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ABSTRACT OF THE DISSERTATION 

by Bradley Mark Colquitt 

Doctor of Philosophy in Neuroscience  

University of California, San Francisco, 2013 

The dazzling complexity of multicellular organisms is generated from just a single genome, 

which must be interpreted differently in each cell type to produce a unique view of this common 

material. Epigenetic modifications, which influence the structure and functional properties of the 

genome but do not change its primary sequence, are essential to this act of interpretation during 

development. In particular, neurodevelopment is a time of dramatic reconfiguration of epigenetic 

patterning, including major changes to the DNA modification landscape. The nuclear base 5-

hydroxymethylcytosine (5hmC), an oxidized derivative of the classic DNA modification 5-

methylcytosine (5mC), is highly enriched within the genomes of neurons relative to other cell 

types and is predominantly localized to active and accessible genomic regions. However, it is 

unclear how 5hmC patterns are established during neurogenesis and how the modified base 

contributes to neuronal gene regulation. 

Here, I provide insight into neuronal 5hmC biology by studying the patterning and functional 

roles of the modification during olfactory sensory neuron (OSN) development. Using a genome-

wide approach to map 5mC and 5hmC distributions in defined developmental stages of the 

olfactory epithelium – from multipotent stem cells to neuronal progenitors to mature olfactory 

sensory neurons – I found that 5hmC levels increase during neuronal differentiation, particularly 

within the bodies of actively transcribed genes. Altering 5hmC patterning in mOSNs by 

overexpressing an enzyme that regulates its production demonstrated that 5hmC within the gene 
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body modulates transcriptional output. Moreover, this manipulation disrupted the expression of 

olfactory receptors and axon guidance molecules, suggesting that 5hmC patterning is critical for 

the formation of neuronal identity.  

In the final section, I examine connections between de novo DNA methylation and 5hmC 

patterning in olfactory sensory neurons. I show that Dnmt3a, a de novo DNA methyltransferase 

implicated in neuronal development and function, is necessary to generate elevated levels of 

5hmC in OSNs. Moreover, Dnmt3a-dependent 5mC and 5hmC patterning is found within 

accessible regions of the genome, and its loss globally disrupts gene expression. Lastly, I provide 

evidence that neuronal DNA modifications are critical for neuronal function by demonstrating 

that odorant-induced gene activation is impaired in the absence of Dnmt3a. 
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Diversity from a common source 

With few exceptions, each cell within a multicellular organism contains the same genetic 

content. Yet complex organisms possess an astounding complement of different types of cells 

that vary in both shape and function. From elongated myocytes in muscle to highly branched 

neurons in the brain, and from insulin-secreting beta cells in the pancreas to light-detecting 

photoreceptors in the retina, each cell is defined by an identical set of genetic instructions. The 

fundamental challenge in the construction of multicellular organisms is how to use this common 

information set to produce these varied cell types. A cell must be able to selectively interpret the 

genome – using some genes, ignoring others – to create its characteristic properties.  

This interpretation occurs through a process called ‘gene regulation’, an umbrella term for the 

ensemble of diverse molecular strategies that cells employ to control their genes. Gene regulation 

can be broadly divided into two categories: specification and competence. To be expressed, a 

gene must be specified for activation (the converse applies for gene repression). In addition, for a 

gene to be expressed, it must be competent for, or capable of, expression. These two 

classifications are not strictly delimited. They should be viewed as two intersecting regulatory 

modes that together orchestrate gene expression. The mechanisms that specify, or drive, gene 

expression can instruct competence state. Likewise, a gene’s ability to be transcribed, perhaps 

defined during an earlier developmental time point or by other specification mechanisms, can 

influence what specification mechanisms are able to influence gene activity.  

The concept of genome interpretation hinges on the ability to parse the sequence content of 

genomic DNA. A class of proteins called transcription factors is operationally defined by the 

ability to bind to particular sequences of DNA and to influence transcriptional activity of 

associated genes. Working alongside this sequence-specific factors are modifications to the 
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chromatin environment, loosely termed ‘epigenetics’, that alter the probability that particular 

gene will be active or repressed.  

The word ‘epigenetics’, much like its vague etymological root (‘upon’ + genetics), has been used 

by different researchers to refer to different biological processes over time. Conrad Waddington 

provided perhaps the first use of the word as a reference to the processes through which a 

genotype produces diverse phenotypes during development (Bird, 2007; Waddington, 1957). A 

more specific, yet still quite broad, definition states that an epigenetic phenomenon is one that 1) 

is heritable through  a mitotic or meiotic division and 2) does not alter the primary genetic 

sequence (Russo et al., 1996). Theoretically, such an epigenetic process would allow a cell to 

convey its developmental and environmental experience to subsequent cellular generations. 

Taken more broadly, epigenetics could allow transfer of information about the parent’s history to 

its progeny.  

However, this second definition – as something heritable that does not alter the genome – is a 

negative definition, describing largely what epigenetics is not. Such an open definition has 

allowed researchers to sketch out a positive definition in molecular terms, fitting a diverse range 

of regulatory processes under the banner of epigenetics. A more modern definition of epigenetics 

has come to refer to the set of chemical modifications to chromatin that alter its structure and/or 

function. Two sets of chromatin modifications have been studied in detail: direct modification of 

genomic DNA and modification of the histone that compose nucleosomes. These broad classes 

are implicated in wide array of functions, from gene repression and activation to the conditioning 

of distal regulatory elements, and are dynamically regulated across developmental time. The 

enzymatic machinery responsible for controlling these modifications is highly intertwined, 

producing a coordinated system of epigenetic regulation. 
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In this work, I focus on the first class, the direct modification of genomic DNA, and examine its 

described role in gene regulation during development, with particular emphasis on 

neurodevelopment. The field of DNA modifications has undergone tremendous change in the 

past four years with the discovery of additional modified DNA bases, which has brought 

interesting new complexity to our understanding of epigenetics. The second portion of this 

chapter will discuss new roles for this expanded set of DNA modifications in gene regulation. 

Finally, I will describe the neurogenesis of mouse olfactory sensory neurons, the model system 

used for my thesis work, and the properties of this system make it amenable to the dissection of 

epigenetic regulatory roles during neurodevelopment.  

Patterning and functions of DNA methylation  

A molecular understanding of the mechanisms underlying epigenetic processes began with the 

discovery of methylated cytosines in nucleic acid extracted from calf thymus (Hotchkiss, 1948). 

In particular, one methylated species, a cytosine with a methyl group at the 5-position of the 

nucleoside, 5-methylcytosine, was particularly abundant. This modification satisfies the two 

criteria of an epigenetic feature described above. 1) Cytosine methylation does not per se alter 

the genomic sequence: 5mC strongly prefers a complementary G and likewise will continue to 

read as a cytosine through cell division and is interpreted as a cytosine during transcription. 2) It 

is heritable across cell divisions. In mammals, 5mC occurs almost exclusively at CG 

dinucleotides (although important exceptions to this rule have been discovered and will be 

discussed later). Because the reverse complement of CG is CG, placement within this 

dinucleotide context provides a mechanism to propagate the modified cytosine during DNA 

synthesis to the newly synthesized, unmodified strand (Holliday and Pugh, 1975; Riggs, 1975). 

In this way methylation patterns can serve as a form of genomic memory and may reflect the life 
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history of a particular cell lineage. Evidence that this mode of methylation replication occurs first 

came through the observation that in vitro methylated DNA fragments will remain methylated 

after up to 100 generations within mouse cells lines (Stein et al., 1982; Wigler et al., 1981). 

Moreover, methylation of cytosines outside of the CG context was lost while those within the 

CG context were selectively retained. 

Several methods exist to detect the presence of 5mC at given genomic regions, with resolutions 

ranging from single cytosines to broader domains of hundreds of basepairs. The earliest method 

developed takes advantage of a type of bacterial immune system, the type II restriction-

modification system, in which a methyltransferase is paired with a restriction endonuclease 

(Wilson, 1988). Each enzyme targets a specific sequence in the bacterial genome; if the site is 

methylated, cleavage by the endonuclease will be inhibited. Therefore researchers can use these 

restriction enzymes to probe areas of methylated DNA in other species by assaying which region 

are cut and which remain intact (Laird, 2010). A few of these enzymes, such as HpaII and SmaI, 

have a matching isoschizomer, MspI for HpaII, or neoschizomer, XmaI for SmaI, which can be 

used to control site frequency and digestion efficiency.  

The gold standard for these methods is bisulfite sequencing which provides modification 

information at single basepair resolution. Exposure to sodium bisulfite deaminates unmodified 

cytosines. Therefore, if the cytosine is methylated remain a cytosine; if it is unmethylated it will 

convert to a thymine. This sequence difference can then be interpreted using either primers 

sensitive to such a conversion or by sequencing a given region and comparing that sequence to 

an untreated reference sequence. Modern methods of sequencing have allowed researchers to 

assess genome-wide methylation patterns at single-base resolution (Laird, 2010) which has 

provided unprecedented detail of DNA methylation landscapes in number of systems (Lister et 
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al., 2013; 2008; 2009). However, acquisition of data with this breadth and detail can be 

expensive for vertebrate-sized genomes. 

Methylation levels can also be probed using affinity enrichment methods that are easy to perform 

and considerably cheaper than bisulfite-based approaches when scaled for genome-wide 

analysis. Using either antibodies of recombinant protein domains that bind to methylated 

cytosines, one can enrich a pool of genomic DNA segments for methylated molecules, similar to 

the approach using in chromatin immunoprecipitation of histone modifications or transcription 

factors. However, this approach is both less sensitive (isolated methylated cytosines are not 

detectable) and has lower resolution (approximately 100 bp) than bisulfite sequencing. 

Moreover, reported methylation levels from affinity enrichment display a non-linear dependence 

on cytosine density, making comparisons of methylation levels between loci with different 

cytosine content challenging (Laird, 2010).   

With modern massively parallel sequencing technology, the DNA sample that results from each 

of these techniques can be fully sequenced, yielding genome-wide maps of methylation 

abundance. This combined level of resolution and breadth has transformed the study of 

epigenetics and has allowed researchers to test the applicability of some of the ‘principles’ of 

DNA methylation – largely determined through the analysis of single loci with a limited number 

of cell types – to the full range of genomic features and cellular states. 

Phylogenetic and!genomic distribution 

Although widespread across phylogeny, the genomic abundance of DNA methylation is not 

uniform across species. In fact, considerable range of total methylation levels exists within 

metazoans, from essentially undetectable levels in nematodes to extensive methylation in 
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vertebrates. These differences have led to the hypothesis that DNA methylation provides a 

distinct regulatory function in vertebrates that is not found in simpler mammals (Bird, 1980). 

However, although some model organisms, most notably Caenorhabditis elegans and 

Drosophila melanogaster, appear to have little methylation within their genomes, most 

phylogenetic lineages contain at least one member with a methylated genome (Bestor, 1990). 

Moreover, the genomes of plants and filamentous fungi (Neurospora) are highly methylated 

(Martienssen, 2001), suggesting that DNA methylation is ancestral to eukaryotes. Indeed 

eukaryotic DNA methyltransferases share strong homology with bacterial 5mC 

methyltransferases (Bestor et al., 1988; Pósfai et al., 1989). It has been hypothesized (Bestor, 

1990) that the primary driver in the use of DNA methylation systems is the size of the genome 

and the relative abundance of parasitic DNA elements that have incorporated within it. Genomes 

with fewer the 108 nucleotides (such as C. elegans, Drosophila, and yeast) tend to not have 

detectable methylation, while those with larger genomes with an accompanying expansion of 

repeat content, contain DNA methylation.  

In addition, the genomic distributions of DNA methylation widely vary across species (Suzuki 

and Bird, 2008). As mentioned, C. elegans has no detectable 5mC and its genome does not 

encode a typical eukaryotic DNA methyltransferase (Bird, 2002). The genome of Drosophila 

contains sparse methylation (Gowher et al., 2000; Lyko et al., 2000; Tweedie et al., 1999) that 

primarily occurs at CT and CA dinucleotides within genes and parasitic transposons (Salzberg et 

al., 2004). Other invertebrates, such as ascidians and echinoderms, have mosaic methylation 

patterns (Bird et al., 1979; Simmen et al., 1999; Tweedie et al., 1997), in which 5mC is highly 

concentrated in particular areas of the genome. In general, these methylated areas span regions of 

little transcriptional activity, such as repetitive satellite sequences (Bird, 1980).  
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In contrast, vertebrate genomes contain extensive ‘global’ DNA methylation, in which 5mC is 

broadly distributed and is not confined to a particular type of genomic element. Approximately 

70% of CGs within human somatic cells are methylated (Ehrlich et al., 1982) or about 1% of the 

total number of DNA bases. This global pattern of DNA methylation has had profound affects on 

the nucleotide composition of the vertebrate genome. Cytosines are sensitive to spontaneous 

deamination. When unmethylated, deaminated cytosine becomes uracil, which can be identified 

as a mutation by the DNA repair machinery; when methylated, a deaminated cytosine is identical 

to a thymine (Bird, 1980). This mutation can be then be interpreted incorrectly during DNA 

synthesis and thus be stably propagated. As a result, CGs occur at approximately one-fifth of the 

expected frequency in vertebrates (Swartz et al., 1962) but are found at expected frequencies in 

the poorly methylated genomes of Drosophila, C. elegans, and S. cerevisiae (Deaton and Bird, 

2011). 

Although CG dinucleotides are infrequent across the genome on average, the vertebrate genome 

contains isolated pockets containing greater than expected numbers of CGs called CpG islands 

(CGI) "#$%&'!()*+,!()*-,!.$/01%!10!234'!56(78. There are estimated to be ~29,000 CGIs within 

the human genome "9:3;<$00! 10! 234'! 56(7,! .2=&1%! 10! 234'! 566(8 of which 50% are associated 

with the 5’ ends of genes "#$%&'!()*-,! >33$=?@:%0A!10! 234'! 56(6,!B<!2=&!CA2=?'!56((8. The 

remainder, termed ‘orphan’ CGIs, are equally split between intergenic and intragenic sites 

">33$=?@:%0A!10!234'!56(6,!D2?E32%2!10!234'!56((8. These regions are largely unmethylated in all 

tissues examined regardless of the transcriptional activities of associated genes "#$%&'! 5665,!

F$G:32H!10! 234'! 566+8. This lack of methylation is reasoned to be the cause of the higher than 

expected CG frequencies.  
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Enzymatic regulation 

The mammalian genome contains three enzymes with DNA methyltransferase activity: a so-

called ‘maintenance’ methyltransferase, DNA methyltransferase 1 (Dnmt1) and two de novo 

methyltransferases, Dnmt3a and Dnmt3b. Each of these proteins contributes in distinct ways to 

the DNA methylation landscape, at both different genomic locations and developmental stages. 

As mentioned above, the placement of methylated cytosines within the CG context provides a 

mechanism to propagate the methylated state to the newly synthesized, but unmodified, strand 

during DNA synthesis "9%1H?A0:=!10!234'!56(6,!I:33$&2H!2=&!J<?A'!()-K,!L$??/'!()-K8. Dnmt1 

strongly binds and methylates hemimethylated CG in vitro "#1/0:%'!())5,!J%2&A2=!10!234'!())),!

M$/13! 10! 234'! 566-8. Moreover, the enzyme is localized to replication forks during S phase 

"9:3;<$00! 10! 234'! 56(7,! .1:=A2%&0! 10! 234'! ())5,! D2?E32%2! 10! 234'! 56((8 and interacts with 

proliferating cell nuclear antigen (PCNA), a processivity factor for DNA polymerase "9A<2=?!10!

234'!())-,!9:3;<$00!10!234'!56(78. In addition, its deletion in mice results in global demethylation 

and embryonic lethality ".$! 10! 234'! ())5,! B<! 10! 234'! 56(68, strongly supporting its role in 

maintaining methylation patterns across cell division. Although this mechanism in theory could 

perfectly maintain DNA methylation patterns established in previous generations, maintenance 

methylation is not without error; considerable variation of methylation patterning on both in vitro 

"D:NO21%0/'!566P,!L<O$=!2=&!Q20R'!())),!S01$=!10!234'!()*58 and in vivo ".$/01%!10!234'!56(7,!

S0T?1%! 10! 234'! ())-8 sequences has been observed in clonal cell populations, suggesting that 

methylation patterns are continually in flux and are not simply copied by rote "#$%&'! 5665,!

D1$//=1%!10!234'!566K,!L2N/2A:H1!10!234'!56668.  

While Dnmt1 maintains, Dnmt3a and Dnmt3b mediate de novo methylation during development. 

The enzymes share 84% homology, differing at only 44 residues. In addition, both enzymes are 
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able to methylate unmethylated cytosines and show equal preference for both fully unmethylated 

and unmethylated CGs ".$/01%!10!234'!56(7,!UE2=:!10!234'!())*8. Both can be broadly divided 

into N-terminal regulatory and C-terminal regulatory domains. The regulatory domain contains 

PHD, PWWP, and ADD domains, which are thought to mediate the targeting of the enzymes to 

specific chromatin sites, likely through interactions with other proteins. In particular, in mouse 

embryonic stem cells both Dnmt3a and Dnmt3b target pericentromeric heterochromatin, even 

under hypomethylated conditions "#2GAN2=! 10! 234'! 566(,! UE2=:! 10! 234'! ()))8, and associate 

with the heterochromatic proteins HP1 and SUV39H1 through the PHD domain "V<E/! 10! 234'!

5667,!SAHE$=&!10!234'!566P8. Likewise, the PWWP domain is necessary to target both enzymes 

to chromatin "W1!10!234'!566P,!W:=?!10!234'!56678 and mediates the interaction between Dnmt3a 

and H3K36me3, a histone modification associated with actively transcribed genes "9:3;<$00!10!

234'!56(7,!XA2H232=!10!234'!56(6,!D2?E32%2!10!234'!56((8. Interestingly, the ADD domain binds 

to unmethylated lysine 4 of histone 3 (H3K4), a residue that is typically methylated at active 

transcription start sites, thus providing a mechanistic connection between!?1=1!2G0$Y$0H!2=&!0A1!

AHZ:N10AH3201&!/0201!:[!\SS!2//:G$201&!9W>/!"U:$!10!234'!566-,!U02=$!10!234'!566)84    

However the two enzymes exhibit important differences in target specificity and enzymatic mode 

of methylation. Dnmt3a shows a strong preference for cytosines in both CG and CA contexts, 

while Dnmt3a methylates only CG "W:@A1%!2=&!]130/GA'!566(,!I1$=R!10!234'!56(68. In addition, 

Dnmt3b acts in ‘processive’ manner in vitro, i.e. the kinetics of Dnmt3b-mediated methylation 

on a long piece of DNA are consistent with a model in which the enzyme scans along DNA, 

methylating multiple cytosines without losing contact with the DNA "^=&1%/!2=&!I<O1%'!56(6,!

W:@A1%'!56658. In contrast, Dnmt3a operates in a ‘distributive’ manner, methylating single sites 
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without travelling along the DNA to additional cytosines "W:@A1%'!5665,!W:@A1%!2=&!]130/GA'!

566(,!DG.12=!10!234'!56(68. 

A third member of the Dnmt3 family, Dnmt3l, shares homology with Dnmt3a and Dnmt3b but 

lacks catalytic activity and evolved specifically in the therian lineage ".$2:! 10! 234'! 56(7,!

_:E:N$=1!10!234'!566+8. Dnmt3l is highly expressed during gametogenesis is necessary for the 

establishment of germline methylation patterns "^=&1%/! 2=&! I<O1%'! 56(6,! #:<%GA$/! 10! 234'!

566(8. Although itself catalytically dead, Dnmt3l forms tetrameric complexes with Dnmt3a, a 

configuration that enhances the catalytic efficiency and processivity of Dnmt3a (Holz-

Schietinger and Reich, 2010; Jia et al., 2007; Jurkowska et al., 2008). 

