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ABSTRACT

DNA synthesis is a fundamental requirement for cell
proliferation and DNA repair, but no single method
can identify the location, direction and speed of repli-
cation forks with high resolution. Mammalian cells
have the ability to incorporate thymidine analogs
along with the natural A, T, G and C bases during
DNA synthesis, which allows for labeling of replicat-
ing or repaired DNA. Here, we demonstrate the use
of the Oxford Nanopore Technologies MinION to de-
tect 11 different thymidine analogs including CidU,
BrdU, IdU as well as EdU alone or coupled to Bi-
otin and other bulky adducts in synthetic DNA tem-
plates. We also show that the large adduct Biotin can
be distinguished from the smaller analog IdU, which
opens the possibility of using analog combinations
to identify the location and direction of DNA syn-
thesis. Furthermore, we detect IdU label on single
DNA molecules in the genome of mouse pluripotent
stem cells and using CRISPR/Cas9-mediated enrich-
ment, determine replication rates using newly syn-
thesized DNA strands in human mitochondrial DNA.
We conclude that this novel method, termed Repli-
pore sequencing, has the potential for on target ex-
amination of DNA replication in a wide range of bio-
logical contexts.

INTRODUCTION

DNA replication is a fundamental requirement for the de-
velopment of an organism and the life-long maintenance of
organ function. An estimated 2-3 x 10'! cell divisions occur

in the human body each day to replenish lost cells and repair
tissue damage. While DNA is replicated just once during a
cell cycle, the pattern by which this occurs varies between
cell types (1), and is different in malignancy (2). During the
neural differentiation of mouse embryonic stem cells, for ex-
ample, as much as 20% of the genome switches replication
timing (3). Mammalian development induces replication
program changes, which affect at least 50% of the genome
(4). The generation of induced pluripotent stem cells is as-
sociated with changes in replication timing, which reset the
replication pattern to resemble the one in embryonic stem
cells (5). Importantly, cancer cells acquire replication pro-
grams, which differ from the ones in their normal counter-
parts. For instance, allelic replication asynchrony at the p53
and 21g22 loci has been described in invasive carcinomas
(6). Delayed replication of one allele of a tumor suppres-
sor can interfere with gene expression and create a situation
similar to loss of heterozygosity, which is associated with
malignancy (6). Chromosome-wide delays in DNA replica-
tion have been shown to delay chromosome condensation
and contribute to the chromosomal instability of various
tumor cell lines (2). Therefore, in addition to studying dif-
ferential gene expression, there is a strong rationale to study
differences in DNA replication patterns in development and
disease.

Methods that are currently available to analyze the pro-
gression of DNA replication include a pulse of BrdU and
immunoprecipitation for labeled DNA (7). Replication pat-
terns can also be inferred from the sequencing of Okazaki
fragments (8) or from counting the number of reads in next
generation sequencing data, which allows the identification
of early and late replicating regions as well as of replication
origins (9). However, next generation sequencing requires
amplification during library preparation and averages the
signal from different cells and DNA strands. To identify
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the progression of replication on a single DNA strand, a
commonly used technique is DNA combing, which relies on
sequential pulses with two modified nucleotides—IdU and
CldU, fiber stretching on glass slides and staining with spe-
cific antibodies. While this technique can track replisome
progression, stalling and restart in a genome-wide man-
ner, it does not provide any sequence information. To study
replication dynamics at a locus of interest, fiber analysis
requires combination with fluorescent in situ hybridization
(10). This method, however, is very laborious and not scal-
able to the level of a complete eukaryotic genome. Thus, to
the best of our knowledge, there is currently no technique
that can capture location, direction and speed of replication
fork progression on single molecules at a genome-wide level
with high resolution.

Nanopore technology has recently emerged as a pow-
erful third-generation sequencing technique, primarily uti-
lized for genome assembly due to its ability to produce ultra-
long reads (11). The system transports DNA through a col-
lection of nanopores and bases are identified by measur-
ing changes in the electric current across the surface of the
pores (12). In reality, signal shift is produced not by a sin-
gle base, but is influenced by 5-6 neighboring nucleotides,
making contact with the pore and termed a k-mer. Compu-
tational algorithms are then used to process the signal and
determine the identity of the bases passing through. Since
the nanopore platform does not require DNA amplifica-
tion for library preparation, it can sequence cellular DNA
directly and thereby avoid averaging signals from different
DNA strands. Because nanopore technology does not rely
on base-pairing to determine DNA sequence, it may be used
to distinguish not only the four canonical nucleotides (A, T,
G, C), but potentially other types of bases, as well. Indeed,
the system is able to detect methylated bases (13), which
suggests that the sequencing of nucleotide analogs, incor-
porated during DNA replication may also be possible.

Here, we present the use of nanopore sequencing on the
Oxford Nanopore Technologies (ONT) MinlON to detect
thymidine analogs that can be directly incorporated during
DNA replication or generated in click cycloaddition reac-
tions. Using a series of templates, we show that the MinlON
can distinguish between thymidine and all 11 analogs with
the greatest signal to noise ratio recorded for IdU, CldU and
biotin-dU and that the two analogs—IdU and biotin can
be distinguished from each other. We also demonstrate the
detection of IdU on single strands of substituted genomic
mammalian DNA and show that our method can be applied
to determine replication rates of the human mitochondrial
genome.

MATERIALS AND METHODS
Training template assembly

For training sequence assembly, the pCALNL-GFP vec-
tor (Addgene plasmid#13770) was digested with Agel and
NotlI to release the E-GFP insert. A double stranded DNA
oligomer with 5 nb.BbvCl sites was prepared by hybridiz-
ing two single-stranded DNA oligos (top clone and bot-
tom clone) and ligated into the purified empty vector, as de-
scribed in Luzzietti et al. (14). The product was then trans-
formed into Escherichia coli. Nicking and substitution re-
actions were performed as outlined in (14) with oligos, pur-
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chased from Baseclick, Germany. Prior to MinION library
prep, all templates were linearized with Spel-HF (NEB
R3133S).

