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Abstract

Molecular techniques that recover unknown sequences next to a known sequence region have been widely applied in various molec-
ular studies, such as chromosome walking, identification of the insertion site of transposon mutagenesis, fusion gene partner, and
chromosomal breakpoints, as well as targeted sequencing library preparation. Although various techniques have been introduced
for efficiency enhancement, searching for relevant single molecular event present in a large-sized genome remains challenging.
Here, the optimized ligation-mediated polymerase chain reaction (PCR) method was developed and successfully identified chromo-
somal breakpoints far away from the exon of the new exon junction without the need for nested PCR. In addition to recovering un-
known sequences next to a known sequence region, the high efficiency of the method could also improve the performance of tar-
geted next-generation sequencing (NGS).

Keywords: ligation-mediated PCR; chromosome walking; chromosomal breakpoint; fusion gene; targeted sequencing

(Fig. 1). We validate the protocol and smoothly recover amplicons
containing chromosomal breakpoints in sizes of ~3kb, ~4.5kb,
and 5.1kb upstream of exon adjacent to the new exon junction of
a RET fusion gene-positive cell line, LC-2/Ad, an ALK fusion gene-
positive cell line, H3122, and an ALK fusion gene-positive lung
cancer patient sample, respectively, without the need for nested
PCR. The optimized method could be applied to improve the effi-
clency and performance of any application adopting ligation-
mediated PCR.

Introduction

Identification of unknown sequences adjacent to a known sequence
region has great applications in various molecular studies including
cDNA cloning, chromosome walking, transposon insertion site de-
termination, as well as fusion gene partner and chromosomal
breakpoint identification. Various methodologies have been devel-
oped and optimized for specific molecular targets, including inverse
PCR [1-3], adaptor ligation-mediated PCR [4-6], and degenerate
priming PCR [7-10]. Interested targets are frequently hidden behind
the nonspecific amplification, and nested PCR is often introduced
to eliminate nonspecific products. The sequential amplification of a
sample would preferentially enrich short amplicons, leaving the ex-
pansion of interest sequence target behind. Even when the inter-
ested sequences are successfully amplified, only short sequence

Materials and methods
Genomic DNA extraction
Genomic DNA of lung cancer cell lines, LC-2/ad and H3122, and

information less than 1kb is obtained. It is still insufficient and inef-
ficient for uncovering a molecular event far away from the known
sequence side when the event could not be simply resolved by map-
ping the retrieved short sequence next to the known sequence re-
gion to the reference genome, such as chromosomal breakpoint.
Here, we report an efficient and optimized ligation-mediated
PCR methodology, for chromosomal breakpoint identification

the patient sample were extracted using Allprep DNA/RNA Mini
Kit (Qiagen, Hilden, Germany) following the manufacturer’s in-
struction. Lung cancer patient samples used in the study were
collected with written and signed informed consent and
requested from the Research Specimen Processing Laboratory,
Chang Gung Memorial Hospital, Chiayi, and Biobank, Chang
Gung Memorial Hospital, Chiayi after approval from the
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Figure 1. The principle of the optimized ligation-mediated PCR. The detailed primer and adaptor sequences and modifications are shown at the top of
the figure. The traditional and the optimized methods all start with library fragmentation and adaptor ligation. In the optimized one, the attachment of
the adaptor to library DNA is enhanced by TA ligation. The downstream target amplification could encounter nonspecific amplification by the adaptor
primer alone due to adaptor end repairing during the early phase of PCR caused by the suboptimal 5’ phosphorylation labeling or 3’ extension blocker
attachment to the bottom strand of the adaptor (on the bottom left of the figure). These complications are avoided by introducing the extension step
using a biotin-labeled gene-specific primer and capture enrichment step (on the bottom right of the figure). These modifications make the optimized
method capable of a highly specific and efficient target amplification without the need for additional nested PCR.

institutional review board (IRB No: 201600631B0, 201600631
BOC501 and 201600631B0C502).

