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Abstract

Background: Ligation-mediated PCR protocols have diverse uses including the identification of integration sites of
insertional mutagens, integrating vectors and naturally occurring mobile genetic elements. For approaches that
employ NGS sequencing, the relative abundance of integrations within a complex mixture is typically determined
through the use of read counts or unique fragment lengths from a ligation of sheared DNA; however, these
estimates may be skewed by PCR amplification biases and saturation of sequencing coverage.

Results: Here we describe a modification of our previous splinkerette based ligation-mediated PCR using a novel
[llumina-compatible adapter design that prevents amplification of non-target DNA and incorporates unique
molecular identifiers. This design reduces the number of PCR cycles required and improves relative quantitation of
integration abundance for saturating sequencing coverage. By inverting the forked adapter strands from a standard
orientation, the integration-genome junction can be sequenced without affecting the sequence diversity required
for cluster generation on the flow cell. Replicate libraries of murine leukemia virus-infected spleen samples yielded
highly reproducible quantitation of clonal integrations as well as a deep coverage of subclonal integrations. A
dilution series of DNAs bearing integrations of MuLV or piggyBac transposon shows linearity of the quantitation
over a range of concentrations.

Conclusions: Merging ligation and library generation steps can reduce total PCR amplification cycles without
sacrificing coverage or fidelity. The protocol is robust enough for use in a 96 well format using an automated liquid
handler and we include programs for use of a Beckman Biomek liquid handling workstation. We also include an
informatics pipeline that maps reads, builds integration contigs and quantitates integration abundance using both
fragment lengths and unique molecular identifiers. Suggestions for optimizing the protocol to other target DNA
sequences are included. The reproducible distinction of clonal and subclonal integration sites from each other
allows for analysis of populations of cells undergoing selection, such as those found in insertional mutagenesis
screens.
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Background

Ligation-mediated PCR methods have diverse applica-
tions in identifying the integration sites of a known
DNA sequence at an unknown locus. Applications in-
clude studying the integration site preferences of mobile
genetic elements, the identification of transgene integra-
tion sites and the study of how remobilized endogenous
genetic elements contribute to evolution and/or tumour
development (reviewed in [1-3]). Furthermore, the abil-
ity of some mobile elements to retain activity between
species, phyla, and even kingdoms, has led to a prolifera-
tion of their use for transgene delivery, gene trapping
and mutagenesis screens. Additional file 1: Table S1 lists
a sampling of studies and research tools that employ
these techniques in organisms as diverse as bacteria,
yeast, plants, nematodes, insects and vertebrates.

In most protocols, DNA is either restriction-digested or
sheared and then ligated to adapters at both ends. The
breakpoint between the integrated DNA and genome can
then be amplified independently of the remainder of the gen-
ome, by using a primer specific to a known integrated DNA
sequence and another specific to the adapter. In many
protocols the use of non-complementary forked or bubble
adapters, such as vectorette and splinkerette, limits the first
round of DNA synthesis to the target sequence primer [4, 5].
Only after this has occurred can the adapter primer bind to
a template and give rise to exponential amplification of target
regions. Chemical blocking of a shortened lower strand
adapter 3’ terminus can also be incorporated such that it is
unable to act as a primer for template extension [6].

We recently completed a study cloning the retroviral in-
tegrations from lymphoid malignancies of hundreds of mice
infected with murine leukemia virus (MuLV) [7]. Estimat-
ing the relative abundance of each mutation is important in
these studies since these tumours consist of one or more
dominant clones with clonal integration sites, alongside
thousands of low clonality integrations that are either
present in subclones of a major clone or in adjacent non-
malignant tissue. Many studies have used the number of
sheared DNA fragment ends to quantify the abundance of
each integration [8—10]; however, one caveat of this ap-
proach is that it can lead to underestimation of highly
clonal integrations as sequence coverage reaches saturation.

Here we describe LUMI-PCR (Ligation-mediated Unique
Molecular Identifier PCR), a protocol which integrates
[lumina dual index library construction with splinkerette
based ligation-mediated PCR. The adapters are compatible
with a standard Illumina dual index sequencing recipe and
can be used to estimate the relative abundance of integra-
tions through the incorporation of unique molecular iden-
tifiers (UMlIs). Importantly, the adapters, primers and
reagents can be ordered by the user to keep costs low,
allowing economic processing of hundreds of samples. We
have processed samples in a 96 well format using a
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standard liquid handling workstation (both the Beckman
Biomek FX and Biomek DX models) at an overall reagent
cost of US$20/£16 per library.

In this study we present integration site cloning of spleen
DNA samples from mice infected with MuLV in addition
to DNA derived from clonal cell lines infected with the
piggyBac transposon. The protocol yields highly reprodu-
cible results with a sensitivity that allows cloning of over a
thousand integration sites from a sample of 1ug of input
DNA. Clonal outgrowths of cells within MuLV samples
give rise to highly clonal integrations and their relative
abundance can be quantitated with a high degree of repro-
ducibility. By generating a series of libraries where DNA
samples are diluted into each other at defined concentra-
tions, we also see this quantitation reflects the known rela-
tive abundance of integrations in a complex mixture.

Results

Merging lllumina sequencing library adapters with a
forked LM-PCR adapter that incorporates both indexes
and unique molecular identifiers

The protocol was initially developed to amplify outward
from the 5° end of the MuLV long terminal repeat
(LTR) and we have also adapted it to clone the 5" end of
piggyBac transposon integrations. A custom adapter in-
cludes an 8 or 10 base pair UMI and a sequence that
binds the Illumina flow cell at the initial ligation step
(Fig. 1 and Additional file 1: Figure S1). In this design,
unlike standard Illumina adapters, the PCR primers have
no template to bind until after the first strand has been
synthesized, similar to the approach used for vectorette/
splinkerette PCR protocols [4, 5]. The secondary PCR
primer against the LTR sequence also incorporates a se-
quence that is capable of binding the flow cell.

Cluster recognition on Illumina sequencers requires se-
quence diversity between clusters for the first 10bp of
read 1. For this reason, when compared to standard Illu-
mina adapters, the non-complementary adapter fork se-
quences that hybridize each strand to the flow cell are
swapped, yielding a template orientation where read 1
runs from the adapter sequence directly into the sheared
end of the genomic DNA, thus guaranteeing sequence di-
versity between clusters. Read 2 can then be sequenced
from the integration-genome junction so that all clusters
can have identical bases without interfering with cluster
recognition. (Fig. 1 and Additional file 1: Figure S1). The
read 2 primer is offset back from the integration-genome
junction to include bases spanning the junction. PCR frag-
ments resulting from non-specific primer binding sites
that do not contain an integration-genome junction can
then be discarded prior to mapping. The adapter and sec-
ondary PCR integration primer both include a unique 10
bp index and the combination of these allows hundreds of
samples to be pooled on a single flow cell and



