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SUMMARY

We present a highly sensitive and selective chemi-
cal labeling and capture approach for genome-
wide profiling of 5-hydroxylmethylcytosine (5hmC)
using DNA isolated from ~1,000 cells (nano-hmC-
Seal). Using this technology, we assessed 5hmC
occupancy and dynamics across different stages
of hematopoietic differentiation. Nano-hmC-Seal
profiling of purified Tet2-mutant acute myeloid
leukemia (AML) murine stem cells allowed us to
identify leukemia-specific, differentially hydroxyme-
thylated regions that harbor known and candidate
disease-specific target genes with differential
5hmC peaks compared to normal stem cells. The
change of 5hmC patterns in AML strongly corre-
lates with differential gene expression, demon-
strating the importance of dynamic alterations of
5hmC in regulating transcription in AML. Together,
covalent 5hmcC labeling offers an effective approach
to study and detect DNA methylation dynamics
in in vivo disease models and in limited clinical
samples.

INTRODUCTION

5-hydroxymethylcytosine (5hmC), the oxidative product of
5-methylcytosine (5mC) catalyzed by ten-eleven translocation
(TET) enzymes, is found in various mammalian tissues and
cell types. Emerging evidence indicates that 5hmC is not only
an intermediate of DNA demethylation, but also acts as a po-

tential epigenetic mediator, which modulates a spectrum of
biological processes and human diseases (Hackett et al.,
2013; Lu et al., 2015b; Sun et al., 2014; Topalian et al., 2012).
The recent development of high-throughput, genome-wide
sequencing technologies has enabled genome-wide mapping
of 5hmC in mammalian systems (Booth et al., 2012; Cui
et al., 2014; Pastor et al., 2011; Song et al., 2011, 2012; Sun
et al,, 2015; Yu et al.,, 2012). While applications of these
methods have provided key information about the distribution
of 5hmC and its functional insights, the need for a large amount
of cells to obtain sufficient genomic DNA starting material for
5hmC localization precludes their use with rare cell populations
including normal and malignant stem cells, homogeneous
neuronal cells, and clinical isolates including needle biopsies,
circulating tumor cells, and cell-free DNA. Therefore, new ap-
proaches are needed to allow for the detection of 5hmC in
rare cell populations.

Here, we introduce a sensitive and robust 5hmC sequencing
approach which allows genome-wide profiling of 5hmC
based on a previously invented selective chemical labeling
(Song et al., 2011) using a limited amount of genomic DNA
that can be readily isolated from ~1,000 cells (nano-hmC-
Seal). To demonstrate the advantage and utility of this
strategy, we have applied this approach to compare 5hmC
profiles between hematopoietic stem cell (HSC) and progenitor
cell populations. We found that 5hmC is enriched in the gene
body of highly expressed genes and the level of 5hmC posi-
tively correlates with histone modifications that mark active
transcription. Moreover, we observed that the differentiation
of murine HSCs to progenitor cells is strongly associated with
dynamic alterations in 5hmC patterns with lineage-specific en-
hancers marked by pronounced 5hmC peaks. We further
applied this technology to profile leukemia stem cells from a
murine model of Tet2-mutant acute myeloid leukemia (AML)
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Figure 1. Nano-hmC-Seal to Generate
Genome-wide 5hmC Maps from Ultra-Low
DNA Starting Materials

(A) Schematic overview of the nano-hmC-Seal
approach.

(B) Genome browser views of 5hmC signals de-
tected in a 30 kb region from libraries generated
with 5 ng-10 pg of starting genomic DNA from

Library construction

mESCs. In blue, the 5hmC profile obtained using
regular hmC-Seal with 10 pg genome DNA (top).
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and obtained high-quality maps of 5hmC in tumor-initiating
cells.