Top clone:
5’Phos-CCGGGCCTCAGCTTGCCACGACCTC
AGCGTCAATTGTCCTCAGCTCAGATGACCTCA

GCAGATTGTAGCCTCAGC-3

Bottom clone:
5'Phos-GGCCGCTGAGGCTACAATCTGCTGA
GGTCATCTGAGCTGAGGACAATTGACGCTGAG

GTCGTGGCAAGCTGAGGC-%

Substitute oligo single:

5'Phos-TGAGGCTACAATCTGCTGAGGTCATCT
GAGCXGAGGACAATTGACGCTGAGGTCGTGG
CAAGC-¥

X = EdU, CIdU, BrdU, IdU

Substitute oligo multi:
5'Phos-XGAGGCXACAAXCXGAGGXCAXCXGA
GCXGAGGACAAXXGACGCXGAGGXCGXGGCAA

GC-3
X =EdU, CldU, IdU

Click cycloaddition reactions

Click cyclo-addition was performed on single stranded EAU
replace oligos prior to the substitution reaction. Briefly, 1 ug
phosphorylated oligo was incubated with reagents from the
CuAAC Biomolecule Reaction Buffer kit (Jena Bioscience
CLK-072) and 250 uM azide for 1 h at 37°C. Separate re-
actions were carried out with the following azides: sodium
azide (Sigma S2002), nicotinoyl azide (Sigma CDS006775),
6-azido-6-deoxy-D-glucose (Sigma 712760) Biotin azide
(Thermo Fisher B10184), AF488 azide (Thermo Fisher
A10266), AF647 azide (Thermo Fisher A10277) and a ss-
DNA oligo purchased from Integrated DNA Technologies:
5-GGATAGCCTC/3AzideN/-3". All click products were
purified by precipitation.

Dot blots

For dot blots, 100-200 ng DNA was denatured with 20 mM
NaOH for 5 min at 99°C, cooled on ice and neutralized
with 0.6 M ammonium acetate. Spotting was performed
manually on a 0.45 uM nylon membrane (Thermo Fisher
77016). Once fully dried, the membrane was baked in a mi-
crowave for 2.5 min. Prior to imaging, Biotin-containing
blots were stained with A647-Streptavidin (Thermo Fisher
S32357). For this procedure, the baked membrane was incu-
bated with 3% BSA in TBST for 15 min, followed by A647
Streptavidin 1:500 (Thermo Fisher S32357) for 45 min at
room temperature and three washes with TBST. To detect
CldU or IdU-containing DNA, 500 ng—1 ug of sample was
spotted on the membrane and stained with rat BrdU/CldU
1:500 (Bio Rad OBT0030S) or mouse BrdU/IdU 1:500
(BD 347580) in 3% BSA in TBST for lh at room temper-
ature. Staining with mouse ssDNA antibody 1:500 (Milli-
pore MAB3034) was used as a loading control. To visualize
the signal, the membrane was incubated with Alexa Fluor
647 and Alexa Fluor 488 secondary antibodies at 1:500. Fol-
lowing washes, the membranes were imaged with a Biorad
ChemiDoc MP Imaging System.
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MinION runs on synthetic templates

All samples were sequenced on MinlON R9 flow cells. Se-
quencing libraries were prepared with Ligation Sequenc-
ing Kit 1D (ONT SQK-LSK108), following manufacturer’s
instructions. Library preparation for the training template
with two modifications (biotin and IdU) was carried out
with Ligation Sequencing Kit 1D (ONT SQK-LSK109).
Each run was performed with 250-500 ng purified DNA.
Typically, a single flow cell was used for multiple samples
with washes in between, carried out with the Flow Cell
Wash Kit (ONT EXP-WSHO002). Fast5 data files from each
run were analyzed with NanoMod version 0.2.1, an updated
version of the NanoMod software, described in Liu et al.

(15).

MinION runs with genomic DNA

For genomic DNA runs, mouse embryonic stem cells from a
pure C57BL/6J strain (Jackson LAB Strain # 000664) were
incubated with 25 uM 1dU for 24 h. Cells were then har-
vested and genomic DNA was extracted with a High Pure
PCR Template Preparation Kit (Roche 11796828001). Min-
ION runs were performed on R9 flow cells with 400-500 ng
purified DNA per sample following library preparation
with Ligation Sequencing Kit 1D (ONT SQK-LSK108).
For each run, unlabeled DNA was loaded first and se-
quenced for 5-6 h. This was followed by a wash step with the
ONT wash kit (ONT EXP-WSHO002), priming and loading
of IdU-substituted gDNA, which was run until the flow cell
expired, typically from 8 to 20 h without voltage adjust-
ments. Analysis was performed with data from two com-
bined runs. The combined control data set included 719 295
long reads, covering 1.2G bases, while the IdU sample was
represented by 140 667 long reads across 209M bases.

Computational simulations with NanoMod to determine the
coverage required for the detection of single and multi-
modified reads

We used NanoMod version 0.2.1(15) for the analysis of
MinION sequencing data in this study. In NanoMod ver-
sion 0.2.1, we implemented k-mer-based analysis for low
coverage nanopore data for a large genome. This was ac-
complished by incorporating signals from different genomic
positions, which represent the same k-mer to increase the
coverage of individual k-mers in the context of low whole
genome coverage. In addition, we used a window-based
method (i.e. 60 bp) to identify a region with multiple modi-
fications. This was done by assigning the top percentile (top
10% or top 15%) P-value calculated for individual Ts in the
60-bp window to the entire region. Finally, we implemented
computational simulations on single modification and mul-
tiple modifications data to determine the coverage required
to detect reads with modification rates of <20%.

Detection of single modified reads of 2.0 kb or more in mam-
malian genomic DNA

Long reads from control and IdU-substituted genomic
DNA were basecalled with Albacore v2.3.1 and aligned
with the mouse reference genome (GRCm38, also known
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as mm10). The next steps of the analysis considered only k-
mers present in the IdU-substituted genomic DNA dataset.
To identify individual modified DNA molecules, we ran-
domly selected 70% of the reads from the control data and
calculated the signal mean and standard deviation for each
of the central five bases (centered 5-mer) in all T-containing
9-mers. Next, we set a read length threshold (500, 800, 1000,
1500, 2000 bp) and calculated the combined P-value for any
T in the reads, which crossed the length threshold. This was
accomplished by using the signal mean and standard devi-
ation to calculate the P-value for each base in a centered
S5-mer. This generated a set of P-values from different T-
containing 9-mers along the read. The P-value in the small-
est percentile was used as a P-value for the read. This pro-
cess was applied to the remaining 30% reads in the control
sample and to the IdU-substituted data set.

