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ABSTRACT: S-Hydroxymethyluracil (ShmU) is found in the
genomes of a diverse range of organisms as another kind of S-
hydroxymethylpyrimidine, with the exception of S-hydroxymethylcy-
tosine (ShmC). The biological function of ShmU has not been well
explored due to lacking both specific ShmU recognition and single-
cell analysis methods. Here we report differentiated visualization of
single-cell ShmU and ShmC with microfluidic hydrogel encoding
(scShmU/ShmC-microgel). Single cells and their genomic DNA after
cell lysis can be encapsulated in individual agarose microgels. The
ShmU sites are then specifically labeled with thiophosphate for the
first time, followed by labeling ShmC with azide glucose. These
labeled bases are each encoded into respective DNA barcode primers
by chemical cross-linking. In situ amplification is triggered for single-
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molecule fluorescence visualization of single-cell ShmU and ShmC. On the basis of the scShmU/ShmC-microgel, we reveal cell type-
specific molecular signatures of these two bases with remarkable single-cell heterogeneity. Utilizing machine learning algorithms to
decode four-dimensional signatures of ShmU/ShmC, we visualize the discrimination of nontumorigenic, carcinoma and highly
invasive breast cell lines. This strategy provides a new route to analyze and decode single-cell DNA epigenetic modifications.

B INTRODUCTION

Genomes contain chemically modified DNA bases besides the
four canonical ones. These modified bases can be generated by
endogenous enzymes or exogenous factors.' They have the
potential to profoundly influence genome function and cellular
processes.’> Many modified DNA bases have been discovered.
The best-known ones in mammalian genomes are S-
methylcytosine (SmC, methylation of cytosine at the S-
position) and its oxidized derivatives S-hydroxymethylcytosine
(5$hmC), S-formylcytosine (SfC), and S-carboxycytosine
(5caC). These epigenetic marks have been well demonstrated
to play important roles in regulating gene expression.” * Yet,
thymine modifications and their biological function remain
largely elusive. S-Hydroxymethyluracil (ShmU) is a thymine
derivative identified in the genomes of diverse organisms.
Direct incorporation of ShmU into DNA during the replication
is well-known in bacteriophage. In mammals, ShmU is formed
through postreplication processing mechanisms including
thymine hydroxylation by ten-11 translocation (TET) enzymes
or reactive oxygen species (ROS) and ShmC deamination.””""
The majority of ShmU in mES cells is generated by TET
enzymes and very little through ShmC deamination or ROS
pathway.9 Thus, matched ShmU:A rather than mismatched
ShmU:G is the major existing form of ShmU in the
mammalian genome. The levels of modified bases in genomic
DNA vary by many factors such as cell or tissue types and
disease states of an organism. Unfortunately, ShmU has been
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found to comprise a very little fraction of all thymine residues,
for example ppm level in mES cells.”'>"* 1t challenges the
reliable analysis of ShmU especially in single cells, and the
structural similarity between ShmU and ShmC also impedes
the discrimination of these modifications.

Recently, two chemical methods have been reported to
detect genomic ShmU via transforming ShmU to SfU by
chemical oxidation. One of both induced T-to-C base change
by forming S5fU: G base pairing during the polymerase
extension reaction.'” Yet, the proportion of such base change
is lower than 40% even under optimized conditions, and it is
not able to label ShmU with functional tags. The other method
labeled the resulting SfU with biotin by (+)- blotmamldeohex—
anoic acid hydrazide, followed by enrichment.” It achieved
genome-wide analysis of ShmU in SfU-absent eukaryote
parasite Leishmania with submicrogram DNA input (equiv-
alent to genome of millions of cells). Nevertheless, this
hydrazine reagent also presents high reactivity to other
aldehyde bearing components existing in genomic DNA,
especially SfC and abasic sites. Besides chemical method,
enzymatic recognition provides another choice to resolve
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modified DNA bases. We have demonstrated human single-
strand selective monofunctional uracil DNA glycosylase
(hSMUGL) to excise and release uracil from damage DNA
in living cells.">'® As we know, hSMUGI also catalyzes the
hydrolysis of ShmU and SfU substrates. We may recognize
ShmU in SfU absent genomic DNA prior to excising uracil by
E. coli UDG,"” yet it is not appropriate for the mammalian
genomes. T4 phage f-glucosyltransferase (f-GT) has been
used to label and analyze ShmC in genomic DNA.>”%'® It
transfers an azide-glucose moiety to ShmC:G in double-
stranded (ds) DNA. As ShmU and ShmC are structurally
similar, f-GT has been found to label ShmU residues at
mismatched ShmU:G sites.'” However, the matched ShmU:A
is not an active substrate for #-GT. In addition, these existing
methods required large amounts of DNA materials. Therefore,
the specific ShmU recognition and single-cell analysis of
ShmU/ShmC remain challenging.