Accompanying these different molecular functions, Dnmt3a and Dnmt3b have different 

expression patterns and roles during development. The genetic ablation of both genes results 

abnormal de novo methylation in embryonic stem cells and early embryogenesis "UE2=:!10!234'!

()))8. Loss of Dnmt3b results embryonic lethality and reduced methylation of centromeric 

minor satellite repeats. In contrast, mice lacking Dnmt3a survive through embryogenesis but die 

3 to 4 weeks after birth.  Both genes are highly expressed in early embryos but assume 

differential expression patterns during later development: Dnmt3a is highly expressed within 

ectoderm at E7.5 and is later ubiquitously expressed at E9.5. Dnmt3b is predominantly expressed 

in ectoderm, especially forebrain and eyes, but remains weakly expressed throughout the embryo 

"UE2=:!10!234'!()))8.  

Interestingly, the expression patterns of the de novo DNA methyltransferases exhibit 

considerable temporal dynamics in the embryonic nervous system "V1=?!10!234'!566K8. Dnmt3a 

is expressed in neural precursor cells in the subventricular zone (SVZ) between E10.5 and E17.5 



 12 

during neurogenesis, but is restricted to post-mitotic neurons in postnatal cortex, olfactory bulb, 

hippocampus, striatum, and cerebellum. Moreover its expression in the CNS increases from birth 

until three weeks after birth then declines in the adult. Dnmt3b is expressed in the ventricular 

layer of the subventricular zone between E10.5 and E13.5, when astroglial neuronal progenitors 

first appear at the onset of neurogenesis "WT0R! 2=&! I<00=1%'! 566K8. These spatially and 

temporally defined expression patterns suggest that each enzyme is engaged in 

neurodevelopment and post-mitotic function in distinct ways.  

Function  

The contribution of DNA methylation to gene regulation has been intensely studied since its 

discovery. Although there is some debate about how the modification functions in particular 

areas of the genome, 5mC is strongly associated with transcriptionally silent regions. Evidence 

for this repressive role comes from the transcriptional properties of unmethylated CGIs. Whether 

present within traditional gene promoters or found in intergenic regions, these unmethylated 

domains are highly bound by RNA polymerase II (RNAPII) and are enriched for H3K4me3, a 

histone modification associated with transcriptional activity ">33$=?@:%0A! 10! 234'! 56(68. 

Moreover, global run-on sequencing, as measure of transcript production, indicates that 

unmethylated CGIs are actively transcribed ">33$=?@:%0A!10!234'!56(68. Orphan CGIs, as defined 

above, are more sensitive to methylation than those found near TSSs ">33$=?@:%0A!10!234'!56(6,!

D2<=2E12!10!234'!56(68, and their tissue-specific methylation correlates with reduced H3K4me3 

enrichment and transcript production. Together, these results suggest that areas of enriched CG 

density are platforms for transcription initiation that are strongly sensitive to methylation status 

"X120:=!2=&!#$%&'!56((8. 
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Additional evidence for this repressive role comes from the silencing of repetitive regions of the 

genome that, while not classically considered genes, have transcriptional potential. The genomic 

landscapes of vertebrates are dominated by repetitive genetic elements; depending on detection 

method, 50-80% of the human genome is repetitive "&1!Q:=$=?!10!234'!56((,!Q<A=!10!234'!566-8, 

an indication of the tremendous effect these invasive DNA elements have had on genome 

evolution. A major class of repeat is the major and minor satellite repeats found adjacent to 

centromeres. These are highly methylated, the loss of which causes hyperacetylation (a 

chromatin state associated with transcriptional activity) and chromosomal abnormalities 

"W:Z232E%$/A=2=! 10! 234'! 566)8. Transposable elements, non-endogenous DNA elements, 

comprise the second major class of repetitive element and are also highly methylated. Injection 

of mice with the cytosine analog 5-azacytidine (which cannot be methylated and results in a 

global reduction of methylation) results in the activation of normally silent moloney murine 

leukemia provirus "]21=$/GA! 10! 234'! ()*K8. In addition the loss of Dnmt1 in mouse embryos 

results in the activation of the transposable element intracisternal A particle "B23/A! 10! 234'!

())*8.  

These effects could be mediated by either decreasing or increasing the binding efficiency of 

specific trans factors to methylated sites, and both mechanisms appear to be at work in the 

interpretation of 5mC landscapes. The blocking of protein binding appears to be an ancestral 

mechanism as it forms the basis for self/non-self recognition in bacteria. The E. coli genome is 

methylated at specific sites with renders them unrecognizable by endogenous restriction 

enzymes. Similarly, the presence of 5mC within promoters can block the binding of transcription 

factors in human cell lines, in agreement with the absence of methylation at TSS associated CGIs 

"B200! 2=&! D:33:H'! ()**8. Moreover, the binding of CCCTC-binding factor (CTCF), a 
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transcription factor believed to insulate or functionally segregate areas of the genome from each 

other, is strongly inhibited by 5mC "#133!10!234'!())),!I2%E!10!234'!56668.   

Alongside this inhibitory function, several proteins in eukaryotes specifically bind to methylated 

cytosines. In fact, the number of methyl-cytosine binding proteins correlates with 5mC 

abundance and generality of distribution, with the largest numbers of these proteins found in 

vertebrates and plants "#$%&'! 56658. There are five proteins in mammals known to bind to 

methylated DNA. Four of these – methyl-CpG binding protein 2 (MeCP2)".1@$/!10!234'!())58, 

methyl-CpG binding domain protein 1 (MBD1)"D11A2=! 10! 234'! ()*)8, MBD2, and MBD4 

"I1=&%$GA!2=&!#$%&'!())*8– contain an MBD domain (methyl binding domain), while the fifth 

Kaiso does not and is unrelated "J%:EA:%0GA:<E!10!234'!566(8. MBD3, while sharing homology 

to the other MBD family members, does not strongly bind to methylated DNA "I1=&%$GA!2=&!

#$%&'!())*8. In contrast, MeCP2 is able to bind single methylated CGs "F2=!10!234'!())78.  

In keeping with the association between 5mC and transcriptional repression, MBDs can recruit 

transcriptional repressors to methylated loci. In fact, there is evidence that at some loci it is not 

5mC per se that inhibits transcription but the factors that it recruits. For example, methylated 

transgenes become transcriptionally active in the absence of MBD1 despite maintaining 

unaltered levels of 5mC "#:H1/!2=&!#$%&'!())(8. Moreover the MBDs associate with proteins 

with established functions in transcriptional repression, such as Sin3a "]:=1/!10!234'!())*8 and 

histone deacetylase complexes (Feng and Zhang, 2001; Nan et al., 1998; Ng et al., 1999). 

Although this inhibitory role is well established in a number of systems, there are important 

exceptions. In Arabidopsis thaliana, A substantial fraction of genes (33%) contain enriched 

levels of 5mC within their gene-bodies (Cokus et al., 2008; Zhang et al., 2006; Zilberman et al., 
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2007). Interestingly, these genes are moderately transcribed and several are constitutively active, 

‘housekeeping’ genes. However the ‘atypical’ localization of 5mC within gene-bodies is not 

strictly associated with plants, as the globally methylated genomes of vertebrates also contain 

5mC within genes. This does not appear to be a passive association: during X chromosome 

inactivation, CGIs are hypermethylated on the inactive X and establish a silent transcriptional 

state (Mohandas et al., 1981; Venolia et al., 1982). In contrast, gene bodies on the active X are 

highly methylated resulting in higher overall methylation levels on the active versus inactive X 

chromosome (Hellman and Chess, 2007). 5mC levels in autosomal genes also positively 

correlate with transcription in ESCs (Lister et al., 2009). Notably, this correlation is largely 

generated by strand-specific 5mC within the CH context, suggesting that Dnmt3a, through 

interactions with gene-body H3K36me3, establishes this transcriptionally permissive 

methylation signature.  

It is currently not clear how gene body methylation might influence the expression of transcribed 

genes. However, 5mC is particularly enriched at the boundaries between exons and introns 

(Laurent et al., 2010). Moreover, methylation has been shown to regulate CTCF binding to exon-

associated regions which influences the probability of exon inclusion (Shukla et al., 2011). The 

rate of RNA polymerase elongation is a major determinant of exon usage (la Mata et al., 2003), 

suggesting that methylation state and CTCF binding may regulate splicing by altering the rate of 

polymerase passage through a given exon.  

A complementary model suggests that 5mC can exclude the deposition of repressive histone 

modifications that spread during differentiation (Wu et al., 2010). Neural stem cells (NSCs) from 

the subventricular zones of Dnmt3a-null mice exhibit differentiation defects as evidenced by 

reduced numbers of interneurons migrating to the olfactory bulb. Interestingly, the absence of 
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Dnmt3a in NSCs both upregulates non-neuronal genes and downregulates active, pro-neural 

genes. These downregulated genes typically display elevated levels of 5mC flanking their TSSs, 

which is lost in Dnmt3a-nulls and is replaced by elevated levels of H3K27me3, a repressive 

histone modification that dynamically regulated during development. These data suggest the 

5mC facilitates gene expression not through directly positive way (e.g. recruiting a histone 

acetylase) but by establishing a protected zone that is competent for transcription.  

Dynamic DNA methylation landscapes 

DNA modification patterning in mammals undergoes two waves of dramatic rearrangement, one 

during early embryonic development and the other during gametogenesis. On fertilization, 

methylation levels on the paternal genome sharply reduce before DNA synthesis begins "L1$E!10!

234'! 566(8, suggesting active removal of methyl groups. However, a number of regions retain 

elevated levels of methylation, most notably some imprinted loci, such as H19 (Olek and Walter, 

1997; Tremblay et al., 1997), and IAP and retrotransposon repeats "Q$N! 10! 234'! 566P8. The 

maternal genome however is steadily demethylated at a rate consistent with the gradual diluting 

out of methylated cytosines by replication, likely due to the exclusion of Dnmt1 from the nucleus 

during this time "L20=2N!10!234'!56658. Around implantation, global DNA methylation levels are 

restored to somatic levels by Dnmt3a and Dnmt3b "L1$E!10!234'!566(8.  

In addition, gametogenesis is host to a second wave of massive methylation loss and gain. By 

E13 to E14, the methylation levels in primordial germ cells, the precursors to mature sperm and 

oocytes, have dropped substantially (Kafri et al., 1992; Monk et al., 1987). This loss occurs 

globally, erasing the methylation found at differentially methylated imprinted regions as well as 

that found at single-copy genes. In males, remethylation occurs around E16 to E17 in 
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prospermatogonia (Brandeis et al., 1993; Kafri et al., 1992). Remethylation in the female germ 

line however occurs later, during the development of the oocytes "L1$E!10!234'!566(8. 

Beyond these two key developmental periods, when many of the initial regulatory programming 

of the organism takes place, DNA methylation patterns are relatively constant in developed 

somatic tissue. Trans-factors expression and binding and the patterning of other epigenetic 

regulators are notably dynamic during the specification and differentiation of mature cell types; 

de novo DNA methylation is relatively less active in most tissues. However, the DNA 

methylation landscape does appear to be progressively refined during the development of 

somatic lineages "SN$0A! 2=&! D1$//=1%'! 56(78. This refinement may channel or stabilize 

particular cell fates as the expression of certain regulatory factors or terminal genes is restricted 

by silencing 5mC. Alternatively, the presence of 5mC within the bodies of actively transcribed 

genes suggests that developmental 5mC patterning may also aid in the facilitation of expression 

programs. 

In particular, both the maintenance and alteration of DNA methylation patterning is critical for 

neurodevelopment. Although the loss of Dnmt1 in post-mitotic neurons does not affect neuronal 

survival, its deletion in neural precursor cells (using a Nestin-Cre driver) results in 

hypomethylation and reduced daughter cell survival "V2=!10!234'!566(8. Disruption of de novo 

DNA methylation through the ablation of Dnmt3a in neural precursor cells produces mice that 

are born healthy but display neuromuscular defects, degenerate in adulthood, and die 

prematurely at 3-4 weeks, around the time of extensive synaptogenesis (De Felipe et al., 1997; 

Nguyen et al., 2007). 
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Recent studies characterizing DNA methylation patterns during neurogenesis demonstrated that 

de novo methylation is far more extensive than previously appreciated (Lister et al., 2013; Varley 

et al., 2013; Xie et al., 2012). Surprisingly, this new neuronal methylation occurs predominantly 

in the CH (mCH) context with a bias toward CA in whole brain "`$1!10!234'!56(58 and frontal 

cortex ".$/01%!10!234'!56(78. Moreover, this non-canonical methylation is not a minor component 

of the methylation landscape, occurring on substantial fraction of all methylated cytosines 

(25.6%) compared to the proportion of CG methylation (57.2%). Notably, the gain of this 

methylation signature occurs around 1 to 4 weeks post-birth, coincident with the expression of 

Dnmt3a ".$/01%!10!234'!56(78. In contrast to ESCs ".$/01%!10!234'!566)8, mCH in gene bodies is 

negatively correlated with transcription (Lister et al., 2013; Xie et al., 2012), suggesting that 

mark is differentially interpreted in the two systems. In support of this negative role, genes that 

are differentially expressed in glia versus neurons gain 5mC in both CG and CH contexts in 

neurons, while genes that are expressed in neurons exhibit a neuron-specific depletion of mCH.  

Moreover, as noted above, this time coincides with increased synaptogenesis, suggesting that 

these de novo methylation patterns interact with newly established neuronal signaling. Indeed the 

loss of DNA methyltransferase activity in post-mitotic neurons impairs various aspects of 

neuronal function. Double knockout of both Dnmt1 and Dnmt3a using Camk2a-Cre, broadly 

expressed in post-mitotic neurons, results in a smaller hippocampus and reduced LTP in CA1 

"V1=?! 10! 234'! 56(68. Moreover, these mice display defects in hippocampal-dependent learning 

and memory in the Morris water maze, with apparently greater impairment of memory 

consolidation over acquisition. However, the generality of the genetic ablation make it difficult 

to assign a causal relationship between DNA methylation activity and neuronal function; gene 
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expression programs may be globally disrupted in these cells, affecting their health and function 

in a non-specific may.  

Perhaps more compelling evidence of crosstalk between DNA methylation patterns and neuronal 

activity comes from work that directly assayed 5mC levels at specific loci after some form of 

stimulation. Early work using primary mouse cortical cells demonstrated that the induction of 

brain-derived neurotrophic factor (Bdnf) in response to depolarization by potassium chloride 

correlates with the demethylation of one of the Bdnf promoters after 2 to 4 days treatment 

"D2%0$=:@$GA!10!234'!56678. A more recent study assessed methylation levels at ~200,000 CGs 

in dentate granule cells in the hippocampus after widespread neuronal activation using 

electroconvulsive stimulation (ECS) "W<:! 10! 234'! 56((O8. A slight increase in the number of 

methylated CGs (1.4%) was detected four hours after stimulation. Interestingly, about a third of 

these de novo methylated cytosines remained methylated after 24 hours, and a substantial 

fraction (67%) were also methylated after a three-day course of voluntary running. However, the 

authors report no correlation between this ECS-induced methylation and changes to the 

expression of associated genes.  

Although these data point to a role for dynamic DNA methylation in regulating gene expression 

in response to neuronal signaling, no firm evidence exists of a direct connection within an in vivo 

system. This lack of evidence is likely due in part to more complex role for DNA methylation 

than is currently appreciated. Much of neuronal de novo methylation occurs either within gene 

bodies or intergenic sites, where the function of the modification has been less studied, and may 

have a more subtle influence on gene expression, e.g. altering the probability of gene activation.  

Moreover, the fact that gene expression correlates with gene body DNA methylation levels in 

opposite ways in ECSs and neurons indicates that the interpretation of these 5mC landscapes 
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may different regulatory logic in different systems. Nonetheless, it is clear that DNA methylation 

is not a simply employed epigenetic modification, necessary only for the silencing of repeats and 

establishing regulatory states during early development, but is actively regulated in somatic 

lineages through development and by environmental signaling.  

Extending the DNA modification repertoire  

For decades, 5mC was the only modified DNA base known to exist at appreciable levels in 

mammalian genomes. However in 2009 substantial levels of a derivative of 5mC, 5-

hydroxymethylcytosine (5hmC), were reported in the genomes of mouse embryonic stem cells 

and cerebellar neurons "Q%$2<G$:=$/!2=&!I1$=0R'!566)O,!\2A$3$2=$!10!234'!566)8. The discovery 

immediately expanded the potential functional repertoire of direct modifications to genomic 

DNA and suggested that we must think about the broader range of DNA modifications, not just 

DNA methylation, in trying to decipher the role of epigenetics in genome function.  

5hmC was originally studied for its role in the genome defense system of T-even 

baceteriophages "L1Y13! 2=&! .<O$2'! ()-68. The cytosines of the bacteriophage genome are 

entirely in the hydroxymethylated form and are additionally modified by a glucosyl group that is 

added to the reactive hydroxyl. This set of modifications protects the phage genome from both 

the endogenous bacterial restriction enzymes and its own host-targeting nucleases. A similar 

modification system exists in the trypanosome Trypanasoma brucei, the pathogen that cause 

sleeping sickness "#:%/0!2=&!S2O20$=$'!566*8. Here, thymines undergo a similar hydroxylation 

of the 5-position methyl group followed by glucosylation forming what is called ‘base J’. 

Although its function is unknown, the base is thought to be involved in the silencing of variant 

surface glycoprotein expression, which allows the pathogen to escape detection by the host 

immune system "#:%/0!2=&!S2O20$=$'!566*8. 
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Genomic distribution of oxidized 5mC 

The finding that 5hmC appears to be particularly enriched in ESCs and neurons suggested that 

levels of modified base were generally variable across tissues. Indeed, although 5mC levels vary 

little across tissues (approximately 4% of cytosines in all tissues assayed), the amount of global 

5hmC depends on tissue "W3:O$/GA! 10! 234'! 56(68. 5hmC levels are indeed highest in the CNS 

(0.3% to 0.7% of cytosines), intermediate in nasal epithelium, kidney, bladder, heart, skeletal 

muscle and lung (0.15% to 0.17%), and low in pituitary, spleen, liver, and testes (0.03% to 

0.06%) (Globisch et al., 2010; Kriaucionis and Heintz, 2009b; Münzel et al., 2010). These 

percentages are substantial relative to the 5mC abundances; 5hmC constitutes 0.6% and 0.2% of 

cytosines in isolated Purkinje and granule cells from the cerebellum, representing 40% the 

number of methylated cytosines "Q%$2<G$:=$/!2=&!I1$=0R'!566)O8.  

The presence of 5hmC within mammalian genomes was discovered using thin layer 

chromatography and liquid chromatography-mass spectrometry methods that assessed the 

abundance of the modified base within total genomic DNA (Globisch et al., 2010; Kriaucionis 

and Heintz, 2009b; Tahiliani et al., 2009). To extend these techniques, antibodies that selectively 

bind 5hmC and chemical labeling methods that specifically react with the hydroxyl group were 

developed to provide genomic position information (Huang et al., 2012; Jin et al., 2011; Song et 

al., 2011; Stroud et al., 2011). As with 5mC sensitive affinity enrichment techniques, these 

methods are relatively inexpensive and simple to perform but at a cost to resolution and 

sensitivity. Bisulfite mediated detection is complicated by the fact that deaminated 5hmC is read 

as a thymine during sequencing, making it indistinguishable from 5mC "I<2=?!10!234'!56(68. A 

way around this conflict was developed by incorporating the enzymatic protection used by T-

even bacteriophages in a method termed Tet-assisted bisulfite sequencing (TAB-seq) "_<!10!234'!
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56(58. Before treatment with bisuflite, genomic DNA is incubated with beta-

glucosyltransferase, adding a protective glucosyl group to the reactive hydroxyl of 5hmC, 

followed by incubation with recombinant TET1 (an enzyme that catalyzes the oxidation of 5mC 

as will be discussed in more detail below), which fully oxidizes unprotected 5mC. Subsequent 

bisulfite treatment produces DNA in which 5hmC are read as cytosines and 5mC is read as 

thymine. Comparison of these sequences with those from standard bisulfite reactions allows one 

to discriminate between 5mC and 5hmC.  

