmC and brain function [84,85], and only outline here some of the major findings in the context of
dynamic models of neurogenesis.

Similar to other tissue types, 5hmC is enriched in the bodies of actively transcribed genes
in postmitotic neurons, and accumulates at the flanking region of enhancers and TF binding
sites [15,85,86]. In addition, 5ShmC was found to accumulate in adult neurons as synaptogenesis
occurs, although its content and distribution varies among different kind of neurons [20]. In line with
this, the three TET proteins are expressed in the mammalian brain, and are all involved in neurogenesis
and brain physiology [85]. Particularly, neural progenitor cells (NPC) have been reported to be
affected by the absence of Tetl with consequences at the functional level, including in learning and
memory [87,88]. Similarly, loss of Tet2 was shown to reduce 5ShmC levels (particularly at neurogenic
genes) and partially block 5ShmC gain upon differentiation [89]. It was also shown that forkhead box
O3 (Foxo3a) physically interacts with Tet2 and regulates the expression of genes related to neural
stem/progenitor proliferation [89] (Figure 3). Therefore, 5hmC and TETs control the expression of
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genes and pathways related to neural programs, many of which are developmentally regulated [90].
Specific 5ShmC enrichment has been observed at sequences adjacent to p300 sites in genes critical for
neuronal differentiation [21], or Notch and Wnt pathway genes in retinal neurogenesis [91].

Another fact that increased the interest for 5ShmC was the possibility of methylcytosine
binding protein 2 (MeCP2) as a 5hmC reader [53], as this protein was previously associated with
neurodevelopmental disorders [92] (reviewed in [93]). Indeed, it was recently shown that distribution
of 5ShmC in CG and non-CpG dinucleotides is distinct and reflects the binding specificity and genome
occupancy of MeCP2 [86]. In addition, loss of MeCP2 led to specific reduction of 5hmC signals in
dynamically hydroxymethylated intragenic non-CpGs involved in gene activation [20]. However,
while the role of MeCP2 as a reader needs to be further validated [28], other candidate readers have
been suggested in the context of neurogenesis and adult brain [29,94].

Therefore, dynamic models of neurogenesis are consistent with an important role of 5hmC, not
only during differentiation, but also later in adult neuron life. Contrary to other tissues, 5mC depletion
does not necessarily precede ShmC acquisition [21] (Figure 3). Moreover, the high levels of ShmC in
adult neurons (and capacity to further increase), and the specific distribution across cell types and
brain regions, indicate an important functional role in addition to preserving cell identity. Recent
studies showing that demethylation occurs rapidly after neuronal or behavioral stimulation [95-97],
and that 5hmC is dynamically regulated during aging [20], are helping to elucidate such role.

5. Perspectives and Concluding Remarks

Cell identity is acquired through the sequential and combinatorial activity of TFs on
lineage-specific enhancers [98]. A global picture is emerging in which, in joint action with TFs
and enhancers, TET-catalyzed 5hmC marks identity genes at key differentiation checkpoints. In most
cases, global 5hmC seems to be progressively reduced from progenitor to differentiated state, but
remains (or is acquired) at relevant lineage-specific loci or at genes related to adult cell function.
As illustrated here, examples exist for all embryonic layers, and both epithelial and mesenchymal
phenotypes, suggesting a general mechanism. In a time when cell subtypes are being systematically
redefined [99], 5hmC promises to be an exquisite marker of cell identity. Moreover, as has been shown
for the FoxP3 CNS loci in Treg cells, 5hmC may be able not only to identify a cell subtype, but also its
origin, something that gene expression alone cannot do [57,62,63].

Although proliferation status seems to be critical for global 5ShmC [22], this does not explain the
specificity of 5ShmC occupancy during differentiation. Recent studies are shedding light into such
mechanisms. For example, interaction between TET proteins and lineage-specific TFs such as the FOXA
family have been described [72,89,100]. Although this is better supported at the level of pioneer factors,
it is feasible that other TFs involved in lineage commitment are also able to recruit TETs to specific
genomic loci. While several TFs are involved in DNA demethylation by interacting with TET proteins
(e.g., Nanog during establishment of pluripotency [101], the hematopoiesis-related RUNX1 [102]
and EBF1 [103], PU.1 in osteoclast differentiation [104], and PPARY in adipogenesis [105]), screening
systems suggest that many others may share this property [106]. Alternatively, enhancer elements that
distinguish cell types may be specifically targeted by TETs based on their chromatin conformation and
histone mark profile. Indeed, based on their abundance in gene bodies of active genes and poised
enhancers, TETs have been suggested as general transcriptional activators that recruit other proteins to
demethylate enhancers [25].