Restriction enzyme cleavage and A-tailing

First, 100ng genomic DNA was digested using restriction
enzymes to create blunt ends (New England Biolabs, Beverly, MA,
USA) in the condition following the manufacturer’s protocol. The
choice of restriction enzymes to determine the chromosomal
breakpoint for a specific fusion gene using the ligation-mediated
PCR relies on a prior analysis of the restriction enzyme map of
the genomic sequences adjacent to the exon of the new exon
junction. Restriction enzymes having no cutting site close to the
exon adjacent to the new exon junction are the top priority for
the library preparation, otherwise, the ligation-mediated PCR
could have a very low chance of obtaining an amplicon contain-
ing the chromosomal breakpoint when adopting a gene-specific
primer residing on the exon adjacent to the new exon junction in
the ligation-mediated PCR. For this reason, Dral digestion was
chosen for the identification of the chromosomal breakpoint of
the RET fusion gene, and Smal or EcoRV was chosen for the iden-
tification of the chromosomal breakpoint of the ALK fusion gene.
After digestion, the DNA fragments were purified using phenol-
chloroform extraction and ethanol precipitation procedure. The

A-tailing to the blunt end DNA fragments was performed using
Taq DNA polymerase (Sigma-Aldrich, St Louis, MO, USA) with
1.5mM MgCl,, and 330uM deoxyadenosine triphosphate (dATP)
at 72°C for 1 hr. After the reaction, the DNA fragments were again
purified using phenol-chloroform extraction and ethanol precipi-
tation procedure.

Adaptor ligation

The top strand of the adaptor used in this study was modified
from the Illumina Index 2 (i5) Adapter sequence with an addi-
tional T in the 3’ terminal, and the bottom strand of the adaptor
was the complementary sequence of the read 1 sequence of
Nextera Transposase Adapter with 5 phosphorylation and 3’
inverted dT modification (Fig. 1). Both oligos were ordered from
Integrated DNA Technologies (IDT, Singapore). To make the
adaptor for ligation, 3 uM of each oligo was mixed and heated up
to 95°C for 5min and slowly cooled down to 25°C at a rate of 1°C/
15 sec to form the final partial duplex adaptor. For the adaptor li-
gation, 100ng of template DNA with 3’ A-tailing and 25pmol
adaptor was incubated with the Blunt/TA ligase master mix (New
England Biolabs) at room temperature for 2hr. After ligation,
adaptor-linked template DNA was purified using 0.85X volume of
AMPureXP beads (Beckman Coulter, Brea, CA, USA)



Gene-specific primer extension and
capture enrichment

For enrichment of the target sequence, the extension reaction
was performed using a 20ng adaptor-ligated template and
200nM 5’ Biotin-labeled specific primer with Emerald Taq Master
Mix (Takara, Tokyo, Japan) in the following thermal cycling con-
dition: 98°C, 3min; 25 cycles of 98°C, 20sec, 65°C, 30sec, 72°C,
2min; 72°C, 2.5min. The extension product was then capture-
enriched using Dynabeads™ MyOne™ Streptavidin C1 bead
(Thermo Fisher, Waltham, MA, USA) after removing the unex-
tended primer using 0.85X volume of Ampure XP beads.

PCR reaction for target amplification

Target amplification was performed using 1/10 volume of
capture-enriched extension product, 200nM of adaptor primer
(AP) and gene-specific primers (GSP1, GSP2, and GSP3), and
Emerald Taq Master Mix (Takara) with the following thermal cy-
cling condition: 98°C, 3min; 40 cycles of 95°C, 30 sec, 65°C, 30sec,
72°C, S5min; 72°C, 5min.

