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5-Hydroxymethylcytosine (5hmC) arises from the oxidation of 5-methylcytosine (5mC) by Fe?* and 2-
oxoglutarate-dependent 1011 translocation (TET) family proteins. Substantial levels of 5hmC accumulate in
many mammalian tissues, especially in neurons and embryonic stem cells, suggesting a potential active role for
5hmC in epigenetic regulation beyond being simply an intermediate of active DNA demethylation. 5mC and
5hmC undergo dynamic changes during embryogenesis, neurogenesis, hematopoietic development, and
oncogenesis. While methods have been developed to map 5hmC, more efficient approaches to detect 5hmC at
base resolution are still highly desirable. Herein, we present a new method, Jump-seq, to capture and amplify
5hmC in genomic DNA. The principle of this method is to label 5hmC by the 6-N3-glucose moiety and connect a
hairpin DNA oligonucleotide carrying an alkyne group to the azide-modified 5hmC via Huisgen cycloaddition
(click) chemistry. Primer extension starts from the hairpin motif to the modified 5hmC site and then continues to
“land” on genomic DNA. 5hmC sites are inferred from genomic DNA sequences immediately spanning the 5-
prime junction. This technology was validated, and its utility in 5hmC identification was confirmed.

The oxidative derivative of 5-methylcytosine (5mC) catalyzed by 10-11 translocation (TET) enzymes,(1-4) 5-
hydroxymethylcytosine (5hmC), is an oxidative intermediate in TET-mediated oxidation, but it may also have
functional roles itself.(5-9) We and others have developed different methods for 5hmC mapping.(10-15) For
instance, TAB-seq(14) can detect 5hmC at base resolution but requires a relatively high DNA input (hundreds of
ng) and highly active TET enzymes. A selective chemical-labeling method of 5hmC (5hmC-Seal)(16) maps 5hmC
in a more cost-effective way with much less starting material. Briefly, a modified glucose moiety (6-N3-glucose)
is transferred to the hydroxyl group of 5hmC by T4 bacteriophage B-glucosyltransferase (B-GT), forming 6-N3-B-
glucosyl-5hmC (N3-5gmC). Utilizing Huisgen cycloaddition (click) chemistry,(17) a biotin tag is then coupled to
the azide group on the glucose of N3-5gmC for selective, sensitive, and unbiased pull-down of 5hmC-containing
DNA.(16) By introducing a library construction strategy using engineered Tn5 transposase, we improved the
detection limit to 1000 cells (5hmC Nano-Seal).(18) However, these methods lack base resolution precision.
Building on these existing technologies, we present a new strategy, named Jump-seq, for 5hmC sequencing at
nearly base resolution without sequencing the entire genome.

The new strategy takes advantage of the selective chemical labeling of 5hmC along with highly efficient
transposase-based DNA fragmentation and adaptor tagmentation.(19,20) The procedure is outlined in Figure 1.
(1) Genomic DNA is fragmented and tagged by biotin-P7 adapter sequence. (2) 5hmC in genomic DNA is then
labeled with a modified azide-glucose using B-GT-mediated selective chemical labeling. (3) A hairpin DNA
oligonucleotide, with a P5 adapter sequence and a unique sequence carrying an alkyne group, is covalently
connected to the azide-modified 5hmC, and the loop part carries three deoxyribose uracils by design. (4) Primer
extension starts from the hairpin DNA attached to 5hmC as indicated. Primer extension from the hairpin motif
extends to the modified 5hmC site and continues to “land” on surrounding genomic DNA, eventually reaching
the P7 adapter installed by transposase. The dU linker in the hairpin motif tethered to 5hmC is cleaved by USER
enzyme (NEB). Extension products with P5 and P7 adapters are subsequently amplified and sequenced. (5)
5hmC single sites are inferred from the juncture connecting the hairpin sequence and any genomic DNA
sequence.



~300 bp
— P5
. 3 — ﬁ osco P
- biotiny = genomic DNA _
ransposase - PT —_ -ODP“- th 3 dl “"\ Jumgp-probe

= PT complementary

transpesome cut genomic DMNA and paste PT DA tagged with biotin-PT ShivCimC labeling and crosshink

. 5 landing

nonspecific adhesion +

— H
ﬁ @ é = A acilon é G site mapping fo SmC/ShmC site

3' landing . Usar enzyme

— 1
» slraptavidin beads —-..:E_j =} g gﬁl i\
Dpolymerase S0 5 38 s
=— pew strand growth Distance of landing site to ShmC
pull down and wash primer extension new strand release Nexdt-Generation Sequencing

Figure 1. Jump-seq strategy. Genomic DNA is fragmented and tagged with a biotin-P7 adapter by transposase
followed by 5hmC labeling with an azide-modified glucose using B-GT. A hairpin DNA (with P5 adapter) carrying
an alkyne is added covalently to the modified glucose. After primer extension from the hairpin and cleavage
from the tethered hairpin, the newly synthesized strand is subjected to library construction and sequencing.
5hmC single site location is inferred from the polymerases “landing” site pattern that connects the hairpin
sequence and any genomic DNA sequence.