CRISPR/Cas9-mediated enrichment and sequencing of hu-
man mitochondrial DNA

Enrichment for human mitochondrial DNA for MinlON
sequencing was performed on two samples of unlabeled
and 8h IdU-labeled (30uM) genomic DNA from C9012 hu-
man embryonic stem cells, grown in StemFlex media. High
molecular weight DNA from ~20 x 10° cells/sample was
prepared with a phenol-chloroform extraction method, as
outlined in Giesselmann et al (16). Enrichment for mi-
tochondrial DNA was carried out by incubation of high
molecular weight gDNA with Alt-R® S.p. HiFi Cas9 Nu-
clease V3 (IDT 1081060) and the gRNA:

mCxmA+*mC+rUrUrUrCrArCrCrGrCrUrArCrArCr
GrArCrGrUrUrUrUrArGrArGrCrUrArGrArArArUr
ArGrCrArArGrUrUrArArArArUrArArGrGrCrUrArGr
UrCrCrGrUrUrArUrCrArArCrUrUrGrArArArArArGr
UrGrGrCrArCrCrGrArGrUrCrGrGrUrGrCmUsxmU=xm
UsxrU

which introduces a cut between positions 8146 and
8147 in the human mitochondrial genome (gRNA target
sequence CACTTTCACCGCTACACGAC), thereby lin-
earizing it. Following enrichment, library preparation pro-
ceeded with the Ligation Sequencing Kit 1D (ONT SQK-
LSK109), as in Giesselmann et al. (16). The two samples
(unlabeled and 8h IdU-labeled) were sequenced on a single
flow cell (FLO-MIN106D R9 SpotON) with a wash step
in-between, performed with the ONT EXP-WSHO003 kit.
The order of sequencing was as follows: unlabeled control
(630 ng DNA loaded on the flow cell), which was sequenced
for 10h and 8h-IdU labeled sample (485 ng DNA loaded on
the flow cell), sequenced for ~20 h until the flow cell expired.

Analysis of human mitochondrial DNA replication

Sequencing reads from the two samples-unlabeled con-
trol (Sample 1) and 8h IdU (Sample 2) were first base-
called with Albacore v2.3.4. Long reads were then mapped
against hg38 and NanoMod was used to anchor signals, ac-
cording to their alignment against hg38. We found 15,119
forward-aligned long reads and 1503 reverse-aligned long
reads in the unlabeled control as well as 9201 forward-
aligned long reads and 668 reverse-aligned long reads in
the sample, incubated for 8h with IdU. Since not all long
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reads in the IdU-incubated sample contain the label, we de-
signed a strategy to separate labeled from unlabeled reads.
To do this, we (i) split long reads from the control unla-
beled sample into two groups: one group with long reads,
basecalled from odd-numbered folders (Samplel_odd), and
another with long reads, basecalled from even-numbered
folders (Sample 1_even). We then (ii) obtained signals for
each strand-specific reference position in the mitochondrial
genome according to the alignment of long reads from Sam-
plel_odd. Each position was associated with two groups of
signals: one for reverse-aligned long reads and the other for
forward-aligned long reads. In the next step, we (iii) calcu-
lated signal mean and standard deviation for each strand-
specific reference position in the mitochondrial genome and
used this result to calculate a P-value for each thymidine in
long reads from Samplel_odd, Samplel_even and Sample 2
(8h IdU). For this calculation, we assumed that a base Ti
in a long read with signal Si is mapped against a strand-
specific reference base Tj with the signal means mj and dj
and used the value of (Si- mj)/ dj to calculate a P-value
for Ti under a normal distribution with the mean mj and
the standard deviation dj. We, then used Stouffer’s method
to aggregate the P-values of Ti-2, Ti-1, Ti, Ti+1 and Ti+2,
thereby taking into account the neighborhood base effect.
In the next step, we (iv) obtained P-values for all thymidines
in a long read in an ascending order, and used the P-value
at the 10% percentile in the list as the P-value of the long
read. Then, for each group of Samplel_odd, Samplel _even
or Sample 2, we (v) plotted violin and boxplots as shown in
Figure 4C and used the P-value at the 25% percentile of the
list of long-read P-values in Samplel_ odd as the threshold
to categorize the long reads in Sample 2 into labeled long
reads with P-value less than the threshold and unlabeled
long reads with P-value above the threshold. Finally, (vi)
we used NanoMod to calculate P-values for all thymidines
in the reference mitochondrial genome by comparing Sam-
plel_even against labeled long reads in Sample 2 or by com-
paring Samplel _even against unlabeled long reads in Sam-
ple 2. This comparison is strand-specific and also grouped
by the length of mapped long reads: in one comparison,
we only considered long reads of 7-9 kb length (labeled
8 kb long reads), and in the other- long reads of 15-16.6 kb
length (labeled 16 kb long reads). In NanoMod, to avoid
bias caused by the different coverage of the light and heavy
strands in the mitochondrial genome, reads for the reference
position of the light strand were downsampled to 500, and
reads for the reference position of the heavy strand to 50.
This process was repeated 100 times for each position and
the smallest 25% quantile P-value was used as the P-value
of each reference position.

RESULTS

Detection of single-base DNA modifications with nanopore
sequencing

To determine the ability of the ONT MinlON sequencer to
detect modified bases, we designed synthetic templates con-
taining a single modification in a defined location. Template
assembly involved a vector nicking step with endonuclease
nb.BbvClI, which generated a 63 bp region of ssDNA on
the minus strand, followed by the ligation of an oligo with
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one modified thymidine base (Figure 1A). This approach
to replace segments within a plasmid with a labeled oligo
has been previously used for FRET studies and reported
to result in >75% substitution (14). We used oligos with-
out modification, or containing five different modifications,
EdU, CIdU, BrdU, IdU or biotin for the substitution re-
action (Figure 1B). In addition, we included an oligo with
two different analogs-Biotin and IdU (Figure 1B). Also, we
modified EAU with a series of compounds of increasing
molecular weight: azide, nicotine, glucose, AF488, AF647
and a 10-bp ssDNA oligo through click cycloaddition re-
actions (17) (Supplementary Figure SIA). This method al-
lows the attachment of any azide group-containing moi-
ety to alkyne-substituted DNA and has been reported to
be nearly 100% efficient (18). Dot blots for AF647, AF488,
BrdU and biotin modified plasmids showed efficient label-
ing (Figure 1C). Following the replace reaction, the vector
was linearized with the restriction enzyme Spel to generate
a 6184-bp double-stranded training template with one mod-
ified thymidine on the minus strand at position 3073, which
was sequenced on the MinlON (Figure 1E). The modifica-
tions on the template with two analogs were located at 3049
(biotin) and 3098 (IdU).