Droplet microfluidics offers a promising platform for the
manipulation and analysis of single cells. It uses immiscible
multiphase flows to generate monodisperse droplets as
individual compartmentalized microreactors that contain single
cells and reagents.””~** Thousands of droplets can be formed
within one second, which enables high-throughput single-cell
analysis to reveal cell heterogeneity of large populations.”*°
Due to these intrinsic superiorities, various droplet systems
have been reported for the capture, culture, sorting, or/and
detection of single cells.”’~*° For example, single-cell or single-
molecule DNA and RNA analysis have been well achieved by
introducing DNA amplification in microfluidic droplets or
hydrogel droplets.””™>* The reaction in picoliter droplets
significantly improved the amplification and analysis perform-

3936 Unfortunately, these existing strategies are not
capable of detecting modified bases in single cells. Developing
microfluidic single-cell ShmU/ShmC specific analysis method
is an urgent demand.

Herein, we report single-cell ShmU and ShmC differentiated
visualization in microfluidic hydrogel droplets, termed
scShmU/ShmC-microgel. We report the specific ShmU
recognition and labeling against its analogues including
ShmC, 5fU and SfC for the first time. In brief, ShmU in
dsDNA is labeled with a thiophosphate group as 5-
thiophosphomethyluracil (SpsmU) by ShmU DNA kinase
(5-HMUDK) from Pseudomonas aeruginosa bacteriophage M.
We demonstrate that adenosine-S-O-thiotriphosphate (ATP-y-
S) can be utilized as the phosphate donor by S-HMUDK. The
sulthydryl group of SpsmU allows routine chemical cross-
linking for downstream applications. In the scShmU/ShmC-
microgel (Scheme 1), individual cells are encapsulated in
picoliter droplets containing low gelling temperature agarose.
After microgel formation, emulsion break, and cell lysis, the
genomic DNA has been still trapped in the microgels,
providing a compartmentalized environment for single-cell
analysis. Subsequently, ShmU and ShmC are successively
labeled with thiophosphate and azide glucose. These labeled
bases are converted into 5’ maleimide or dibenzocyclooctyne
(DBCO) modified DNA barcode primers by chemical cross-
linking. In situ amplification and hybridization of fluorescence
probes are then performed for single-molecule visualization of
these bases. Their molecular signatures in microgels are
encoded into the information on fluorescence intensity and
spot count. We further reveal cell type-specific abundance,
number, and even distribution features of ShmU and ShmC.
We also visualize the classification of nontumorigenic,
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Scheme 1. Design and Workflow of scShmU/ShmC-
Microgel Visualizing Single-Cell ShmU and ShmC
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carcinoma, and highly invasive breast cell lines using machine
learning algorithms to decode four-dimensional signatures of
these two bases for the first time.

B RESULTS

Specific 5hmU Recognition and Labeling. We first
demonstrated T4 p-GT efficiently transferred azide glucose
groups to ShmU:G instead of ShmU:A in model dsDNA. The
dsDNA samples were first degraded to nucleosides by nuclease
and phosphatase after labeling reaction. As shown in Figures
1A and S1 of the Supporting Information, SI, negligible
glycosylated ShmU nucleoside is detected in the sample of
ShmU:A-containing dsDNA by liquid chromatography
coupled to tandem mass spectrometry (LC—MS/MS). In
contrast, remarkable glycosylated nucleosides were observed in
both ShmU:G and ShmC:G samples. T4 S-GT recognizes
mismatched ShmU:G rather than matched ShmU:A probably
depending on the binding of G base. Then we investigated
whether S-HMUDK utilized ATP-y-S to thiophosphorylate
ShmU residue in dsDNA. The dsDNA oligos containing
recognition sequence (5-CCAXGG-3/, X = T, U, hmU, and
fU) for restrict endonuclease Ncol is prepared as the substrate
for S-HMUDK. Ncol can cleave this dsDNA with X:A rather
than SpsmU:A in the recognition sequence (Figures 1B and
S2). DNA melting curve is used to detect dsDNA break, and
the ShmU:A sample with ATP-y-S treatment blocks DNA
break catalyzed by Ncol. Thus, ATP-y-S is verified to
thiophosphorylate ShmU:A by S-HMUDK.