Dawes et al. Mobile DNA (2020) 11:7 Page 3 of 16

ad  Splinkerette / Ligation mediated PCR d Ligation mediated UMI PCR - dual index

adapter virus genome adapter virus genome

gati ;/ ligation product
ligation product /—\ with 1st index & UMI Y — \

first strand _ ... Sy:]itrf‘:i';a\zgus _ ...
; = =
synthesis 7 strand only 4
_______________________ — — e e
primary PCR v primary PCR v
amplification m— o e e e eeeeeeeee—e--- amplification — e oo,
______________________ — nested secondary """"'"""""""""F_
nested secondary ¢ PCR amplification &
PCR amplification — oo 2nd index addition . - - e e eeieeiccacaeao...
b Illumina adapter ligation - single index @ lllumina sequencing - dual index with UMI

adapter genome
anneal to N—
ligation product N\ e VS flowcell [ rmmmmmmmemmmmmmmemmeme s
with 1st index —\ forbridge e
amplification

first strand —

strand - ITTTTT T T e e e C sequence -
synthesis & PCR first strand I
................................... " e
of both strands and first index
. . . sequence UMI N
C  lllumina tagmentation - dual index & second index I nu\—l

adapter genome

tagmentation N\ ee———————————————— synthesize —
product —\ secondstrand W -ommmmommommmmomoooomeon

first strand

° - S— sequence
SZ?S‘;;'SS:E:;R """""""""""""""""""" C— second strand ==dlinnunnn I
& addition of e
indexes

Fig. 1 Comparison of LUMI-PCR with regular Illumina dual index library prep and with regular splinkerette PCR library prep. a) The steps of a
traditional ligation-mediated PCR strategy using adapters with non-complementary segments and two rounds of nested PCR (e.g. splinkerette).
The adapter strands are partially non-complementary and the lower strand (dark green) has no complementary primer. The adapter primer (blue)
cannot bind to a template until the first strand has been synthesised from the virus primer (red). Subsequent steps will amplify virus flanked
genomic regions but not other regions. b) Standard lllumina library preparation protocols for single index libraries. Using ligation of adapters, an
index (black) is included in the adapter for each library, with one copy per fragment being present in the final product. Both strands are amplified
yielding different termini at each end for flow cell binding (blue & purple). ) lllumina Nextera library prep using tagmentation. Adapters are
added via Tn5 transposase. Both strands are amplified simultaneously using primer pairs that add an index at each end. d) LUMI-PCR is a hybrid
protocol for ligation-mediated PCR that uses one index in the adapter and one in the secondary PCR step. A unique molecular identifier (UMI
orange) is included adjacent to the adapter index (black) for quantitation of library fragments. The placement of the index is switched from the
strand normally used in Illumina adapters such that it will be retained after the first strand synthesis from the virus primer. The flow cell binding
sequence normally present in the Illumina adapter (purple) is included in the LTR primer of the secondary PCR ampilification. €) A modified dual
index Nextera sequencing protocol is used with custom primers and modified numbers of bases read from each index depending on the length
of the custom index and the UMI (our protocol uses 10 bp indexes and an 8-10 bp UMI). The custom virus primer can be nested back from the
virus genome junction to allow the junction to be sequenced

demultiplexed (adapter oligonucleotides are summarized reads are then mapped using Magic-BLAST [11] against
in Additional file 2: Table S1). both the genome and the sequence of the virus/trans-
DNA is sheared using a Covaris sonicator and libraries ~ poson. Mapped read pairs are retained if they have the ex-
are purified and size-selected using magnetic bead-based  pected orientation within 1000 bases of each other. Pairs
purification between ligation and PCR steps. Sequencing  that map more accurately to the integration sequence than
is performed using a modified Illumina paired-end dual the genome, such as those resulting from internal LTR
index recipe. The first index read is lengthened to 18 or  amplification, are eliminated from further analysis. Inte-
20 bp so that it includes 10 bp of the adapter index and  gration contigs are then built by grouping mapped reads
8-10bp of the UMI. A 10 bp read is used for index 2. using hierarchical clustering of the read 2 integration-
After demultiplexing, read pairs are filtered by average  genome junction coordinates.
Q-value and the beginning of read 2 is used to verify the
presence of an expected integration-genome junction. Hundreds of integration sites can be cloned from a single
Read pairs passing these criteria are retained. The bases library per DNA sample
on the integration side of the junction are trimmed and  DNA was extracted from the enlarged spleen of a mouse in-
the adapter and primer sequences are trimmed. Trimmed  fected with MuLV and this was processed as four replicate
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libraries in a 96 well format using a Beckman Biomek sta-
tion on four separate occasions. Libraries were sequenced
on an Illumina HiSeq 2500, and reads analysed using the
pipeline summarized in Additional file 1: Figure S2. Each of
the ligations yielded between 67,000 and 159,000 read pairs
that passed filtering and were properly mapped to the gen-
ome. By comparison control DNAs of uninfected mouse
and human samples that were processed on the same 96
well plates yielded between 0 and 13 read pairs that mapped
to the genome. After contig building the resulting integra-
tion numbers ranged from 317 to 1186 per library (Add-
itional file 1: Table S2).

The number of unique sheared-DNA fragment lengths
for each integration is estimated from the number of
unique mapping boundaries at the beginning of read 1 at
the far end from the integration-genome junction. The
number of DNA fragments per integration is also esti-
mated using the unique number of UMI sequences for
each integration. Potential sources of error exist for quan-
titation using either approach. Depending on coverage,
the number of possible fragment lengths present for each
integration is less than the number of possible UMIs per
sample when using an 8bp or 10bp UMI Fragment
length counts may also be skewed by PCR errors, sequen-
cing errors, end repair bias and read trimming/mapping
errors that alter the mapping boundaries. Similarly, UMI
numbers may be overestimated due to PCR errors (such
as hybridization of unligated adapter to PCR products)
and sequencing errors that introduce additional variation
between UMIs. To counter this, UMIs are grouped using
a Hamming distance of 1 i.e,, if two UMIs differ by a sin-
gle base they are counted as a single DNA fragment. This
reduces 4° potential combinations to 4’ (i.e., 16,384) or
410 potential combinations to 4° (262,144).

Fig. 2a displays the total number of sheared fragments
and UMIs identified per sample. Saturating coverage of
clonal integrations with hundreds of thousands of reads
leads to lower estimates of sheared fragment number rela-
tive to UMI number. To dissect how this discrepancy is a
function of coverage we reanalysed a single library (#
1179) using a series of subsamples of the total set of read
pairs ie. 1000, 3000, 10,000, 100,000 and 300,000 read
pairs. Fig. 2b shows the fragment and UMI counts of the
10 most abundant integrations over the series of read sub-
samples. For the 10 most clonal integrations within this li-
brary, analysing the fewest read numbers (1000 or 3000)
yields near identical numbers of sheared-fragment lengths
and UMIs, but as sequencing saturation increases, UMI
counts continue to increase whereas fragment length
counts reach saturation.