To identify modified nucleotides, we developed
NanoMod, an analysis tool which calls DNA modifi-
cations directly from electrical signals (15). NanoMod uses
Albacore for base calling and performs indel error correc-
tion by aligning signals to a reference sequence. The input
to NanoMod is a dataset with two groups of samples-a
modified template and a sequence-matched control, while
the output is the ranked list of regions with modifications.
Signals from control and substituted samples are then com-
pared using two statistical assays-Komogorov—Smirnov
test and Stouffer’s method for calculating combined P
values. We used NanoMod to score individual nucleotides
in 5-bp sliding windows to detect the presence of thymidine
analogs. All 11 modifications (Supplementary Figure S1A)
in the dataset caused signal shifts at base 3073, as well as,
at neighboring positions (Figure 2A-L). The analogs EdU,
CldU, BrdU and IdU caused signal shifts spreading as
far as 3-4 bases upstream and 2 bases downstream of the
modified position (Figure 2A, B, C, E), consistent with the
MinlION detecting signals from a 5-6 bp k-mer. Therefore,
the signal of the modified T is present in neighboring
bases. The magnitude of the signal change was propor-
tional to the size of the moiety with one of the largest
unclicked analogs IdU (MW = 354.1 g/mol) generating
the most significant change in pore current, log(combined
P-value) = —175 (Figure 2E). The smallest modification,
EdU (MW = 252.23 g/mol) was detectable, as well at
log(combined P-value) = —125 (Figure 2A). A highly
significant change in signal at 3073 was also recorded for
the bulkier analog—biotin, with a log(combined P-value)
= —150 (Figure 2H). Purification of the plasmid with
streptavidin beads after the substitution reaction, followed
by sequencing further increased the significance of the
change, with a log(combined P-value) = -250 (Figure
21). Therefore, modification at 75% (14), was sufficient to
call the modified base, while 100% modification further
magnified signal change. Biotin influenced electrical signals
further away from the modification than EdU, CIdU,
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A B Bottom strand substitute oligos with single modifications: E
3098 3073 3049
I. TGAGGC TACAATCTGCTGAGGTCATCTGAGC T GAGGACAATTGACGCTGAGGTCG T GGCAAGC B
PCALNL-BbyCl II. TGAGGC TACAATCTGCTGAGGTCATCTGAGC E GAGGACAATTGACGCTGAGGTCG TGGCAAGC — E=EdU

(6184bp) ll. TGAGGC TACAATCTGCTGAGGTCATCTGAGC | GAGGACAATTGACGCTGAGGTCG T GGCAAGC dldu
IV.TGAGGC TACAATCTGCTGAGGTCATCTGAGC Br GAGGACAATTGACGCTGAGGTCG TGGCAAGC ~ Br=BrdU
V. TGAGGC TACAATCTGCTGAGGTCATCTGAGC | GAGGACAATTGACGCTGAGGTCG TGGCAAGC | =IdU
VI. TGAGGC TACAATCTGCTGAGGTCATCTGAGC B GAGGACAATTGACGCTGAGGTCG TGGCAAGC g — Biotin-dU

AMM VIL. TGAGGC | ACAATCTGCTGAGGTCATCTGAGC T GAGGACAATTGACGCTGAGGTCG B GGCAAGC

nb.BbvCl
Bottom strand substitute oligos with multiple modifications:
VIIl. T GAGGC TACAAT CTGCT GAGG TCATCT GAGC T GAGGACAA T T GACGC T GAGG T CG T GGCAAGC
IX. E GAGGC E ACAA E C EGC E GAGG E CAE C E GAGC E GAGGACAAEE GACGCE GAGG ECG E GGCAAGC
X. ©1 GAGGCC! ACAAC! CCIGC CIGAGGTICA CICCIGAGCT! GAGGACAA GACGC <! GAGG ©! CG < GGCAAGC | “‘
Xl I GAGGC | ACAA I C IGC IGAGG ICA I Cl GAGC IGAGGACAA | | GACGC | GAGG | CG | GGCAAGC “/\“‘N\J WW
raw current
NN S C D
-~ " oligo ligation . . . .
TrainSeq3 TrainSeq3 TrainSeq3  TrainSeq3 TrainSeq3 TrainSeq3
/ \ Edu-A488 EdU-A647click ctrl oligo ctrl oligo CldU-multi
‘ o |re7 | A647-BrdU AB 4 A647-CldU AB

Q)

TrainSeq3 TrainSeq3
3(()}73 Paroroeiadd ctrl oligo Biotin
Spel Spel .
# L

Training Sequence 6184bp

A647-Streptavidin

D B

A488-ssDNA AB

Ii

TrainSeq3
IdU-multi

TrainSeq3
ctrl oligo

| A647-1dU AB

A488-ssDNA AB

Il

Figure 1. Design and assembly of training templates with single and multiple modifications at defined locations. (A) A schematic of the two-step assembly
process of modified training templates. The first step is nicking the vector with the restriction enzyme nb.BbvClI and the second- ligation of a ssDNA oligo
which carries 1, 2 or 14 modifications. The vector is then linearized with Spel-HF to generate a 6184bp modified template, sequenced on the MinION.
(B) Sequence of the single, double and multiple modification oligos used for ligation. (C) Dot blots with ligation products for single modification templates,
carrying AF647, AF488, Biotin or a BrdU moiety, demonstrating efficient replacement with the modified oligo. (D) Dot blots with ligation products for
multi-modified templates, carrying 14 CldU or 14 IdU modifications. (E) A schematic illustrating the sequencing of a training template with one or more

modifications through a nanopore.

BrdU or IdU. The increased number of surrounding bases
affected- as many as 3-4 nucleotides upstream and about
10 downstream of the modified position (Figure 2H, I)
indicates that the effect of bulky modifications can spread
beyond a single k-mer.

We also compared modifications attached to the train-
ing template by click cycloaddition—an azide, nicotine, glu-
cose, AF488 and AF647. In regions outside the modified
base, we did not observe significant changes in signals, in-
dicating that the click reaction did not affect the ability
to sequence DNA on the MinlON (e.g. compare position
T3063 and T3083 on the control and experimental tem-
plates in Figure 2A and F). At the modified base, nico-
tine showed a significant change with a log(combined P-
value) = —74 (Figure 2F). Bulky adducts caused a wider
spread in signal, which generally affected 5-6 bases preced-
ing the modification and about 2-4 bases downstream (Fig-
ure 2D, F, G). Clicked moiecties AF488 and AF647 caused
a more extensive downstream current shift, spreading as far
as 8—10 bases beyond the modified position (Figure 2J, K).
The mean raw signal at the modified base was visibly dif-
ferent when compared to control, though the change did
not translate into lower P-values in the NanoMod statistical
analysis. The largest clicked modification—a ssDNA oligo,
expected to generate a branched structure, caused the small-
est change in signal, which spread over 10 bases upstream
and 2-3 positions downstream of 3073 (Figure 2L). In this
particular case, reduced progression through the pore or sig-
nal integration from bases on the training template and the

clicked oligo might have contributed to the low shift in cur-
rent, recorded for the modified position.