The genome-wide distribution of 5hmC is complementary to that of 5mC. This pattern is evident 

in immunofluorescent detection of the two modifications (and will be elaborated on in Chapter 

2). While 5mC is enriched in densely compacted pericentromeric repeats, 5hmC is enriched in 

accessible, euchromatic regions "D133a=! 10! 234'! 56(58. Moreover, biochemical fractionation of 

chromatin from neural tissues by DNase I accessibility shows that 5hmC is largely enriched in 

open regions of the genome "D133a=!10!234'!56(58.   

In agreement with this association with accessible regions of the genome, 5hmC is enriched at 

genomic elements typically associated with transcription and active regulation. In ESCs, neural 

progenitor cells, and neurons, 5hmC is enriched at gene loci, extending 500-2000 bp upstream of 

the TSS and extending into the gene-body (Ficz et al., 2011; Hahn et al., 2013; Pastor et al., 

2011; Song et al., 2011; Szulwach et al., 2011a; 2011b; Wu et al., 2011a). However, 5hmC is 

depleted from the TSSs of active genes, similar to 5mC. The depletion of both modifications 

from the TSS is consistent with a repressive role for both in transcription initiation. In contrast, 

gene-body and TSS flanking 5hmC levels positively correlate with transcriptional output in 

mouse ESCs, brain, and liver (Mellén et al., 2012; Song et al., 2011; Szulwach et al., 2011b; Wu 
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et al., 2011a). This bidirectional association with transcription suggests that 5hmC is interpreted 

differentially depending on its genomic context. 

5hmC is also found enriched at active enhancers in human and mouse ESCs (Ficz et al., 2011; 

Pastor et al., 2011; Stroud et al., 2011; Szulwach et al., 2011b; Williams et al., 2011; Wu et al., 

2011a; Xu et al., 2011; Yu et al., 2012) and CNS neurons (Hahn et al., 2013; Lister et al., 2013). 

However, the transcription factor binding site itself is fully depleted of both 5mC and 5hmC, 

similar to the pattern seen at TSSs. Interestingly, during differentiation of mouse neural P19 and 

adipoctye 3T3-L1 cell lines, 5hmC is enriched on activated enhancers that are associated with 

genes expressed in neurons and adipose tissue, respectively "Sa%2=&:<%!10!234'!56(58. Moreover, 

this gain of 5hmC precedes acquisition of H3K27 acetylation, a histone modification associated 

with enhancer activity, suggesting that dynamic 5mC oxidation is an early event in conditioning 

enhancers for activity.    

Enzymatic regulation  

Coincident with the discovery of 5hmC in mammals, a conserved family of enzymes, the Ten-

eleven translocation (Tet) family, was shown to catalyze the oxidation of 5mC to 5hmC 

(Tahiliani et al., 2009). Interestingly, the founding member of the family, Tet1, was originally 

discovered as a fusion partner with the H3K4 methyltransferase MLL (mixed lineage leukemia) 

in acute myeloid leukemia (Lorsbach et al., 2003; Ono et al., 2002), although its function was 

unknown until its connection with 5mC oxidation. The other members of the family were 

identified in a computational search for mammalian enzymes with homology to the two T. brucei 

enzymes, JBP1/2, that catalyze the oxidation of thymine during base J synthesis. An extended 

search for homologous proteins indicated that Tet homologues are found across metazoans with 

the conserved catalytic domain also found in fungi and plants (Tahiliani et al., 2009).  
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There are three members of the Tet family (Tet1/2/3) in jawed vertebrates that appear to have 

been generated by a triplication event from a common metazoan ancestor (Iyer et al., 2009; 

Pastor et al., 2013). Although both Tet1 and Tet3 contain an N-terminal CXXC domain, Tet2 

lost this domain through a chromosomal inversion event, producing an independent CXXC-

containing gene IDAX "J2/0:%! 10! 234'! 56(78. The CXXC domain can be divided into three 

subfamilies based on sequence homology (Frauer et al., 2011). Subfamily 1 binds clustered 

unmethylated CGs (Birke et al., 2002; Lee et al., 2001)  and is present in a range of chromatin-

modifying enzymes, including the H3K4 methyltransferase MLL (mixed lineage leukemia), 

Dnmt1, and MBD1. The CXXC domains of Tet1, Tet3, and IDAX lie in the third subfamily and 

have more nuanced binding properties: Tet1 binds to CG regardless of modification state (Xu et 

al., 2011; Zhang et al., 2010), Tet3 binds to unmethylated cytosines with no preference for the 

CG context (Xu et al., 2011), and IDAX binds to unmethylated CGs similarly to those in 

subfamily 1 (Ko et al., 2013).  

All three members are able to convert 5mC to 5hmC (Ito et al., 2010) through a 2-oxoglutarate 

(2OG) – and Fe(II)-dependent dioxygenase domain also found in the trypanosome JBPs 

(Tahiliani et al., 2009). The core of the domain contains a double-stranded !-helix (DSBH) fold, 

which is present in all members of the superfamily. Although the exact mechanism of oxidation 

is unknown, biochemical and structural information is available for a distantly related homolog, 

AlkB, which flips the targeted cytosine out of the double helix into proximity with the catalytic 

Fe2+ present in the DSBH fold (Loenarz and Schofield, 2011).  

Another member of the 2OG-dependent oxygenase family, thymine 7-hydroxylase, can 

progressively oxidize thymine as part of the thymidine salvage pathway in fungi (Smiley et al., 

2005). The mammalian Tet proteins can execute a similar progressive oxidation of 5mC 
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producing first 5-formylcytosine (5fC) then 5-carboxylcytosine (5caC) (He et al., 2011; Ito et al., 

2011). These additionally oxidized forms are considerably less abundant than either 5mC or 

5hmC. In ESCs, approximately 0.002% and 0.0003% cytosines are in the 5fC and 5caC forms, 

respectively, compared to 0.13% in 5hmC (Ito et al., 2011), suggesting that the additional 

oxidation of 5hmC is either less efficient than the oxidation of 5mC or limited by some 

regulatory factor.   

Interestingly, recent work demonstrated that 5hmC is restricted to the CG context in both ESCs 

(Yu et al., 2012) and cortical forebrain neurons (Lister et al., 2013), in contrast to abundant 5mC 

in both CG and CH contexts. This difference suggests that Tet activity may be specific for 5mC 

within the CG context or may only fully oxidize 5mC of 5fC and 5caC forms with present in the 

CH context. Either way, the presence of apparently stable levels of 5hmC in CGs suggests that 

the modification may itself act as an epigenetic mark.  

Varieties of function 

The complementary distribution of 5hmC with 5mC, its enrichment in specific tissues and 

genomic loci, and the conserved system of enzymes that regulate its production all suggest that 

5hmC is an integral component of gene regulation. One early model proposed that 5hmC inhibits 

remethylation after DNA synthesis, thus initiating passive demethylation. Support for this model 

comes from in vitro data indicating that both UHRF1, a protein that tethers Dnmt1 to the 

replication fork (Bostick et al., 2007; Sharif et al., 2007), and Dnmt1 bind less efficiently to 

oligonucleotides containing asymmetrical 5hmC (Hashimoto et al., 2012; Valinluck and Sowers, 

2007). However, clear evidence that this mechanism operates in vivo has not been demonstrated 

(Pastor et al., 2013).  
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The ability of the Tet enzymes to progressively oxidize 5mC provides a long-sought mechanism 

of methylation removal. Although demethylation pathways have been worked out for several 

histone modifications, no comparably well-defined pathway had been demonstrated for DNA 

methylation – a difference that supported views about the lability of histone modifications and 

stability of DNA modifications. Several putative mechanisms have been described, from 

deamination by AID (activation-induced cytidine deaminase) followed by DNA repair (Rai et al., 

2008) to reverse catalysis by the de novo DNA methyltransferases (Kangaspeska et al., 2008; 

Métivier et al., 2008). However, recent work has provided strong evidence for Tet-mediated 

removal of methylation in operation in both ESCs and neural tissues (He et al., 2011). Both of 

the downstream products of this oxidation, 5fC and 5caC, can be repaired by DNA repair 

machinery. Thymine DNA glycosylase (TDG) can excise 5fC and 5caC, but has no activity 

against 5hmC (He et al., 2011; Maiti and Drohat, 2011). In addition AID can deaminate 5hmC to 

produce 5-hydroxymethyluracil, which can then be excised and repaired by TDG and the base 

excision repair pathway (Cortellino et al., 2011). 

In fact, the potential of 5hmC to act as the first step toward demethylation, and the excitement 

that this potential generates, has resulted the broad interpretation of 5hmC biology within this 

context. However 5hmC may also be stably patterned in the genome and act as an epigenetic 

modification itself via either the recruitment or inhibition of trans factor binding to DNA. High 

levels of the modification in post-mitotic neuronal genomes support this alternate model since if 

5hmC were simply an intermediate within a fully progressive oxidation pathway it would be 

rapidly depleted in the absence of new 5mC substrate. A caveat to this reasoning is that some 

portions of the genome may undergo a continuous methylation-demethylation cycle through the 

combined action of de novo DNA methyltransferases and dioxygenases. In addition, several 
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studies have identified proteins with 5hmC-binding activity, including several proteins 

classically studied for the role in 5mC interpretation. Mbd3, a protein containing a methyl-CpG 

binding domain, has stronger affinity for 5hmC than 5mC, and its depletion in ESCs results in 

the mislocalization of Tet1 and widespread alteration of the expression of Tet1 target genes 

(Yildirim et al., 2011). MeCP2, in a surprising twist, has been shown to bind to 5hmC with 

similar affinity as with 5mC, in contrast with an earlier report (Valinluck et al., 2004), and has 

been argued to be the dominant 5hmC binder in neurons (Mellén et al., 2012). Moreover a 

MeCP2 mutation (R113C) associated with Rett syndrome was shown to preferentially inhibit the 

binding of the protein to 5hmC, establishing an attractive connection between then neuronal 

enrichment of 5hmC and neurological defects that define Rett syndrome.  

It is likely that both the ‘intermediate’ and ‘epigenetic’ models are partly correct and operate in 

distinct ways. A recent proteomics study that characterized the factors that bind to 5hmC, 5fC, 

and 5caC in mouse ESCs, in vitro-differentiated neural precursor cells (NPCs), and whole 

identified a protein (among hundreds of others) Uhrf2 that binds to 5hmC specifically in NPCs 

(Spruijt et al., 2013). The incubation of recombinant Uhrf2 with Tet1 and methylated DNA 

templates appears to limit the formation of 5fC and 5caC and leads to the accumulation of 5hmC 

(Spruijt et al., 2013), thus suggesting that Tet enzymes can mediate the oxidative cycle or stable 

5hmC production depending on the presence of regulatory factors.   

Although the mode of action is unclear, the alteration of Tet protein levels and accompanying 

changes to 5hmC patterning have dramatic effects on transcription. Most of the early work 

exploring the role of 5hmC in gene regulation was done in ESCs, and although some caution 

must be taken in extending these effects to other systems, this work provides important guidance 

about possible functions. A common theme emerging from these studies is the dual role of 5hmC 
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in either facilitating or repressing transcription. The knockdown of Tet1 results in the 

upregulation of repressed, PRC2 bound lineage-specific genes (Wu et al., 2011b). 

Correspondingly, 5hmC and Tet1 are enriched at bivalent promoters associated with 

developmentally transcription factors (Pastor et al., 2011; Williams et al., 2011; Wu et al., 2011a; 

Xu et al., 2011). Tet1 interacts with the transcriptional repressor Sin3a, providing a plausible 

mechanism underlying these effects (Williams et al., 2011). However, In addition to these 

repressive effects, the depletion of Tet1 downregulates a subset of actively transcribed genes, 

including several pluripotency-related factors (e.g. Nanog and Esrrb)(Ficz et al., 2011; Wu and 

Zhang, 2011). 

The reduction of Tet activity in ESCs has controversial effects on their pluripotency. One study 

reported that the knockdown of Tet1 in ESCs causes an increase of methylation at the Nanog 

promoter resulting in reduced expression of the gene (Ito et al., 2010). Correspondingly, Tet1, 

Tet2, and global 5hmC levels decrease upon differentiation of ESCs. Moreover, knockdown of 

Tet1 in pre-implantation embryos resulted in bias toward trophoectoderm, supporting a role for 

5hmC in maintaining the pluripotent state.  However other studies report no alteration of ESC 

potency with reduced Tet activity (Dawlaty et al., 2013; 2011). 

In contrast to the decrease of 5hmC levels upon differentiation of ESCs, 5hmC levels increase 

during neurogenesis with enrichment in both neuronal progenitors and mature neurons in the 

CNS (Ruzov et al., 2011). This increase appears to mediated by Tet3 which is expressed in 

somatic tissues including the nervous system (Ito et al., 2010). In particular, levels of 5hmC 

increase approximately 5-fold during postnatal development of the mouse hippocampus and 

cerebellum (Szulwach et al., 2011b). Interestingly, these increases are not strictly accompanied 
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by a reduction of 5mC (Hahn et al., 2013; Szulwach et al., 2011b), suggesting that Tet activity 

might be coupled to de novo methylation during neurogenesis, a model I explore in Chapter 3.    

Neurogenesis of olfactory sensory neurons  

These epigenetic and transcriptional transitions that contribute to the construction of neuronal 

cell identity are complex and an understanding of them requires the analysis of defined cellular 

populations within a model tissue. The main olfactory epithelium (MOE), the primary sensory 

tissue of the olfactory system, has several features that make it an excellent system for such 

analysis. Compared with the central nervous system, it contains a relatively accessible neuronal 

population that is of mostly homogenous identity (excepting the diversity of olfactory receptor 

expression). Moreover, as described in more detail below, the neuronal population is 

continuously regenerated allowing one to study neurogenesis at any time in the life of the animal.  

The MOE is located at the dorsal-caudal portion of the nasal cavity in terrestrial mammals and 

together with the lamina propia form the olfactory mucosa, a highly convoluted structure 

composed of several turbinates. The MOE itself has, like all epithelia, a characteristic basal-

apical orientation and cells positioned within largely distinct and ordered layers. It is also a 

‘pseudostratified’ epithelium meaning that cells in most layers send projections to both basal and 

apical surfaces. The peripheral olfactory system is first formed from the olfactory placode, 

visible as a thickening of non-neural ectoderm that appear around embryonic day 9 (E9) in the 

mouse (Cuschieri and Bannister, 1975). Subsequently, the MOE appears at embryonic day 10 

(E10) when the olfactory placode invaginates to form the olfactory pit. At E11, olfactory sensory 

neurons (OSNs), the primary sensory neurons of the tissue, appear and begin to send axonal 

projections in fascicles through the cribiform plate to the primordial olfactory bulb (OB) at the 
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most anterior portion of the forebrain. Also during this time, the primary layers of the epithelium 

are established.  

The MOE is composed of several defined cell types arranged along the apical-basal axis and 

characterized by different developmental features and cellular functions (Fig. 1)(Frisch, 1967). 

Moving from apical to basal, we find the non-neuronal sustentacular cells (Sus)(Carr et al., 

1991), followed by a relatively large compartment of bipolar OSNs, a thin layer of globose basal 

cells (GBCs), and finally a single layer of horizontal basal cells (HBCs) positioned directly 

superior to the basal lamina. In addition, Bowman’s glands, the primary producers of mucus in 

the tissue, extend across the basal-apical axis. Olfactory ensheathing cells (OEC), which share 

characteristics with Schwann cells, reside in the lamina propria subtending the MOE and 

ensheath mOSN axons projecting to the OB (Ramón-Cueto and Avila, 1998).  

OSNs can be broadly divided into two classes, immature (iOSNs) and mature (mOSNs), using 

specific markers. Immature OSNs are generally defined by expression of Growth associated 

protein 43 (Gap43), a cytoplasmic protein associated with axonal outgrowth and synaptic 

plasticity (Benowitz and Routtenberg, 1997). In this stage, OR expression is first detected and 

the initial steps of axonal targeting and dendrite formation take place. Mature OSNs are 

conventionally defined by the expression of Olfactory marker protein (Omp)(Margolis, 1972) 

which is implicated in the functional maturation of OSN signaling (Lee et al., 2011). Maturation 

is in part driven by olfactory receptor expression and mOSNs are host to the stable expression of 

single OR (Dalton et al., 2013; Lyons et al., 2013). Thus, these two stages correspond to distinct 

developmental and functional and qualities: iOSNs with the initial activation of neuronal gene 

expression programs and relatively labile cellular definition, and mOSNs with relatively with 

stable expression programs and consistent transduction of olfactory information.   
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A defining feature of the MOE, one that makes it an excellent model to study neurogenesis, is 

that OSNs are continually replaced during the life of the animal (Graziadei and Graziadei, 1979). 

The average lifespan of OSNs is approximately three months (Moulton, 1974). Although there is 

some disagreement as to the cause of continual neuronal death in the MOE, it is likely that cell 

death is caused by environmental insults suffered to due to the relatively exposed position of the 

sensory organ and not due to an internal ‘clock’ that results in apoptosis and a predetermined 

time (Farbman, 1990). Because of this turnover, the multiple stages of neurogenesis – from 

progenitor maintenance and differentiation to axon guidance and the establishment of neuronal 

expression programs – can be studied within the adult animal. In effect, at a given time point 

each of the progenitor cells that contribute to the OSN population is present, allowing one 

separate out these developmental stages and analyze their epigenetic and transcriptional states. 

Moreover, the stratified epithelium character of the tissue allows one to visually distinguish 

developmental stages on the basis of basal-apical positioning.  

GBCs, located immediately basal to the OSN layer, are a mitotically active population of 

neuronal progenitors (Caggiano et al., 1994). The dominant model of their developmental 

contribution describes GBCs are committed neuronal progenitors, thus dividing to only produced 

OSNs (Caggiano et al., 1994; Cau et al., 1997). However, there is some evidence that GBCs, 

particularly those considered more basal, can also generate non-neuronal sustentacular cells 

"W:E:[[/E$! 10! 234'! 56((8, however this appears to be rare event. Approximately 98% of the 

mitotic activity within the MOE can attributed to the globose basal cells, which divide about 

once a day "I<2%&!2=&!SGA@:O'!())K8. In the normally functioning, non-injured OE, GBCs go 

through two to three symmetric cell divisions to replace mOSNs lost through cell death 

(Mackay-Sim and Kittel, 1991).  
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One of the hallmarks of this population is the expression of cascade of proneural transcription 

factors that are essential to specification of neuronal identity (Nicolay et al., 2006). This cascade 

is made up of the successive expression of basic helix-loop-helix (bHLH) transcription factors 

(TFs) in daughter cells produced from several rounds of division. This sequence of bHLH 

expression during OSN neurogenesis is deeply conserved with parallels in other neurogenic 

systems, e.g. in Drosophila proneural clusters (Campuzano and Modolell, 1992) and mammalian  

embryonic neural tube (Lee, 1997).  Mammalian achaete scute homolog 1 (Mash1) initiates the 

cascade (Gordon et al., 1995; Guillemot et al., 1993) and is required for downstream production 

of neuronal progenitors and olfactory sensory neurons (Cau et al., 1997; Murray et al., 2003), 

followed by Neurogenin 1 (Neurog1) immediately before the final division into OSNs, and 

finally Neurogenic differentiation (NeuroD) in iOSNs (Cau et al., 1997; 2002; Manglapus et al., 

2004). Evidence for this succession is found from both genetic ablation of individual factors (i.e. 

loss of Mash1 reduces Neurog1 and NeuroD expression while loss of Neurog1 affects only 

NeuroD and not Mash1 expression (Cau et al., 2002) and the timing of bHLH TF expression 

after lesion of the MOE using methyl bromide (Manglapus et al., 2004).  

