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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 occuring between the progenitor and mOSN
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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he functional repertoire of DNA modiﬁcations has expanded
recently with the discovery of a derivative of 5-methylcytosine
(5mC)—5-hydroxymethylcytosine (5hmC)—in mammalian genomes
(1, 2). This modiﬁed base is enriched in embryonic stem cells
(ESCs) and several adult tissues, with particular enrichment within
the nervous system and bone marrow (1, 3). The modiﬁcation is
generated by a conserved family of enzymes, the Ten-eleven
translocation family of methylcytosine dioxygenases (Tet1, Tet2,
and Tet3), which show variable levels of expression across tissues
(2, 4). Work in neural systems (5, 6) and ESCs (7–11) 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 (4, 9, 12–16). However, it remains possible that 5hmC
inﬂuences transcription not only via the eventual lack of cytosine
modiﬁcation but also directly through interactions with the chromatin environment or through the recruitment or exclusion of
binding proteins. Recent work suggests that 5hmC patterning
persists at some loci during the development of the central nervous system (6). In addition, the recent identiﬁcation of protein
factors that bind 5hmC suggests that the modiﬁed base may be
interpreted directly as an epigenetic mark (17–19).
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
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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 produce all of the cell types of
the MOE in response to injury (20). Globose basal cells (GBCs),
located apical to the HBC layer, are mitotically active progenitors
and can produce both neuronal and nonneuronal cell types (21).
Finally, mature olfactory sensory neurons (mOSNs) are terminally
differentiated primary sensory neurons and compose the majority
of cells within the adult MOE.
Results
To initially assess global changes of 5mC and 5hmC abundances
across MOE neurogenesis, we stained sections of the MOE from
postnatal day 0 animals using antibodies that speciﬁcally recognize the two modiﬁed bases (4). 5hmC is substantially enriched
in neurons and neuronal progenitors relative to basal stem cells
and apical, nonneuronal sustentacular cells (Fig. 1A, Upper). In
contrast, global levels of 5mC are relatively constant across the
tissue. Within the nucleus (Fig. 1A, Lower), 5hmC and 5mC
occupy largely complementary compartments: 5hmC is diffusely
localized within the nucleus yet excluded from the central pericentromeric heterochromatin focus (22), where 5mC is enriched.
This apparent increase in 5hmC levels during differentiation
coincides with the up-regulation of Tet3, the most highly
expressed Tet family member in the MOE (Fig. 1B).
To develop genomic maps of 5hmC across MOE neurogenesis, we sorted Olfactory marker protein (OMP)-expressing
mOSNs, Neurogenin1-expressing GBCs, and Intercellular Adhesion Molecule 1-expressing HBCs from the MOEs of 8-wk-old
mice using genetic and cell-surface markers (Fig. S1A) (23). We
then puriﬁed genomic DNA from these populations and performed DNA immunoprecipitation (DIP) coupled to next-generation sequencing using anti-5hmC antibodies [hydroxymethylated
DNA immunoprecipitation (hmeDIP-seq); see Dataset S1 for
metadata]. Two biological replicates of each hmeDIP-seq library
were generated. Unless otherwise noted, subsequent analyses were
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genic location: although gene-body 5hmC levels linearly increase
with transcription across the full range of the transcriptional
output (Fig. 2C), the TSSs of active genes are depleted of the
modiﬁed base (Fig. 2D). 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 cellfree transcription assay using a linear template with a CMV
promoter or transcribed region containing unmodiﬁed cytosines,
5mC, or 5hmC (Fig. S2B). We ﬁnd that the presence of either
5mC or 5hmC in the promoter region has a deleterious effect on
transcription yet has little consequence when 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
neuronal stages. To further examine the developmental patterning
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Fig. 1. Developmental 5hmC patterning in the MOE. (A, Upper) MOE coronal section from a P0 mouse stained for 5hmC (green), 5mC (red), and DNA
(DAPI, blue). Major developmental layers are indicated. (Lower) Outlined
OSN nucleus; asterisk indicates 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 and then intersected 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.
CGI, CpG island.

performed using averages of the replicates. We also performed
methylated DIP (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-quantitative
PCR (qPCR) (Fig. S1B). To correlate epigenetic signatures with
the transcriptional state, we used expression analyses performed in
these cell lines by mRNA-seq. (23).
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. 1C).
5hmC levels within the gene body [from transcription start site
(TSS) to transcription end site] 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. 2 A and B and Fig. S2A). As
in other systems (6, 24), we observe a dichotomy between the
correlation of 5hmC levels and transcription that depends on
Colquitt et al.