These observations point to a relationship between
adduct size and the magnitude of signal shift at the mod-
ified position, as well as, the neighboring bases. In gen-
eral, bulkier moieties caused more pronounced changes in
the raw signal at the modified position, and affected more
bases in its vicinity. The differences in signal spread be-
tween adducts of different molecular weight show that pairs
of analogs, such as IdU and biotin, can be distinguished
from each other based on the width of the window af-
fected by nanopore current shifts (Figure 2E and I). To test
this experimentally, we prepared a training sequence with
two different thymidine analogs—biotin at position 3049
and IdU at position 3098 on the same strand of the tem-
plate (Figure 1B). Following purification with streptavidin
beads, the training sequence was run on the MinION. Anal-
ysis with NanoMod showed that both modifications could
be clearly detected at the expected positions (Figure 2M
and Supplementary Figure S1B). The signal at Biotin 3049
had a log(combined P-value) = —300, spreading over 7-9
base pairs upstream and downstream of the modification
(Figure 2M and Supplementary Figure S1B), similar to the
log(combined P-value) of —250, recorded for the single Bi-
otin modification at 3073 on Figure 21. The IdU modifica-
tion at 3098 had a log(combined P-value) of —200 and af-
fected 3-4 neighboring bases, similarly to the single IdU at
3073 for which the log(combined P-value) was —175 (Fig-
ure 2E). The clear differences in signal magnitude and the
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Figure 2. Detecting a series of modifications with increasing molecular weight through MinION sequencing. A violin plot of the known modification
site and the surrounding bases for (A) EAU, (B) CIdU, (C) BrdU, (D) azide, (E) IdU, (F) nicotine, (G) glucose, (H) biotin, (I) streptavidin purified biotin,
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method. The second line shows a violin plot of mean normalized signal from the control and modified sample, the third line contains the logarithm of the
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represent unmodified T’s, while a modified position is denoted by a red star. B = biotin and I = IdU.
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extent of signal spread over the neighboring bases allowed
us to distinguish the biotin analog from IdU in a blinded
experimental set up.

These observations collectively demonstrate that vari-
ous thymidine analogs, sequenced on the MinlON plat-
form, can be detected with NanoMod analysis. Further-
more, bulkier moieties, such as biotin can be distinguished
from smaller analogs, such as IdU, which is required for
dual color labeling and conclusive identification of DNA
synthesis directionality.

Detection of multiple DNA modifications with nanopore se-
quencing

To mimic the scenario of pulsing replicating cells with
nucleotide analogs, which are incorporated at multiple
positions into newly synthetized DNA, we repaired the
nb.BbvClI nicks on the minus strand of the training se-
quence by ligating an oligo with 14 thymidine modifications
between positions 3042 and 3104. Based on the results with
a single defined position, we selected three analogs—EdU,
CldU and IdU (Figure 1B). Efficient replacement was con-
firmed by dot blots for CldU and 1dU (Figure 1D). Tem-
plates with replacements were sequenced and analysis was
carried out by dividing the reference sequence into ~400 re-
gions of 60 bp each with a 30-bp overlap between adjacent
windows. For all analogs tested, NanoMod correctly iden-
tified the modified region between 3042 and 3104, as shown
by the P-values for Kolmogorov-Smirnov test and Stouffer’s
method (Supplementary Figure SIC-E). The most signifi-
cant shift of signal was centered around a modified base,
gradually abated with increasing distance from the ana-
log and raised again in the vicinity of the next modifica-
tion on the template. Within each template, some modified
thymidines generated stronger signals than others (Supple-
mentary Figure SIC-E). As in templates with single mod-
ifications, the magnitude of signal shift in sequences with
multiple analogs was determined by the size of the adducts
with IdU generating the greatest signal to noise ratio (Sup-
plementary Figure S1E). This dataset on multiple modifica-
tions demonstrates that MinlON sequencing and analysis
with NanoMod can be successfully used to identify short
genomic regions with modified bases in DNA.

A comparative analysis of nucleotide analogs for gDNA mod-
ifications

To determine if pore sequencing and the analysis method
NanoMod, developed here, can be applied to sequencing
base analogs, incorporated by replicating cells in genomic
DNA, we performed computational simulations. We first
determined the level of analog substitution in vivo by expos-
ing primary human fibroblasts to EAU for 24h, or a com-
plete cell cycle. Purified, EdU-containing genomic DNA
was then labeled with AF647 in a click cycloaddition re-
action and the level of EQAU-AF647 substitution was deter-
mined by measuring sample fluorescence against a standard
curve of PCR products with known percentage substitu-
tions of EdU, clicked with AF647. This analysis revealed
that 20% of thymidine bases in genomic DNA were sub-
stituted with EdU (Supplementary Figure S2A, B). This
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is the expected percent modification for replication tracts
pulsed with thymidine analogs (19). Based on this result,
we performed computational simulations with 20% modi-
fied and 80% unmodified reads to determine what coverage
would be required to detect single (Figure 3A) and multi-
ple (Figure 3B) modifications in genomic DNA. Since the
fraction of modified reads without purification is approx-
imately 75% (14), the proportion of modified reads in the
simulation is ~15%. IdU and CIdU were easiest to detect in
the group of analogs that can be directly incorporated dur-
ing DNA synthesis, requiring 450 reads of a modified site to
rank strands with a single modification in the 0.05 percentile
or less (Figure 3A). The calling of BrdU and the calling of
single EdU-modified strands also obtained the highest 0.05
percentile rank with as low as 450 or 950 reads, respectively.
Similarly, Biotin modifications were ranked in the 0.05 per-
centile range with only 450 reads. The clicked analogs-an
azide group, nicotine and glucose required 950 reads, al-
most twice the number noted for IdU and CldU, to achieve
the 0.05 percentile rank. The clicked fluorophores AF488
and AF647 required more extensive coverage—1950 and
2450 reads, respectively for more than 75% of the strands
to be ranked in the 0.05 percentile or between percentiles
0.05 and 0.12. This result is consistent with the wide-spread
signals of lower significance, described for AF488, AF647
and the ssDNA oligo in Figure 2. This result corroborates
the observation that thymidine analogs of higher molecular
weight—IdU, and biotin are readily detected on the Min-
ION platform.