DESIGN

We modified an engineered Tn5 transposase-based library con-
struction strategy (Adey et al., 2010; Buenrostro et al., 2013;
Schmidl et al., 2015), which allows fragmentation of genomic
DNA into 300-500-bp fragments and appends sequencing-
compatible adaptors in a single tagmentation step (Adey et al.,
2010). Next, to enrich 5hmC-containing DNA fragments, we
took advantage of the selective 5hmC chemical labeling (hmC-
Seal) strategy, which has been previously developed for efficient,
unbiased, and genome-wide labeling and covalent pull down of
5hmC (Song et al., 2011, 2012). Specifically, sequencing adap-
tors are incorporated through the transposase-catalyzed DNA
tagmentation (Adey et al., 2010). The T4 bacteriophage enzyme
B-glucosyltransferase (BGT) is then employed to transfer an en-
gineered glucose moiety containing an azide-group to 5hmC in
duplex DNA, yielding B-6-azide-glucosyl-5-hydroxymethyl-cyto-
sine (N3-5-gmC), as reported previously (Song et al., 2011). Then
a biotin tag is installed onto the azide group by using Huisgen
cycloaddition (click) chemistry. Finally, 5hmC-containing DNA
fragments with biotin tags are efficiently captured from the
random DNA fragments pool by avidin beads. A regular PCR
amplification reaction generates the library, which is then sub-
jected to high-throughput sequencing (Figure 1A).
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with 50 ng and 5 ng genomic DNA iso-

lated from mouse embryonic stem cells
(MESCs) or directly starting from 1,000 mESCs in replicates
(Table S1). We found that nano-hmC-Seal enrichment profiles
are similar to results obtained from the regular hmC-Seal
profiling starting with 10 ng mESC DNA (Figures 1B and S1A-
S1C). The 5hmC profiles were highly reproducible between
replicates (R = 0.979 for 50 ng, 0.863 for 5 ng, and 0.821 for
1,000-cell samples) (Figure 1C). The pairwise correlation of
5hmC signals in 2,000-bp tiling regions across the genome is
0.98 (Pearson correlation coefficient) when comparing the two
replicates using 50 ng DNA, while regular hmC-Seal libraries
showed a correlation of 0.88 (Figure S1C). The 5hmC signals
from 5 ng and 1,000-cell libraries correlated well with those ob-
tained from the regular hmC-Seal libraries (Pearson’s r ranging
from 0.76 to 0.82) (Figure S1C), albeit with slightly lower levels
of correlations likely due to reduced input materials used (Fig-
ures 1C and S1C). Furthermore, the fractions of reads in high
density 5hmC clusters (see Experimental Procedures) were
calculated as a measure of specific enrichment. All of the li-
braries generated by nano-hmC-Seal had similar 5hmC
enrichment levels compared to the regular hmC-Seal libraries
(Figure S1D). We next employed the PreSeq (Daley and Smith,
2013) package to extrapolate and estimate library complexity
(Figure S1E). The results showed that libraries using 50 ng
DNA have similar complexity as regular hmC-Seal libraries.
Although libraries built from 5 ng or 1,000 cells displayed lower
complexity, deeper sequencing of these libraries could still
generate enough unique reads for downstream analysis. The
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Figure 2. Nano-hmC-Seal Provides Dy-
namic 5hmC Profiles during Early Hemato-
poiesis

(A) Schematic of the hematopoietic differentiation
stages. The cell types investigated in this study are
outlined. The cell surface phenotypes were LSK
(lin~ Sca* cKit*), MPP (lin~ Sca* cKit" CD48*
CD1507), CMP (lin~ Sca™ cKit* CD34* CD16/327),
MEP (lin~ Sca™ cKit* CD34~ CD16/327), and GMP
(lin~ Sca™ cKit* CD34* CD16/32%).

(B) Relationship of 5hmC profiles in four different
types of hematopoiesis stem and progenitor cells.
Hierarchical clustering applied to the matrix of
sample-to-sample distance based on rlog-trans-
formed read counts in 304,069 detected 5hmC-
enriched peaks is shown.

(C) Representative examples of 5hmC profile in
several loci (from left to right: Cebpe, Kif1, and HIf).
(D) Distribution of 5hmC signals at lineage-specific
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enhancers (from left to right: common enhancers,
erythroid enhancer, myeloid enhancers, and T/NK
cells enhancers). The lineage-specific enhancers
were determined based on K-means analysis of
H3K4me1 signals (see Figure S4). The genomic
locations of enhancers were previously defined