We used several spike-in DNA sequences (Table S1) to confirm the specificity and sensitivity of Jump-seq by
high-throughput sequencing. The distribution of reads generated from spike-in sequences with one or two
5hmCpG sites suggested a jump pattern that peaked at the true 5hmC site, and jump distance was typically
small (less than 10 bp) (Figure 2a,b). For multiple 5hmC sites, if two 5hmC sites are too close, the landing site
pattern could influence each other. However, our previous TAB-seq results(14) suggested that the majority of
5hmC sites in mouse and human genomes are at least four base pairs away from each other. To calculate the
enrichment efficiency, oligos with 72 unmodified CpG sites were combined with a spike-in oligo containing one
5hmCpG site and subjected to 5hmC Jump-seq. 5hmC enrichment was calculated as follows: (5hmC spike-in
hmCpG site mapped reads/total hmCpG site number)/(negative background CpG site mapped reads/total CpG
site number). The enrichment fold was (22/1)/(0.78/(72)) = 2030.8 (Figure 2c), demonstrating that the Jump-seq
signal is enriched 2000-fold at a 5hmC site compared to an unmodified CpG site. To evaluate “jump”
effectiveness, the following gradient of 5ShmC-modified spike-in was added into 48 ng of mES genomic DNA: 0%,
1%, 5%, 10%, 25%, 50%, 75%, and 100%. The read count of 5hmC Jump-seq was linearly correlated with the
5hmC amount (R? = 0.94), supporting the Jump-seq strategy as a powerful 5hmC semiquantitative tool
(Figure 2d).
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Figure 2. Method validation with spike-in DNA models. Jump-seq shows a nearly base resolution DNA

polymerase landing pattern for (a) spike-in with one 5hmC site and (b) spike-in with two 5hmC sites; the y-axis
represents reads coverage. (c) The number of reads (in million on y-axis) at 5ShmC in spike-in (red) or unmodified
Cin background DNA fragments (blue) are shown, and total CpG sites are shown in brackets. (d) The fitted
regression line is shown for the fold change of number of reads (point) at different 5ShmC proportions in the
spike-in.

We next sought to create a nearly base resolution map of 5hmC in the whole genome of mESCs with Jump-seq
and to compare these data sets with the “gold-standard” base resolution 5hmC maps generated by TAB-seq. We
performed Jump-seq on genomic DNA isolated from 400 (2.4 ng), 1000 (6 ng), 2000 (12 ng), 4000 (24 ng), and
8000 (48 ng) mESCs (Figure S2). These results confirmed that this method reveals the locations of 5hmC at
nearly base resolution. We observed a unique pattern of primer extension on genomic DNA sequence: “landing”
sites of DNA polymerases were distributed around the examined 5hmC sites obtained from TAB-seq, and a
“valley” was overlaid on top of the 5hmC sites (Figure S2). A mechanistic explanation for the formation of this
“valley” is based on behavior of the polymerases encountering the “gap” (composed of azide glucose and a
DBCO linker) between the unique DNA sequence attached to 5hmC and genomic DNA. Polymerases may
overcome the obstacle and jump to genomic DNA to continue extension with high efficiency. During this “jump”,
some polymerases land 1-10 bases 5’ ahead of the 5hmC site, while others slide back to the genomic strand (1—
10 bases toward the 3’) and then extend to the 5’ direction on the genomic template. Less frequently,
polymerases may land exactly on the modified 5hmcC sites, thus forming a “valley” at the exact 5hmCsite. In
addition, as double-stranded DNA strands are denatured before jump-probe connection, and “click-based”
cross-linking is efficient and unbiased, Jump-seq can reveal the accurate positions of 5hmCs on the Watson and
Crick strands of fully hydroxymethylated 5hmCpGs (Figure S3), demonstrating accuracy at nearly the single-base
level.