To determine the number of reads required to identify
a region with multiple modifications, we performed the
same simulation with 14 thymidine analogs in a single tem-
plate (Figure 3B). Multiple EQU modifications required 250
reads for reliable detection (percentile 0.05 or between the
0.05 and 0.12 percentiles). For other analogs CldU and IdU,
only 100 reads proved enough for correct calling (percentile
0.05 or between the 0.05 and 0.12 percentiles). This analy-
sis showed that the presence of multiple modified bases in a
DNA segment facilitates detection with NanoMod, requir-
ing a smaller number of reads compared to a single mod-
ification. IdU was the modification that was most readily
detectable in the modeling of both single and multiple mod-
ifications.

IdU incorporated in replicating mammalian DNA can be de-
tected on single DNA strands

To test if the MinlON platform in conjunction with
NanoMod can detect nucleotide analogs, incorporated in
replicating DNA, we incubated mouse embryonic stem (ES)
cells from a pure C57BL/6J strain with 25uM IdU for
24h. Genomic DNA from unlabeled and IdU-incubated
samples was then harvested, sheared in 6-8 kb fragments
and prepared for 1D sequencing on the MinlON system.
Error correction and signal annotation were performed
with NanoMod. Base calling was accomplished with Alba-
core v2.3.1 and long reads were aligned with the GRCm38
(mm10) mouse reference genome. We aligned all reads from
the IdU sample to the mouse reference genome and used
a set of IdU-covered reads and control reads in the subse-
quent analysis. These reads were from different, rather than
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Figure 3. Detection of IdU, incorporated into replicating mammalian DNA. Computational modeling to determine the sequencing depth, required for
calling base analogs in mixed samples of modified and unmodified reads, using (A) single modified base templates, (B) multi-modified templates. The X
axis represents the number of reads used for the analysis, and the Y axis shows the fraction a modified site can be ranked by percentile among all sites
for each sample. Analysis was performed using Stouffer’s combined statistic. IdU and CldU modifications cause the strongest signal shifts and require the
least number of reads for reliable detection. (C) combined P-values calculated with Stouffer’s method for non-T containing 9-mers in the mouse genome.
The combined P-value includes P-values for the central base of the 9-mer, as well as, 2 bases upstream and downstream. (D) Combined P-values for T-
containing k-mers in the mouse genome. All T-containing 9-mers were considered, including ones with multiple Ts. (E) Pie chart showing the percentage
of 9-mers with P-values less than 10~7. Non-T, 1T, 2T and 3T-containing k-mers are shown in red, green, blue and purple, respectively. (F). Signal changes
as a selected 9-mer from IdU-substituted mouse genomic DNA with the sequence GAGATACAC was separated in five different k-mers. The k-mers were
covered by 200-400 reads. (G) Detection of single modified reads. The ranges of read lengths are indicated at the top of the panel. The purple star indicates
the read length required for the detection of individual IdU-substituted genomic DNA reads when integrating signals from k-mers with P-values in the
10% and the H). 15% percentile. Q = quantile.

the same genomic location. The reference genome was split k-mers with P-values below 10~7 showed that only 1.3%
into 9-mers with no thymidines (XVVVVVVVX) where V of non-T k-mers have P-values in this range, while 5.9%
= AGC and X is any base, 1 thymidine in the center of the of the 1T, 24.8% of the 2T and 68% of the 3T contain-
k-mer (XVVVTVVVX) or two and more thymidines at dif- ing k-mers had signals with P-values <10~7 (Figure 3E).
ferent positions on the plus strand of the k-mer. This clas-  This result demonstrates that the method employed here has
sification included 335 non-T k-mers and 668 T-containing low background and can detect incremental signal differ-
k-mers of different sequence composition with coverage of ~ ences generated by the presence of increasing numbers of
>500 reads per k-mer. Current signals were collected from  IdU-substituted thymidines. To determine whether signals
the central T, as well as, two nucleotides upstream and  from a k-mer of a specific sequence could be used to distin-

two downstream of the base and used in a Kolmogorov—  guish IdU from thymidine, two selected 9-mers GAGATA-
Smirnov test to calculate P-values. Stouffer’s method was CAC and GAGTTACAC were divided into five different k-
then applied to calculate a combined P-value for each 9- mers. Electrical signals from control and 1dU-labeled sam-
mer. The procedure was repeated 50 times and the median ples of the same k-mer were plotted and compared using
of the resulting 50 P-values was plotted on a logarithmic NanoMod. A significant shift was seen in the 1IdU con-
scale. Comparing IdU labeled samples with unlabeled con- taining k-mers, with the shift depending on the position

trols revealed that 20% of the T-containing k-mers in the of the T within the k-mer (Figure 3F and Supplementary
IdU sample had combined logjy P-values less than —10, Figure S2E). This analysis used 4271dU /229 control reads
while none of the non-T k-mers had a P-value in this range, for GAGATACAC and 310I1dU/211 control for GAGT-
showing that IdU substitution in T-containing k-mers gen- TACAC to identify an IdU containing k-mer in cellular
erates a detectable signal shift (Figure 3C, D). Compari- DNA. This analysis shows that thymidine analogs, incor-
son of k-mers containing either 1T or 2T resulted in greater porated by replicating mammalian cells, can be called with
significance of detected differences: 25% of 1T and almost nanopore sequencing, and that T containing k-mers from
40% of 2T-contaning 9-mers had combined logjo P-values  different locations of the genome can be combined for the
less than —7 (Supplementary Figure S2C, D). Analysing calling of base modifications. The combination of ~200 dif-
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ferent alignments per k-mer should provide a tool to iden-
tify replicated DNA from long nanopore reads.

To determine if we can detect single IdU-substituted
DNA molecules with NanoMod, we randomly selected 70%
of the reads in the control genomic DNA sample with T-
containing k-mers from different genomic locations. We cal-
culated the signal mean and standard deviation for the cen-
tral 5 bases (central T as well as 2 bases upstream and 2
bases downstream) of each 9-mer. These results were used
to calculate a combined P-value for each T in the remain-
ing 30% of the T-containing k-mers in the control genomic
DNA sample and the IdU-substituted sample with the fol-
lowing thresholds for read length: 500, 800, 1000, 1500 and
2000 bp. This analysis showed that IdU-substituted sin-
gle reads of length 2.0 kb or more can be detected with
NanoMod in the 10% and 15% percentile (Figure 3G,
H). These results demonstrate that 1dU, incorporated in
newly-synthesized mammalian DNA can be detected on
individual DNA molecules with MinION sequencing and
NanoMod analysis.