(Lara-Astiaso et al., 2014).
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esis, a process in which epigenetic regu-
lation plays a central role (Rice et al.,
2007; Shih et al., 2012). In order to profile
the dynamics of 5hmC during hematopoi-
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5hmC peaks detected from libraries using 50 ng DNA have
similar number and quality compared to peaks obtained from
regular hmC-Seal libraries; the quality starts to decrease with li-
braries employing 5 ng DNA or from 1,000 cells, but still yields a
large number of 5hmC-enriched peaks for analysis (Figure S1F).
To compare our data sets with the “gold-standard” base-res-
olution 5hmC maps generated by using TAB-seq (Yu et al,
2012), 5hmC sites detected by TAB-seq were divided into three
sets with low (10%-25%), medium (25%-40%), and high (>40%)
5hmC percentage. 5hmC signals obtained using nano-hmC-
Seal around these sites positively correlate with the 5hmC abun-
dance determined by TAB-seq (Figure S1G). In addition, a strong
enrichment of nano-hmC-Seal signals was also observed at the
5hmC-containging CpG islands (CGls) detected by oxRRBS
(Booth et al., 2012) (Figure S1H). We therefore conclude that
nano-hmC-Seal provides a reliable approach to the genome-
wide detection of 5hmC using limited genomic DNA materials.

Nano-hmC-Seal Reveals Dynamic Hydroxymethylation
Localization at Enhancer Sites during Early
Hematopoietic Differentiation

Having validated nano-hmC-Seal with limited starting genomic
DNA, we next applied this approach to the study of hematopoi-
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etic cell differentiation (Figure 2A), we
performed nano-hmC-Seal on cells iso-
lated from mouse bone marrow by fluo-
rescence-activated cell sorting (FACS).
We analyzed flow sorted HSCs (LSK),
common myeloid progenitors (CMP), granulocyte-macrophage
progenitors (GMP), and megakaryocyte erythroid progenitors
(MEP), with approximately 5,000 cells isolated from each purified
population. Each cell type was sequenced in triplicate to monitor
biological variability. These libraries yielded a total of 226.62
million reads (Table S1), of which, 92.5% could be aligned to
the mouse reference genome (see Experimental Procedures).
A total of 323,854 5hmC peaks in the genome were identified.
The replicates displayed high similarity of 5hmC signal density
in these peaks, thus demonstrating high reproducibility of our
method (Figure 2B). Of note, the 5hmC pattern of LSK bears
more resemblance to the 5hmC pattern of CMP, and the 5hmC
pattern of GMP cells are closer to that of CMP than LSK, whereas
the 5hmC pattern of MEP is distinct from the other three lineages
(Figure 2B), indicating that the transition from CMP to MEP is
associated with significant changes in 5hmC localization.
Furthermore, at the differentially methylated regions (DMRs),
which distinguish between GMP and MEPs obtained using
RRBS (Bock et al., 2012), the 5hmC density showed an inverse
comparative pattern in comparison with 5mC changes (Figures
S2A-S2C).

Our results represent comprehensive genome-wide 5hmC
maps obtained during in vivo differentiation of HSCs to
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committed progenitors. We next examined differential 5hmC lo-
calizations at genes encoding master transcriptional factors
known to be expressed or silenced during HSC differentiation
(Lara-Astiaso et al., 2014; Moignard et al., 2013). For example,
5hmC was observed at the highest level across the gene body
of the Cebpe gene in GMP; Cebpe encodes a bZIP transcription
factor responsible for the lineage determination of GMP cells
(Lara-Astiaso et al., 2014; Lekstrom-Himes and Xanthopoulos,
1999) (Figure 2C). In contrast, KIf1, a gene encoding a transcrip-
tion factor critical for erythropoiesis, showed an increased 5hmC
deposition at genic-proximal regions in MEP. Moreover, we
observed a stepwise loss of 5hmC across the intragenic regions
of HIf, a gene essential for maintaining HSC function (Gazit et al.,
2013).

To assess the regulatory role of 5hmC during differentiation,
we compared 5hmC levels for each gene with previously re-
ported chromatin immunoprecipitation sequencing (ChlP-seq)
signals of histone modifications (Lara-Astiaso et al., 2014).
The distributions of 5hmC and histone modifications were
plotted +2 kb around annotated genes and sorted based on their
expression levels (Figure S2D). As expected, 5hmC is enriched in
the gene-body of highly expressed genes. In all cell types, there
is a positive correlation of gene-body 5ShmC with histone modifi-
cations that mark gene activation, especially for H3K4me1 (Fig-
ures S2D and S2E). We next probed the relationship between
5hmC distribution and chromatin accessibility detected by assay
for transposase-accessible chromatin (ATAC)-seq (Buenrostro
et al.,, 2013; Lara-Astiaso et al., 2014). We divided ATAC-seq
peaks into four groups based on signal intensity and found that
5hmC is depleted in the center of ATAC-seq peaks with high
chromatin accessibility, but enriched in ATAC-seq peaks with
lower signal intensity in all cell stages (Figure S3A). The distribu-
tion of H3K4me1 peaks showed similar patterns with depletion in
the center of ATAC-seq peaks, but not for other active histone
makers (Figure S3A). These observations are consistent with
previous findings that 5-formylcytosine (5fC) and 5-carboxylcy-
tosine (5caC), the further oxidized intermediates in active deme-
thylation, mark open chromatin sites (Lu et al., 2015a), whereas
5hmC tends to mark less active or “poised” chromatin elements
(Luetal., 2015a; Pastor et al., 2011; Yu et al., 2012) and enriches
around, but not on the transcription factor binding sites (Yu et al.,
2012).