This difference effects estimates of relative abundance of
integrations as expressed as clonality i.e. the number of
fragment lengths/UMIs for a single integration divided by
the total number of fragment lengths/UMIs identified per
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sample. Normalized clonality is calculated so that the
most-abundant integration has a value of 1 i.e. all clonality
values are divided by the highest clonality value in the
sample. For samplings with only 1000 or 3000 read pairs,
the clonality and normalized clonality based on fragments
(Fig. 2c) and UMIs (Fig. 2d) are very similar. Larger num-
ber of reads leads to underestimation of sheared-fragment
length clonality and an overestimation of sheared-
fragment length normalized clonality. A notable finding of
the above analysis is that any skewing produced in
sheared-fragment end counts due to oversaturation of se-
quencing could potentially be addressed by subsampling
the total number of reads, although this effectively reduces
the number of low clonality integrations identified and in-
creases the sampling error of quantitation. The informat-
ics pipeline provided calculates fragment numbers, UMI
numbers (with and without hamming distance) and read
numbers for every integration.

Quantitation of clonal integrations is highly reproducible
between libraries

MuLV infected tissues are a complex mix of integrations
derived from clonal outgrowths with subclonal compo-
nents, alongside non-tumour cells that also bear integra-
tions. Fig. 3 summarizes the overlap of integrations found
in each of the four replicate libraries. A small sub fraction
of mostly clonal integrations is found reproducibly be-
tween libraries, with 28 integrations being found in all
four libraries (Fig. 3a). When plotting the clonality and
normalized clonality of integrations that are found in 1, 2,
3 and 4 of the replicate libraries there is a clear trend
whereby the least reproducible integrations present in 1, 2
or 3 libraries have a lower clonality than integrations iden-
tified in 4/4 libraries. All integrations with clonality > 0.01
and normalized clonality > 0.1 are found in all four librar-
ies (Fig. 3b & c).

Quantifying the relative abundance of integrations with
respect to one another is important for insertional muta-
genesis screens in order to differentiate the most-selected
integrations of clonal outgrowths from weakly selected or
unselected mutations. Fig. 4a depicts pairwise scatterplots
comparing normalized clonality of the 10 most-clonal in-
tegrations in each of the four replicate libraries. We ob-
serve a high degree of reproducibility as measured by
Pearson correlation coefficients (rho values ranging from
0.9601 and 0.9934). The degree of clonal outgrowth ob-
served in a polyclonal mixture of cells can be measured
using the Shannon entropy [12-14]. We calculate this
value for MuLV tumour samples using the normalized
clonality values of the 50 most-clonal integrations,
depicted in Fig. 4b. The entropy values for the four repli-
cate libraries fall within a narrow range from 2.535 to
2.785.
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Fig. 2 Quantitation of integration abundance and number is a function of sequencing coverage. a) The total number of sheared fragment length
counts (blue) is substantially lower than the number of UMI counts (red) in each of four replicate libraries. b) A single library (#1179) was
reanalysed using subsets of read pairs (1000, 3000, 10,000, 100,000 and 300,000 read pairs). Quantitation of the ten most clonal integrations for
each of these subsets is shown using unique sheared fragment lengths identified per integration (blue) and UMI counts per integration (red).
These values are similar when sampling lower numbers of reads but as the sample size increases, the sheared fragment length counts becomes
saturated. ¢ & d) The clonality and normalized clonality calculations for the ten most clonal integrations is calculated for all read subsets using
fragment length counts (c) and UMI counts (d). For the lowest samplings (1000 & 3000 read pairs) the clonality and normalized clonality based
on fragments (Fig. 2c) and UMiIs (Fig. 2d) are very similar whereas a larger number of reads leads to underestimation of fragment length clonality
for the most abundant inserts and conversely an overestimation of fragment normalized clonality for less abundant inserts

Il Fragments

0
12345678910
Inserts

Quantitation of integrations is linear over a range of
concentrations

Because the relative abundance of integrations can span
orders of magnitude, it is important to verify that quanti-
tation reflects the known starting concentration of inte-
grations within a complex mixture. To this end we

prepared two dilution series of mixed DNAs with replicate
libraries prepared from each series. The first series uses
DNAs extracted from two MuLV infected spleens. Tripli-
cate libraries were constructed from the individual DNAs,
a series of mixed DNAs and controls of uninfected DNA.
The uninfected DNA controls yielded no reads that
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Fig. 3 The most-clonal integrations are found reproducibly in all replicate libraries. a) A four-way Venn diagram illustrates the number of
integrations that are found reproducibly in 1, 2, 3 and 4 replicate libraries. The majority of single fragment/subclonal integrations are only found
in one library whereas the most-clonal integrations are found in all four libraries. The clonality values b) and normalized clonality values c) of all
integrations were compared for integrations that were found in 1, 2, 3 and 4 replicate libraries. The set of mutations present in only one of the
four libraries had substantially lower median clonality/normalized clonality values than those inserts found in more than one library. Although the
vast majority of subclonal mutations were found in only one library, a fraction are also found in more than one library. All integrations with
clonality > 0.01 and normalized clonality > 0.1 were found present in all four libraries
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mapped to the mouse genome. Libraries from individual
DNAs yielded highly reproducible quantitation of 9 and 2
clonal integration sites each, in addition to many low
abundance or single read integration sites (Fig. 5a). A
series of reciprocal dilutions of 2-fold, 5-fold and 50-fold
demonstrated a linear concentration dependent correl-
ation between dilution factor and integration quantitation
(Fig. 5b). One of these integrations at the highly recurrent
Mpycn 3" UTR locus was present in both samples at differ-
ent clonality and the linearity of dilution series is also pre-
served for this integration.

For the second dilution series, mouse neuronal precur-
sors were infected with a piggyBac transposon vector and
these were single cell sorted to grow clonal cell lines. Trip-
licate libraries were constructed using three cell lines
alongside non-transfected control mouse DNA. PCR pri-
mer binding sites were chosen against the 5" ITR taken
from the previously published QIseq protocol [15]. The
three cell lines contained one, five and nine integrations
each (Fig. 6a) whereas untransfected DNA gave no reads
mapping to the mouse genome. Even with clonal cell lines

there is some variance in the abundance of integrations; in
the third cell line one of the nine integrations is poorly
amplified. This likely reflects site and sequence specific in-
fluence of shearing and/or PCR amplification. Four mix-
tures of DNAs were created to give a range of
concentrations of all three DNAs and triplicate libraries
were constructed from these mixtures (Fig. 6b). Quantita-
tion is consistently linear in a concentration dependent
manner over ranges of 3% up to 100%.