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Fig. 2. Relationships between 5hmC levels and gene transcription. (A)
Aligned gene proﬁles of mOSN 5hmC levels split by mRNA fragments per
kilobase per millions of reads (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 and D) Mean mOSN 5hmC values within
regions extending (C) 9–11 kb within the gene body and (D) from the TSS to
500 bp downstream. The x axis is the index of increasing FPKMs. In C, linear
regression adjusted R-squared = 0.86.
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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. 3A). Substantial enrichment of 5hmC is
seen over the Ncam1 gene body only within the cell types in
which it is actively transcribed. Accordingly, 5mC is depleted
from the 5′ portion of the gene upon its transcription in
mOSNs. A similar although weaker enrichment of 5hmC is
seen across the Egfr locus only in HBCs, whereas 5mC genebody levels remain unchanged. 5hmC and 5mC DIPs using
independent sorted populations and qPCR analysis of ﬁve
differentially expressed genes (Ncam1, Ebf1, Neurog1, Egfri,
and Notch2) support this pattern (Fig. S3 A 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
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Fig. 3. 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 ﬁve developmental expression sets: (B) mOSN/GBC common
(n = 2,577), (C) GBC/HBC common (n = 281), (D) mOSN-speciﬁc (n = 893), (E)
GBC-speciﬁc (n = 557), and (F) HBC-speciﬁc (n = 1,566). Bars indicate a signiﬁcant difference (Materials and 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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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 (Dataset S2)—
and computed the 5hmC proﬁles ﬂanking the TSSs of each set
(Fig. 3 B–F). mOSN/GBC common genes exhibit an elevation of
gene-body 5hmC in the GBC and mOSN stages (Fig. 3B) with
higher levels in the mOSN stage. Similarly, mOSN- (Fig. 3D) and
HBC-speciﬁc (Fig. 3F) 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. 3E)
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 the mOSN stage. Thus, transcriptionally
down-regulated 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 used 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, an 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 EGFP
reporter in approximately half of the 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. 4A).
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 1–3 kb upstream of TSSs, coding DNA sequences
(CDSs), 3′ UTRs, and introns (Fig. 4B). Interestingly, these
regions exhibit both increases and decreases of 5hmC depending
on control levels of 5hmC (Dataset S3). Both exons (Fig. 4C)
and introns (Fig. 4D) with moderate levels of 5hmC in control
mOSNs (middle 10%) exhibit a slight gain of the mark in Tet3-tg
(Tet3-tg/control 5hmC ratio ± SD exons = 1.38 ± 0.57, Wilcoxon
P < 2.2E-16; introns = 1.23 ± 0.42, Wilcoxon P < 2.2E-16),
whereas 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,
whereas those with moderate levels achieve only partial oxidation from 5mC to 5hmC. Moreover, gene-body 5hmC levels are
shifted toward 3′ ends (Fig. 4D), 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. S4A), suggesting that the
loss of 5hmC does not result in the enrichment of additionally
oxidized forms, but in 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. S4B) and do not exhibit a complex dependency on
control 5hmC levels (Fig. S4C).
Two example gene loci, Stxbp2 and Plxna1, demonstrate both
the increase and the decrease, respectively, of gene-body 5hmC
levels in Tet3-tg mOSNs (Fig. 5A). Interestingly, the expression
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and Tet3-tg mOSNs (Fig. 6 B and C). Consistent with the general
effects described above, 5hmC is signiﬁcantly depleted within gene
bodies encoding guidance molecules in Tet3-tg mOSNs (Fig. 6D).
However, the same relationship between OR down-regulation 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 (23). Moreover, OR genes have a high
AT content (25), which reduces the number of modiﬁable cytosines. As a result, the levels of 5hmC in 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. 6E). In every case examined (n = 3), Tet3 overexpression
produced mistargeted axons and the formation of additional
glomeruli. Consistent with the RNA-seq and immunoﬂuorescence data, there is no detectable overlap between GFP-positive
and Tomato-positive axons (Fig. 6E), indicating a lack of Olfr151
expression in Tet3-tg mOSNs. It is therefore likely that the
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levels of these genes track with Tet3-induced 5hmC changes. An
analysis of differentially expressed genes (Bayes factor ≥ 20)
(Materials and Methods and Dataset S4) indicates that transcriptionally down-regulated genes (Fig. 5B, n = 1621) exhibit a
signiﬁcant depletion of gene-body 5hmC (Wilcoxon P = 5.7E18), whereas up-regulated genes (Fig. 5C, 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. 5 D and E). Strikingly, 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 down-regulated whereas those that gain 5hmC are
slightly up-regulated. Notably, these transcriptional effects positively correlate with 5hmC levels at the gene body (Pearson R =
0.12, P < 2.2E16) and not at 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 down-regulated in
Tet3-tg mOSNs (1,071 of 1,082 expressed ORs and 21 of 25 expressed guidance molecules) (Fig. 6A and Dataset S4). By immunoﬂuoresence, we ﬁnd no overlap between OR-expressing mOSNs
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targeting deﬁcit seen in Tomato-positive axons is due to noncell autonomous disruption of the glomerular map.