Next, we studied the potential association between changes in
5hmC sites and in histone modifications during differentiation
(Figure S3B). We identified 21,791 regions that display differen-
tial 5hmC peaks across different differentiation stages. Clus-
tering of these regions by their dynamic 5hmC profiles revealed
four clusters. 5hmC sites in cluster | do not show noticeable
trends of 5hmC changes, nor correlation patterns to reported
histone modification differences. Gene set enrichment analysis
with the Genomic Regions Enrichment of Annotations Tool
(GREAT) (McLean et al., 2010) showed that genes associated
to these 5hmC sites had enriched for genes with a role inimmune
system development and related to abnormalities in hematopoi-
etic cell number and immune cell physiology (Figure S3C).
H3K4me1 and H3K4me2 signals show similar correlation pat-
terns with respect to differential 5hmC in clusters II-IV (Fig-
ure S3B). However, cluster |l comprises peaks with the highest
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5hmC level in LSK cells, which gradually reduces during differen-
tiation. GREAT annotation of these peaks showed association
with genes highly enriched for leukocyte differentiation. Cluster
Il comprises sites with increased 5hmC signals during differenti-
ation from CMP to MEP cells, and cluster IV contains sites with
gradually increasing 5hmC signals upon differentiation from
LSK to GMP cells, but with slightly reduced 5hmC signals in
MEP cells. Cluster Il sites are linked to genes essential for eryth-
rocyte differentiation and cluster IV sites are related to genes
whose knockout phenotypes exhibit defects in immune toler-
ance and acute inflammation (Figure S3C). Both clusters contain
regions that are pre-marked with relatively low levels of 5hmC in
the stem cell stage; however, the 5hmC level increases upon dif-
ferentiation to GMP or MEP cells, which is accompanied by the
appearances of H3K4me1 and H3K4me2 marks that were not
observed at the stem cell stage. These observations may sug-
gest that 5hmC precede H3K4me1/2 at these regions in the
chromatin activation process during HSC differentiation. In gen-
eral gene-body 5hmC changes correlate with histone mark
changes.

Previous studies have shown that enhancer dynamics during
hematopoiesis are critical for the differential access of transcrip-
tional factors that drive lineage specification (Lara-Astiaso et al.,
2014). Furthermore, studies in mESCs have suggested that the
establishment and maintenance of enhancer regions primarily
depend on TET-mediated active demethylation, and that the ac-
tivity of these enhancers correlates with the abundance of 5hmC
(Hon et al., 2014; Stadler et al., 2011). Analysis of genome-wide
data obtained by nano-hmC-Seal allowed us to observe that
85.6% (41,450/48,415) of predicated enhancers (Lara-Astiaso
et al., 2014), defined by enriched H3K4me1/2 histone modifica-
tion signatures, are co-localized with 5hmC peaks in hematopoi-
etic cells. We therefore hypothesized that dynamic changes in
lineage specific enhancers during hematopoiesis (particularly
those marked by H3K4me1; Figure S4A) are associated with cor-
responding changes in 5hmC. Indeed, 5hmC signatures at com-
mon enhancers are remarkably similar across all cell types,
whereas 5hmC signatures were gradually established in the
myeloid specific enhancers during myeloid transition from LSK
to GMP cells, but not in MEP cells (Figure 2D). Moreover,
5hmC is highly enriched in erythroid specific enhancers in MEP
cells, indicating a strong correlation of 5hmC distribution with
lineage commitment. Further analyses verified that 5hmC signals
detected in these cells are not enriched at enhancers specific for
T or NK cells (Figure 2D).