Despite some early controversy surrounding the identity of the multipotent stem cell in the MOE 

(Duggan and Ngai, 2007), HBCs have emerged as a clear favorite (Iwai et al., 2008; Leung et al., 

2007). These cells are normally quiescent, asymmetrically dividing approximately every 60 days 

(Mackay-Sim and Kittel, 1991), but become mitotically active when the tissue is injured, e.g. 

exposure to the damaging agents methimizole or methyl bromide (MeBr) (Schwob, 2002). This 

regeneration is remarkably thorough and rapid. Inhalation of low doses of MeBr eliminates 

greater than 95% of the Sus and OSN population, but by eight to ten weeks after exposure, the 

MOE is fully reconstituted (Hurtt et al., 1988; Schwob et al., 1995). 



 33  

In Chapters 2 and 3, I describe work investigating the roles of DNA modifications in gene 

regulation along this developmental lineage. Not much is known about DNA modification 

patterning in this system, especially 5hmC patterning. However, studies examining the 

expression patterns of the de novo DNA methyltransferases identified a developmental switch 

between Dnmt3a and Dnmt3b use (MacDonald et al., 2005; Watanabe et al., 2006). During 

embryonic and early postnatal development, Dnmt3a is expressed throughout the neuronal layer 

but is restricted to a tight band of immature olfactory sensory neurons in adults. On the other 

hand, Dnmt3b is broadly expressed in mitotically active progenitors cells (possibly GBCs) in 

embryos and sparsely expressed in the most basal layer (HBCs and possibly GBCs) in adults. 

This expression pattern suggests the Dnmt3b is necessary to establish ‘early’ (relative to this 

lineage) 5mC patterns, while Dnmt3a mediates 5mC patterning that is specific to neurons. 

Indeed, a fundamental role for Dnmt3a in establishing neuronal DNA modification patterns is 

described in Chapter 3.   
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Figure 1. Schematic of the mouse main olfactory epithelium (MOE).  

From apical to basal: non-neuronal sustentacular cells (Sus), mature olfactory sensory neurons 

(mOSN), immature olfactory sensory neurons (iOSN), globose basal cells (GBCs), horizontal 

basal cells (HBCs), olfactory ensheathing cells (OEC), and Bowman gland (BG). Figure adapted 

from {Duggan:2007ka}. 
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Chapter 2: 5hmC patterning and functional role during olfactory 

sensory neuron development
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Abstract 

The modified DNA base 5-hydroxymethylcytosine (5hmC) is enriched in neurons where it may 

contribute to gene regulation and cellular identity. To determine how 5hmC influences gene 

expression in an in vivo neuronal population, we assessed the patterning and function of the base 

along the developmental lineage of the main olfactory epithelium – from multipotent stem cells 

through neuronal progenitors to mature olfactory sensory neurons (mOSNs). We find that 5hmC 

increases over gene bodies during mOSN development with substantial patterning between the 

progenitor and mOSNs stages. Although gene body 5hmC levels correlate with gene expression 

in all three developmental cell types, this association is particularly pronounced within mOSNs. 

Overexpression of Tet3 in mOSNs markedly alters gene body 5hmC levels and gene expression 

in a manner consistent with a positive role for 5hmC in transcription. Moreover, Tet3 

overexpression disrupts olfactory receptor expression and the targeting of axons to the olfactory 

bulb, key molecular and anatomical features of the olfactory system. Our results suggest a 

physiologically significant role for gene body 5hmC in transcriptional facilitation and the 

maintenance of cellular identity independent of its function as an intermediate to demethylation. 
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Introduction 

The functional repertoire of DNA modifications has expanded recently with the discovery of a 

derivative of 5mC, 5-hydroxymethylcytosine (5hmC), in mammalian genomes (Kriaucionis and 

Heintz, 2009b; Tahiliani et al., 2009). This modified base is enriched in embryonic stem cells 

(ESCs) and several adult tissues, with particular enrichment within the nervous system and bone 

marrow (Kriaucionis and Heintz, 2009b; Ruzov et al., 2011). The modification is generated by a 

conserved family of enzymes, the Tet family of methylcytosine dioxygenases (Tet1, Tet2, and 

Tet3), which show variable levels of expression across tissues (Ito et al., 2010; Tahiliani et al., 

2009). Work in neural systems (Song et al., 2011; Szulwach et al., 2011b) and ESCs (Ficz et al., 

2011; Pastor et al., 2011; Stroud et al., 2011; Szulwach et al., 2011a; Wu et al., 2011a) has found 

that 5hmC is concentrated on putative intergenic enhancers and gene bodies where levels of the 

base positively correlate with transcription. 

Despite substantial work in ES cells describing the localization of 5hmC, its association with 

protein factors, and the effects of its manipulation on gene expression, it is still unclear how the 

modified base influences gene expression within a neuronal system. Several models describe 

5hmC as an intermediate to a demethylated state (Branco et al., 2011; Cortellino et al., 2011; 

Guo et al., 2011a; Ito et al., 2010; Valinluck et al., 2004; Williams et al., 2011; Wu and Zhang, 

2011). However, it remains possible that 5hmC influences transcription not only via the eventual 

lack of cytosine modification but directly through interactions with the chromatin environment or 

through the recruitment of binding proteins. Recent work suggests that 5hmC patterning persists 

at some loci during the development of the central nervous system (Szulwach et al., 2011b). In 

addition, the recent identification of protein factors that bind 5hmC suggests that the modified 
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base may be interpreted directly as an epigenetic mark (Mellén et al., 2012; Spruijt et al., 2013; 

Yildirim et al., 2011). 

It is difficult to assess the stability and function of the modified base in a mitotic population, 

such as ESCs where continual division may mask persistent 5hmC patterning, or in a fully 

developed tissue, such as the adult brain where comparisons with previous developmental stages 

are challenging. To better understand how 5hmC influences developmental gene regulation, we 

characterized its patterning and function in an in vivo developmental system, the mouse main 

olfactory epithelium (MOE). The MOE continuously regenerates over the life of the animal, such 

that the major neurogenic cell types are simultaneously present in adulthood. Using genetic and 

cell surface markers, we isolated distinct neurodevelopmental stages from the MOE and defined 

their 5hmC, 5mC, and transcriptional states through next-generation sequencing approaches. Our 

analysis focused on three cell types representing three stages of neurodevelopment. Horizontal 

basal cells (HBCs), located in a single layer along the basal lamina, are quiescent multipotent 

cells that can repopulate all the cell types of the MOE in response to injury (Leung et al., 2007). 

Globose basal cells (GBCs), located apical to the HBC layer, are mitotically active progenitors 

and can produce both neuronal and non-neuronal cell types (Huard et al., 1998). Finally, mature 

olfactory sensory neurons (mOSNs) are terminally differentiated primary sensory neurons and 

comprise the majority of cells within the adult MOE.  
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Results 

To initially assess global changes of 5mC and 5hmC abundances across MOE neurogenesis, we 

stained sections of the MOE from P0 animals using antibodies that specifically recognize the two 

modified bases (Ito et al., 2010). 5hmC is substantially enriched in neurons and neuronal 

progenitors relative to basal stem cells and apical, non-neuronal sustentacular cells (Fig. 2A, 

top). In contrast, global levels of 5mC are relatively constant across the tissue. Within the 

nucleus (Fig. 2A, bottom), 5hmC and 5mC occupy largely complementary compartments: 5hmC 

is diffusely localized within the nucleus yet excluded from the central pericentromeric 

heterochromatin focus (Clowney et al., 2012), where 5mC is enriched. This apparent increase in 

5hmC levels during differentiation coincides with the upregulation of Tet3, the most highly 

expressed Tet family member in the MOE (Fig. 2B). 

To develop genomic maps of 5hmC across MOE neurogenesis, we sorted Olfactory marker 

protein (OMP)-expressing mOSNs, Neurogenin1-expressing GBCs, and Inter-cellular Adhesion 

Molecule 1-expressing HBCs from the MOEs of eight-week old mice using genetic and cell 

surface markers (Fig. 8A) (Magklara et al., 2011). We then purified genomic DNA from these 

populations and performed DNA immunoprecipitation coupled to next-generation sequencing 

using anti-5hmC antibodies (hmeDIP-seq, see Table 1 for metadata). Two biological replicates 

of each hmeDIP-seq library were generated. Unless otherwise noted, subsequent analyses were 

performed using averages of the replicates. We also performed meDIP-seq in these populations 

to follow the relative changes of 5hmC/5mC ratios during differentiation. The ability of these 

antibodies to discriminate among cytosine-, 5mC- and 5hmC-containing templates was verified 

by DIP-qPCR (Fig. 8B). To correlate epigenetic signatures with transcriptional state, we used 

expression analyses performed in these cell lines by RNA-seq (Magklara et al., 2011). 
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Genome-wide correlations of the DNA modification datasets give an initial impression of the 

dynamics and stability of the modifications across mOSN development. In agreement with the 

developmental relationships between the stages, 5hmC levels are more highly correlated between 

mOSN/GBC (Pearson R = 0.78) and GBC/HBC (R = 0.75) stages than those in mOSN/HBC (R 

= 0.70). In addition, differential peak analysis of 5hmC indicates that most de novo patterning 

occurs within mOSNs (mOSN/HBC peak number = 6,746, GBC/HBC = 2,145) and is strongly 

associated with exons and introns (Fig. 2C).  

5hmC levels within the gene body (from transcription start site, TSS, and transcription end site, 

TES) positively correlate with transcription in mOSNs (Pearson R = 0.21, p < 2.2E-16) and to a 

lesser extent in GBCs and HBCs (R = 0.16, p < 2.2E-16; R = 0.14, p < 2.2E-16, respectively; 

Fig. 3A and B, and Fig. 9A). As in other systems (Szulwach et al., 2011b; Wu et al., 2011a),, we 

observe a dichotomy between the correlation of 5hmC levels and transcription that depends on 

genic location: although gene body 5hmC levels linearly increase with transcription across the 

full range of the transcriptional output (Fig. 3C), the TSSs of active genes are depleted of the 

modified base (Fig. 3D). It is possible that the differential patterning of 5hmC on the TSS and 

gene body produces differential effects on transcription. To test this model, we performed a cell-

free transcription assay using a linear template with a CMV promoter or transcribed region 

containing unmodified cytosines, 5mC, or 5hmC (Fig. S1D). We find that the presence of either 

5mC or 5hmC in the promoter region has a deleterious effect on transcription yet have little 

consequence when they are restricted to the transcribed region, suggesting that 5hmC within the 

gene body may require interactions with the chromatin environment to exert an effect.  

The significant increases of 5hmC seen over gene elements as OSN differentiation progresses 

suggest that 5hmC patterning may contribute to the definition of the neuronal progenitor and 
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neuronal stages. To further examine the developmental patterning of 5hmC, we characterized 

5hmC levels associated with developmentally regulated genes. Inspection of the modification 

patterning across two representative genes, Ncam1 and Egfr, which are differentially expressed 

between HBCs and mOSNs reveals a dynamic interplay between 5hmC and 5mC at different 

developmental stages (Fig. 4A). Substantial enrichment of 5hmC is seen over the Ncam1 gene 

body only within the cell types in which it actively transcribed. Accordingly, 5mC is depleted 

from the 5’ portion of the gene upon its transcription in mOSNs. A similar though weaker 

enrichment of 5hmC is seen across the Egfr locus only in HBCs, while 5mC gene body levels 

remain unchanged. 5hmC and 5mC DIPs using independent sorted populations and qPCR 

analysis of five differentially expressed genes (Ncam1, Ebf1, Neurog1, Egfr, and Notch2) 

supports this pattern (Fig. 10A and B).  

The positive correlation between 5hmC gene body levels and transcription suggests that 5hmC 

patterning may simply reflect the transcriptional status of a gene within a given cell type. To 

determine if 5hmC levels faithfully track with differential expression across the three cell types, 

we generated five sets of differentially expressed genes – mOSN/GBC-common, GBC/HBC-

common, mOSN-specific, GBC-specific, and HBC-specific (Table S2) – and computed the 

5hmC profiles flanking the TSSs of each set (Fig. 4B-F). mOSN/GBC-common genes 

experience an elevation of gene body 5hmC in the GBC and mOSN stages (Fig. 4B) with higher 

levels in the mOSN stage. Similarly, mOSN- (Fig. 4D) and HBC-specific (Fig. 4F) genes exhibit 

elevated gene body 5hmC within the mOSN and HBC populations, respectively, again 

supporting the general association between 5hmC levels and gene expression. However within 

the bodies of GBC-specific (Fig. 4E) genes, the timing of 5hmC elevation is more complicated. 

These genes exhibit slight increases in 5hmC levels within the GBC stage that then persist into 
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the mOSN stage. Thus, transcriptionally downregulated genes may retain elevated levels of 

5hmC within mOSNs, indicating that, although there is a close association between gene body 

5hmC levels and transcription, the presence of the modified base is likely not sufficient for gene 

activation.  

The dynamic patterning of gene body 5hmC across the mOSN developmental lineage suggests 

that the modified base plays a key role in defining the identity of differentiated cell types. To test 

this model we employed a genetic strategy to alter the 5hmC landscape of mOSNs.  It is likely 

that the modification state of each locus reflects the steady state of methylation, 

hydroxymethylation, and demethylation reactions. Therefore, the increase of Tet3 activity in 

mOSNs may bias loci with low 5hmC levels toward increased hydroxymethylation and loci with 

high 5hmC levels toward demodification. With this model in mind, we generated a tetO-Tet3-

ires-EGFP transgenic mouse, which we crossed into a background containing OMP-ires-tTA to 

drive expression in mOSNs. This genetic strategy allowed specific expression of transgenic Tet3 

(Tet3-tg) and the bicistronic GFP reporter in approximately half of mOSNs (49±12% as 

determined by FACS). By immunofluorescence, Tet3 protein level is increased in Tet3-tg 

expressing MOEs and colocalizes with increased levels of 5hmC (Fig. 5A). 

To assess the consequences of Tet3 overexpression in these neurons, we FAC-sorted two 

biological replicates of control (OMP-ires-GFP) and Tet3-transgenic (Tet3-tg) mOSNs and 

analyzed the patterning of 5hmC by hmeDIP-seq and expression levels by rRNA-depleted RNA-

seq. Differential 5hmC peak analysis indicates significant alterations of 5hmC levels within 

regions 1 to 3 kb upstream of TSSs, CDSs, 3’ UTRs, and introns (Fig. 5B). Interestingly, these 

regions exhibit both increases and decreases of 5hmC depending on control levels of 5hmC 

(Table S3). Both exons (Fig. 5C) and introns (Fig. 5D) with moderate levels of 5hmC in control 
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mOSNs (middle 10%) exhibit a slight gain of the mark in Tet3-tg (Tet3-tg / control 5hmC 

ratio±s.d. exons = 1.38±0.57, Wilcoxon p<2.2E-16; introns = 1.23±0.42, Wilcoxon p<2.2E-16), 

while those with high levels (top 10%) exhibit a significant reduction (exons = 0.49±0.23, 

Wilcoxon p<2.2E-16; introns = 0.56±0.25, Wilcoxon p<2.2E-16). These opposing effects are 

consistent with the ability of Tet3 to oxidize 5hmC as well as 5mC; genes with high levels of 

5hmC in control mOSNs may recruit sufficient levels of Tet3 to induce further oxidation, while 

those with moderate levels achieve only partial oxidation from 5mC to 5hmC. Moreover, gene 

body 5hmC levels are shifted toward 3’ ends (Fig. 5D), perhaps reflecting differential 

recruitment of Tet3 by 5’-enriched transcriptional elongation complexes. Regions that lose 5hmC 

do not exhibit a complementary increase of apparent fC (Fig. 11A), suggesting that the loss of 

5hmC does not result in the enrichment of additionally oxidized forms but a return to an 

unmodified state. In contrast to the bidirectional changes to 5hmC levels in gene bodies, Tet3-tg 

5hmC levels at promoters and TSSs are generally reduced (Fig. 11B) and do not exhibit a 

complex dependency on control 5hmC levels (Fig. 11C).   

Two example gene loci, Stxbp2 and Plxna1, demonstrate both the increase and decrease, 

respectively, of gene body 5hmC levels in Tet3-tg mOSNs (Fig. 6A). Interestingly, the 

expression levels of these genes track with Tet3-induced 5hmC changes. An analysis of 

differentially expressed genes (Bayes factor >= 20, see Methods and Table S4) indicates that 

transcriptionally downregulated genes (Fig. 6B, N=1621) exhibit a significant depletion of gene 

body 5hmC (Wilcoxon p=5.7E-18), while upregulated genes (Fig. 6C, N=938) exhibit a modest, 

but insignificant, increase of gene body 5hmC. We examined the general association between 

gene body 5hmC and expression by ordering genes according to their gene body 5hmC levels in 

either control or Tet3-tg mOSNs using principal component analysis (Fig. 6D and E). Strikingly, 
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the fold change of control to Tet3-tg mOSN gene expression reflects alterations to gene body 

5hmC: genes that lose gene body 5hmC are substantially downregulated while those that gain 

5hmC are slightly upregulated. Notably, these transcriptional effects positively correlate with 

5hmC levels at the gene body (Pearson R = 0.12, p < 2.2E16) and not the TSS (±500 bp of TSS, 

R = -0.02, p = 0.01).  

The most highly expressed mOSN-specific genes, such as olfactory receptors (ORs) and the 

guidance molecules involved in the wiring of olfactory neurons, are transcriptionally 

downregulated in Tet3-tg mOSNs (1071 of 1082 expressed ORs and 21 of 25 expressed 

guidance molecules, Fig. 7A and Table S4). By immunofluoresence, we find no overlap between 

OR-expressing mOSNs and Tet3-tg mOSNs (Fig. 7B and C). Consistent with the general effects 

described above, 5hmC is significantly depleted within gene bodies encoding guidance 

molecules in Tet3-tg mOSNs (Fig. 7D). The same relationship between OR downregulation and 

5hmC levels cannot be established for ORs likely due to technical reasons; each OR is expressed 

in only 0.1% of the cells in the MOE and activating epigenetic marks cannot be detected on these 

genes in mixed mOSN populations (Magklara et al., 2011). Moreover, OR genes have a high AT 

content (Clowney et al., 2011) which reduces the number of modifiable cytosines. As a result the 

levels of 5hmC on OR genes are extremely low in this mixed mOSN population, possibly below 

the sensitivity of hmeDIP.   

The proper expression of these genes governs the correct targeting of OSN axons to discrete 

glomeruli in the olfactory bulb. To examine if the transcriptional misregulation caused by Tet3 

overexpression disrupts this targeting, we analyzed Olfr151 glomerulus formation in the bulbs of 

Olfr151-Cre/floxed-Tomato mice in the presence or absence of Tet3 transgene expression (Fig. 

7E). In every case examined (N=3), Tet3 overexpression produced mistargeted axons and the 
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formation of additional glomeruli. Consistent with the RNA-seq and IF data, there is no 

detectable overlap between GFP-positive and Tomato-positive axons (Fig. 7E), indicating a lack 

of Olfr151 expression in Tet3-tg mOSNs. It is therefore likely that the targeting deficit seen in 

Tomato-positive axons is due to non-cell autonomous disruption of the glomerular map.  
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Discussion 

Our experiments describe the alterations to the 5mC and 5hmC genomic landscapes across the 

neurogenic lineage of the main olfactory epithelium from multipotent stem cell to mature 

olfactory sensory neuron. Within the MOE, 5hmC is globally enriched in the genomes of 

neuronal progenitors and neurons, consistent with previous reports assaying 5hmC levels in 

neural tissues (Ruzov et al., 2011; Szulwach et al., 2011b). In concordance with the general 

positive correlation between transcription and gene body 5hmC levels, gene body 5hmC is 

associated with cell type-specific gene expression. However, genes that are active in progenitors 

but silenced in neurons retain elevated levels of gene body 5hmC in the neuronal stage, 

suggesting that gene body 5hmC patterning in neurons does not always simply reflect 

transcriptional status.  