Subsequently, the recognition of ShmU:G and discrim-
ination of ShmU from analogues such as ShmC by S-HMUDK
are studied with ATP-y-S as the phosphate donor. We design
seven dsDNA substrates each containing different base pair
(5hmU:A, ShmU:G, ShmC:G, SfC:G, SfU:A, U:A or T:A)
sites. After the thiophosphorylation reaction, a sulfthydryl-
reactive iodoacetyl reagent is added to react with the sulfhydryl
of thiophosphate groups. After DNA purification, the samples
were treated with nuclease and phosphatase. The resulting
nucleosides were detected by LC—MS/MS. Both ShmU:A and
ShmU:G were thiophosphorylated and further labeled with the
iodoacetyl reagent, while others are not the active substrate for
S-HMUDK (Figures 1B, S3, and S4). Notably, labeling SpsmU
with iodoacetyl reagents here is to prevent SpsmU
dephosphorylation by phosphatase before LC—MS/MS
analysis. Other routine sulthydryl-reactive reagents such as
maleimides can also react with SpsmU. Therefore, we
demonstrated the specific recognition and labeling of ShmU
against many analogues such as ShmC and 5fU for the first

https://dx.doi.org/10.1021/jacs.9b11393
J. Am. Chem. Soc. 2020, 142, 2889—2896


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11393/suppl_file/ja9b11393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11393/suppl_file/ja9b11393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11393/suppl_file/ja9b11393_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11393/suppl_file/ja9b11393_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11393?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b11393?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b11393?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
A 5hmU:G or Sth:Gﬁ ; /“ﬁé T4 B-GT ” 5hmU:G and 5hmC:G
S5hmU:A TRy > i
5 ‘\E"‘% UDP-6-azide-glucose 4 glycosylation
5hmC:G - A 443.15466
ShmUAG N3-5gm\U I\? e 44414288 N3-5gmU N3-5gmC
4] shmuiA Ns N
3 OH OH O\‘KL OH on 2
NH N
U IC
NAO N/&O

—

Intensity (xlO4 counts)
(%)

L |

445.14561

(=]
(=]

0.5 1 1.5 440
Retention time (min)

B 209090 5-HMUDK + ATP-y-S

460
Observed mass [m/z]

430 440
Observed mass [m/z]

480 450

SH-reactive reagents

Base pairs » Thiophosphorylation? » Specific 5ShmU labeling
o
1l .
5- Hs’ggo\(‘)r NOT 1.0 ] A TA  ShmUA 490.10369  Modified ShmU
0 U:A  5hmU:G o o
-1 0.4
41 -ua — 5hmU:A g0 SfUA - ShmC:G i P
O —5fU:A 2 \[r\s/ |0 NH
53] —T:A NOT YES (SpsmU)  © 5fC:G i o lu /l\\
Z (=) N Yo
= : break) Block cut — / HO
o)
221 0.2 , o
% 2 Modified 5ShmU
1 w
11 8 l 49110010 HO  H
04 = A [ 492.10708
. ' ' ] 0 1 T
40 50 60 70 80 0 0.5 1 1.5 490 495 500

Temperature (°C)

Retention time (min)

Observed mass [m/z]

Figure 1. Specific recognition and labeling of ShmU by S-HMUDK and SH-reactive reagents. (A) LC—MS characterization of the nucleoside
products in labeling reactions with model DNA by T4 B-GT. Left panel, chromatograms of nucleosides; middle panel, the mass spectrum of N;-
SgmU (calculated mass of [CsH,,NO,o]™ = 444.13722, found: 444.14288); right panel, the mass spectrum of N3-SgmC (calculated mass of
[C16Hy3NgOy]™ = 443.15320, found: 443.15466). The complex of purple protein and yellow DNA indicates DNA-bound T4 f-GT. (B)
Characterization of the products in labeling reactions with model DNA by S-HMUDK and SH-reactive reagents. Left panel, melting curves of DNA
samples cut by restrict endonuclease Ncol; middle panel, chromatograms of nucleosides; and right panel, the mass spectrum of modified ShmU
(calculated mass of [C;3H,sN3;04PS]™ = 490.10546, found: 490.10369).

time. It settles the differentiated analysis of S-hydroxymethyl-
pyrimidines (ShmU and ShmC) in the same genomic DNA
sample and even single cells.