Whether related or not to the preservation of cell identity, this oxidative form of methylated
cytosine is emerging as a novel marker in many disorders [107]. Studies assessing 5SmC and 5hmC
content in different neurodegenerative pathologies, including Alzheimer’s and Huntington’s diseases,
haven been reviewed in past years [108]. The levels of 5hmC in brain increase progressively from
birth until death [108], and this age-associated increase was significantly higher in an Alzheimer
transgenic mice model [109], while there is a disease-associated decrease of 5ShmC levels in different
brain regions in patients with the same condition [108]. One example that illustrates the importance of
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5hmC in maintaining cell phenotype is liver fibrosis. In this pathology, chronic inflammatory injury
triggers an adipogenic-to-fibrogenic phenotype switch in hepatic stellate cells, eventually leading to
cirrhosis [110]. During different stages of chronic liver injury, 5hmC was found reduced, while hepatic
stellate cells became transdifferentiated [111]. Consistent with these data, global 5hmC was shown to
be reduced in a rat model of CCl4-induced cirrhosis [112]. It is important to note the recent availability
of liver methylome and hydroxymethylome data on Wistar and Sprague-Dawley rats, as well as the
genome-wide distribution of enhancer related chromatin marks (i.e., H3K4mel and H3K27ac), which
could represent a baseline reference for future studies of liver pathology [113].

An obvious context in which 5ShmC occupancy is expected to be dysregulated is malignant disease
(specialized reviews on cancer and TET-dependent 5ShmC have been recently published [114-118]). Indeed,
while Tet deletions/mutations have been shown to predispose to blood malignancies, cancer was initially
associated with a global loss of ShmC in various tissues [65,66]. Although such reports revealing 5ShmC
decrease in cancer lacked genome-wide or base-level resolution, studies consistently show that 5ShmC
profiles are able to distinguish malignant tissues, even under cell culture conditions [119]. If ShmC does
indeed preserve cellular phenotypes, it would be expected to have a protective role against cancer. In line
with this, it was suggested that 5ShmC is a hallmark from the early intestinal development that prevents
neoplastic DNA hypermethylation events [120]. In addition, 5hmC was recently shown to correlate with
lower regional CpG > T mutation frequency in cancers from various tissues (i.e., brain, kidney, and blood),
also suggesting a protective role [121].

Finally, it has been suggested for years that DNA methylation may represent an interphase
between environment and disease. The debate has been centered around which genomic locations are
more dynamic or sensitive to external factors, and high interest has been placed on DNA methylation
fluctuations at enhancer elements. Nowadays, emerging work suggests an important role of the
oxidized forms of 5m—in particular, of ShmC and the enzymes that establish it. For example, TETs are
able to control differentiation into immune cell subtypes in response to specific inflammatory signals
and are sensors of diverse metabolic processes. Another interesting example could be the critical role
of oxygen concentration (as a co-factor) that influences TET activity and hence regulating cellular
differentiation and fate in embryogenesis in which there are graded levels of molecular oxygen [122].
In a similar way, as «-ketoglutarate-dependent dioxygenases, the activity of TETs can be inhibited
by 2-hydroxyglutarate in pathological conditions such as aberrant liver progenitor differentiation in
presence of IDH1/2 mutations [123], or CD8* T cell fate under hypoxia [49]. Moreover, TET activity has
been shown to be influenced by the availability of vitamins C [46,124,125] and A [125], and hydrogen
sulphide [47].

In conclusion, the data sets presented throughout this study lead us to suggest that previously
published studies that lack discriminated detection of 5mC and 5hmC (such as the widely used
bisulphite conversion) have to be carefully revisited. Furthermore, approaches that are able to
distinguish between DNA methylation intermediates should be superior in the future. Evidence
points towards 5hmC (rather than 5mC) as a more likely interphase between the environment and
dynamic gene expression changes, and most importantly, it seems to regulate the directors of cell fate.
Therefore, its distribution in the genome could be used as a “fingerprint” to clearly indicate cell identity.
This new potential of the 5ShmC not only opens the door to deeper studies of cell differentiation and
tissue development, but could also provide a useful tool for early detection and prevention of several
conditions associated with the loss of cellular identity such as cancer.
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