Discussion

The integration site cloning methodology presented here
uses a novel Illumina/ligation mediated PCR hybrid
adapter that includes UMIs and limits the total amplifica-
tion cycles to two nested PCRs of 16 cycles (reduced from
50 total cycles in our previously published Splinkerette
protocol [16]). The informatics pipeline allows quantita-
tion by both UMIs and sheared fragment lengths. Al-
though increased sequencing coverage per library yields a
higher number of single fragment low clonality integra-
tions, there is a trade off in that saturating sequencing
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Fig. 5 Quantitation of MuLV integrations over a range of concentrations. a) Triplicate libraries were analysed from two MuLV infected spleen DNA
samples, identifying nine clonal integrations in sample #5036 and two clonal integrations in sample #5238. Integration 9 from sample #5036 and
integration 1 from sample #5238 both map to the same base pair in the 3" UTR of Mycn (chr12:12936986) which is a highly selected hotspot for
integrations in MuLV infected lymphoma samples. Triplicate libraries of uninfected DNA did not contain any mappable reads. b) These two DNAs
were mixed with each other at ratios of 1:49, 1:4, 1:1, 41 and 49:1 and triplicate libraries were constructed. The clonality of each of the
integrations is plotted against the percentage of its source DNA present in each mixture. Plots 1-8 are inserts 1-8 from sample #5036. Plot 9 is
insert 2 from sample #5238. Plot 10 simultaneously represents insert 9 from sample #5036 and insert 1 from sample #5238

coverage can skew quantitation by fragment length. As se-
quence coverage approaches saturation, the use of UMIs
increases the likelihood that final quantitation is more
representative of the initial sample at the ligation stage.
Furthermore, we demonstrate that saturation of sheared-
fragment length quantitation of clonal reads can be miti-
gated by subsampling the reads used for analysis. Quanti-
tation of integrations is highly reproducible and linear
over a series of dilutions where the starting concentration
of each integration is known.

Although the protocol was extensively optimised for clon-
ing MuLV integration sites, we have shown it can also be
applied to other integrants such as the piggyBac transposon.
When optimizing new conditions, we have found it is useful
to test and compare a series of PCR primers, cycle numbers
and annealing temperatures as well as DNA extraction
methods. The number of PCR cycles should be minimised
to reduce the effects of amplification bias [17] however the
cycle number used must meet a theoretical minimum based
on the relative abundance of the target sequences relative to
the entire genome size. For 1 pg of genomic DNA with a
single clonal integration per mammalian cell the theoretical

minimum number of amplification cycles to produce 1 ng of
library (2.32 x 10° copies) is 14 cycles but in practice we use
32. We have generally found that higher cycle numbers im-
prove the fraction of cluster forming, mappable PCR prod-
ucts, although this potentially increases amplification bias.
More cycles would be justified where accurate quantitation
of clonal outgrowth is less of a priority than maximal sensi-
tivity amplifying an unselected population of cells containing
primarily subclonal inserts. PCR conditions can be com-
pared by qPCR using SYBRgreen and multiple PCRs pre-
pared with different cycle numbers can then be pooled and
sequenced on a MiSeq to examine which conditions yield
the highest number of mappable sequences compared to
unmappable/unsequencable PCR artefacts.

The MuLV long terminal repeat (LTR) sequence is very
similar to hundreds of endogenous retrovirus like se-
quences, therefore our primers were carefully chosen for
their lack of sequence similarity to endogenous sequences
at the primer 3" end and their inability to amplify products
from uninfected control DNAs. Two rounds of nested PCR
are followed by sequencing using a further nested primer,
and any mismatch of endogenous sequences with these
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Fig. 6 Quantitation of piggyBac integrations over a range of concentrations. a) Triplicate libraries were analysed from three cell lines derived from
mouse neuronal precursors transfected with piggyBac and cloned by single cell sorting. These DNAs have 1, 5 and 9 integrations each. Triplicate
libraries of uninfected DNA did not contain any mappable reads. b) These three DNAs were mixed with each other at ratios of 1:2:4, 4:2:1, 1:5:25
and 25:5:1 and triplicate libraries were constructed. The clonality of each of the integrations is plotted against the percentage of its source DNA
present in each mixture. Plots 1-9 are inserts from cell line AltH2B_1 C1 (G2). Plot 10 is the insert from cell line Orig C1 (G8). Plots 11-15 are the
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nested primers helps reduce the background of endogenous
sequence PCR products and/or prevents these products
from vyielding high quality sequence. It is possible that other
DNAs with no similarity to endogenous sequences may re-
quire less nesting of PCR or sequencing primers.

The binding site of primers should be near enough to
the integration-genome junction to maximise the genomic
sequence that can be mapped but far enough from the
junction for nesting of the PCR and sequencing primers.
The sequencing primer should ideally leave enough bases
to give unambiguous identification of the integration-
genome junction. We have found a 10 bp offset from the
end of an MuLV integration is more than sufficient to give
an unambiguous integration-genome junction sequence.

The LTR sequences present in many retroviruses, retro-
transposons and viral vectors are tandem duplicated at

either end of the integrant, meaning 50% of all amplified
fragments will be internal to the virus/vector and not give
information about the integration site. These fragments
can be removed by using a restriction enzyme site close to
the end of the internal LTR repeat to cleave all ligation
fragments that might be amplifiable from the internal pri-
mer binding site. Other researchers have employed the
use of a locked nucleic acid primer that binds and blocks
amplification of the internal fragments [18]. An alternative
strategy is to simply ignore these unwanted internal se-
quences and allow sequencing of the internal sequences to
use 50% of all reads. This last approach was used for the
data in Figs. 5 and 6. The informatics pipeline maps reads
to both the virus/transposon sequence and the genome.
Reads mapping better to the virus/transposon are then
excluded.
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Contamination between samples is a relatively minor
concern for standard sequencing libraries where amplifi-
cation is a single final step, and where all target products
are of similar abundance. When performing ligation medi-
ated PCRs however, less than 0.01% of the genome is tar-
geted for amplification and when comparing subclonal
and clonal integrations, the abundance of target products
spans orders of magnitude. Aside from contamination be-
tween the initial DNA samples and libraries, the greater
concern is contamination of pre-amplification material
and reagents with post-amplification products, which will
readily dominate all subsequent PCR reactions. As such
control DNAs are essential and should ideally yield no
reads that map to the genome of interest.

To minimise contamination between starting DNA
samples, tissues are dissected with instruments that are
cleaned between uses by soaking in DNA-ExitusPlus and
then autoclaved. DNA is extracted, and libraries are li-
gated and size selected, in pre-PCR conditions. The first
round of PCR is carried out on one thermal cycler, the
primary PCR is cleaned in a second lab (we use a second
set of pipettes and or liquid handling station), and the
second PCR is carried out on another thermal cycler in
a third lab. Filter tips are used for all steps of library
preparation. The primary and secondary PCR products
are never handled in the same room as the starting ma-
terial or as each other. The 96 well head of the Biomek
liquid handling workstations can be disassembled and
treated with DNA-ExitusPlus between runs. UV lamps
can also be employed to degrade stray PCR products.

For liquid handling of large numbers of samples in 96
well plates, efforts should be made to prevent aerosol con-
tamination between samples. Where only moderate num-
bers of samples are being processed (24 to 48 in a plate)
alternating rows and/or columns should be left empty. Re-
moval of strip caps or unpeeling of adherent lids increases
the possibility of aerosol creation, therefore the use of foil
plate lids that can be pierced by a pipette tip is strongly
recommended. Transfer of samples with a single channel
pipette may be preferable to the use of a multichannel pip-
ette to prevent tips from binding to pierced adhesive lids
and coming loose from the pipette. Pre-piercing lids with
one tip and pipetting with a second tip may also be helpful.