Single-Cell 5hmU Visualization in Microfluidic Hydro-
gel Droplets. To obtain single cells and label the ShmU for
amplified analysis, they should be physically compartmental-
ized and isolated. Here we used a two stream coflow droplet
chip to encapsulate single cells in agarose microgels. In this
device, the cell suspension stream is merged with the molten
agarose stream. Under our conditions, about 97% of positive
droplets contain individual cell (Figures 2A and S$), although
more than 80% of droplets were negative (empty, no cells).
The cell loading distribution into droplets or microgels is well
consistent with the Poisson distribution. After agarose cooling
and gelling, the microgels in oil phase were transferred to the
water phase. After cell lysis and washing, we then stained the
microgels with SYBR green dye, and verified the genomic
DNA remained encased in the microgels after several times of
washing and purification in 4 days (Figure S6). DNA leakage
and cross-contamination between microgels were not
observed. As we know, the pore size of 1.5% agarose is
about 130 nm that limits the diffusion of genomic fragments
more than tens of kb in molecular weight.””** These merits
allow us to label, amplify, and visualize single-cell ShmU
successively.
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For the ShmU labeling reaction, the microgels were
incubated with S-HMUDK and ATP-y-S. To introduce DNA
amplification, the newly generated SpsmU was reacted with 5’
chemically modified DNA primer. This primer can induce
rolling circle amplification (RCA), producing a long single-
stranded DNA concatemer. This RCA product (RCP)
contains hundreds of a periodically repeated sequence,
allowing the capture of many molecules of fluorescence
probe for signal amplification. Thus, the RCP can be visualized
as a bright fluorescence spot (Figure 2B). The number of
ShmU sites in single cells may be roughly assessed by counting
the spots in the micorgels. We observed higher fluorescence
intensity (yellow, including lots of spots) in RCA-treated
micorgels compared to those without RCA. In order to validate
the assay specificity, negative experiments and blank controls
(empty microgel, no cell) were also performed. Among them,
two ShmU-deficiency samples are prepared by the treatment of
hSMUGI1 or nuclease prior to the thiophosphorylation
reaction. And another negative experiment lacks S-HMUDK.
We observed negligible nonspecific labeling or adsorption
background fluorescence in these control samples. Both the
fluorescence intensity and spot count in the microgels of
positive sample are very much higher than those of all negative
controls. These results verified the assay specificity of ShmU by
our method in single-cell samples.
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Figure 2. Single-cell ShmU analysis in microgels. (A) Characterization of single-cell microgels. The first panel: generating hydrogel droplets
containing a single cell; the second panel: microgels containing a single cell; the third panel: microgels stained by Hoechst 33342; and the fourth
panel: cell loading distribution into microgels. (B) Representative fluorescence images (merged: green, gDNA; yellow, ShmU) of individual
microgels with different treatments. (C) Corresponding analysis of single-cell ShmU fluorescence spot count and signal intensity. MCF-7 cell line is

used here. The scale bars are 50 ym in this work.

Sc5hmU/5hmC-Microgel Revealing Cell Type-Specific
Molecular Signatures. We then developed scShmU/ShmC-
microgel by introducing T4 B-GT to label ShmC with azide
glucose after ShmU labeling. The azide group can be cross-
linked with 5’ DBCO modified DNA primer via click
chemistry. Two sets of 5’ modified primers and respective
padlock probes (Table S1) were validated to execute
independent RCA reactions without cross interference (Figure
S7). The detection specificity of ShmC in microgels was also
confirmed (Figure S8), which is similar to that of ShmU
mentioned above. Joint analysis of single-cell ShmU and ShmC
in microgels was then carried out. Three human breast
epithelial cell lines, nontumorigenic MCF-10A, carcinoma
MCEF-7 and highly invasive MDA-MB-231, were used as cell
samples.