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 (3, 6). 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 (12, 26). In addition to their ability to convert 5mC to 5hmC, the Tet family
members are able to catalyze the conversion to the subsequent
oxidative states of 5-formylcytosine (5-fC) and 5-carboxylcytosine
(5-caC), which may be acted on by DNA repair machinery to
produce a fully demodiﬁed state (27, 28). Therefore, the high
occupancy of Tet proteins 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
14686 | www.pnas.org/cgi/doi/10.1073/pnas.1302759110

interaction of the Tet proteins with regulatory factors may alter its
activity. Therefore, 5hmC is likely a multifunctional modiﬁcation
that is used either in 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
gene bodies are the differential effects of this modiﬁcation in our
in vitro transcription assays, where hydroxymethylation 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 by-product 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, whereas the gain of 5hmC is
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 elongation factors. Recent studies
indicate that both Mbd3 (17) and MeCP2 (18) can bind 5hmC.
Interestingly, as in other neuronal cell types, MeCP2 expression is
highly up-regulated in mOSNs (29), and its loss leads to mOSN
axons targeting deﬁcits (30). The modulatory character of genebody 5hmC levels suggests that the precise tuning of these levels
may be necessary to maintain constant levels of expression within
mature postmitotic populations such as olfactory sensory neurons.
Indeed, initial OR expression and axonal targeting occurs just before the mOSN stage 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.
Materials and Methods
Animal Care and Use. Mice were treated in compliance with the rules and
regulations of the University of California, San Francisco Institutional Animal
Care and Use Committee under protocol approval no. 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 and 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% (vol/vol) paraformaldehyde and using anti-Tet3 antibody (Santa
Cruz, sc-139186).
Fluorescence-Activated Cell Sorting. Mature OSNs were isolated from the
MOEs of OMP-ires-GFP knock-in animals (31). GBCs were isolated from the
MOEs of Ngn-GFP BAC transgenics (32). HBCs were isolated with antimouse CD54 (Icam1) conjugated to phycoerythrin (Biolegend). Isolation
and preparation were performed as described (23). Brieﬂy, single-cell
suspensions from 2 to 10 MOEs were made using the Papain dissociation
system (Worthington). MOE were dissected into Earl’s Buffered Saline
Solution, minced in Papain dissociation solution (Worthington), and incubated at 37 °C for 45 min. 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, prepared for single- or
paired-end Illumina sequencing using standard protocols, and immunoprecipitated as in Weber et al. (33) with minor modiﬁcations. Speciﬁcally, sorted
cell gDNA was sonicated to 200–1,000 bp with a mean size of ∼400 bp and
end repaired (New England Biolabs Next End Repair). Adenosine was added
to 3′ ends (Klenow, 3′–5′ exo-, New England Biolabs), and 10:1 Illumina
adaptor:samples were ligated onto the samples. A total of 20–50 ng of
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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 min, 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 h at 4 °C. Samples were washed four 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 min, phenol:chloroform:isoamyl-extracted,
ethanol-precipitated, and resuspended in 50 μL TE (10 mM Tris-HCl pH 8.0,
1 mM EDTA). Samples were then ampliﬁed with Illumina single-read or TruSeq
PCR primers for 15 cycles using Phusion DNA polymerase (New England
Biolabs). DIP-seq results represent averages of biological replicates unless otherwise noted.
qPCR. DIP libraries were prepared as above and analyzed using Maxima SYBR
Green (Fermentas) and the primers listed in Dataset S4. For every DIP-qPCR
experiment presented here, the results represent averages from biological
replicates.
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 (New England Biolabs) and Illumina

Sequencing Analysis. A full description of the sequencing analysis can be
found in SI Materials and Methods. In addition, all python and R scripts as
well as R markdown ﬁles used to generate key ﬁgures can be found at
https://github.com/bradleycolquitt/seqAnalysis/PNAS.
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 (34).
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
α-32P-UTP. Reactions were puriﬁed and then run on a 6% acrylamide TBEurea (89 mM Tris, 89 mM boric acid, 2 mM EDTA, 7 M urea, pH 8.3) gel.
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