We have included protocols (.xps files, Additional file 3)
and plate layouts for the Beckman Biomek liquid handling
workstations. These customised programs were designed
to minimise creation of drips and aerosols through the use
of slow pipetting head movement, frequent tip touches to
the side of the wells and gradual pipetting at or just below
the liquid surface. This is particularly important when
using suspensions of magnetic beads in polyethylene glycol,
which when mixed with ethanol can create bubbles at the
ends of tips that need to be removed by tip touching on
the side of the 96 well plate.
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For elements that have unavoidable similarity to en-
dogenous sequences (such as studying remobilization of
endogenous elements) amplification of unwanted se-
quences may be unavoidable and these will need to be
identified and discarded at the informatics stage. Simi-
larly, recurrent PCR artefacts and/or cross contamin-
ation between samples should be identified and
discarded. Our pipeline identifies integrations that are
found at the same position in the same orientation be-
tween samples and differentiates between duplicate inte-
grations that are expected (in replicate samples) and
duplicates that are not expected between samples of a
different origin or in uninfected controls.

When analysing tumours, it is important to recognise
that infected cell clones may circulate or metastasize be-
tween organs. As such, finding the same integration pro-
file in multiple samples from the same mouse does not
necessarily mean contamination has occurred. Therefore,
if filtering for recurrent integrations found in multiple
PCRs, the integrations for all samples originating from the
same mouse should be pooled before comparison between
samples. Furthermore, some viruses/transposons/mobile
elements have highly recurrent integration sites (e.g. in
MuLV tumours the 3" UTR of the Mycn locus).

Numerous approaches are used to identify regions of
the genome where selection for integrations has taken
place. The CIMPL/KCRBM pipeline uses kernel-based
density estimates of integration distributions compared to
random permutations [19, 20]. TAPDANCE uses Poisson
distribution statistics to estimate significant selection, tak-
ing into account the distribution of integrations to the dis-
tribution of possible integration sites (TA or TTAA motifs
for piggyBac and Sleeping Beauty respectively) [21]. Strand
bias of integration sites (in the forward or reverse orienta-
tion) can indicate selection for integrations that activate/
inactivate genes at a specific locus [22, 23]. For remobiliza-
tion of endogenous elements, the integration profiles of
multiple independent samples are compared for evidence
of sample specific de novo integrations [24].

We have previously compared the distribution of inte-
grations in samples undergoing selection/clonal outgrowth
with integration profiles of samples collected shortly post
infection [7]. This and other studies indicate that entropy
is a useful measure of the degree of selection that has taken
place within a DNA sample. The final script in our pipeline
includes entropy calculations for each sample.

The question of how to separate integration biases from
changes in integration abundance due to selection could
potentially be addressed at the molecular level. Other stud-
ies have used a unique “serial number” sequence within
the genome of the mobile element itself. In experiments
using the Tfl retrotransposon in S. pombe, an 8 bp random
sequence was introduced into the U5 region of the 5" LTR
[25, 26]. A complex library of transposons with serial
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numbers is then introduced to cells, effectively assigning a
unique identity to each element at the time of integration.
Quantitation of integration biases can thus be observed in-
dependently of selection of these events after the time of
integration. This approach is best suited to mobile ele-
ments that are introduced to target cells in large numbers
simultaneously. Although the approach is less suited to
MuLV integrations that are derived from virus that repli-
cates in vivo or to experiments where the transposable
element is carried in the germline prior to mutagenesis, it
could be used in any system where the mobile element is
introduced as a sufficiently complex library. Integration site
biases could then be analysed by unique serial number for
each integration and selection of each unique integration
could be independently quantitated by adapter UMIs and/
or ligation fragment lengths.

Conclusion

We present here an integration cloning protocol that mini-
mises PCR cycle number. Incorporating UMIs into the ini-
tial adapter allows quantitation that is less prone to
saturating sequence coverage than the use of sheared frag-
ment lengths. The protocol additionally maintains the diver-
sity of complex mixtures of low abundance integrations.
Although optimized for MuLV LTR sequences, we have also
applied it to the use of piggyBac transposons and it could
potentially be applied to other mobile genetic elements such
as those listed in Additional file 1: Table S1. Furthermore
we demonstrate here and in our prior study [7] the practi-
cality of scaling sample numbers into the hundreds through
the use of an automated liquid handling workstation.

Method

DNA extraction

For mammalian tissues and cells DNA was extracted
with Qiagen Allprep and Qiagen Puregene kits. Tissue
fragments are homogenized using a motorized handheld
grinder (Sigma #7359971-1EA) with disposable polypro-
pylene pestles (Sigma #7359947) with a pestle tip that
fits standard microfuge tubes. DNA was diluted to 20
ng/pl in PCR grade water. DNA quantitation of input
material and final library normalization was performed
using fluorescent dsDNA dyes with a standard curve of
control DNA samples e.g. picoGreen quantitation using
a fluorometer plate reader or a Qubit fluorometer.

DNA shearing, blunting and A-tailing

Transfer 58 pl of each diluted DNA sample at 20 ng/pl (total
~ 1.1 ug DNA) into a Covaris 96 microTUBE plate (520078)
and cover with a foil seal (transfer takes ~ 45 min). Load the
microTUBE plate containing DNA onto the sonicator. Fill
the water bath of the Covaris E220 Sonicator (with E220 In-
tensifier included) and de-gas for at least 45 min prior to
shearing. Shear all wells containing DNA using the settings:
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Peak Incident Power 175 watts, Duty Factor 10%, Cycles
per Burst 200, Treatment Time 180s, Temperature range
0-40°C. After shearing, the DNA should typically have an
average length of 400 bp, which can be confirmed using the
Agilent Bioanalyser HS DNA assay or by running on a 2%
agarose gel with ethidium bromide.

DNA is blunted to create 5’ -phosphorylated blunt ends.
Defrost and touch centrifuge the plate of sheared DNA,
pierce foil of each well and transfer 52.5pl of sheared
DNA into a new conical 96 well plate (Cat#30128575).
Prepare a master mix of NEBNext® End Repair Module
(NEB; E6050L) and divide evenly into 8 or 12 wells of a
PCR tube strip. Using a multichannel pipette add 24.5 pl
of master mix to each well containing sheared DNA.

ul per ul for 96 well master mix (x
sample 110)

DNA 52.5 *

10x reaction buffer 77 847

End Repair Enzyme 4 440

Mix

H,0 128 1408

Total 77 2695

Cover plate with a foil seal, vortex and touch centrifuge.
Incubate on thermal cycler in pre-PCR room at 20 °C for
30 min (no inactivation step is required). Touch centrifuge
the plate, pierce the foil of each well and transfer 77 ul of
blunted DNA into a new conical 96 well plate.