Nano-hmC-Seal Analysis of Murine Leukemia Stem

Cells with Tet2 Loss and FIt3'"® Mutation

After mapping 5hmC dynamics during normal hematopoiesis,
we next chose to focus our attention on AML, a disease marked
by recurrent mutations in epigenetic regulators. We therefore
applied nano-hmC-Seal to dissect how Tet2 loss, combined
with other known AML disease alleles, could potentially dysregu-
late 5hmC and contribute to leukemogenesis. To this end, we
generated global 5hmC maps of MPP and GMP isolated from
wild-type mice and T2F3 mice (a murine AML model harboring
Tet2 and FIt3'™® mutations; Shih et al., 2015). Of note, previous
studies have shown that MPP, but not GMP, from Tet2 and
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B Figure 3. Nano-hmC-Seal Reveals 5hmC
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(B) Venn diagram showing the overlap of detected
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FIt3'™° mice have leukemia stem cell (LSC) potential with the abil-
ity to serially transplant in vivo (Shih et al., 2015). Unsupervised
hierarchical clustering of a 5hmC-enriched region demonstrated
clear separation of leukemic T2F3 samples from wild-type (WT)
samples in both cell types (Figure 3A). To pinpoint specific loci
that display differential 5hmC profiles between leukemic sam-
ples and WT samples, we proceeded to identify and characterize
differentially hydroxymethylated regions (DhMRs). A total of
9,204 DhMRs were found in MPP and 5,008 DhMRs in GMP (Fig-
ures 3B and 3C).

We compared DhMRs in MPP with those identified in GMP
and found that the majority (>80%) of these DhMRs are not
shared between the two cell types, suggesting distinct 5hmC
deposition and maintenance in these two cell types isolated
from this AML model. Regions with 5hmC-loss and 5hmC-gain
in MPP and GMP were examined for enrichment in lineage spe-
cific enhancers. Regions with increased 5hmC in MPP were
found preferentially overlapping with the myeloid specific en-
hancers, while losses of 5hmC in MPP were enriched for the

with  5hmC changes, we performed
de novo motif analysis within these
DhMR regions. The most enriched recog-
nition motifs in loci with reduced 5hmC
matched the binding sites of known regu-
lators implicated in AML pathogenesis,
including GATA and MYB (Figure 3E). In
contrast, we detected a known PU.1
motif AGAGGAAGTG, p =1 x 107'%) in the regions that gained
5hmC (Figure S4B), supporting the notion that reciprocal antag-
onism between PU.1 and the GATA family is critical for the
myeloid lineage commitment in normal and malignant hemato-
poiesis (Walsh et al., 2002). Interestingly, we detected a PU.1:IRF
composite motif in the regions that gained 5hmC (Figure 3E).

We also observed an accumulation of 5hmC at the edge of
DNA methylation canyons, which is a recently reported epige-
netic feature of AML driven by mutations in epigenetic regulators
(Jeong et al., 2014). Although no significant variations of 5hmC
were noticed within the canyon, a decrease of 5hmC outside
the canyon boundary region was observed in AML samples
compared to the WT (Figure S4C), suggesting that the disruption
of 5hmC distribution in the leukemia model may affect the main-
tenance of methylation canyons.

To further confirm the functional influence of the observed
5hmC alternation, we performed RNA-seq of mRNA obtained
from the same cells. As expected, the alternation of 5hmC posi-
tively correlated with gene expression (Figure 4A). In MPP, we
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identified 366 differentially expressed genes that were associ-
ated with significant 5hmC changes. We performed gene
ontology analysis (GO) and found that these genes are enriched
in functions such as cell adhesion, inflammatory response, and
regulation of immune effector process (Figures 4B and 4C).
Consistent with the motif analysis, we also confirmed the down-
regulation of Gata1/Gata2 and upregulation of Irf8 (Figure 4D).
Together, these results highlight the utility of nano-hmC-Seal
as a sensitive tool to map 5hmC distribution and dynamic
methylation/demethylation in rare cell populations.