As shown in Figure 3, we used fluorescence intensity of
individual microgels to roughly depict the abundance of these
two bases in different cell lines. It can be seen that their mean
values of MCF-7 are each higher than those of MCF-10A and
MDA-MB-231, despite the remarkable single-cell heterogene-
ity. The colocalization analysis of two fluorescence channels
was also performed to study the location relationship between
ShmU and ShmC in genomic DNA. Different and high
colocalization rates are observed in these cell lines (Figure 3).
It may imply the close location of ShmU and ShmC sites in
genomic DNA, although most ShmU are not derived from
ShmC in mammalians.” It is noteworthy that the spatial
resolution of routine fluorescence microscopy is limited to
about 250 nm and even the super-resolution microscopy is not
accurate for the colocalization analysis of two DNA bases.
Although deep sequencing obtains single-base resolution
information, yet simultaneous sequencing of ShmU and
ShmC in single cells has not been reported. In addition to
fluorescence intensity, the fluorescence spot count was also
extracted to investigate the number and even distribution of
these modified bases (Figure S9). Each spot here is arbitrarily
hypothesized as one modified base site or one RCP for

2892

A 2007 Cell type-specific ShmU/5hmC - 150
150 ' 1 40—))
= 5hmU ' ' s
' . 7100 &
> — 5hmC ' 1 o
= ' ' =
‘m 100 1 ' ' <
(=] ' ' N
2 : : L &
=] ¢
= 50 ) ! | ; 0 g
' 1 8
e VLU AU
(U ' | 0
1 1
MCF-10A
B Merge
I
a
m
=
<
a
=
5
23
Q
=
<
=~
[
Q
=

Figure 3. Cell type-specific ShmU and ShmC visualized by scShmU/
ShmC-microgel. (A) Their intensity distribution and colocalization
analysis of different cell lines (n = 68 for MDA-MB-231, 69 for MCF-
7, and 56 for MCF-10A). (B) Representative microgel images. DIC is
the abbreviation of differential interference contrast.

statistical analysis, although some spots with large size result
from the overlap of multiple base sites or RCPs (Figure 3B).
Thus, the spot number cannot actually represent the site
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Figure 4. Discrimination of breast cell lines by signatures of both ShmU and ShmC. Only by spot numbers (upper left) or (upper right)
fluorescence intensities. C1 and C2 indicate two individual cells; both their locations and relationships are inconsistent. The four-dimensional
signatures (two spot numbers and two fluorescence intensities) are visualized onto a two-dimensional space by Autoencoder (bottom left) and t-
SNE (bottom right). n = 68, 69, and 56 for MDA-MB-231, MCF-7, and MCF-10A, respectively.

number of modified bases, but it may reveal the distribution
(decentralized or concentrated) feature partly combined with
the intensity information. These results revealed cell type-
specific molecular signatures of both ShmU and ShmC with
significant single-cell variation.

Furthermore, we explored whether ShmU and ShmC
signatures (fluorescence intensity and spot number, raw data
in Table S2) can be used to discriminate nontumorigenic cells
from carcinoma cells. On the basis of the raw data of only one
base, no good distinction between cell samples is observed
(Figure S10). We then carried out the joint analysis of two
bases. As shown in the upper panels of Figure 4, these cell lines
are still poorly resolved by only two spot numbers or two
fluorescence intensities. And the assessment of the same single
cells by spot numbers are not consistent with that by
fluorescence intensities, which is ascribed to the decentralized
or concentrated distribution of bases as mentioned above.
Therefore, both fluorescence intensity and spot number of two
bases as four signatures should be taken into consideration for
the joint analysis. Several routine dimension reduction
algorithms, including deep learning Autoencoder and machine
learning t-distributed stochastic neighbor embedding (t-SNE)
and Principal Component Analysis (PCA), are used to
visualize these four-dimensional raw data on a two-dimensional
space, respectively. As shown in the bottom panels of Figure 4,
most of the same cell lines are seen to dominate in particular
regions by Autoencoder and t-SNE. And t-SNE achieves better
cell discrimination performance than Autoencoder. Yet PCA
fails to improve cell-type assignments (Figure S11). The
different performance of these three dimension reduction
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methods may depend on their algorithms and the original data
set. Using t-SNE as the representative, we also map the raw
data of two signatures (above-mentioned four combinations)
onto a two-dimensional space. Their results are shown as
corresponding scatter plots in Figure S12. They present
somewhat improved cell discrimination compared to using raw
data, yet the samples of the same cell types are not well
colocalized or to dominate in particular regions. And their
discrimination performances are still much lower than that of
four signatures by t-SNE. Overall, we demonstrate that the
molecular information on ShmU and ShmC can be used to
differentiate nontumorigenic, carcinoma, and highly invasive
breast cell lines. Notably, higher dimensional signatures of
three or more modified bases (e.g., SmC, ShmC, ShmU, SfC,
and $fU) may afford better discrimination of these and more

cell types.