5hmC Jump-seq signals mainly existed in CG dinucleotide contexts (Figure 3b) and showed significant
enrichment at enhancers and exons (Figure 3a), which is consistent with a previous study.(14) High correlations
(r>0.9) of 5hmC Jump-seq data were observed among replicates at all levels of starting DNA amount (Figure
S4). To further validate the new method, we calculated the overlap of mESC 5hmC peaks identified by Jump-seq
with published 5hmC-Seal and TAB-seq data (Figure 3c,d). Jump-seq 5hmC peaks showed enrichment of
recovered 5hmC sites overlapped by 5hmC-Seal and TAB-seq at all starting DNA levels (Figure 3c,d). 5hmC sites
identified by 5hmC Jump-seq data recovered more than 90% 5hmC-Seal 5hmC peaks and approximately 40%



TAB-seq 5hmC peaks (Figure 3e), demonstrating high sensitivity. Of note, we called Jump-seq peaks using the 20
bp window. While TAB-seq reveals high-resolution sites (several million single sites in the mammalian genome),
5hmC-Seal peaks are broad and low-resolution (about 50 thousand). Therefore, more overlap between 5hmC-
Seal peaks and Jump-seq peaks is expected. Jump-seq 5hmC signals overlapped well with 5hmC-Seal peaks
(Figure 3f,g). Jump-seq results performed on mouse ESC genomic DNA showed a base resolution “valley”
overlaid on top of the 5hmC sites identified by TAB-seq, proving its accuracy and high resolution (Figure 3h,i).

= TS paaks
= Fancom windows
= Manc-iaal praks
= TAS-50q poaks

B2.72%

HK2T 8

CTCF

A%

Ennighmant

= I

el
IUTR
| SUTR
1Promoler
1 vy
btz
>’q
Eensitiety
0002040608 1012
e

L1} Marceseal TAD=meq
hils Jump-seq

_— =]
32 £
& =
g g
e o
1 £:
k- :H
a9 =]
= o E =l
o aHe
AT00824 8 12 24 lng 05 24 6 12 24 d8rg
mMES ShinG: Jump-seq pesks mES Shmi Jusmgseg poaks
& :
- B e
] 0,803 . : F=0,778 .
4. . M I
B o AR
;H s -_.._ E" " j,"
5 C
= - S5 s it
5 1 4 B - 1 2 4 &
ShmC—-Seal 50 ng mES gDNA ShmC-Seal 1000 cells
x "]:'Shnu: bk Sibis Bed ars sirand x 18° Shen: prinus Sites and plus. steand
4 4
(g! r3
2 it
1 1
=i -50 0 50 100 =100 =50 0 50 100
et poRson

Drutancs of landireg e b Shmd
Figure 3. Jump-seq strategy validation. Bam files of 12 replicates of 48 ng 5hmC Jump-seq data were combined

to test enrichment and sensitivity. (a) 5hmC signal enrichment at different genomic regions. (b) 5ShmC motif.
Proportion of 5hmC Jump-seq peaks (red bar) overlapping with 5hmC peaks of (c) 5hmC-Seal and (d) TAB-seq.
For each Jump-seq result, the same number of randomly chosen 1 kb windows (blue bar) were compared with
5hmC-Seal and TAB-seq. (e) Sensitivity of Jump-seq as evaluated using previously identified 5hmC sites in TAB-
seq. “Enriched” peak windows of 20 bp at FDR 0.05 were called to estimate the proportion of 5ShmC-Seal or TAB-
seq 5hmC peaks recovered by Jump-seq 5hmC peaks. (f, g) Correlation density plot of 5hmC signal between
5hmC Jump-seq and 5hmC-Seal data. Values of x- and y-axes represent centered and standardized read counts
following square-root transformation. (h, i) Read distribution of the Jump-seq strategy. Jump-seq 5hmcC sites
were overlaid on TAB-seq 5hmC sites. Because the Jump-seq strategy has a complementary strand synthesis
step, reads mapped on the plus stand represent the 5hmC sites in the minus strand and vice versa.

The present study reported a cost-effective Jump-seq method to achieve bisulfite-free, nearly base resolution
sequencing of 5hmC at the whole genome scale. Of note, a similar cross-linking and primer extension strategy,
named TOP-seq,(21) has been reported to selectively tag the unmethylated CG sites in the genome with 50-500



ng of genomic DNA to infer the methylation state. The Jump-seq strategy excels in directly amplifying 5ShmC sites
with less than 50 ng of DNA input. With 24 ng of genomic DNA (4000 cells) or more, Jump-seq achieved nearly
base resolution 5hmC mapping with modest sequencing depth (about 1/30 that of TAB-seq). The linear
correlation between Jump-seq read count and 5hmC amount indicated that it is a useful semiquantitative
method for assessing 5hmC levels (Figure 2e). Jump-seq is also compatible with locus-specific 5ShmC detection
and quantification. By choosing suitable locus-specific primers, Jump-seq could be readily integrated with locus-
specific qPCR and microarray for broader clinical utility. Lastly, the tethering of DNA or modifications for lineal
amplification provides a strategy that could be broadly applied in detecting other nucleic acid modifications.
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