Quantifying mitochondrial replication rates with Replipore
Sequencing

To analyze DNA replication in mammalian cells, we fo-
cused on the mitochondrial genome. This allows for high
coverage without requiring a large number of flow cells
as for a complete mammalian genome. Human mitochon-
dria contain a genome of 16,569 bp, which can be labeled
with nucleotide analogs (20). We adapted a CRISPR /Cas9-
based enrichment approach to increase the coverage of hu-
man mitochondrial DNA (hmtDNA). We induced a Cas9-
mediated cut to linearize the mitochondrial genome at po-
sition 8146-8147 and used the 5 phosphate at the cut site
for the ligation of the MinION sequencing adapter (Figure
4A). We determined the levels of enrichment for hmtDNA
in two high molecular weight gDNA samples from unla-
beled and 8 h-IdU-labeled human embryonic stem cells.
Both samples were run on the same flow cell with an average
sequencing depth of the human genome of 0.54 x in the con-
trol and 0.33x in the IdU-labeled sample (Supplementary
Figure S2F). The coverage of the mitochondrial genome in
both samples was enriched by a factor of 7000x in the con-
trol and 6500x in the sample, incubated with 1dU.

The mitochondrial genome has a light (CA-rich) and a
heavy (GT-rich) strand, which were sequenced as the for-
ward and reverse strands on the MinION, respectively (Fig-
ure 4A). The light strand was predominantly represented
by 16kb long reads, while the heavy strand showed two
read pools- 8kb and 16kb in both the control and 1dU-
labeled sample (Figure 4B). The ~8kb reads in the heavy
strand occur due to the position of the Cas9 cut at 8.1kb
and read direction clockwise toward the Oy (Figure 4A
and Supplementary Figure S2H) on DNA molecules that
are not yet ligated at the initiation site and form a nicked
genome (21). In addition, the heavy strand is underrepre-
sented relative to the light strand: up to 7000 16kb long
reads covered the light, while only 500 covered the heavy
strand in the control sample (Figure 4B). A similar result
was recorded for the 8h-IdU labeled sample: over 4000 16kb
long reads for the light strand, compared to about 100 for
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the heavy strand (Figure 4B). This difference is consistent
with the RITOLS (RNA Incorporation Throughout the
Lagging Strand) model of mitochondrial DNA replication,
which describes base-pairing between the parental heavy
strand and RNA (22). Efficient Cas9-mediated enrichment
requires dsDNA; RNA/DNA hybrids, converted to ssDNA
as a result of RNAse A treatment (23) during sample prepa-
ration depress the coverage of the heavy strand as S. pyo-
genes Cas9 does not cleave ssDNA efficiently (24) (Supple-
mentary Figure S2H).

We next computed P-values in the 10% percentile for
16kb long reads and found significant differences when
reads from the IdU-labeled sample were compared to the
unlabeled control for both the heavy and light strands (Fig-
ure 4C and Supplementary Figure S2G). A significant result
was also seen in the analysis of 8kb reads from the heavy
strand (Figure 4C). The 8kb reads from the light strand
showed differences, though they were not significant. This
analysis defines the range of signal from unlabeled reads.

To distinguish and segregate labeled reads of length 16kb
and 8kb from unlabeled ones, we next calculated P-values
in sliding windows of 200 bp in the IdU-incubated sample.
To set the baseline for IdU detection, we compared reads,
basecalled from even and odd data folders from the unla-
beled control sample to each other (Figure 4D). We then
compared unlabeled 16kb reads from the IdU-incubated
sample (P-values above the 25% percentile) to reads from
the control, without detecting any signal (Figure 4E). Next,
we compared selected 16kb labeled reads (P-values below
the 25% percentile) from the IdU-incubated sample to reads
from the control which resulted in log(10) P-values between
—6 and —3, clearly indicating the presence of IdU label
(Figure 4F). Since the heavy strand was represented by two
pools of reads- 16kb and 8kb, we decided to extend the
same analysis to 8kb reads from the heavy strand. Thus,
we selected unlabeled 8kb reads (P-value above the 25%
percentile) and labeled 8kb reads (P-value below the 25%
percentile) and compared them to reads from the unlabeled
control (Figure 4G, H). While the comparison of 8kb un-
labeled reads from the IdU-incubated sample to control re-
mained close to baseline (Figure 4G), the log(10) P-values
from the comparison of 8kb labeled reads from the IdU-
treated sample to the control dropped to a range between
—5and —3 (Figure 4H), demonstrating the detection of [dU
label in newly synthesized DNA strands. This analysis led
to the identification of 759/4404 (17%) labeled light strand
and 26/104 (25%) labeled heavy strand reads in the 16kb
read pool (Figure 4I). The number of 8kb labeled reads was
37771293 (29%) for the light strand and 65/168 (39%) for
the heavy strand (Figure 41). The greater percentage of la-
beled heavy strands in both the 16kb and 8kb read pools is
consistent with the initiation of DNA replication from Oy
prior to Or..

The total number of labeled 16kb and 8kb reads was
1227/5969 (21%). Because DNA replication is semiconser-
vative and at most half of the DNA strands are expected
to be labeled within a complete cell cycle, we conclude that
in a timeframe of 8h, about 42% of mtDNA has replicated.
This replication rate allows mtDNA homeostasis in human
embryonic (hES) stem cells, which have a cell cycle of about
15-20 h (25). This analysis shows that our tools in combina-
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Figure 4. Detection of newly-synthesized DNA in the human mitochondrial genome. (A) A schematic of mitochondria and their genome. The light
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IdU-labeled sample. Purple stars indicate significant differences. (D). P-values in the 25% percentile for the comparison between 16kb reads, basecalled
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tion with the MinION sequencing platform can be used for
identifying and counting the number of IdU-labeled strands
in human mitochondrial DNA.