B DISCUSSION

Although genomic ShmC has been well detected and studied,
the ShmU specific recognition and labeling remain challenging.
It also limits the joint analysis of ShmU and ShmC in single
cells, which is crucial for the exploration of their signatures and
function. In this work, we specifically label ShmU sites with
thiophosphate and follow-up DNA barcodes for the first time.
Combining droplet microfluidics and DNA amplification, we
demonstrate the differentiated visualization of single-cell
ShmU and ShmC encapsulated in microgels. Our scShmU/
ShmC-microgel method allows high-throughput processing of
single cells, which is necessary for the reliable description of a
heterogeneous cell population and the identification of rare cell
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types. The DNA barcoding amplification enables simultaneous
analysis of multiple modified bases with single-molecule
sensitivity. The information on rough abundance, number,
and distribution feature of both ShmU and ShmC is obtained.
We reveal the cell type-specific molecular signatures of these
bases with single-cell heterogeneity. Moreover, we differentiate
nontumorigenic, carcinoma, and highly invasive breast cell
lines with improved performance by machine learning and
deep learning algorithms to four-dimensional signatures. In
addition to cultured cells, the proposed method may also be
applicable to the analysis of clinical cell samples such as fine
needle aspiration biopsies. It is notable that the flow cytometer
can also be used to measure the fluorescence intensity of
microgels, yet it would not provide information on the number
and distribution of the modified bases.

Despite global analysis of interested bases in single cells,
sometimes we only want to evaluate the epigenetic changes at
particular genomic sites. To achieve locus-specific detection,
DNA-binding probes should be designed and combined with
base labeling probes, followed by proximity ligation assay.””*’
Notably, genome editing tools, such as zinc-finger nucleases,
transcription activator-like effector nucleases, and clustered
regularly interspaced short palindromic repeats-associated
protein systems, contain sequence-programmable DNA-bind-
ing modules. They may be utilized to design promising gene
locus-specific probes.”’ This proximity assay is perhaps
appropriate for the investigation of proximal base modifica-
tions. It is well-known that 5fU is easily converted into ShmU
by reductants such as sodium borohydride. Thus, our method
is also suitable for single-cell 5fU analysis with the pretreat-
ment of ShmU blocking and SfU reduction. Moreover, it may
also be used to evaluate RNA modifications such as Ng-
methyladenosine if we can capture RNA inside the microgels.

It is notable that our method is unable to measure
subcellular distribution patterns of these modified bases. To
obtain the spatial information within cells and even tissues, in
situ ShmU imaging assay should be developed. Yet it is
challenged by interference from the abundant sulthydryls
inside cells. Therefore, we should replace ATP-y-S with new
ATP analogues modified with orthogonal click tags such as
azide groups.”” With the exception of the chemical synthesis of
these ATP analogues, it is required to investigate whether 5-
HMUDK can recognize and use them as phosphate donors. By
in situ cell imaging, we would also explore the modified bases
in mitochondria and reveal their interaction with histone post-
translational modifications. Furthermore, the specific ShmU
recognition and labeling method proposed in this work may be
applied to genome-wide mapping of ShmU or 5fU by deep
sequencing. For instance, ShmU-containing genomic fragments
can be selectively pulled down and enriched by chemical
labeling, followed by library construction and sequencing. Such
a strategy will fail to identify genomic ShmU with single-base
resolution.”'* Furthermore, single-cell genomic ShmU se-
quencing still remains a great challenge. Altogether, our
strategy provides a new route to analyze and decode single-cell
DNA epigenetic modifications. We also expect this conceptual
framework of specific ShmU labeling integrated with a
microfluidics device to accelerate the development of high-
throughput single-cell epigenome sequencing.
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