DISCUSSION

Several methods have been developed to map 5hmC genome
wide. Bisulfite-based approaches such as TAB-seq (Yu et al.,
2012) and oxBS-seq (Booth et al., 2012) provide the most
comprehensive and quantitative information because they are
able to detect 5hmC at single-base resolution. However, these
methods can be prohibitively expensive due to the requirement
for high sequencing coverage. The oxidation and bisulfite treat-
ments also lead to substantial degradation of genomic DNA,
which limits their utility to investigate systems with limited input
materials. By contrast, enrichment-based profiling methods
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m genomic DNA and can introduce
1.5 sequence biases. In addition, it cannot
be used to profile biological processes
or clinical samples where target cells or
input DNA exist in rare quantities and often are difficult-to-
obtain. We show here that nano-hmC-Seal, an approach based
on selective chemical labeling and capture, provides a highly
sensitive and robust method to profile 5hmC with a few nano-
grams of genomic DNA (~1,000 cells). We have demonstrated
the utility of this method in the study of HSC differentiation
from mouse models. Importantly, we show that the covalent la-
beling and pull-down technology could be widely applied to pro-
file 5hmC in sorted homogenous neurons and stem cells, clinical
biopsy samples, circulating tumor cells, and cell-free DNA. We
anticipate expansion of this approach into the study of dynamics
of 5mC with limited input DNA materials when combined with
Tet-mediated covalent labeling of 5mC (TAmC-seq) (Zhang
et al., 2013).

Because 5hmC serves as a potential indicator of active DNA
demethylation, a crucial mechanism commonly associated
with transcriptional activation, the distribution patterns of
5hmC not only provide a global view of gene activation, but
also uncover insight into the use of lineage/disease-specific en-
hancers and promoters. As such, differential 5hmC patterns
reflect the underlying gene expression patterns and the binding
activities of transcription factors at enhancer regions, especially
for pioneer factors. Our studies using nano-hmC-Seal in normal
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HSC and progenitor cells and in AML LSCs allowed us to define
multiple specific loci with dynamic changes in 5hmC patterns
that are enriched in enhancers and gene bodies with a known
or putative role in normal and malignant hematopoiesis and
which strongly correlate with differential gene expression. There-
fore, integrated states of 5hmC at enhancer and gene-body
regions in patients can potentially unravel the molecular mecha-
nisms that drive transformation from normal stem/progenitor
cells to different malignancies.

Our results reveal new insights of 5hmC dynamics during HSC
differentiation: (1) gene-associated 5hmC is positively correlated
with active histone modifications, in particular with H3K4me1/2
changes. The genes proximal to these regions are annotated
to blood cell functions including leukocyte/erythrocyte differen-
tiation and immunological disorders and (2) 5hmC peaks tend
to locate in genomic regions that are marked by less strong
ATAC-seq signal intensity and are depleted in the center of
ATAC-seq peaks that may mark high chromatin accessibility.
We identified regions with gain and loss of the Tet2-deficient
LSCs, indicating that the inactive mutation of Tet2 does not sim-
ply lead to loss of 5hmC, but instead drives a redistribution of this
modification (Madzo et al., 2014). In addition, we identified PU.1
motifs, a key factor required for the generation of myeloid and
lymphoid cells (Walsh et al., 2002), as significantly enriched at
sites with increased 5hmC. PU.1 is known to drive different
normal and pathogenic hematopoietic functions by co-binding
with various transcription factors including c-Jun, C/EBPA,
GATA1/2, and IRF4/8 (Gupta et al., 2009). The identification of
a significant PU.1:IRF (p = 1 x 107%2") motif discovered by
de novo motif analysis in these loci implies a specific PU.1
regulatory mechanism associated with active demethylation
and 5hmC distribution. It will be of interest to investigate whether
the PU.1/IRF complex has a functional role in leukemogenesis.
These observations also open an interesting question about
how the binding of PU.1, which was reported to physically
interact with TET2 (de la Rica et al.,, 2013), contributes to
5hmC redistribution induced by inactivation of TET2. One
possible explanation is that PU.1 might also interact with other
Tet proteins, thus leading to a unique genomic binding pattern
in the absence of TET2.

Our 5hmC profiling further showed that regions with loss of
5hmC in AML stem cells exhibit significant enrichment of binding
motifs for GATA factors, which are known to be mutated and
altered by translocations and differential expression in AML
(Groschel et al., 2014). This result underscores our previous
observation that LSCs have reduced expression of Gata2 in
the same AML mice models, and that restoration of Gata2
expression abrogates leukemogenesis in Tet2/FIt3-mutant
AML (Shih et al., 2015). Together, these findings suggest a
multi-layered epigenetic regulation of GATA factors by repres-
sing transcription initiation and silencing of downstream binding
sites. These studies demonstrate the utility of nano-hmC-Seal or
similar approaches based on covalent 5hmC labeling to probe
differential 5hmC in normal and pathologic disease states with
limited samples and provide a robust platform to assess 5hmC
localizations in tumor models and clinical samples in order to
identify target loci and biomarkers with biologic and therapeutic
relevance.