We note different relationships between 5hmC levels and transcription depending on the location 

of the modification. The depletion of 5hmC at the TSSs of transcribed genes is consistent with a 

role for this modification in the demethylation of these sites. Although the genomic occupancy of 

the Tet family members has not been determined in a neuronal system, several studies have 

characterized the binding of Tet1 in ESCs where the protein appears to be predominantly 

localized at TSSs (Williams et al., 2011; Wu and Zhang, 2011). In addition to their ability to 

convert 5mC to 5hmC, the Tet family members are able to catalyse the conversion to subsequent 

oxidative states, 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC), which may be acted on 

by DNA repair machinery to produce a fully demodified state (He et al., 2011; Ito et al., 2011). 

Therefore, the high occupancy of Tet at TSSs may drive full oxidation and demodification within 

these regions. In contrast, Tet protein occupancy within gene bodies and enhancers may be 

relatively transitory, preventing subsequent oxidation from occurring, or the interaction of the 
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Tet proteins with regulatory factors may alter its activity. Therefore, 5hmC is likely a 

multifunctional modification that is employed in either the demethylation pathway or as an 

epigenetic modification itself depending on the genomic location of the mark. Consistent with 

differential role of 5hmC in TSSs versus within the promoter and TSS abolishes transcription, 

whereas gene body hydroxymethylation has no measurable effects. Although these experiments 

cannot exclude that gene body hydroxymethylation is just a byproduct of transcriptional 

elongation, an attractive hypothesis proposes that 5hmC facilitates transcriptional elongation in 

the context of chromatin.  

In this vein, the effects of Tet3 overexpression in mOSNs on 5hmC patterning and gene 

transcription are consistent with a direct role for 5hmC in gene regulation. The loss of gene body 

5hmC resulted in a reduction of expression, while the gain of 5hmC associated with increased 

expression. This relationship extended on average across all genes and does not appear to be 

confined to defined gene classes, such as housekeeping or developmentally regulated genes. 

Although we are unable to exclude indirect effects of Tet3 overexpression, such a general 

association suggests that gene body 5hmC patterning is a common modulator of transcriptional 

output, perhaps directly altering the local chromatin environment or indirectly recruiting 

recognition factors. Recent studies indicate that both Mbd3 (Yildirim et al., 2011) and MeCP2 

{Mellen, 2012 #304} (Mellén et al., 2012)can bind 5hmC. Interestingly, as in other neuronal cell 

types, MeCP2 expression is highly upregulated in mOSNs (MacDonald et al., 2010), and its loss 

leads to mOSN axons targeting deficits (Degano et al., 2009). The modulatory character of gene 

body 5hmC levels suggests that the precise tuning of these levels may be necessary to maintain 

constant levels of expression within mature, post-mitotic populations such as olfactory sensory 

neurons. Indeed, initial OR expression and axonal targeting occurs just before the mOSN stage 
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and the onset of Tet3 overexpression, suggesting that the effects seen here are due to the 

disruption of mechanisms that maintain gene expression and not those that initiate it. Through 

this control, gene body 5hmC patterning may aid in establishing stable cellular identities.  
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Methods 

Animal care and use. Mice were treated in compliance with the rules and regulations of IACUC 

under protocol approval number AN084169-01. 

Immunofluoresence. Sections of postnatal C57BL/6 MOE were fixed with 3:1 methanol:acetic 

acid, fragmented with 1N HCl, and neutralized with 100 mM Tris pH 8. Sections were blocked 

then incubated with anti-5mC (#39649) and anti-5hmC (#39791) antibodies (Active Motif) 

overnight at 4°C. Tet3 immunostaining was performed on coronal MOE sections fixed with 4% 

PFA and using anti-Tet3 antibody (Santa Cruz, sc-139186). 

Fluorescence activated cell sorting. Mature OSNs were isolated from the MOEs of OMP-ires-

GFP knockin animals (Shykind et al., 2004). GBCs were isolated from the MOEs of Ngn-GFP 

BAC transgenics (Gong et al., 2003). HBCs were isolated with anti-mouse CD54 (Icam1) 

conjugated to PE (Biolegend). Isolation and preparation were performed as described in 

(Magklara et al., 2011). Briefly, single cell suspensions from 2-10 MOEs were made using the 

Papain dissociation system (Worthington). MOE were dissected into Earl’s Buffered Saline 

Solution (EBSS), minced in papain dissociation solution (Worthington), and incubated at 37°C 

for 45 minutes. Cells were washed once in 1:10 inhibitor solution and once in PBS. For a given 

assay (DIP-seq/qPCR or RNA-seq), 2E5 to 1E6 cells were used. Population purity was assayed 

through a limited resorting of the sorted cells. Purities of ~90-95% were routinely achieved.   

meDIP and hmeDIP-seq. Genomic DNA was isolated from the cell populations described in the 

main text, prepared for single- or paired-end Illumina sequencing using standard protocols, and 

immunoprecipitated as in (Weber et al., 2005) with minor modifications. Specifically, sorted cell 

gDNA was sonicated to 200-1000 bp with a mean size of ~400 bp and end repaired (NEBNext 
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End Repair). Adenosine was added to 3' ends (Klenow, 3' to 5' exo-, NEB), and 10:1 Illumina 

adaptor:samples were ligated onto the samples. 20-50 ng of adapted genomic DNA was diluted 

in MB (10 mM phosphate buffer pH 7.0, 140 mM NaCl, 0.05% Triton X-100), denatured at 

95°C for 10 minutes, brought to 300 µL MB, and precipitated with 0.5 µg anti-5mC or 5hmC 

antibodies (as used in immunofluoresence) overnight at 4°C. Separately, 10 µL per IP of Protein 

A and G Dynabeads (Invitrogen) were blocked with 2 mg BSA and 2 mg yeast tRNA in 1 mL 

MB overnight at 4°C. Beads and IPs were combined the next day and rotated for 3 hours at 4°C. 

Samples were washed 4 times in MB, eluted twice in 100 µL elution buffer (0.1 M NaHCO3, 1% 

SDS, 1 mM EDTA) by shaking at 37°C for 15 minutes, phenol:chloroform:isoamyl extracted, 

ethanol precipitated, and resuspended in 50 µL TE. Samples were then amplified with Illumina 

single-read or TruSeq PCR primers for 15 cycles using Phusion DNA polymerase (NEB). 

Quantitative PCR. DIP libraries were prepared as above and analyzed using Maxima SYBR 

Green (Fermentas). 

RNA-seq. Total RNA was isolated from a given cell population or tissue using Trizol 

(Invitrogen) followed by TURBO DNase treatment (Ambion). mRNA sequencing libraries were 

prepared using either Superscript III reverse transcription using a poly-dT primer (Invitrogen) 

followed by addition of adaptors using standard techniques or FastTrack MAG Micro mRNA 

isolation (Invitrogen) followed by ScriptSeq (Epicentre). Control (OMP-GFP) and Tet3-tg 

(OMP-tTA / tetO-Tet3-EGFP) RNA-seq samples were prepared from rRNA-depleted total RNA 

(Invitrogen, RiboMinus) using ScriptSeq v2. Samples were amplified for 15 cycles using 

Phusion DNA polymerase (NEB) and Illumina single-read or ScriptSeq primers.  
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TetO-Tet3-ires-EGFP transgenic line. Full-length Tet3 was PCR amplified from MOE cDNA 

and cloned into the pTRE2 vector (Clontech) containing ires-EGFP. Transgenic lines were 

generated by pronuclear microinjection of the linearized construct into FVB founders. Transgene 

expression was driven by crossing into the OMP-tTA line (Yu et al., 2004).  

In vitro transcription. Modified promoter and transcribed regions were amplified from the HeLa 

Scribe positive control (Promega) using 5mC or 5hmC dNTP mixes (Zymo). Mixed modification 

templates were obtained by digesting both fragments with BglII, immobilizing the biotinylated 

promoter with streptavidin conjugated to magnetic beads (Invitrogen, M-280), ligating promoters 

and transcribed regions (T4 DNA Ligase, NEB), and magnetically pulling down the ligation 

products. In vitro transcription was performed on these products using the HeLa Scribe Kit 

(Promega) with !-32P-UTP. Reactions were purified then run on a 6% acrylamide TBE-urea gel.  

Sequencing alignment and initial processing. Read mapping was performed using Bowtie2 (Ben 

Langmead and Salzberg, 2012) (default parameters, mm9). PCR duplicates and reads with 

MAPQ<30 were removed. Tracks were generated consisting of read counts binned into 25 bp 

normalized by the number of millions of reads and scaled to reflect the average number of reads 

per 1kb to obtain reads per million (RPM, i.e. 1E6 * 1E3 / (window size * total number of 

reads)). For visualization, biological replicates were averaged and tracks were smoothed using a 

125 bp moving average window. RNA-seq mapping was performed using Tophat2 (Kim et al., 

2013)(no GTF). Reads with MAPQ<30 were removed. 

Genome-wide correlations. Pairwise Pearson correlation values were computed as in (Wang et 

al., 2008). Read data binned into 1000 bp windows were divided into groups of 100, correlation 
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values were computed within these groups, and these values were averaged to obtain a genome-

wide correlation value.  

Differential peak analysis. Regions with differential enrichment of 5hmC and 5mC were 

identified using HOMER (Heinz et al., 2010). Tag directories (GC-normalized) for each sample 

and replicated were created independently from processed BAM files. Differential regions were 

called within either GBC or mOSN using HBC as input, 'histone' presets, peak size of 1000 bp, 

and at least 3 fold enrichment over input (findPeaks -style histone -size 1000 -F 3). Control and 

Tet3-tg 5hmC differential peaks were similarly identified. Differential peak sets from each 

replicate were intersected (requiring an overlap of at least 50% of peak size) to create common 

peak sets for feature intersection analysis. Genomic positions for gene elements (1 to 3 kb 

upstream, 1 kb upstream, CGI, CDS, 3’ UTR, 5’ UTR) were obtained from the mm9 UCSC 

refGene table. Intergenic sites (intergenic) were determined determining the complement of 

refGene regions extended by 5kb. Repetitive elements were subtracted from these regions using 

the mm9 rmsk table. Conserved intergenic regions (intergenic conserved) were obtained by 

intersecting this intergenic set with the vertebrate conserved elements 

(phastConsElements30way).   

Aligned feature profiles. For aligned gene profiles, refGene position information was obtained 

from the UCSC genome browser, and 50 200 bp windows were generated upstream, 

downstream, and spaced evenly throughout gene bodies. TSS profiles were generated using 25 

bp windows extending from the 5’ most annotated TSS for each gene. For each profile, the mean 

of a given aligned position was computed (excluding values at extreme 1%) and 95% confidence 

intervals were calculated through bootstrap resampling for 1000 iterations using the R package 

boot. Significant differences at a given aligned position between two samples were computed by 
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permutation as follows. Positions were binned by 8 average profile values were computed in 

these bins. For a given position and set of two samples, the differences between the mean values 

from 1000 label randomizations were computed. The number of differences from the randomized 

data exceeding the true difference was used as p-values. FDRs were computed from these p-

values using the Benjamini-Hochberg method. 

Analysis of 5hmC/5mC and transcription. Fragments per kilobase per millions of reads (FPKM) 

values were computed for each sample using Cufflinks (Trapnell et al., 2010) with assembly to 

the iGenomes Ensembl GTF file and multi-read correction. Aligned gene profiles were grouped 

into quartiles by associated FPKM values. Transcriptional indices were generated by grouping 

FPKM-ranked genes into 100 groups (143 genes each). Guidance molecules here are defined as 

genes with these prefixes: Efn, Eph, Dscam, Nphs, Kirrel, Nrp, Plxn, Sema, Pcdh, Ctcn, Robo, 

and Slit. 

Differential expression analysis. To define sets of genes with developmentally differential 

expression, the expression of status of each gene was determined using normal mixture model-

based clustering via the R package mclust. Cufflinks-generated log2(FPKM+1) values were fit 

independently for each sample to a two Gaussian mixture model with equal variance (R 

command: Mclust(values, G=2, modelName=”E”)). The resulting classification was used to 

generate ‘specific’ and ‘common’ gene expression sets. To identify genes with differential 

expression, we followed the approach used in (Katz et al., 2010), which applied a two-sided 

point null hypothesis test. For each gene g in our data D, we computed dg = Ag - Bg, 

where Ag and Bg are the FPKM of g in the two samples A and B. The null 

hypothesis H0 states dg = 0 and the alternative hypothesis Hg states di != 0. To select between 

the two hypotheses, we computed the Bayes Factor BF = p(D|H1)p(H1) / 
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p(D|H0)p(H0). Specifically, we applied a Kernel Density Estimator to compute the 

distribution p(d | D, H1), and estimated each Bayes Factor BFg !1/p(dg=0 | H1, D) (the Savage-

Dickey density ratio with a prior density p(dg = 0 | H1) =1). 

Principal component analysis. Gene body 5hmC levels were sampled for each gene using 50 

200bp windows spaced from TSS to TES (genes less than 10 kb long were excluded). Principal 

component analysis was performed on the resulting matrices using the R function prcomp. The 

original data matrix was then ordered by principal component 1 or 2. Ordered matrices were then 

averaged by every 50 genes and plotted as heatmaps. 

Acknowledgments: This work was supported by the NIH (DP2 OD006667, R01MH091661), 

NSF (Graduate Research Fellowship), and the Rett Syndrome Trust.  
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Figure 2. Developmental 5hmC patterning in the MOE.  

(A) top, MOE coronal section from a P0 mouse stained for 5hmC (green), 5mC (red) and DNA 

(DAPI, blue). Major developmental layers are indicated. bottom, outlined OSN nucleus, * 

pericentromeric condensation. (B) Tet family member expression levels within HBCs, GBCs, 

and mOSNs. (C) Intersections of differential 5hmC peaks in mOSN vs. HBC (left) and GBC vs. 

HBC (right) with genomic features. Differential peaks were identified in each biological 

replicate individually then merged for a consensus set. Values are log2 ratios of observed versus 

expected number of peaks within a given region. Significance values are one-sided Fisher-test 

false discovery rates. 
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Figure 3. Relationships between 5hmC levels and gene transcription.  

(A) Aligned gene profiles of mOSN 5hmC levels split by mRNA FPKM quartiles in mOSNs. 

Error is 95% bootstrap confidence interval. (B) HBC, GBC, and mOSN 5hmC flanking TSSs 

sorted by FPKM in each cell type. (C, D) Mean mOSN 5hmC values within regions extending 

(C) 9 kb to 11 kb within the gene body and (D) from the TSS to 500 bp downstream. X-axis is 

index of increasing FPKMs. In (C), linear regression adjusted R-squared = 0.86.  
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Figure 4. Dynamic patterning of 5hmC at developmentally regulated genes. 

(A) 5hmC and 5mC tracks for two representative genes, Ncam1 and Egfr, with different 

expression paths across mOSN, GBC, and HBC cell types. Scale is reads per million. (B-F) 

5hmC TSS profiles in mOSN, GBC, and HBC stages grouped into 5 developmental expression 

sets: (B) mOSN/GBC common (N = 2577), (C) GBC/HBC common (N = 281), (D) mOSN-

specific (N = 893), (E) GBC-specific (N = 557), (F) HBC-specific (N = 1566). Bars indicate a 

significant difference (see Methods) between the profile of the correspondingly colored track and 

the HBC profile (B-D), the GBC profile (E), or the mOSN profile (F). 
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Figure 5. Tet3 overexpression alters 5hmC patterning.  

(A) Immunofluoresence of Tet3 and 5hmC on coronal MOE sections of P0 mice either 

expressing tetO-Tet3-EGFP in mOSNs, left, or not, right. (B) Differential 5hmC peak analysis 

and genomic feature intersections. Values are log2 ratios of observed versus expected number of 

peaks within a given region. Top, regions enriched in Tet3-tg versus control mOSNs. Bottom, 

regions enriched in control versus Tet3-tg mOSNs. Significance values are one-sided Fisher-test 

false discovery rates. (C, D) Comparison of square-root mean 5hmC RPM in control and Tet3 

overexpressing mOSNs within introns (C) and exons (D). Fitted lines are predicted values from a 

generalized additive model – R command: gam(y~s(x, bs=’cs’). (E) Heatmaps of genic 5hmC in 

control, left, and Tet3-tg, right, mOSNs. Genes are ordered by control 5hmC gene body levels 

according to principal component 2 (See Methods).  
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Figure 6. 5hmC alterations modulate gene expression.  

(A) rRNA-depleted RNA (intersected with exons) and 5hmC levels in Tet3-tg and control 

mOSNs for two representative genes. Y-axis is RPM. (B, C) 5hmC profiles over genes 

transcriptionally downregulated (B) or upregulated (C) in Tet3-tg relative to control mOSNs. (D) 

Heatmaps of gene body 5hmC in control and Tet3-tg mOSNs ordered by control 5hmC gene 

body levels according to principal component 1 (PC1, see Methods). (E) Difference between 

Tet3-tg and control log2(FPKM + 1) values of genes along the ordering used in (D). Values 

shown are the average of these genes grouped into 100 bins. Error bars are 95% bootstrap 

confidence intervals.  
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Figure 7. Tet3 overexpression disrupts mOSN axonal targeting.  

(A) Boxplots of rRNA-depleted RNA log2(FPKM + 1) values of olfactory receptors (OR) and 

axon guidance molecules (defined in Methods) in control and Tet3-tg mOSNs. P-values from 

Wilcoxon two-sided rank-sum test. (B) Immunofluorescent staining of Olfr1507 demonstrating 

mutually exclusive expression with Tet3-tg. (C) Quantification of GFP intensities within GFP-, 

Olfr6-, Olfr151-, and Olfr1507-positive OSNs in OMP-tTA / tetO-Tet3-GFP MOEs. (D) Square-

root mean 5hmC RPM of ORs and axon guidance molecules with a log2(FPKM + 1) >= 2 in 

either genotype. P-values from Wilcoxon two-sided rank-sum test. (E) Analysis of OSN axon 

targeting to the olfactory bulb in Olfr151-Cre/Tomato-floxed animals under control Tet3 

expression, top, or Tet3 overexpression in mOSNs, bottom.   
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Figure 8. Validation of FACS and DIP. 

 (A) Coronal sections of adult MOEs from OMP-ires-GFP, Neurog1-GFP, and C57BL/6 mice 

stained with anti-ICAM1-PE. (B) DIP-qPCR was performed using a 200 bp linear template 

containing unmodified cytosines, 5mC, or 5hmC. Error bars are SEM of 3 qPCR replicates.  
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Figure 9. Relationships between gene-body 5hmC and transcription in HBCs, GBCs, and 

during in vitro transcription.  

(A) Aligned gene profiles of GBC and HBC 5hmC levels split by gene expression within each 

cell type. Error is 95% bootstrap confidence interval. (B) In vitro transcription assay testing the 

effects of 5mC and 5hmC within either the CMV promoter or a 200 bp transcribed fragment. 

Left, schematic of unmodified and modified template construction. Right, Digital autoradiograph 

of transcribed product (arrow) with modified templates. ‘C’ – unmodified; ‘M’ – 5mC; ‘H’ – 

5hmC. 
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Figure 10. Quantitative PCR confirmation of gene-body 5hmC association with 

developmental gene expression.  

(A) 5hmC and 5mC DIP-qPCR analysis of five differentially expressed genes. Primer sets 

amplify regions located within the gene body and, in the case of Neurog1 A-C sets, flanking the 

gene body. Cell types are HBC (H), GBC (G), mOSN (O). Error bars are the range of qPCR 

duplicates. (B) log2(FPKM + 1) values from sorted cell mRNA-seq datasets. Error bars are 

Cufflinks generated confidence values. For each, the lower confidence bar is equal to 0 and has 

been omitted for clarity. 
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Figure 11. Supplemental analysis of Tet3-tg mOSNs.  