DISCUSSION

Analysis of DNA replication and repair at a single molecule
level with a readily amenable sequencing platform would
greatly increase our understanding of DNA replication and
genetic stability in development and disease. Established
methods, such as fiber analysis and in situ hybridization are
limited in resolution and scalability. Towards this aim, we
show here that Replipore sequencing can be used to detect
a panel of thymidine modifications in synthetic templates as
well as IdU, incorporated in the DNA of replicating mam-
malian cells. Compounds, which are chemically alike, but
with different molecular weights or different structure, can
generate distinct signals when passing through a pore (26).
Here, we present increased signal changes with increasing
molecular weight from EdU, CldU and BrdU to IdU with
a signal spread affecting 2-4 neighboring bases on each side
of the analog. Structurally bulkier moieties of high molec-
ular weight, such as biotin, generated large signal shifts
spreading as far as 10 nucleotides in the neighborhood of
the modified base. Larger polymers have been reported to
have increased pore residence times compared to shorter

molecules (27) and thus the extensive signal spread with
biotin-modified DNA may be due to longer dwell times
in the pore. The difference in signal spread between small
analogs and bulky adducts can be leveraged for identifica-
tion purposes. In this study, we demonstrate that NanoMod
analysis can be used to distinguish between Biotin and IdU
when present on the same DNA strand. Studies on the pro-
gression of DNA replication may use the sequential appli-
cation of IdU and EdU with the intent to modify the latter
further with Biotin and form a larger base. While we show
proof of principle of dual color labeling and sequencing us-
ing a plasmid, identifying alternating tracks of IdU and Bi-
otin in large mammalian genomes will require further devel-
opment of the current algorithms. The use of two analogs
is routinely applied in studies of fork progression through
DNA combing, which is not associated with sequence in-
formation. The ability to add information on location in
the genome on single DNA strands through pore sequenc-
ing would greatly facilitate our understanding of the pat-
tern of DNA synthesis in normal and abnormal cells. To
this end, we provide a proof of principle that noncanonical
bases that can be incorporated into cells during DNA repli-
cation can be detected with nanopore sequencing and that
bulky adducts can be distinguished from smaller analogs.
In this study, we also demonstrate that click cycloaddi-
tion reactions can be used to generate any desired chem-



PAGE 11 OF 12

ical change after incorporation of a nucleotide with a re-
active group. These analogs could be detected without fur-
ther modification, and the clicking of bulky adducts again
showed a wider spread in signals. Though click chemistry
with copper catalysts can introduce DNA damage, novel
copper-free click is now available and will likely be more
suitable for this application (28). For example, AmdU is an
azide group-containing analog, which is incorporated dur-
ing DNA replication and reacts with alkynes in copper-free
reactions, allowing the formation of a bulky adduct while
protecting DNA from damage (29, 30). A base with a vinyl-
group, such as VdU, also allows the introduction of further
modifications via copper-free alkene-tetrazine ligation (31).

We chose IdU to establish detection of nucleotide analogs
in mammalian cellular DNA, as it performed well in mod-
eling to detect a modified nucleotide when only 20% of T’s
are substituted. By applying IdU label to human embry-
onic stem cells through a complete cell cycle, we demon-
strate that IdU-substituted genomic DNA can be distin-
guished from control DNA. A coverage of 200-300 reads
per 9-mer was sufficient to observe significant differences.
As these k-mers are from different locations of the genome,
k-mers from the same read may be combined for the analysis
of a labeled DNA strand, thereby amplifying the signal and
reducing the coverage requirement. We used this strategy
to detect IdU-substitutions on individual DNA molecules
and showed that single IdU-containing reads of 2.0 kb can
be called with NanoMod when sampling from the top 10%
lowest P-values of T-containing k-mers along a single read.

To apply our tools to a biological problem, we chose
to study and detect replication of the human mitochon-
drial genome. Mitochondria are organelles involved in cel-
lular respiration and defects in mitochondrial DNA replica-
tion are associated with a wide spectrum of disorders, such
as Alpers syndrome, ataxia-neuropathy syndrome, epilepsy
and others, (reviewed in Milone et. al (32)). We demon-
strated that CRISPR /Cas9-based enrichment for human
mitochondrial DNA results in increase of coverage of up
to 7000x on a single MinION flow cell. Most of the reads
in our pool were from the light strand of the mitochon-
drial genome. The reduced coverage of the heavy strand
is likely due to the presence of RNA/DNA hybrids of the
parental heavy strand, as predicted by the RITOLS model
(22), which are not captured after RNAse A treatment and
Cas9-mediated target enrichment. The heavy strand was
represented in two read populations, 8kb and 16kb, due
to a nick at Oy in replicated, but not yet ligated mtDNA
molecules. Our analysis with NanoMod revealed that IdU-
labeled strands can be identified and counted as a fraction
of all sequenced reads, showing that about 42% of mtDNA
molecules replicate within a period of 8h in human embry-
onic stem cells, consistent with the replication rates required
to maintain mtDNA homeostasis. Therefore, this method
provides a path to studying mitochondrial DNA replication
dynamics. Such information is valuable for the analysis of
differential replication when two different mtDNA haplo-
types are present in the same cell after mitochondrial re-
placement. Competition between two mtDNA haplotypes
determines the efficacy of mitochondrial replacement ther-
apy (33), intended to prevent the genetic transmission of mi-
tochondrial disease.
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The MinION has been successfully employed for the as-
sembly of eukaryotic genomes, such as yeast (34), C. elegans
(35) and the human genome with a median coverage of 26,
though it required 43 flow cells (36). Therefore, nanopore se-
quencing is an accessible technology that can readily be ap-
plied to organisms with small genomes. Recently, the Min-
ION has also been used for the analysis of DNA replica-
tion of the smaller yeast genome using the BrdU analog
(37). For the larger mammalian genomes, the approach of
CRISPR /Cas9-mediated enrichment, as used here, is cur-
rently more practical and will be useful for on target se-
quencing of specific genomic regions. An important ques-
tion for future studies is whether the MinION can be ap-
plied to the study DNA replication progression at repeti-
tive DNA regions, such as the insulin ILPR associated with
type 1 diabetes, or the COORF72 repeats causing frontotem-
poral dementia. A similar approach has recently been used
for the study of DNA methylation at repetitive loci (16).
CRISPR /Cas9-mediated enrichment may be multiplexed,
such that multiple regions are analyzed in a single sequenc-
ing run, providing information on replication progression
that thus far requires the specialized skills of fiber isolation,
combing and in situ hybridization (38).

We conclude that sequencing DNA replication using
nanopores, termed here Replipore sequencing, is a novel
technology with significant potential in research and diag-
nostics. DNA replication is the fundamental requirement of
cell proliferation and regeneration, and occurs in a cell type
and locus-specific manner. Abnormalities in DNA repli-
cation can result in genome instability, cellular senescence
or apoptosis, and the increase of toolsets to study replica-
tion is therefore highly relevant to regenerative medicine. In-
sights about polymerase progression, derived from sequenc-
ing modified nucleotides through nanopores, will likely
prove critical to improving our understanding and ulti-
mately treatment of diseases, characterized by abnormali-
ties in DNA replication.
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