Use magnetic beads and ethanol to clean the DNA (this
step is repeated below several times during library
preparation). Prepare 100 ml of fresh 80% ethanol. Vortex
Agencourt AMPure XP magnetic beads thoroughly
(Beckman Coulter; A63880) immediately prior to use. Add
90 pl of beads to each well and mix the DNA and beads
slowly by pipetting up and down. Incubate plate for 10 min.
Place plate on 96 well magnet for 10 min. Remove and
discard the supernatant. Remove the plate from the magnet.
Add 100pl of fresh 80% ethanol and mix slowly by
pipetting up and down. Place plate on 96 well magnet and
incubate for 10 min. Remove and discard supernatant and
remove the plate from magnet. Repeat the ethanol wash
step and remove and discard the supernatant. Allow beads
to dry for 5min. Add 50 pl of distilled water, incubate for
2+ minutes and place plate on magnet for 10 min. Collect
42 pl of supernatant into a clean PCR plate, being careful to
avoid disturbing the magnetic bead pellet.

Adenosine nucleotide extensions are added to the 3’
ends of blunted DNA to create an A overhang for
annealing the T overhang of the adapter, thus aiding
adapter ligation. Touch centrifuge the plate. Prepare a
master mix of NEBNext® dA-Tailing Module (NEB;
E6053L) with Klenow fragment. Divide mix into 8 or 12
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wells of a PCR tube strip and using a multi-channel pipette
add 8 pl to each well of DNA.

ul per ul for 96 well master mix
sample (x 110)

End Repairs, Blunt DNA 420 *

NEBNext dA-Tailing Reaction 5.0 550

Buffer

Klenow Fragments (3'> 5 30 330

exo)

Total 50.0 880

Cover plate with a foil seal, vortex and touch centrifuge.
Incubate on thermal cycler in pre-PCR room at 37 °C for
30 min (no inactivation step is required). Touch centrifuge
the plate, pierce the foil seal for each well and transfer 50 pl
of A-tailed DNA into a new 96 well conical plate. Be careful
to pipette the DNA into the bottom of the wells to avoid
bubbles in subsequent pipetting steps. Repeat the EtOH
washing protocol described above, eluting with 50 pl of dis-
tilled water and collecting 36 pl of supernatant containing
the DNA. The cleaned A-tailed DNA plate is covered with
a foil seal and can be stored at — 20 °C for later use.

Adaptor preparation and ligation
A unique, indexed upper adaptor containing a UMI is
mixed with a universal lower adapter and annealed to
make non-complementary forked adapters (see Additional
file 2: Table S3 for oligonucleotide sequences). All index
sequences were adapted from the unique index sequences
designed for maximal diversity in Xu et al. [27].
Resuspend the adapter oligonucleotides at 100 uM in
H,0 and shake intermittently over 30 min. Create diluted
10 uM stocks of each oligonucleotide (for the 96 unique
upper adapters this can be done in a 96 well plate). Add a
unique upper strand oligonucleotide to each well of a 96
well PCR plate. Make a master mix of the universal lower
strand adapter, NEB buffer and water and add 32 pl of
master mix to each well of the 96 well PCR plate. The
volumes below will yield 40 ul of each adapter which is
enough for 4 plates using 8 pl per ligation (accounting for
evaporation and pipetting volume error).

ul per ul for 96 well master
sample mix (X 110)

Upper Strand Adaptor, 10 pmoles/ul 8 -

(40 pmoles)

Universal Lower Adaptor, 10 8 880

pmoles/ul (40 pmoles)

NEB buffer 2.1 4 440

H,O 20 2200

Total 40 3520

Page 12 of 16

Seal with a foil lid and anneal on a thermal cycler,
using a 95°C 3-min denaturing step after which the
temperature is decreased by 1°C per 15s (4 °C per min)
to 20°C. The annealed adapters are aliquoted into a
series of PCR plates adding 8 pl per well. The final
adapter concentration is 4 pM. 1 pug of DNA sheared to a
length of ~400bp is equivalent to 3.8 picomoles per
ligation (slightly less after blunting and A-tailing). 8 ul of
adapter is used per ligation i.e. 24 picomoles. Therefore,
the approximate molar ratio of adapter to DNA is > 6:1.
It is important to prevent cross-contamination of oligo-
nucleotide and adapter stocks. These can be stored in
individual screw capped tubes kept in a 96 well rack (e.g.
Micronic screw cap tubes MP52706).

Add 36 pl of A-tailed and cleaned DNA to a plate of
8 ul aliquots of adapters prepared in step 2. Make a mas-
ter mix of T4 DNA Ligase (NEB; M0202 L) and ligase
buffer, divide into a PCR tube strip. Using a multi-
channel pipette add 7 pl to each well of A-tailed-cleaned
DNA. Cover with foil seal, vortex and centrifuge. Incu-
bate on thermal cycler in pre-PCR room 20°C for 2h
followed by inactivation of 65 °C for 10 min.

ul per  ul for 96 well master mix (x 110)
sample

DNA (~ 3.8pmoles) 36 *

Buffer 5 550

T4 Ligase (400,000 units/ml) 2 220

Unique adaptor (~40pmoles) 8 *

Total 51 770

Restriction digestion of ligations

This step is an optional requirement for some integrations
prior to amplification. It is used for MuLV or any vector/
element that includes tandem repeats of LTRs at either
end. Digestion is used to eliminate the fragments
generated by the 5° end of the 3" LTR which is identical
to the 5 end of the 5° LTR. Removing these sequences
means sequencing coverage is not used on fragments
internal to the vector/virus. The choice of enzyme is
dependent on the sequence of the integrated DNA but the
restriction site should be closer to the internal PCR
primer binding site than the average fragment length of
the library. A digestion step may also be useful to
eliminate concatemers of transgenes produced by
pronuclear injection, or concatemers of DNA transposons
that have not undergone mobilization (although this
requires that the concatemer has a restriction site external
to the ends of inverted direct repeat). An alternate
approach to this digestion step is to employ an locked
nucleic acid oligonucleotide that is complementary to the
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unwanted internal fragment in the PCR [18]. If a digestion
step is not required, the previous ligation volume should
be adjusted to 60 pl for subsequent cleaning steps.

Touch centrifuge the ligation plate. Pierce the foil seal
of each well and transfer 51 pl of adaptor ligated DNA
into a new 96 well conical plate. Prepare a master mix of
EcoRV-HF®*  (NEB; R3195L), CutSmart  Buffer
(cat#B7204S) and H,O. Divide the master mix into 8 or
12 wells of a PCR tube strip. Using a multi-channel pipette
add 9 pl of master mix to each well of the ligation plate.

ul per sample ul for 96 well master mix (x 110)

DNA 51 *

CutSmart Buffer 6 660
EcoRV-HF 1 110
H,O 2 220
Total 60 990

Cover plate with foil seal, vortex and touch centrifuge.
Incubate on thermal cycler or in an incubator in the
pre-PCR room at 37 °C overnight. The following day in-
activate on a thermal cycler at 65 °C for 20 min.

Size selection of ligation/digestion

Touch centrifuge the plate, pierce the foil seal of each
well and transfer 60 pl of ligated-digested DNA into a
new 96 well conical plate. Be careful to pipette the DNA
into the bottom of the wells to avoid bubbles in subse-
quent pipetting steps. Add 40 pl of distilled water per
well. If a digestion step was not included, add 50 pl.