(A) DIP-qPCR analysis of 5fC levels in Tet3-tg and control mOSNs. CGI, CpG island. Error 

bars are the range of qPCR replicates. (B) Distributions of 5hmC levels in control and Tet3-tg 

mONSs in promoters (-1kb to TSS), TSSs (-500 bp to +500 bp flanking TSS), and gene bodies 

(TSS to TES). (C) Control versus Tet3-tg square-root mean RPM values in promoters and TSSs.  
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Table 1. Chapter 2 sequencing metadata. 

 

Sample Sequencing type Number of  cycles Mappable read number
mOSN 5hmC Single-end 42 21,948,297
GBC 5hmC Single-end 42 20,460,620
HBC 5hmC Single-end 42 20,548,870
mOSN 5mC Single-end 42 17,437,633
GBC 5mC Single-end 42 22,660,035
HBC 5mC Single-end 42 20,621,144
mOSN mRNA Single-end 35 26,211,869
GBC mRNA Single-end 35 30,373,962
HBC mRNA Paired-end 75 2,706,246
O/Tet3 5hmC Paired-end 50 40,063,153
O/Tet3 5mC Paired-end 50 30,880,849
OMP ribominus RNA Paired-end 50 50,565,427
O/Tet3 ribominus RNA Paired-end 50 55,653,440
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Chapter 3: Dnmt3a generates the epigenetic substrate for 5-

hydroxymethylcytosine in neurons
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Abstract 

During differentiation, neurons experience a reorganization of DNA modification patterns within 

their genomes. However, the mechanisms governing this developmental patterning are currently 

unclear. We find that the de novo DNA methyltransferase Dnmt3a is necessary for elevated 

levels of 5-hydroxymethylcytosine (5hmC), a derivative of 5-methylcytosine (5mC), in mature 

olfactory sensory neurons (mOSNs). A genome-wide analysis of Dnmt3a-dependent 5mC and 

5hmC patterning in isolated mOSNs indicates that Dnmt3a is necessary to modify highly 

accessible regions, including neural enhancers and the transcription start sites of transcribed 

genes. The loss of Dnmt3a results in the global disruption of gene expression via the activation 

of silent genes, the reduction of mOSN-expressed transcripts, and the suppression of odorant-

induced transcriptional responses. Together, these results demonstrate that Dnmt3a is necessary 

to establish not only repressive 5mC but also elevated 5hmC associated with active regions of 

the neuronal genome.  
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Main Text 

The sculpting of DNA modification patterns during cellular differentiation is essential to the 

construction of cellular identity. Once thought to be largely static in somatic tissues after 

embryogenesis, the patterning of cytosine modifications is now appreciated to be dynamic in 

certain cellular and genomic contexts. In particular, 5-hydroxymethylcytosine (5hmC), an 

oxidized derivative of 5-methylcytosine (5mC), is highly enriched in neurons (Globisch et al., 

2010; Kriaucionis and Heintz, 2009a; Ruzov et al., 2011), increases in abundance during 

neurogenesis (Hahn et al., 2013; Szulwach et al., 2011b), and is localized to gene bodies, regions 

upstream of transcription start sites (TSSs), and enhancer elements (Colquitt et al., 2013; Hahn et 

al., 2013; Mellén et al., 2012; Song et al., 2011; Szulwach et al., 2011b). To date, it is unclear 

how neuron-specific 5hmC patterning is established during the transition from neuronal 

progenitor to differentiated neuron. Recent studies (Hahn et al., 2013; Szulwach et al., 2011b) 

noted that the increase of 5hmC during neurodevelopment is not strictly accompanied by a 

reduction of 5mC, suggesting that de novo DNA methylation and cytosine oxidation, mediated 

by the Tet family of enzymes (Wu and Zhang, 2011), are tightly coupled during this 

developmental period. Moreover, substantial de novo 5mC patterning was recently found in 

cortical forebrain neurons relative to non-neuronal cell types (Lister et al., 2013).   

Dnmt3a, one of two de novo DNA methyltransferases in mammals, is expressed in neural 

precursor cells and neurons during late embryogenesis and in post-mitotic neurons in the 

postnatal central nervous system (CNS) (Feng et al., 2005). Its ablation specifically within the 

CNS (Nguyen et al., 2007) recapitulates the early death (3-4 weeks) seen in mice with 

constitutive loss of the enzyme (Okano et al., 1999). In addition, its loss within post-mitotic 

neurons is associated with deficits in long-term potentiation, learning and memory (Feng et al., 
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2010), and sensitization to cocaine (LaPlant et al., 2010). Recent work identified a role for 

Dnmt3a in both the repression and facilitation of gene expression in neural stem cells (Wu et al., 

2010), suggesting that the enzyme’s effects extend beyond establishing repressive 5mC. Here, 

we tested the hypothesis that Dnmt3a-mediated de novo DNA methylation contributes to 5hmC 

patterning within neurons and is necessary to define neuronal regulatory and transcriptional 

states. To explore this, we analyzed the relationships between Dnmt3a-dependent 5mC and 

5hmC patterning, chromatin accessibility, histone modifications, and transcription within the 

MOE and isolated mOSNs.  

We find that Dnmt3a transcription increases along the developmental lineage of olfactory 

sensory neurons, from horizontal basal cells (HBCs) – the multipotent progenitors of the tissue 

(Leung et al., 2007)  –  through globose basal cells (GBCs) – the neuronal progenitors of mOSNs 

(Caggiano et al., 1994) – to mOSNs (Fig. 12A), in agreement with previous work (MacDonald et 

al., 2005; Watanabe et al., 2006). Notably, this developmental increase is similar to the 

enrichment of 5hmC along the mOSN developmental path we described in earlier work (Colquitt 

et al., 2013). In contrast, Dnmt3b, the other mammalian de novo DNA methyltransferase, is 

weakly expressed in HBCs but is not expressed within GBCs or mOSNs.  Thus, Dnmt3a is the 

primary source of de novo 5mC within mOSNs. In three-week old Dnmt3a (WT) wildtype mice 

Dnmt3a protein is most abundant in the immature neuronal stage, between GBCs and mOSNs, 

but is absent from basal stem and apical non-neuronal layers (Fig. 12B and Fig. 16A). Dnmt3a 

heterozygous-null (Het) MOEs display intermediate Dnmt3a protein levels, while homozygous-

null (KO) MOEs show complete loss of Dnmt3a. Importantly, in Dnmt3a KO MOEs we do not 

find significant alterations of the expression of the other DNA methyltransferases (except for a 

modest increase of Dnmt3b expression) or of the three Tet members, which convert 5mC to 
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5hmC (Fig. 16B). In addition, mOSN differentiation is largely unaffected in Dnmt3a KO MOEs, 

as determined by unaltered percentages of mOSNs and GBCs within the tissue (Fig. 16C), 

unaffected mitosis rates (Fig. 16D), and mild increases in apoptosis rates (0.3% of total cells in 

WT to 0.9% in KOs. Fig. 16D and E).  

To determine the effects of Dnmt3a loss on global 5mC and 5hmC levels, we immunostained 

Dnmt3a WT and KO MOEs with antibodies specific for the two modified bases (Fig. 12C). 

Interestingly, we find no significant difference in 5mC levels along the basal-apical axis (p = 

0.39, Student’s t-test, N=3). However, we detect a significant reduction of 5hmC in Dnmt3a KO 

MOEs within the mOSN layer (p = 0.03, Students t-test, N=3), despite initially reaching levels 

similar to those in WT within more basal layers (Fig. 12C). 

These results indicate that 5hmC levels are reduced in the neuronal stage in the absence of 

Dnmt3a expression. To determine what genomic regions exhibit Dnmt3a-dependent 5mC and 

5hmC patterning, we isolated mOSNs via fluorescence-activated cell sorting (FACS) from the 

MOEs of three-week old Dnmt3a WT, Het, and KO mice and performed DNA 

immunoprecipitation against 5mC and 5hmC coupled to massively parallel sequencing (DIP-seq, 

Table 2). Genome-wide, 5mC and 5hmC levels are highly correlated among Dnmt3a genotypes; 

however, regions with high levels of 5hmC in WT mOSNs exhibit reduced levels in KO mOSNs 

(Fig. 17A and B). 

A recent study described a positive relationship between chromatin accessibility and neuronal 

DNA methylation in the CH dinucleotide context, hypothesized to be established by Dnmt3a 

(Lister et al., 2013). To directly test this association, we compared 5mC and 5hmC levels in 

Dnmt3a WT and KO mOSNs with DNase I accessibility in Dnmt3a Het MOEs. In agreement 
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with Dnmt3a activity occurring in accessible regions, we find positive correlations between 

chromatin accessibility and Dnmt3a-dependent 5mC and 5hmC patterning (R=0.10 and R=0.17, 

Fig. 12D and S2C). Moreover, in the absence of Dnmt3a, regions flanking local DNase I 

hypersensitive sites in the MOE exhibit depletions of 5hmC, and to a lesser extent 5mC (Fig. 

12E). Notably, 5hmC levels in Dnmt3a Het mOSNs are present at intermediate levels flanking 

these sites. In a previous study (Colquitt et al., 2013), we overexpressed Tet3 in mOSNs (Tet3-

tg) and found that regions with high levels of 5hmC in WT mOSNs exhibited depletions of the 

mark in Tet3-tg mOSNs, consistent with the role of Tet3 in progressive oxidation of modified 

cytosines (Wu and Zhang, 2011). From this data, we identified a positive correlation between 

Tet3-tg/wildtype differential 5hmC and Dnmt3a-dependent 5hmC (Pearson R = 0.18, Fig. 12D 

and S2D), suggesting that Dnmt3a-mediated de novo 5mC is closely coupled to neuronal Tet-

mediated oxidation. 

We used two methods to identify genomic regions that contain Dnmt3a-dependent 5mC and 

5hmC – peak analysis using a small peak size (500 basepairs, bp) and differential enrichment 

analysis in broader windows (5-50 kilobases, kb). Dnmt3a-depedent 5mC (N=955) and 5hmC 

(N=5767) 500 bp regions are significantly associated with different genomic regions: although 

both are found within introns, Dnmt3a-mediated 5mC peaks are localized to CpG islands (CGIs), 

CDSs, and 3’ UTRs while Dnmt3a-mediated 5hmC peaks are associated with regions upstream 

of TSSs (Fig. 17E). Despite these differences, each peak set tends to be found near genes 

implicated in development, e.g. somatic stem cell gene regulation and sensory organ 

morphogenesis (Table S2). Likewise, broad Dnmt3a-dependent 5mC (N=1162) and 5hmC 

(N=1805) regions identified using the second method are strongly associated with genes (2025 of 

2549, p = 4E-58, Fisher’s exact-test).  
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Extensive remodeling of histone modifications occurs along the mOSN developmental lineage 

(Magklara et al., 2011) and may interact with de novo cytosine modification. To integrate 

Dnmt3a-dependent DNA modification patterning into the broader epigenetic landscape of the 

MOE, we performed ChIP-seq against H3K4me1 (a mark associated with genes and enhancer 

elements), H3K27ac (TSSs and active enhancer elements), and H3K27me3 (repressed loci) using 

native chromatin preparations isolated from the MOEs of three-week old Dnmt3a WT mice. We 

hierarchically clustered the 5-50kb set of regions with Dnmt3a-dependent 5mC or 5hmC by their 

average H3K27ac and H3K27me3 levels, producing three clusters (enriched for H3K27ac only, 

H3K27me3 only, or both modifications, Fig. 13A). This grouping by histone modifications 

resulted in a partial segregation of 5mC and 5hmC levels (Fig. 13B): Regions enriched for 

H3K27ac (cluster 1, example in Fig. 13C, N=1219) are enriched for 5hmC while those enriched 

for H3K27me3 (cluster 2, example in Fig. 13C, N=317) are correspondingly enriched for 5mC. 

Interestingly, a substantial fraction of these regions (N=913) are enriched for both modifications 

and possess high levels of both DNA modifications (cluster 3, examples in Fig. 13D and Figs. 

S3A-D). Each cluster is associated with genes expressed in neural tissues but with different 

functions, e.g. cluster 1 with signal transduction and both 2 and 3 with transcriptional regulation 

(Table S3). Notably, the set of genes within the doubly modified H3K27ac/H3K27me3 cluster is 

enriched for genes implicated in neural development including several transcription factors -- 

Neurog1, Dlx5, Lhx2, and Emx2 -- known to function during OSN neurogenesis (Nicolay et al., 

2006). These regions also contain elevated DNase I accessibility that precisely overlaps with the 

area of H3K27ac, H3K27me3, and Dnmt3a-dependent 5mC and 5hmC enrichment (Fig. 13E and 

Figs. S3A-D). This dual presence of histone modifications associated with activation and 
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repression within single loci may be due to developmental heterogeneity within the tissue or may 

reflect differential monoallelic epigenetic states.  

In addition to gene elements, Dnmt3a-dependent 5hmC is significantly associated with potential 

MOE enhancers (intergenic H3K4me1 peaks, Fig. 17E). We find positive correlations at these 

regions between flanking 5hmC levels and both H3K27ac levels (R=0.33) and DNase 

hypersensitivity (R=0.22, Fig. 14A) while only weak correlations between these features and 

flanking 5mC levels (R=-0.04 and 0.07, respectively). To further investigate the relationship 

between enhancer activity and 5hmC levels, we compared enhancer 5hmC levels and the 

expression of nearby genes along the mOSN developmental lineage. We clustered the 5000 

potential enhancers with the highest 5hmC variance across HBCs, GBCs, and mOSNs by their 

5hmC levels, producing 8 clusters each representing a developmental 5hmC path, e.g. mOSN-

specific or GBC-specific (Fig. 14B) and computed the median expression levels of nearby genes. 

In support of an active role for 5hmC in enhancer function, we find a striking correlation 

between developmental enhancer 5hmC patterning and nearby gene expression. 

Enhancers have been previously functionally classified as ‘poised’ or ‘active’ using H3K4me1 

and H3K27ac levels (Creyghton et al., 2010); poised enhancers are enriched for only H3K4me1, 

while active enhancers display enrichment of both modifications. To generate a similar 

classification for MOE enhancers, H3K27ac peaks were intersected with intergenic H3K4me1 

peaks, yielding H3K27ac-negative H3K4me1 peaks (‘poised’) and H3K27ac-positive peaks 

(‘active’). We find that 5mC levels in Dnmt3a KO mOSNs are reduced relative to WT flanking 

enhancers regardless of classification (Fig. 14C). Similarly, 5hmC is depleted from the flanking 

regions of both poised and active enhancers in Dnmt3a KOs, although the depletion is strongest 
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at regions flanking active enhancers. As with DNase hypersensitive sites in general, 5hmC in 

Dnmt3a Het mOSNs is present at intermediate levels flanking both poised and active enhancers.  

The reduction of 5hmC levels at active enhancers in the absence of Dnmt3a may indicate that the 

enzyme modifies all enhancers regardless of activity or only those that are active within neural 

tissues. To resolve this, we computed Dnmt3a KO versus WT 5hmC ratios at VISTA enhancers 

(Visel et al., 2007) and found that those with Dnmt3a-dependent 5hmC patterning are strongly 

associated with activity in the nose and other neural or face tissues (forebrain, midbrain, 

hindbrain, neural tube, and facial mesenchyme, Fig. 14D). Correspondingly, VISTA enhancers 

classified as active in these tissues have depleted 5hmC in Dnmt3a KO mOSNs, while those with 

activities in non-associated tissues retain 5hmC patterning in the absence of Dnmt3a (Fig. 14E). 

Moreover, VISTA enhancers with at least two-fold reduction of 5hmC are significantly 

associated with homeodomain transcription factors implicated in neurodevelopment (Table S4). 

Thus, Dnmt3a appears to provide the 5mC substrate necessary to produce elevated levels of 

5hmC flanking enhancers and, when assaying a neuronal cell type such as mOSNs, does so at 

enhancers engaged in the regulation of neuronal development.  

The gain of Dnmt3a-mediated 5hmC within neurons suggests that this patterning plays a role in 

regulating neuronal gene expression programs. To test this, we prepared RNA-seq libraries from 

FACS-isolated Dnmt3a WT, Het, and KO mOSNs (Tables S1 and S5). Overall, reads per 

kilobase per million reads (RPKM) values from each genotype are highly correlated (Fig. 19A). 

To assess global gene expression, we averaged RPKM values across genotypes and replicates to 

obtain a transcriptional index. By plotting expression fold change against this index, we find a 

striking bidirectional change of expression between WT and KO mOSNs that is dependent on 

transcriptional output (Fig. 15A). On average, lowly expressed or silent genes (as determined by 
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Gaussian-based clustering of RPKMs) are transcriptionally upregulated (mean log2(KO/WT 

RPKM)±SD = 0.9±1.1) while highly expressed genes are weakly downregulated (-0.3±0.4). 

Moreover, genes with an absolute KO-WT fold change of at least 2-fold exhibit an intermediate 

disruption of expression levels in Het mOSNs (Fig. 19B). To assess how Dnmt3a-sensitive genes 

are regulated during mOSN development, we clustered genes with an absolute log2(KO / WT 

RPKM) > 1 by their expression in Dnmt3a wildtype mOSNs, GBCs, and HBCs, using previously 

published datasets (Fig. 19C-D)(Colquitt et al., 2013; Magklara et al., 2011). We find that 

upregulated genes (N=1845) are typically expressed in HBCs, GBCs, or not at all in the MOE 

(Fig. 19C) while downregulated genes (N=387) are expressed in mOSNs (Fig. 19D).   

Transcription start sites are highly accessible (Fig. 19E) and may, like enhancers, be subject to 

Dnmt3a-mediated patterning. Across all genes, 5mC levels are modestly reduced flanking TSSs 

in Dnmt3a KOs while 5hmC levels flanking TSSs in both Hets and KOs are reduced (Fig. 15B). 

Moreover, 5hmC in Dnmt3a KO mOSNs is present at levels similar to those found in Dnmt3a 

WT GBCs (data from (Colquitt et al., 2013)).  Ordering these TSS-flanking levels by the fold 

change of KO versus WT expression revealed complementary depletions of 5mC and 5hmC 

depending on expression fold change: upregulated genes exhibit TSS-flanking depletions of 5mC 

in Dnmt3a KOs, while unaffected and downregulated genes exhibit TSS-flanking depletions of 

5hmC in both Dnmt3a Hets and KOs (Fig. 15D). This dual response suggests that Dnmt3a is 

necessary to establish both repressive, 5mC-enriched and activating, 5hmC-enriched regulatory 

states. Interestingly, whether Dnmt3a acts as a repressor or facilitator of transcription correlates 

with the strength (observed/expected number of CpGs) of associated CpG islands (CGIs): genes 

that are upregulated in Dnmt3a KO mOSNs tend to have weaker CGIs while those that are 

downregulated tend to have stronger CGIs (Fig. 19F). 
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A previous study observed increased levels of the repressive histone modification H3K27me3 at 

the TSSs of genes downregulated in neural stem cells in the absence of Dnmt3a (Wu et al., 

2010). To determine if a similar increase occurs within the olfactory epithelium, we performed 

H3K27me3 ChIP-seq using Dnmt3a KO MOEs. In contrast to the previous report, we do not 

observe an increase of H3K27me3 levels at genes with reduced expression in KO mOSNs and 

instead detect a modest depletion of H3K27me3 at the TSSs of genes with increased expression 

(Figs. 4C and D). This distinction may reflect key differences between the developmental stages 

of the two populations: in progenitor cells, Dnmt3a-mediated methylation may be necessary to 

antagonize the spread of Polycomb activity, while in differentiated neurons such as mOSNs, 

Dnmt3a-mediated methylation may positively influence gene expression largely as a substrate 

for neuronal-specific oxidation to 5hmC.  