Limitations

This manuscript presents a robust and highly sensitive approach
(nano-hmC-Seal) for genome-wide profiling of 5hmC using rare
cell populations and limited input DNA. This sequencing method
is based on affinity purification that precludes locating 5hmC at
base resolution and measuring its absolute abundance at the
modification site; however, base-resolution methods could not
be used to study rare cell populations in their current forms. In
addition, the library complexity for nano-hmC-Seal reduces
when the DNA starting material is very limited (i.e., at picogram
level), which may affect the sensitivity to detect weak 5hmC sig-
nals. To address this limitation, we expect that our method could
be further adapted to employ an indexing-first strategy, which
would enable 5hmC profiling analysis from a lower number of
cells by allowing multiple barcoded samples to be pooled for
subsequent enrichment, purification, and library preparation
steps.

EXPERIMENTAL PROCEDURES

Nano-hmC-Seal Protocol

Genomic DNA is extracted from cells using Quick-gDNA MicroPrep (Zymo)
according to the manufacture’s instruction. Tagmentation reactions were per-
formed in a 50 pl solution with 1 x tagmentation buffer from Nextera DNA Sam-
ple Preparation Kit (FC-121-1031). The input DNA ranged from 5 ng to 50 ng.
Reactions were performed and purified according to the manufacturer’s in-
struction. In brief, the fragmentation reaction was performed in 50 pul solutions
containing 25 pl 2x tagmentation buffer, gDNA, and 0.5-5 x| Tagmentase, at
55°C for 5 min. The fragmented DNA was eluted into 17.5 pl ddH,0. The glu-
cosylation reactions were performed in a 20 pl solution containing 50 mM
HEPES buffer (pH 8.0), 25 mM MgCI2, purified DNA, 100 uM N3-UDP-Gic,
and 1 uM BGT, at 37°C for 1 hr. After the reaction, 2 ul DBCO-PEG4-DBCO
(Click Chemistry Tools, 20 mM stock in DMSO) was added to the reaction
mixture, and the mixture was incubated at 37°C for 2 hr. Next, the modified
DNA was purified by a Micro Bio-Spin 30 Column (Bio-Rad). The purified
DNA was incubated with 5 pul C1 Streptavidin beads (Life Technologies)
in 2x buffer (1x buffer: 5 mM Tris [pH 7.5], 0.5 mM EDTA, and 1 M NaCl)
for 15 min according to the manufacture’s instruction. The beads were
subsequently undergone six 5 min washes with 1x buffer. All binding
and washing were done at room temperature with gentle rotation. The
captured DNA fragments were amplified with 12-17 cycles of PCR amplifica-
tion using the enzyme mix supplied in the Nextera kit. The PCR products
were purified using AMPure XP beads according to the manufacture’s
instruction. Separate input libraries were made by direct PCR from fragmented
DNA without labeling and capture according to the manufacture’s instruction
in the Nextera kit. DNA concentration of each library was measured with a
Qubit fluorometer (Life Technologies). Sequencing was performed on the
HiSeq instrument.

Cell Culture

mESCs were cultured in feeder-free gelatin-coated plates in Dulbecco’s
modified Eagle medium (DMEM) (Invitrogen Cat. No. 11995) supplemented
with 15% fetal bovine serum (FBS) (Gibco), 2 mM L-glutamine (Gibco),
0.1 mM 2-mercaptoethanol (Sigma), 1Xx nonessential amino acids (Gibco),
1,000 units/ml LIF (Millipore Cat. No. ESG1107), 1x pen/strep (Gibco), 3 mM
CHIR99021 (Stemgent), and 1 mM PD0325901 (Stemgent). Half of the medium
was changed every day for 5 days before harvesting mEBs by sedimentation.

Isolation of Hematopoietic Progenitor Cells

Mouse strains, antibody staining, and FACS protocol were as previously
described (Shih et al., 2015). Briefly, leg and arm bones were isolated
from mice and bone marrow was isolated by centrifugation at 6,000 rcf for
1 min. Cells were then lysed in ACK lysis buffer. Stem cell enrichment was per-
formed using the Progenitor Cell Enrichment Kit (STEMCELL Technologies).
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Antibodies used for flow cytometry were as follows: (anti-mouse) Gr1 (Ly6G),
B220 (RA3-682), CD34 (RAM34), CD16/32 (93) Sca-1 (D7), cKit (2B8), Mac-1
(CD11b) (M1/70), NK1.1 (PK136), Ter119 (Ter119,553673), CD3 (145-
2C11), CD150 (TC-15-12F2.2), and CD48 (HM48-1) from BioLegend and
eBioscience. The “lineage cocktail” included CD3, Gr-1, Mac-1 (CD11b),
NK1.1, B220, and Terr-119. FACS was performed on a BD FACSAria sorter.
DNA and RNA were isolated using the AllPrep DNA/RNA Mini Kit from
QIAGEN.