Prepare 100 ml of fresh 80% ethanol. Vortex AMPure
XP magnetic beads immediately prior to use. Add 60 pl of
magnetic beads to each well and mix slowly by pipetting
up and down. Incubate for 10 min. Place plate on 96 well
magnet for 10 min. Remove 158 pul of supernatant and
transfer to another conical plate. Discard the used bead
plate. Add 50 pl of magnetic beads to each well and mix
slowly by pipetting up and down. Incubate for 10 min.
Place plate on 96 well magnet and wait 10 min. Remove
and discard supernatant.

Add 100 pl of fresh 80% ethanol and mix slowly by
pipetting up and down. Place plate on magnet and wait
10 min. Remove and discard supernatant and remove
the plate from magnet. Repeat the ethanol wash step
and remove and discard supernatant. Allow beads to dry
for 5min. Add 50 pl of distilled water, incubate for 2+
minutes and place plate on 96 well magnet for 10 min.
Collect 32l of supernatant into a clean PCR plate,
being careful to avoid disturbing the magnetic bead
pellet. The size selected ligation plate can be covered
with a foil seal and stored at — 20 °C for later use.
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Primary (q)PCR
Touch centrifuge the plate. Pierce the foil seal of each
well and transfer 28.5 ul of digested size-selected ligation
into a new 96 well PCR plate (an optical plate for qPCR).
Prepare the primary qPCR master mix, divide evenly
into 8 or 12 wells of a PCR tube strip. Using a multi-
channel pipette add 21.5pl to each well of the library
PCR plate.
Primary PCR primers.
LTR primary PCR primer.
5'-GCGTTACTTAAGCTAGCTTGCCAAACCTAC-3'.
Adapter PCR primer.
5'-AATGATACGGCGACCACCGAGATCTACAC-3".

ul per ul for 96 well master mix (X
sample 110)
DNA 285 *
HF Buffer (5x) 10 1100
10 mM dNTPs 1 110
LTR primary PCR primer 2.5 275
(10uM)
Adapter PCR primer 25 275
(10 uM)
Phusion Hot Start Il (F549S) 0.5 55
SYBR® Green | (0.1x) 5 550
Total 50 2365

Cover with either a foil or optical plate seal, vortex
and touch centrifuge. Incubate on a thermal cycler in
the pre-PCR room using the 1°PCR program after which
the plate can be stored at — 20 °C for later use.

Cyclett Denaturation Annealing Extension

1 98°C for 30 sec - -

2-17 98°C for 10 sec 66°C for 30 sec 72°C for 30 sec
18 - - 72°C for 5 min

If using an optical seal, prior to transfer, pierce a cross
pattern into each well with a razor blade (a new blade
for each well). Transfer 50 pl of 1°PCR product into a
new conical plate. Be careful to pipette the DNA into
the bottom of the wells to avoid bubbles in subsequent
pipetting steps. Prepare 100 ml of fresh 80% ethanol and
perform a magnetic bead/ethanol wash as described
above. The cleaned PCR plate can be covered with a foil
seal and stored at — 20 °C for later use.

Optional: Quantify the cleaned primary PCR product
using picoGreen or Qubit HS dsDNA kit. The expected
average concentration of PCR reactions should be 2.5 ng/
pl. Where products have been quantitated approximately
50 ng (~ 20 yl) is used as template for the secondary PCR.
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Alternatively, 28.5 ul of all PCR products can be used as
template for the next step.

Secondary (q)PCR and clean up

The second index is added to the LTR end of the PCR
products during the secondary PCR step. We use 12
different indexed 2° PCR primers per plate arranged so
that no indexed primer is adjacent to itself in any
direction. This ensures that any unexpected index
combinations arising from cross contamination can be
eliminated at the demultiplexing stage. Below is a sample
layout for two rows which can be repeated for the entire
plate. A new set of 12 secondary index primers is used for
each plate so that multiple plates of libraries can be
pooled for sequencing. Pooling up to 7 plates on a single
HiSeq flow cell offers sufficient coverage for tens of
thousands of reads per sample. Miseq Nano flowcells are
sufficient when sequencing dozens of samples.

1 2 3 4 5 6 7 8 9 0 11 12

A LTR LTR LTR LTR LTR LTR LTR LTR LTR LTR LTR LTR
22022 22 22 22 20 20 20 20 20 20 20
#1 #2  #3  #4  #5 #6  #7 #8 #9 #10 #11 #12

B LTR LTR LTR LTR LTR LTR LTR LTR LTR LITR
2° 20 20 20 20 20 2° 2 2 X
#7 #8 #9 #10 #11 #12 #1 #2 #3 #4 #5 #6

Add either 28.5 pl or 50 ng of the primary PCR DNA
into 2° PCR plate and if needed adjust volume of each
well to 28.5pul with H,O. Add 2.5pl of 12 unique
indexed primers to each well using the pattern above.
Prepare the PCR master mix and divide evenly into 8 or
12 wells of a PCR tube strip. Using a multi-channel pip-
ette add 19 ul to each well.

LTR secondary nested PCR primer (variable index
bases are indicated in bold).

5'-CAAGCAGAAGACGGCATACGAGATTCTGTA
TTTCGCTAGCTTGCCAAACCTACAGGTGG-3'.

Primary/secondary PCR adapter end primer.

5'-AATGATACGGCGACCACCGAGATCTACAC-3".

ul per ul for 96 well master mix (X
sample 110)
DNA (50 ng) variable *
H,0 variable *
HF Buffer (5x) 10 1100
10 MM dNTPs 1 110
Adapter primer (10 uM) 2.5 275
LTR secondary indexed 25 *
primer
Phusion Hot Start Il 0.5 55
SYBR®Green | (0.1x) 5 550
Total 50 2090
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Cover with either a foil or optical plate seal, vortex
and touch centrifuge. Incubate on a thermal cycler in
the pre-PCR room using the 1°PCR program.

Cyclett Denaturation Annealing Extension

1 98°C for 30 sec - -

2-17 98°C for 10 sec 66°C for 30 sec 72°C for 30 sec
18 - - 72°C for 5 min

Transfer 50 ul of 2° PCR product into a new conical
plate. Be careful to pipette the DNA into the bottom of
the wells to avoid bubbles in subsequent pipetting steps.
Prepare 100ml of fresh 80% ethanol and perform a
magnetic bead/ethanol wash as described above.

Final library compilation

Quantitate the secondary PCR product using picoGreen or
a Qubit HS dsDNA kit. The expected average concentration
of PCR reactions is 7 ng/ul. After quantitating each sample,
calculate the volume required to obtain 20ng of each
sample. We typically pool 20 ng of up to 96 samples into a
single Eppendorf tube, after which the pooled library is
requantitated by Qubit. Each pool is quantitated by KAPA
Illumina SYBR Universal Lib Q. Kit (Anachem; KK4824) as
per the manufacturer’s instructions with dilutions of each
library at 1/100, 1/1000, 1/10,000. Confirm the fragment
length distribution of each pool of 96 libraries using the HS
DNA Chip on the Agilent Bioanalyser. Pool equal quantities
of multiple tubes into a single tube and requantitate with a
Qubit for loading onto a HiSeq or MiSeq flow cell.