These transcriptional defects led us to investigate transcriptional responses to odorant-induced 

neuronal activation in Dnmt3a-deficient animals. We exposed mice to a concentrated mixture of 

previously characterized odorants (1:1:1 amyl acetate:acetophenone:octanal, am:ac:oc) 

(Mombaerts, 2004; Rubin and Katz, 1999) and assayed transcriptional levels in their MOEs 

relative to those of mice exposed to water. We detected maximal Fos, Egr1, and Nr4a1 induction 

after 1 hr exposure (Fig. 19A); after this time point, expression returned to unexposed levels. To 

globally assay odorant-induced transcription, we prepared RNA-seq libraries from the MOEs of 

Dnmt3a WT, Het, and KO mice that had been exposed to 1 hour of am:ac:oc or corresponding 

unexposed controls (Tables S1 and S6). Across genotypes, we identified 25 genes that were 

significantly upregulated and one gene that was downregulated (FDR<0.05) in response to 

odorant exposure (Table 3).  Among these genes was the transcription factor Nr4a2, which 

strikingly exhibits both significant depletions of 5mC and 5hmC levels in its gene body and the 
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reduction of odorant-induced expression in Dnmt3a KOs (Fig. 15E). In contrast, the 5mC and 

5hmC levels and odorant-induced expression of another gene Pcdh10 are unaffected by the loss 

of Dnmt3a. This association between reduced 5mC, 5hmC, and reduced gene activation 

generalizes across odorant-induced genes (Fig. 15F). On average, the odorant-induced 

transcriptional responses of these 25 genes are significantly reduced in Dnmt3a Hets (p = 4E-4, 

paired two-sided Wilcoxon) and KOs (p = 5E-5, Fig. 15G and S5B), while basal levels remain 

unchanged (Fig. 20B). Similarly, the gene bodies of these odorant-induced genes are 

significantly depleted of both 5mC (p=5E-4) and 5hmC (p=3E-4) in Dnmt3a KO relative to WT 

mOSNs (Fig. 20C).  

Our results indicate that Dnmt3a is necessary to establish the full 5mC and 5hmC landscapes of 

olfactory sensory neurons and, in turn, to fully execute neuronal gene expression. In neurons, 

5hmC occurs nearly exclusively on cytosines in CG dinucleotides while de novo 5mC occurs 

broadly in multiple contexts (Lister et al., 2013). This suggests that Dnmt3a, which has been 

shown to provide both CG and CH methylation in non-neural systems (Meissner et al., 2005; 

Ramsahoye et al., 2000), generates a 5mC platform on which neuronal Tet activity can provide 

elevated levels of 5hmC. Although the exact mechanisms remain to be determined, the titration 

of this balance between 5mC and 5hmC may modulate transcriptional output. Moreover, our 

finding that odorant-induced transcriptional responses require Dnmt3a, combined with the 

observation that substantial de novo 5mC occurs in neurons around the time of synaptogenesis 

(Lister et al., 2013), suggests that neuronal DNA modification patterns are essential for activity-

sensitive transcriptional programs and may play a crucial role in regulating experience-

dependent plasticity. 
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Methods 

Animal care and use. Mice were treated in compliance with the rules and regulations of IACUC 

under protocol approval number AN099395-01. 

Dnmt3a-null mice. Dnmt3a constitutive null mice (Okano et al., 1999) were obtained from MGI 

(2182412). 

Immunofluoresence. Sections of postnatal C57BL/6 MOE were fixed with 3:1 methanol:acetic 

acid, fragmented with 1N HCl, and neutralized with 100 mM Tris pH 8. Sections were blocked 

then incubated with anti-5mC (#39649) and anti-5hmC (#39791) antibodies (Active Motif) 

overnight at 4°C. Immunostaining for proteins was performed on coronal MOE sections from 3-

week old animals fixed with 4% PFA. Antibodies: anti-Dnmt3a (Santa Cruz, sc-10231). 

Immunofluorescence quantification. Basal-apical profiles were computed using a custom ImageJ 

macro. Selection boxes were sized around images of straight sections of OE with the basal-apical 

axis oriented left-right. Width of the selection box was sized to span the full OE as determined 

by DAPI staining and height was set to 20 µm. For each OE section, the bounding box was 

stepped down the OE to compute non-overlapping immunofluorescence profiles spanning at 

least 160 µm. This process was repeated with three different OE sections per biological replicate. 

These profiles were then average within each replicate.  

Fluorescence activated cell sorting. Mature OSNs were isolated from the MOEs of OMP-ires-

GFP knockin animals (Shykind et al., 2004). GBCs were isolated from the MOEs of Ngn-GFP 

BAC transgenics (Gong et al., 2003). HBCs were isolated with anti-mouse CD54 (Icam1) 

conjugated to PE (Biolegend). Isolation and preparation were performed as described in 

(Colquitt et al., 2013; Magklara et al., 2011). Briefly, single cell suspensions from 1-10 MOEs 
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were made using the Papain dissociation system (Worthington). MOE were dissected into Earl’s 

Buffered Saline Solution (EBSS), minced in papain dissociation solution (Worthington), and 

incubated at 37°C for 45 minutes. Cells were washed once in 1:10 inhibitor solution and once in 

PBS. For a given assay (DIP-seq or RNA-seq), 2E5 to 1E6 cells were used. Population purity 

was assayed by resorting a small fraction of the sorted cells. Purities of ~90-95% were routinely 

achieved.   

DNA immunoprecipitation (DIP)-seq. Genomic DNA was isolated from the cell populations 

described in the main text, prepared for paired-end Illumina sequencing using standard protocols, 

and immunoprecipitated as in Weber et al. (Weber et al., 2005) with minor modifications. 

Specifically, sorted cell gDNA was sonicated to 200-1000 bp with a mean size of ~400 bp and 

end repaired (NEBNext End Repair). Adenosine was added to 3' ends (Klenow, 3' to 5' exo-, 

NEB), and 10:1 Illumina adaptor:samples were ligated onto the samples. 20-100 ng of adapted 

genomic DNA was diluted in MB (10 mM phosphate buffer pH 7.0, 140 mM NaCl, 0.05% 

Triton X-100), denatured at 95°C for 10 minutes, brought to 300 !L MB, and precipitated with 

0.5 µg anti-5mC or 5hmC antibodies (as used in immunofluoresence) overnight at 4°C. 

Separately, 10 !L per IP of Protein A and G Dynabeads each (Invitrogen) were blocked with 2 

mg BSA and 2 mg yeast tRNA in 1 mL MB overnight at 4°C. Beads and IPs were combined the 

next day and rotated for 3 hours at 4°C. Samples were washed 4 times in MB, eluted twice in 

100 !L elution buffer (0.1 M NaHCO3, 1% SDS, 1 mM EDTA) by shaking at 37°C for 15 

minutes, phenol:chloroform:isoamyl extracted, ethanol precipitated, and resuspended in 50 !L 

TE. Samples were then amplified with Illumina TruSeq PCR primers for 15 cycles using Phusion 

DNA polymerase (NEB). 
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RT-qPCR. MOE total RNA was isolated by TRIzol extraction (Invitrogen) and treated with 

TURBO DNase (Invitrogen). 1 µg of this RNA was used for first strand cDNA synthesis using 

Superscript III First-Strand Synthesis System (Invitrogen). qPCR was performed using Maxima 

SYBR Green (Fermentas). 

RNA-seq. Total RNA was isolated from a given cell population or tissue using TRIzol 

(Invitrogen), the aqueous phase of which was passed through a Zymo RNA Clean and 

Concentrator 5 column, DNase-treated on column using 1 unit of TURBO DNase for 15 minutes 

at 37°C, and eluted twice using 10 µL water. rRNA-depleted sequencing libraries were prepared 

by either depleting 200 ng of total RNA via two rounds of RiboMinus (Invitrogen) followed by 

library construction using ScriptSeq v2 or direct application of 100 ng of total RNA to the Nugen 

Encore Complete RNA-seq system. Samples were amplified for 15 cycles using Phusion DNA 

polymerase (NEB) and provided ScriptSeq or Nugen primers.  

DNase accessibility-seq. Nuclei from the olfactory epithelium were isolated as described in 

Magklara et al. and resuspended in nuclease digestion buffer (0.32 M sucrose, 50 mM Tris-HCl 

pH 7.5, 4 mM MgCl2, 1 mM CaCl2, 0.1 mM PMSF). 3 million nuclei were brought to 250 µL 

nuclease digestion buffer, pre-warmed for one minute at 37°C, and incubated with 20 U DNase I 

(Ambion) for 2 or 5 minutes. Reactions were stopped with the addition of 28 µL 0.5 M EDTA 

and placement on ice. Reactions were then incubated with 200 µg proteinase K (Ambion) 55°C 

overnight, extracted using phenol:chloroform:isoamyl (Invitrogen), and ethanol precipitated. 

Samples were resuspended in TE, incubated with 10 µg RNase A (Roche) at 37°C for 30 

minutes, extracted using phenol:chloroform:isoamyl (Invitrogen), and ethanol precipitated. 

Samples were resuspended in TE, and one half of each reaction was run on a 1% agarose/1x 

TAE gel. Regions 100-500 bp were excised and purified using Qiagen Gel Extraction Kit. 
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Illumina sequencing libraries were then prepared as described in meDIP and hmeDIP-seq section 

and amplified for 9 cycles using Phusion DNA polymerase (NEB) and Illumina TruSeq primers. 

Sequencing data from both time points was combined due to high correlation.  

Chromatin immunoprecipitation (ChIP)-seq. Nuclei were isolated from the MOEs of 3-week old 

Dnmt3a wildtype and knockout mice and native ChIP was performed as described (Magklara et 

al., 2011) using anti-H3K27ac (Millipore, cma309),  anti-H3K4me1 (Abcam, ab8895), and anti-

H3K27me3 (Millipore, 07-449) antibodies.  For library preparation, ChIP DNA was sonicated 

for 120-180 seconds on a Covaris S220 and prepared for sequencing using the Ovation Ultralow 

Library Kit (Nugen).  

Odorant exposure. Mice were divided into two clean cages containing no bedding and placed 

into separate dark cabinets. After 10 minutes in these cages, a 4 cm x 4 cm piece of Whatman 

paper with either 80 µL of water or a 1:1:1 mixture of pure amyl acetate:acetophenone:octanal 

(all purchased from Sigma-Aldrich) was placed at one end of the cage.  

For odorant exposure time course experiments, Dnmt3a wildtype mice were kept in these 

conditions for 15, 30, 60, 120 minutes or exposed for 60 minutes to either water or odorant then 

transferred to a new clean cage containing no odorant for an additional 60 minutes. At the 

appropriate time, mice were euthanized using CO2. Their MOEs were dissected into RNAlater 

(Ambion) on ice, transferred to RLT plus buffer (Qiagen), and homogenized. RNA was isolated 

using the RNeasy Plus Mini Kit (Qiagen). cDNA was generated by Superscript III First-Strand 

Synthesis System (Invitrogen).  

For RNA-seq experiments, Dnmt3a wildtype, heterozygous-null, homozygous-null mice were 

treated as above for 60 minutes and euthanized using CO2. Their MOEs were dissected into 
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TRIzol (Invitrogen) and homogenized. RNA was isolated using the standard TRIzol protocol and 

treated with TURBO DNase (Invitrogen). RNA-seq libraries were then prepared using 100 ng of 

total RNA and the Encore Complete RNA-seq Library Kit (Nugen). 

Sequencing alignment and initial processing. DIP-seq, DNase-seq, and ChIP-seq read mapping 

was performed using Bowtie2 (Ben Langmead and Salzberg, 2012) (default parameters, mm9). 

RNA-seq mapping was performed using STAR (Dobin et al., 2013), mapping to the Illumina 

iGenomes Ensmebl NCBIM37 GTF and mm9 using default parameters. Reads with MAPQ<30 

(all samples) and PCR duplicates (DIP- and ChIP-seq only) were removed. Tracks were 

generated consisting of read counts binned into 25 bp normalized by the number of millions of 

reads and scaled to reflect the average number of reads per 1kb to obtain reads per kilobase per 

million reads (RPKM, i.e. 1E6 * 1E3 / (window size * total number of reads)). Biological 

replicates were averaged for visualization and subsequent analysis. For visualization, tracks were 

smoothed using a 125 bp moving average window.  

Genome-wide correlations. Read data was binned into specified window sizes across each 

chromosome, bins with zero reads were removed, and Pearson correlation values were computed 

across each chromosome. These chromosomal correlations values were averaged to obtain a 

genome-wide correlation value.  

Differential peak analysis. Regions with differential enrichment of 5mC and 5hmC were 

identified using HOMER (Heinz et al., 2010). Tag directories (GC-normalized) for each sample 

and replicate were created independently from processed BAM files. Only read 1 was used for 

paired-end samples. Differential regions were called in Dnmt3a WT samples using Dnmt3a KO 

as input, 'histone' presets, peak size of 500 bp, and at least 2 fold enrichment over input 
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(findPeaks -style histone -size 500 -F 2). Differential peak sets from each replicate were 

intersected (requiring an overlap of at least 50% of peak size) to create common peak sets for 

feature intersection analysis. Genomic positions for gene elements (1 to 3 kb upstream, 1 kb 

upstream, CGI, CDS, 3’ UTR, 5’ UTR) were obtained from the mm9 UCSC refGene table. 

Intergenic sites (intergenic) are defined as the complement of refGene regions extended by 5kb. 

Conserved intergenic regions (intergenic conserved) were obtained by intersecting this intergenic 

set with the vertebrate conserved elements (phastConsElements30way).  For differential 

enrichment analysis within broader regions, the genome was first divided into non-overlapping 

5000 bp window and the number of reads within each window for each sample was computed. P-

values of differential enrichment were computed from this count matrix using the R package 

DESeq2 (Anders and Huber, 2010). Regions with FDR-adjusted p-value of less than 0.05 were 

classified as significant. If these regions were within 20 kilobases of one another, they were 

joined into one region.  

Gene ontology analysis. Ontologies statistically associated with regions of interest were 

determined using GREAT (McLean et al., 2010) with the ‘basal plus extension’ setting. 

Aligned feature profiles. TSS profiles were generated using 25 bp windows extending from the 

5’ most annotated TSS for each gene. For each profile, the mean of a given aligned position was 

computed (excluding values at extreme 1%) and 95% confidence intervals were calculated 

through bootstrap resampling for 1000 iterations using the R package boot. Profiles flanking 

intergenic H3K4me1 peaks were similarly generated. 

Genomic feature heatmaps. 200 25 bp windows we generated starting from the midpoint of a 

given genomic region (for example H3K4me1 peaks). For a given set of regions, these windows 
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were arranged into a matrix with regions for rows and positions flanking region as columns. In 

the case of H3K4me1 peaks, ordering of these rows was achieved by performing principal 

component analysis (R command prcomp) on H3K27ac values and ordering by PC1. Ordered 

matrices were then averaged by every 100 rows and plotted as heatmaps. 

RNA-seq analysis. Reads per kilobase per millions of reads (RPKM) values for each gene were 

computed by first counting the number of reads per gene using featureCounts (Liao et al., 2013) 

and the Illumina iGenomes Ensembl NCBIM37 GTF. These counts were then normalized across 

samples using the estimateSizeFactors function in the R package DESeq (Anders and Huber, 

2010) and by gene length in kilobases. For subsequent analysis, including global fold-change 

analysis and clustering, sample RPKMs were obtained by averaging across biological replicates. 

Differential expression of odorant-induced genes was performed using the edgeR package 

(Robinson et al., 2010). Model-based determination of expressed versus unexpressed genes was 

performed using averaged RPKM values and the Mclust function (G=2) from the R package 

mclust (Fraley and Raftery, 2002). Genes with an uncertainty greater than 0.1 were excluded 

from subsequent analysis. 
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Figure 12. Dnmt3a is necessary for neuronal 5hmC patterning within accessible chromatin.  

(A) RNA-seq fragments per kilobase per million (FPKM) of Dnmt family members in horizontal 

basal cells (HBCs, multipotent stem cells), globose basal cells (GBCs, neuronal progenitors), and 

mature olfactory sensory neurons (mOSNs, primary sensory neurons). Data from (Colquitt et al., 

2013). (B) Basal-apical quantification of Dnmt3a immunoreactivity in Dnmt3a +/+, +/-, and -/- 

MOEs. Lines are average intensity across three biological replicates, error is 95% confidence 

interval. Positions of GBCs and mOSNs determined using Neurog1-EGFP and OMP-EGFP 

MOEs, respectively. (C) Left, Immunofluorescence of 5mC and 5hmC in Dnmt3a +/+ and -/- 

MOE. Right, Quantification of 5mC and 5hmC intensity along basal-apical axis. Lines are 

average intensity across three biological replicates, error is 95% confidence interval. (D) 

Chromatin accessibility and Dnmt3a-dependent DNA modification patterning across 

chromosome 19. Outside row, MOE Dnmt3a Het DNase accessibility. Second row from outside, 

Difference between 5hmC levels in Tet3-tg mOSNs (OMP-tTA x tetO-Tet3-GFP) and control 

mOSNs (OMP-GFP). Data from (Colquitt et al., 2013). Dnmt3a KO minus WT 5hmC (third row 

from outside) and 5mC (fourth row from outside) levels in mOSNs. 5mC and 5hmC values are 

averages across biological replicates. Y-axes in RPKM. (E) Average 5hmC and 5mC levels 

spanning localized MOE Dnmt3a Het DNase hypersensitive sites (N=12,419). Error is 

bootstrapped 95% confidence intervals.  
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Figure 13. Dnmt3a-dependent 5mC and 5hmC patterning segregates with differential 

histone modifications. 

 (A) Hierarchical clustering of the union of Dnmt3a-dependent 5mC or 5hmC regions by average 

H3K27ac and H3K27me3 levels. Displayed are average 5mC and 5hmC RPKM in Dnmt3a WT 

and KO mOSNs and average H3K27ac and H3K27me3 RPKM in Dnmt3a WT MOE. Each track 

is input-subtracted and scaled to a common range. Numbered boxes indicate positions of three 

broad clusters from hierarchical clustering. Representative genes associated with each cluster are 

indicated at far right. (B) Average levels of 5mC and 5hmC in WT, Het, and KO mOSNs within 

each of the three broad clusters indicated in (A). (C) Tracks of representative genes found in 

cluster 1 (Rarg) and cluster 2 (Emx1). CGIs, CpG islands. .Shaded boxes denote regions 

containing Dnmt3a-dependent 5mC and 5hmC. Y-axis is RPKM. H3K27ac and H3K27me3 are 

subtracted from Dnmt3a WT native chromatin input tracks. (D) As (C) with representative genes 

found in cluster 3 (Dlx5/6). 
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Figure 14. Dnmt3a is required for neuronal 5mC and 5hmC patterning at enhancers.  

(A) MOE H3K27ac, MOE DNase hypersensitivity (DHS), mOSN 5hmC, and mOSN 5mC levels 

over MOE intergenic H3K4me1 peaks ordered by H3K27ac levels. (B) Analysis of the 

relationship between enhancer 5hmC levels (left) and the expression of closest genes (within 50 

kb, right) within HBCs, GBCs, and mOSNs. (C) Average 5mC and 5hmC levels flanking 

‘poised’ and ‘active’ enhancers in mature olfactory sensory neurons (mOSNs) from Dnmt3a +/+, 

+/-, and -/- MOEs. Error bars are bootstrapped 95% confidence intervals. (D) Association of 

neural enhancer activity with Dnmt3a-dependent 5hmC. A matrix of VISTA enhancer activities 

(rows) was ordered by log2(Dnmt3a KO/WT 5hmC RPKM) (columns). Each row was then loess 

smoothed and normalized, and the matrix was hierarchically clustered. (E) Average 5hmC levels 

at VISTA enhancers in Dnmt3a +/+ and -/- mOSNs. Top, VISTA enhancers with activities in the 

top cluster in (D). Bottom, VISTA enhancers with activities in the bottom cluster in (D). 
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Figure 15. Loss of Dnmt3a disrupts global and activity-induced transcription in neurons. 