All animal procedures were conducted in accordance with the Guidelines for
the Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committees at Memorial Sloan Kettering Cancer Center.

RNA-Seq and Analysis

RNA-seq libraries were constructed by TrueSeq Stranded mRNA Sample
Preparation Kit (lllumina). The reaction was performed according to the man-
ufacture’s instruction.

Sequencing reads were aligned to mm9 genome by STAR (Dobin et al.,
2018). Count matrices were generated by summarizeOverlaps functionality
from R package GenomicAlignments (Lawrence et al., 2013). Differential
expression analysis was performed by R package DESeq?2 (Love et al., 2014).

Data Processing and Analysis

Illumina reads were post-processed and aligned to the mouse mm9 assembly
using the bowtie program with default parameters. To visualize sequencing sig-
nals in the genome browser, we generated bedGraph files with HOMER (Heinz
et al., 2010). deepTools (Ramirez et al., 2014) software was used to plot the
heatmap of signal distribution, perform K-means clustering, and calculate
genome-wide correlations (2,000-bp tiling regions). The identification of
5hmC-enriched regions (peaks) in each sample was performed using MACS
(Feng et al., 2012). Peaks that were detected by all replicates were considered
as high confident peaks. Peaks from all samples were combined into one unified
catalog for each study separately by “mergePeak” functionality from HOMER
(Heinz et al., 2010). Potential library complexity was determined by using the
PreSeq (Daley and Smith, 2013) package with extrapolate function. To show
the correlation between Nano-hmC-Seal and standard hmC-Seal in mESC (or
between replicates), tag counts in merged high-confident peaks were calcu-
lated by HOMER. The log, transform values were then used to generate scatter-
plots and calculate the Pearson correlation. The data set of standard hmC-Seal
using bulk mESCs was obtained from a previously published study (Song et al.,
2013). The fractions of reads in high density 5hmC clusters were calculated as a
measure of specific enrichment. High density 5hmC cluster were regions
that contained at least five TAB-Seq detected 5hmCs, each within 200 bp of
each other. To detect 5hmC-containing CGls from an ox-RRBS data set,
R package methylKit (Akalin et al., 2012) was used for analysis.

To assess overall difference between samples, we calculated the Euclidean
distance based on rlog-transformed 5hmC signals and visualized the distance
in a heatmap figure by using an R package “pheatmap”. To detect the geno-
type-specific DhMR or genes, the Bioconductor DESeq2 packages was used
for analysis. Functional annotation of DhMRs was obtained with GREAT
(McLean et al., 2010). To detect DMR from an RRBS data set, R package
methylKit (Akalin et al., 2012) was used for analysis. The HOMER software
was used to perform de novo motif analysis at +500bp around DhMR. GO
term analyses were performed by DAVID (Huang et al., 2009) and visualized
as functional gene network by FGNet (Aibar et al., 2015).

Definition of Lineage Specific Enhancer Subgroups

The genomic locations of 48,415 enhancers identified across 16 stages of he-
matopoietic differentiation were previously defined (Lara-Astiaso et al., 2014).
To be consistent with previous studies, these enhancers were further grouped
into nine major clusters based on log-transformed H3K4me1 level using
K-means cluster, as described before (Lara-Astiaso et al., 2014). R package
pheatmap were used to generate Figure 4D.

External Data

TAB-Seq data sets were derived from Yu et al. (2012). The mESC ox-RRBS
data sets were derived from Booth et al. (2012). RRBS data sets for MEP
and GMP cells were derived from Bock et al. (2012). ATAC-seq and histone
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modification ChlP-seq of H3K4me1/2/3 and H3K27ac data sets were derived
from Lara-Astiaso et al. (2014).

ACCESSION NUMBERS

The accession number for the sequencing data reported in this article is NCBI
GEO: GSE77967.
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be found with this article online at http://dx.doi.org/10.1016/j.molcel.2016.
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