Sequencing

The library can be sequenced using a standard Illumina
paired end dual index 2x100bp recipe with minor
alterations to the index read lengths.

- Read 1 primer — custom adapter primer sequencing
the adapter-sheared DNA end junction.

5'- TTCAGACGTGTGCTCTTCCGATC -3".

- Index 1 primer (i7 equivalent) - LTR primer running
toward the flow cell sequencing the LTR end index (10
cycles).

5'- TGTAGGTTTGGCAAGCTAGC -3'.

- Index 2 flow cell primer (i5) - present on the flow
cell, sequencing the 10bp adapter index then 8-10bp
UMI (18-20 cycles).

- Read 2 primer - LTR primer reading the integration-
genome junction.

MuLV Option 1 (set back 6 bp from LTR-genome junc-
tion, 5 nested bases from the secondary PCR primer).

5'- GCTAGCTTGCCAAACCTACAGGTGGGGTC - 3.

MuLV Option 2 (set back up to 10bp from LTR-
genome junction, no nested bases from PCR primers).

5'- GCTAGCTTGCCAAACCTACAGGTGG - 3.
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Detailed step by step protocol and liquid handling
workstation protocols

The supplemental methods file gives a more detailed
step by step summary of the above method and includes
protocols for processing 96 well plates on a Beckman
Biomek liquid handling workstation. Detailed step by
step protocols can be obtained by loading the .xpl files
for each protocol into the Beckman Biomek software.
Additional file 1: Figure S3 includes plate layouts for
these programs.

Informatics

A summary of informatics steps is outlined below and in
Additional file 1: Figure S2. A detailed step by step
pipeline and scripts are available for download at
https://github.com/anthonyuren/LUMI-PCR-pipeline/.

Demultiplexing using bcl2fastq is performed using
custom parameters so that the second (i5) index is
retained to extract the UMI information. The beginning
of read 2 is examined for the integration-genome junction.
Trimming of adapter sequences is performed using cus-
tom sequences corresponding to the adapter and primers.
Trimmed reads are mapped using Magic-BLAST [11] and
bam files are created using SAMtools [28].

Correctly paired and mapped reads are assigned
genomic coordinates and by using the orientation of read
1 and read 2 the genome junctions and sheared fragment
ends are identified. Some variance at the LTR-genome
junction position may be observed due to sequencing/
PCR errors, so mapped coordinates are then grouped into
contigs by hierarchical clustering of all reads based on the
LTR-genome junction position. UMI sequences are then
extracted from the i5 index read and assigned to each con-
tig. UMIs that mismatch by 1 base of the 8 bp UMI se-
quence (i.e., UMI pairs with a Hamming distance of 1) are
collapsed into a single value since statistically these are
most likely to arise from sequencing errors or PCR ampli-
fication errors. The number of unique UMIs associated to
each LTR position is then used as the number of frag-
ments for that integration.

The total number of UMIs present for each integration
is summed for each library, and then the “clonality value”
for each integration is calculated as the fraction of
fragments for each integration relative to the sum of
fragments for entire sample. In analyses of MulLV
tumours the number of clonal integrations can vary
between 1 and 30. If two tumour samples have an equally
abundant dominant clone, comparing the clonality of
integrations between these samples will be misleading,
therefore for comparison between samples we normalize
all integrations for a given sample such that the most-
abundant integration is equal to 1 i.e., we annotate “nor-
malized clonality values”.
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To calculate the entropy (i.e., the measure of clonal
outgrowth of each sample), the 50 highest clonality
values ¢y, ¢y, ..., ¢50 are transformed into probabilities p;

Ci

and Shannon entropy E over a set of probabilities p;, po,
...y Py 18 defined as:

E=-3 p, logp,
Lower values indicate a greater degree of clonal outgrowth.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513100-020-0201-4.

Additional file 1: Figure S1. Step by step summary of LUMI-PCR library
construction including all adapter and primer sequences. a) The figure
depicts an LTR (blue bases) containing DNA fragment with a variable
number of bases of genomic DNA (black X(X)nX bases) and a 5" LTR
sequence (blue). DNA is sheared by sonication. Overhanging ends are
blunted, cleaned and then A-tailed (yellow highlighted bases) and
cleaned. b) Adaptors containing unique indices (light green XXXXXXXXXX
bases) and UMIs (dark green NNNNNNNN bases) are ligated to A-tailed DNA
using T overhangs. ¢) Ligated fragments containing MuLV LTR sequence are
bound by the LTR primary PCR primer. The first strand is synthesized from the
LTR bound primer creating a lower strand that is compatible to the adapter
primer. d) After the first strand of synthesis, the adapter primer and LTR primer
can then amplify with exponential kinetics. Non-LTR containing fragments in
the ligation are not amplified. €) A nested secondary PCR primer is used to
add a second index sequence (light green XXXXXXXXXX bases) to the primary
PCR product and further amplify the sequences. d) The secondary PCR
products are quantitated, libraries are pooled and then loaded onto a MiSeq
or HiSeq flow cell and clusters are generated. e) After cluster generation the
first strand acts as the template for read 1 (the adapter end sequencing
primer), index 1 (sequencing the LTR index added during the secondary PCR)
and index 2 (the adapter index including the UMI sequenced from the flow
cell primer). The index 2 read is a non-standard 18-20 bp, instead of the usual
10 bp, to include the UMI sequence. f) After strand regeneration, read 2 se-
quences the LTR-genome junction (using an LTR primer that can be placed at
the junction or offset back from the junction). Figure S2. Graphical summary
of informatics pipeline used to process reads into integration sites. Detailed
step by step instructions for executing all scripts are available at https.//github.
com/anthonyuren/LUMI-PCR-pipeline/. Figure S3. Plate layouts for Beckman
Biomek liquid handling workstation (below) Plate layouts for each program
are listed on the next 4 pages. All programs begin with a box of tips loaded in
the tip loader. Some programs require replacement of the tip box 30 min into
the protocol. Detailed step by step protocols can be obtained by loading the
xpl files for each protocol into the Beckman Biomek software. Table S1. Di-
verse studies employ ligation-mediated PCR protocols for positioning of mo-
bile genetic elements, viruses, transposons and transgene vectors. Table S2.
Summary statistics for each library. Replicate libraries were prepared from a sin-
gle spleen DNA sample from an MuLV-infected mouse. The number of reads,
unique DNA fragments and integration sites are summarized.

Additional file 2: Table S3. The additional excel spreadsheet contains
primer sequences, adapter sequences and example sample sheets.

Additional file 3: Protocol files for each step of the LUMI-PCR protocol
using a Beckman Biomek workstation.

Abbreviations

LTR: Long terminal repeat; NGS: next generation sequencing; MuLV: Murine
leukemia virus; PCR: Polymerase chain reaction; UMI: Unique Molecular
Identifiers
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