Results

Optimizations in the advanced version of ligation-mediated PCR
include choosing blunt-end restriction enzymes to avoid incom-
plete end repair, A-tailing to avoid random library fragment liga-
tion, extension blocker in the tail of the bottom strand of adaptor
to avoid adaptor end-repair priming in adaptor during the early
cycle of amplification, and a biotin-labeled gene-specific primer
extension and enrichment before final amplification to avoid am-
plification from adaptor primer alone (Fig. 1). A RET fusion gene-
positive lung cancer cell line, LC-2/ad (CCDC6 E1: RET E12), and
an ALK fusion gene-positive lung cancer cell line, H3122 (EML4
E13: ALK E20), were employed to demonstrate the performance of
the method. In view of the RET fusion gene most frequently in-
volved with exon 8 and exon 12 of RET gene and ALK fusion gene
frequently involved with exon 20 of ALK gene, blunt-end restric-
tion enzymes with no cutting site between intron 7 to intron 11 of
RET, such as Dral, or with cutting site far away from the exon 20
of ALK, such as EcoRV and Smal, was chosen to digest the geno-
mic DNA of the two cell lines. After A-tailing, adaptor ligation,
single primer extension, and streptavidin capture enrichment,
3kb and 4.5kb bands for LC-2/ad cells and H3122 cells were
efficiently and successfully amplified in the first PCR reaction, re-
spectively. The performance and reliability of the ligation-
mediated PCR method for the identification of the chromosomal
breakpoint of a fusion gene in clinical samples were also demon-
strated using an ALK fusion gene-positive lung cancer sample
identified in our earlier work [11] and a 5.1kb amplicon was re-
covered (Fig. 2). The chromosomal breakpoints in these amplified
fragments were then uncovered by Sanger sequencing with
primer walking from either the adaptor primer or gene-specific
primer side, and the chromosomal breakpoints were 1.7 kb, 0.3kb
and 1.1kb upstream to the gene-specific primer side in LC-2/ad
cells, H3122 cells and the ALK fusion gene-positive lung cancer
sample, respectively (Fig. 2).

Discussion

Techniques that help identify or enrich unknown sequence frag-
ments adjacent to known sequence regions have been widely ap-
plied in various molecular studies, such as the determination of
the insertion site of transposon mutagenesis, identification of fu-
sion partners, and sequencing library preparation. Each strategy

An optimized ligation-mediated PCR method | 3

is developed for specific study purposes and has its own merits
and demerits. The inverse PCR is developed to help efficiently de-
termine the insertion site of a known sequence in a genome using
a primer pair extending outward from the insertion sequence to
the flanked unknown sequence after restriction enzyme diges-
tion and circularization after ligation [1]. Although the success of
inverse PCR is dependent on the high efficiency of template cir-
cularization, linearization of the circulated templates by cutting
in the middle of the insertion sequence is found to improve the
amplification efficiency of inverse PCR because a circular tem-
plate would pose restraints for template denature and primer
binding [12,13]. However, the additional cutting step might also
break the sequence linkage between the primer set and pose a
great uncertainty to the method. Degenerate priming PCR can be
easily performed without the need for prior DNA manipulation
but will generally adopt a large degenerate primer set to increase
the success rate and require a great deal of work in downstream
screening. Owing to the nonspecific binding nature of degenerate
primer, the method relies on multiple nested-PCR to discriminate
nonspecific amplification using consecutive internal specific pri-
mers. Even so, substantial final amplification products could still
come from the single degenerate primer and very often only
short amplicons are returned [9, 10]. Reliable methods for retriev-
ing long sequences would be valuable when target molecular
events could not be resolved by simply mapping identified new
sequences to the reference genome.