(A) Gene expression in Dnmt3a WT and KO mOSNs. X-axis, average log2(RPKM+1) across 

Dnmt3a WT and KO for each gene. Y-axis, log2(KO/WT RPKM+1) for each gene. (B) Average 

5mC and 5hmC levels flanking TSSs in GBCs and Dnmt3a +/+, +/-, and -/- mOSNs. Shaded 

areas indicate regions used for analysis shown in (D). (C) Average H3K27me3 levels flanking 

TSSs in Dnmt3a +/+ and -/- MOEs. ‘Upregulated’ is log2(KO/WT RNA RPKM)>1.  

‘Downregulated’ is log2(KO/WT RNA RPKM)<-1. Shaded areas indicate regions used for 

analysis shown in (D). (D) Average mOSN 5mC and 5hmC levels 1-2kb downstream and MOE 

H3K27me3 levels 0-1kb downstream of TSSs ordered by KO/WT expression fold change. (E) 

5hmC, 5mC, and RNA tracks of two representative odorant-induced genes, Nr4a2 and Pcdh10. 

Odor ‘+’,1 hour exposure to 1:1:1 amyl acetate:acetophenone:octanal (am:ac:oc); odor ‘-’, 1 hour 

exposure to a water. (F) Gene-body 5hmC loss is correlated with reduced odorant-induced 

expression. X-axis, average log2(KO/WT RPKM) 5hmC across gene-bodies; y-axis, 

log2(KO/WT) RPKM of induced RNA expression of 25 odorant-induced genes. (G) Odorant-

induced gene expression (log2 am:ac:oc/water RPKM) of 25 odorant-induced genes within 

Dnmt3a +/+, +/-, and -/- MOEs. Blue line intersects at medians. P-values are two-sided 

Wilcoxon. 
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Figure 16. Supplemental analysis of mOSN development in Dnmt3a KO MOEs. 

(A) Dnmt3a immunofluorescence of coronal MOE sections from postnatal day 21 Dnmt3a 

wildtype (+/+), heterozygous-null (+/-), and homozygous-null (-/-) mice. (B) RT-qPCR of whole 

MOE RNA for DNA methylatransferases (Dnmt1, Dnmt3a, Dnmt3b), Tet family members 

(Tet1/2/3), and beta-actin (Actb). Values are normalizes to the expression levels of the control 

genes Ppia.  P-values from two-sided Student’s t-test, N=3. (C) FACS mOSN and GBC 

abundance quantification. Quantification of GFP positive cells from 3-week old Dnmt3a +/+, +/-, 

and -/- mice carrying either the OMP-ires-EGFP (mOSN) or Neurog1-EGFP (GBC) all. Single 

cells were determined as the number of cells after gating for forward and side scatters.  (D) 

Quantification of the number of apoptotic (anti-active caspase-3 positive) and mitotic (anti-

H3S10p) within the MOE represented as a percentage of the total number of cells (determined 

from DAPI staining) within the quantified area. P-value is from two-sided paired Student’s t-test, 

N=4. (E) Representative image of anti-active caspase-3 staining within Dnmt3a KO MOEs. 

Positive cells are positioned at approximately the immature olfactory sensory neurons layer. 

Scale bar, 25 !m.  
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Figure 17. General analysis of Dnmt3a-dependent 5mC and 5hmC patterning in mOSNs.  

(A) Scatter plots of average 5mC and 5hmC normalized (by DESeq median) read counts within 

genome-wide 5 kilobase windows (here 10,000 random (~2% of total number) windows are 

shown). The x-axis for each plot is Dnmt3a WT normalized counts. Y-axes are either from 

Dnmt3a Het (left) or KO (right). Correlation values are Pearson R. (B) Scatter plots of KO – WT 

5mC (x-axis) and 5hmC (y-axis) normalized read counts within genome-wide 5 kilobase 

windows (shown 50,000 windows). Correlation values are Pearson R. (C) Dnmt3a KO – WT 

5mC (left) and 5hmC (right) RPKM versus Dnmt3a Het DNase I hypersensitivity (DHS). (D) 

Tet3-tg – Control mOSN 5hmC RPKM (Colquitt, 2013) versus Dnmt3a Het DNase I 

hypersensitivity (DHS). (E) Genomic feature-peak intersections represented as the ratio of the 

observed number of peaks that intersect with a given feature set over the expected number of 

peaks (determined the relative size of the feature set). Peaks were generated using HOMER 

comparing WT versus KO 5mC or 5hmC (size 500 bp, minimum peak stitching distance 100 bp 

fold difference > 2, FDR 0.1%). Benjamini-Hochberg corrected P-values from Fisher’s exact 

test. 
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Figure 18. Representative gene loci in H3K27ac/H3K27me3 cluster 3. 

(A) Emx2, (B) Lhx2, (C) Dmrt3, (D) Olig2. DHS -- DNase I hypersensitivity; Conservation – 

phyloP30Way; Repeats - Repeatmasker SINE, LINE, LTR, DNA, and RNA repeats; CGI - CpG 

islands, cgpIslandExt table (UCSC Genome Browser). Shaded boxes indicate are of Dnmt3a-

dependent 5mC and 5hmC. Y-axis is RPKM. H3K27ac and H3K27me3 tracks are subtracted by 

Dnmt3a WT native chromatin input tracks.  
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Figure 19. Supplemental analysis of transcription profiles in Dnmt3a WT, Het, and KO 

mOSNs.  

(A) Comparison of Het (left) and KO (right) mOSN rRNA-depleted RNA-seq log2(RPKM+1)  

to WT. (B) RNA RPKM values in Dnmt3a WT, Het, and KO mOSNs normalized to wildtype 

(log2). Displayed are values from genes that have an absolute log2 fold change greater than 1. 

(C) Developmental of mRNA expression in horizontal basal cells (HBC), globose basal cells 

(GBC), and mature olfactory sensory neurons (mOSNs, Colquitt, 2013) of genes with Dnmt3a 

log2(KO/WT RPKM) < 1. Clustering was performed using HOPACH (“cosangle” distance 

metric) and trimming to the highest level to produce 3 broad clusters. (D) As (B) but with genes 

with Dnmt3a log2(KO/WT RPKM) > 1. HOPACH clustering generated 9 broad clusters. (E) 

Average DNase hypersensitivity in Dnmt3a Het MOEs across all transcription start sites. (F) 

Density plots of the observed/expected number CpGs of CGIs within 1 kb of a gene. CGIs are 

separated by the log2 KO/WT RNA-seq RPKM fold-change of associated genes.  
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Figure 20. Supplemental analysis of odorant-induced gene expression. 

(A) RT-qPCR of Fos, Egr1, Nr4a1, and Arc in MOEs from 3-week old wildtype mice that had 

been exposed to either water (odor-) or 1:1:1 amyl acetate:acetophenone:octanal (am:ac:oc, 

odor+) for 15, 30, 60, or 120 minutes or exposed for 60 minutes then allowed to recover in a new 

cage for 60 minutes (60+/-). Expression levels are expressed as the fraction of Actb expression. 

Error bars are the range of two biological replicates. (B) Wildtype-normalized RPKM values of 

25 odorant-induced genes in either the unexposed (water) or 1 hour odor (1:1:1 am:ac:oc) 

conditions. Blue bars intersect with the median of each genotype. (C) Average 5hmC and 5mC 

levels over gene-bodies of odorant-induced genes, normalized by wildtype levels. P-values are 

two-sided Wilcoxon. 
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Table S1. Illumina sequencing metadata.

Sample Mouse age Sequencing type Number of  cycles Mapped and filtered read number
Dnmt3a +/+ mOSN 5hmC 3 weeks Paired-end 2x50 88,940,807
Dnmt3a +/- mOSN 5hmC rep1 3 weeks Paired-end 2x50 44,996,941
Dnmt3a +/- mOSN 5hmC rep2 3 weeks Paired-end 2x50 120,559,770
Dnmt3a -/- mOSN 5hmC rep1 3 weeks Paired-end 2x50 45,795,005
Dnmt3a -/- mOSN 5hmC rep2 3 weeks Paired-end 2x50 63,718,121
Dnmt3a +/+ mOSN 5mC 3 weeks Paired-end 2x50 82,177,179
Dnmt3a +/- mOSN 5mC rep1 3 weeks Paired-end 2x50 37,777,674
Dnmt3a +/- mOSN 5mC rep2 3 weeks Paired-end 2x50 60,368,514
Dnmt3a -/- mOSN 5mC rep1 3 weeks Paired-end 2x50 47,981,097
Dnmt3a -/- mOSN 5mC rep2 3 weeks Paired-end 2x50 51,473,796
Dnmt3a +/+ mOSN rRNA-depleted RNA rep1 3 weeks Paired-end 2x50 155,407,945
Dnmt3a +/+ mOSN rRNA-depleted RNA rep2 3 weeks Paired-end 2x50 167,389,197
Dnmt3a +/- mOSN rRNA-depleted RNA rep1 3 weeks Paired-end 2x50 65,308,180
Dnmt3a +/- mOSN rRNA-depleted RNA rep2 3 weeks Paired-end 2x50 77,991,518
Dnmt3a -/- mOSN rRNA-depleted RNA rep1 3 weeks Paired-end 2x50 135,615,380
Dnmt3a -/- mOSN rRNA-depleted RNA rep2 3 weeks Paired-end 2x50 138,510,404
Dnmt3a +/+ MOE H3K4me1 rep1 3 weeks Paired-end 2x50 150,876,233
Dnmt3a +/+ MOE H3K4me1 rep2 3 weeks Paired-end 2x50 191,665,025
Dnmt3a +/+ MOE H3K27ac rep1 3 weeks Paired-end 2x50 75,308,226
Dnmt3a +/+ MOE H3K27ac rep2 3 weeks Paired-end 2x50 80,653,918
Dnmt3a +/+ MOE H3K27me3 rep1 3 weeks Paired-end 2x50 52,632,947
Dnmt3a +/+ MOE H3K27me3 rep2 3 weeks Paired-end 2x50 40,300,679
Dnmt3a -/- MOE H3K27me3 rep1 3 weeks Paired-end 2x50 90,780,313
Dnmt3a -/- MOE H3K27me3 rep2 3 weeks Paired-end 2x50 31,358,084
Dnmt3a +/- MOE DNase 3 weeks Paired-end 2x50 114,301,834
Dnmt3a +/+ MOE rRNA-depleted RNA H2O 3 weeks Paired-end 2x50 82,225,026
Dnmt3a +/- MOE rRNA-depleted RNA H2O 3 weeks Paired-end 2x50 83,624,526
Dnmt3a -/- MOE rRNA-depleted RNA H2O 3 weeks Paired-end 2x50 57,808,710
Dnmt3a +/+ MOE rRNA-depleted RNA am:ac:oc 3 weeks Paired-end 2x50 73,259,282
Dnmt3a +/- MOE rRNA-depleted RNA am:ac:oc 3 weeks Paired-end 2x50 70,823,704
Dnmt3a -/- MOE rRNA-depleted RNA am:ac:oc 3 weeks Paired-end 2x50 71,941,860
Dnmt3a +/+ MOE native input 3 weeks Paired-end 2x50 156,825,857
Dnmt3a -/- MOE native input 3 weeks Paired-end 2x50 85,109,054
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Table 2. Chapter 3 sequencing metadata.  

Mapping and filtering performed as in methods. Filtered read number for ChIP and DIP samples 

is the number of reads after filtering for both quality and read duplication. 
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Table 3. Odorant-induced genes.  

Statistical analysis performed using the R package edgeR treating WT, Het, KO RNA-seq data as 

biological replicates and using water or am:ac:oc-exposed at differential factor. Columns are 

Ensemble gene ID, official gene symbol, log am:ac:oc/water fold change (logFC), log counts per 

million averaged across samples (logCPM), p-value is from exact test for the negative binomial 

distribution as described in edgeR manual, and FDR are Benjamini-Hochberg corrected p-values.  
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Chapter 4: General discussion 
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In just the past few years, there has been sea change in our understanding of the complex 

dynamics and functional contributions of epigenetic modifications during the construction of 

multicellular organisms. The number of histone modifications alone is now thought to number 

approximately 130, comprising a diverse range of chemical moieties found throughout histones 

(Tan et al., 2011).  The discovery of a regulated system of cytosine oxidation greatly expanded 

the set of DNA modifications, long believed to consist only 5-methylcytosine in vertebrates. 

With this expansion came the exciting potential to uncover new gene regulatory mechanisms that 

might underlie some of the diversity of cell types.  

Oxidation targeting 

In this work, I presented experiments that examined the role of 5-hydroxymethylcytosine, the 

initial oxidized derivative of 5mC, in olfactory sensory neuron development and function. As in 

other neural systems (Ruzov et al., 2011; Szulwach et al., 2011b), 5hmC abundance increases 

along the development lineage of mOSNs with enriched levels of the modified base in globose 

basal cells, the neuronal progenitors of the tissue, and mOSNs. This gain of 5hmC tends to occur 

in gene regions where levels of the modified base positively correlate with transcription. 

Correspondingly, gene-body 5hmC levels in developmentally regulated genes track with cell 

type-specific expression.  

Gene-associated 5hmC patterning is tightly confined the transcriptional unit, suggesting that 

transcriptional machinery and Tet enzymes are closely coupled. Intriguingly, there is a genetic 

requirement for elongator complex proteins (Elp1, 3, and 4) during demethylation of the paternal 

genome in early embryogenesis (Okada et al., 2010), a process that is mediated by widespread 

Tet3-dependent 5mC oxidation (Gu et al., 2011). Biochemical interaction between Elp and Tet 

family members has not been demonstrated, but this result could help explain the precise 
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enrichment of 5hmC within gene-bodies and immediately upstream of the TSS. Such an 

association with the transcription complex could also provide an explanation for the enrichment 

of 5hmC flanking enhancers, which produce low levels of RNA(Kim et al., 2010). In ESCs, Tet1 

is strongly localized to TSSs (Williams et al., 2011; Xu et al., 2011), however the genomic 

occupancy of Tet3, the major Tet family member in mOSNs, has not been determined in either 

ESCs or neurons. The CXXC domains of the three Tet enzymes have different sequence 

preferences in vitro (see Chapter 1) suggesting the enzymes may target different regions and 

generate oxidized 5mC in distinct contexts.  

Possible mechanisms  

The positive correlation between gene-body 5hmC levels and transcription has been observed in 

other systems, yet there has been no direct evidence that the modification actually contributes to 

gene regulation or if it is simply a byproduct of transcription. By altering levels of 5hmC through 

the overexpression of Tet3 in mOSNs, I showed that gene-body 5hmC positively influences 

transcriptional output. Gain of the mark results a tendency for higher expression; depletion of the 

mark strongly inhibits transcription. Because this trend was seen across genes and was not 

restricted to particular classes, I proposed that gene-body 5hmC acts as a general modulator of 

transcription. Such a mechanism could allow the fine-tuning of transcriptional output from 

actively engaged genes. Likewise, enriched 5hmC may establish a transcriptionally competent 

state, such that poised or lowly transcribed genes could quickly achieve high levels of expression 

upon induction. 

It is still unclear how these regulatory effects are transduced. One could imagine that 5hmC 

recruits a set of proteins that facilitate transcriptional elongation. However, two of the proteins 

that bind 5hmC, Mbd3 in ESCs and MeCP2 in neurons, have traditionally been associated with 
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transcriptional repression. This repression is thought to occur via the secondary recruitment of 

histone deacetylases and methyltransferases by the methyl-binding proteins (Fuks, 2005; Jones et 

al., 1998). However the loss of MeCP2 in the nervous system has mild effects on transcription 

(Tudor et al., 2002), which is surprising considering its abundance in neurons (Skene et al., 

2010) and the widespread distribution of its targets (5mC and now 5hmC). Moreover, 

experiments in which MeCP2 levels were altered in the hypothalamus indicate that the protein 

can both repress and activate transcription (Chahrour et al., 2008), consistent with its ability to 

bind both 5mC and 5hmC. Moreover, MeCP2 is phosphorylated in response to neuronal activity 

which alters it ability to regulated dendritic patterning and spine morphogenesis (Zhou et al., 

2006). This suggests that the protein may be able to differentially influence gene expression 

depending on what it is binding and it post-translational modification state.  

An alternate model suggests that 5hmC influences transcription not by altering trans factor 

binding but by adjusting interactions between genomic DNA and nucleosomes. During 

transcriptional elongation, RNA polymerase must pass across or evict the nucleosomes that 

package genomic DNA, a process that requires the disruption of nucleosome-DNA interactions 

and translocation of nucleosomes from preferred positions (Henikoff, 2008; Izban and Luse, 

1991; Studitsky et al., 1995; 1997). CG DNA methylation contributes to the stable positioning of 

nucleosomes both in vitro and in human T cells (Choi et al., 2009; Choy et al., 2010), and recent 

work in Arabidopsis found a strong enrichment of CG methylation within nucleosome-protected 

DNA (Chodavarapu et al., 2010). Moreover, DNA methylation and CG dinucleotides are 

distributed across the mammalian genome with an ~8-10 bp periodicity, roughly equal to one 

turn of the DNA helix (Glass et al., 2009; Jia et al., 2007; Lister et al., 2008), suggesting that 

methylated cytosines have a preferred orientation with respect to the nucleosome-DNA interface. 
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Oxidation of 5mC could interfere with this stabilizing effect, allowing nucleosomes to slide 

along the DNA strand more easily. Thus, elevated 5hmC may allow the ‘escape’ of nucleosomes 

to methylated or unmodified flanking regions with higher nucleosome affinity. Although 

attractive, this model does not yet have any experimental support.  

Construction of the neuronal epigenome  

The study of 5hmC in vertebrate neurons is a relatively new field replete with exciting 

possibilities, deep speculation, and mechanistic models that are only just beginning to take shape. 

It still remains to be determined how 5hmC patterning intersects with neuronal identity and 

function. Is there some property of neuron physiology or morphology that requires or is 

facilitated by the use of this modification? I believe that an examination of odorant-induced gene 

regulation in the context of altered DNA modification patterns will be a fruitful way to begin 

answering these questions. The data from the initial odorant exposure experiments suggest that 

OSNs have moderate immediate early gene activation that is compromised in the absence of 

Dnmt3a. However, due to the current lack of biological replicate data, I was not able to 

confidently assess if the loss Dnmt3a also results in the inappropriate activation of certain genes 

in response to odorant exposure. Such an analysis would provide insight into the functional 

restriction of the neuronal genome by its epigenome. That is, if the loss of Dnmt3a allows 

particular genes to activated by neuronal activity, it may indicate that DNA modifications are 

necessary to control which genes are sensitive to the signaling environment of the neuron and 

those that are not.  

This developmental restriction of competence has an appealing analogue in models that 

hypothesize that DNA methylation expanded in vertebrates to compensate for the increase in 

parasitic genome elements (Bird, 2002). DNA methylation may have allowed vertebrates to 



 126 

reduce the effective size of their genomes, thereby simplifying its interpretation, by sequestering 

repetitive content while keeping host genomic material ‘exposed’ (Bestor, 1990). Similarly, 

neurons may employ complementary 5mC and 5hmC patterning to specify the repressed and 

engaged regions of their genomes during neurogenesis (Figure 21). Through this process, stable 

identity and consistent transcriptional responses could be established within a dynamic signaling 

environment.  
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Figure 21. Speculative model of the contributions of Dnmt3a and Tet3 to establishing a 

polarized neuronal genome. 

Cellular differentiation can be viewed as process of developmental restriction. On the left, a 

representative stem cell has both open developmental potential and chromatin structure. During 

neurogenesis, chromatin becomes more structured and polarized, here indicated by 

complementary distributions of 5mC and 5hmC. Dnmt3a and Tet3 cooperate to establish this 

neuronal epigenetic state.   
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