The method is an advanced version of the ligation-mediated
PCR. The success of ligation-mediated PCR relies on an efficient
and reliable attachment of adaptors to every terminal of the li-
brary fragment. Moreover, major obstacles for the success of
ligation-mediated PCR, including adaptor self-ligation, template
intermolecular random ligation, adaptor end-repair priming, and
nonspecific amplification by adaptor primer, were tailored and
optimized at once in this method. Efficient ligation of adaptors to
the library fragments and suppression of intramolecular random
ligation is achieved by conversion of the library fragment with 3’
A-tailing using Tag-DNA polymerase. It should be noted that the
non-template nucleotide addition by the polymerase is not a very
explicit process. The efficiency of nucleotide addition is terminal
sequence context-dependent and A-tailing efficiency is just
slightly greater than the addition of other nucleotides [14-16]. To
improve the A-tailing efficiency, a library fragment was gener-
ated using restriction enzymes to create blunt ends, and only
dATP was supplemented in the Tag DNA polymerase-mediated
non-template nucleotide addition reaction. The quality of
the adaptor is another critical factor for the success of the
ligation-mediated PCR. Although the bottom strand of the adap-
tor is synthesized with 5’-phosphorylation and 3’-inverted dT
modification, the labeling efficiency is generally suboptimal. This
could make adaptor end-repair filling occur in the early phase of
the downstream PCR and let amplification from adaptor primer
alone easily outcompete the target amplification. To avoid these
complications, capture enrichment after extension using a
biotin-labeled gene-specific primer is introduced to eliminate the
nonspecific amplification by adaptor primer. Integration of all
these modifications together makes an efficient and reliable tar-
get recovery possible without the need for additional nested PCR
enrichment. To facilitate resolving the chromosomal breakpoint
in the amplicon after the ligation-mediated PCR, the incorpora-
tion of the next-generation sequencing, especially those that gen-
erate long reads, such as Nanopore, can be envisaged by simply
attaching the corresponding sequencing adaptor to the amplicon.
One thing should be noted, however, that the current method
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Figure 2. The application of the optimized ligation-mediated PCR method for identifying the chromosomal breakpoint of oncogenic fusion genes in LC-
2/ad and H3122 cells, and an ALK fusion gene-positive lung cancer patient sample. The amplification products after the procedure were resolved using
agarose gel electrophoresis. Target bands from the amplification by the gene-specific primer and adaptor primer are labeled with black arrows. The
chromosomal breakpoint was confirmed by Sanger sequencing with primer walking.

relies on obtaining a single amplicon using a gene-specific primer
on the exon adjacent to the new exon junction with the adaptor
primer to retrieve the chromosomal breakpoint of a fusion gene.
It would be challenging to identify a chromosomal breakpoint us-
ing the current method if the chromosomal breakpoint of a fu-
sion gene is more than 20-30kb away from the exon adjacent to
the new exon junction beyond the current amplification limit of
the long-range PCR, such as those involved in the minor BCR-ABL
fusion gene formation. Besides, a restriction enzyme without any
cutting site across an ultra-long sequence region between the
chromosomal breakpoint and the exon adjacent to the new exon
junction to make a single amplicon containing the chromosomal
breakpoint in the ligation-mediated PCR possible is also unlikely.
These would need to incorporate multiple gene-specific primers
spanning the entire region, including those residing in the adja-
cent intron, in the ligation-mediated PCR to amplify and resolve
the entire sequence piece by piece simultaneously using the
next-generation sequencing to identify the chromosomal break-
point of a fusion gene.

Potential applications of the optimized method in
targeted next-generation sequencing

Targeted next-generation sequencing is an important tool for dis-
ease diagnosis and screening. Owing to high levels of

multiplexing and amplification, off-target reads frequently oc-
cur. Current library preparation in targeted next-generation se-
quencing often adopts the long hybridization capture probe
[17,18] or padlock probe [19, 20] for target region enrichment,
which often requires a significant amount of input DNA and is
not applicable when only a small quantity of sample is available.
The procedure established in the method retains both the advan-
tages of the hybridization capture-based method by harnessing
the biotin-labeled primer for target enrichment and the
amplicon-based method using an internal gene-specific primer
for target amplification could permit a lower amount of DNA in-
put, higher on-target rate, better uniformity, and lower cost. The
advanced version of ligation-mediated PCR could further extend
the application scope of targeted sequencing and benefit
more patients.
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