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Abstract

During CRISPR-directed gene editing, multiple gene repair mechanisms interact to produce a wide and largely
unpredictable variety of sequence changes across an edited population of cells. Shortcomings inherent to pre-
viously available proposal-based insertion and deletion (indel) analysis software necessitated the development of
a more comprehensive tool that could detect a larger range and variety of indels while maintaining the ease of
use of tools currently available. To that end, we developed Deconvolution of Complex DNA Repair (DECODR).
DECODR can detect indels formed from single or multi-guide CRISPR experiments without a limit on indel
size. The software is accurate in determining the identities and positions of inserted and deleted bases in
DNA extracts from both clonally expanded and bulk cell populations. The accurate identification and output
of any potential indel allows for DECODR analysis to be executed in experiments utilizing potentially any con-
figuration of donor DNA sequences, CRISPR-Cas, and endogenous DNA repair pathways.

Introduction

CRISPR-directed gene editing has established itself as a
technically feasible platform for the genetic modification
of eukaryotic cells. The CRISPR-Cas system enables a
variety of targeted edits to be introduced into specific
genes or to non-coding regions in the genome." The ini-
tialization of the gene-editing process includes the gener-
ation of a double-strand break (DSB) at one or more
predefined sites. DSBs trigger a DNA damage response
in the cell, activating pathways such as non-homologous
end joining (NHEJ), microhomology-mediated end join-
ing (MMEJ)/single-stranded annealing, or, in the pres-
ence of a donor DNA template, homology-directed
repair (HDR).>® These pathways do not operate indepen-
dently, and the interplay among them can lead to a com-
plex mixture of unedited DNA and edited DNA ends
harboring various insertions and deletions (indels) sur-
rounding the cleavage site.”” It is the unpredictability

and diversity of edited outcomes within a population of
cells that have raised caution as CRISPR-directed gene-
editing programs advance toward clinical application.
Thus, there is a need to develop and refine analytical
tools that can provide an accurate detailed global view
of the products of such genetic modification, particularly
in human cells.

Targeted deep sequencing is considered by many to be
the most comprehensive method to obtain an accurate de-
scription of all relevant indels present in a genetically
modified cell population.'®"® For many investigators,
however, target deep sequencing is costly, and the turn-
around time prevents simple high-throughput imple-
mentation. Research groups also make use of Sanger
dideoxynucleotide sequencing to generate analyzable
indel data. While this technique can provide important in-
formation through allelic analysis when one to three al-
leles are present in a clonal population, research groups
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often seek to identify the array of indels in a targeted bulk
population of cells, which could contain thousands of
indel-diverse sequences.

Several analytical tools, including TIDE (Tracking of
Insertions and DEletions; Desktop Genetics), ICE (Infer-
ence of CRISPR Edits; Synthego), and CRISP-ID (KU
Leuven), have also been developed. All three programs
deconvolute Sanger sequencing data so that they can be
read as a series of sub-sequences, each of which corre-
sponds to an indel within an individual allele. Upstream
of the cleavage site in an edited bulk DNA sequence, the
base calls at each nucleotide position are synchronous; al-
though multiple ddNTP-tailed sequences are being ana-
lyzed, their alignment is identical. Starting at the onset
of indels, however, these individual ddNTP-tailed DNA
fragments begin to appear as shifted sequences, created
through the myriad indel-containing alleles present in the
whole population. When this mixed population of indels
(and wild type) is present, the sequence degenerates imme-
diately, with multiple peaks appearing at nearly every po-
sition in the sequence’s chromatogram. To resolve the
sequence hybrids, TIDE, ICE, and CRISP-ID make use
of a control Sanger output file and an experimental Sanger
output file containing the data of the bulk edited sequence.
The programs establish an ‘‘alignment window’” upstream
to the onset of indel formation, where the initial reference
frame is created to orient any sequence shift found down-
stream. Afterwards, the programs create a ‘‘decomposi-
tion/inference window,”” which corresponds to a stretch
of bases located a certain distance downstream of indel
onset, within the decomposed sequence.“H6

TIDE’s output consists of a bar plot consisting of net indel
magnitudes detected within the inference window, with indi-
vidual indels listed as significant or not via a two-tailed #-test
of the variance—covariance matrix of the standard errors.
ICE, conversely, returns a list of full sequences determined
as present within the inference window. Detectable indels
fall within a £50bp range for TIDE and —30/4+14 bp for
ICE, though insertions are labeled with ambiguity code
N. ICE also allows for submission of up to three gRNA se-
quences, though more than one gRNA further shrinks the
indel range to —10 to +3 bp.'*!>1718

Since their introduction, both TIDE and ICE have also
evolved a usage for estimating the frequency of HDR.
TIDER (Tracking of Indels, DEletions and Recombina-
tion events; Desktop Genetics) allows for knock-in per-
centages to be estimated with the addition of a template
sequence, a Sanger sequencing file containing a known
DNA change.17 ICE, with its “ICE v2” update, carries
a similar functionality, although it allows for the input
of the template sequence to be input in text format, rather
than requiring an .abl Sanger sequencing file.
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While TIDE, ICE, and CRISP-ID enable important
and useful indel analyses, common limitations impede
detailed or difficult indel analyses. The methods used
by all three programs utilize edit proposals that are de-
termined primarily by the shift in distance between anal-
ysis and inference window, moving the resulting
sequence upstream in the event of a deletion or down-
stream in the event of an insertion. If more than a single
base is added, as is very common in CRISPR-editing re-
actions, TIDE and ICE only have the capability of deter-
mining the amount, not identity, of these inserted bases.
Another limitation includes a restriction on the length of
indels capable of being analyzed; both programs are re-
stricted to <50 bases around each cleavage site. The sto-
chastic nature of DNA repair after CRISPR cleavage
makes deletions outside this range common in clonal
analysis, especially when multiple different gRNAs
are being utilized. ICE only allows for the analysis be-
yond this range if two or three gRNAs are used, which
further shrinks the edit window around each cut site.
Any indels that fall outside of these limited ranges can-
not be aligned by these algorithms. CRISP-ID is also
limited in accuracy to tri-allelic clonal populations, pre-
cluding its use in determining any bulk editing efficien-
cies.'® This can prevent accurate determination of the
contributions of real sequences and lead to mistaken
identification of false-positives.

The shortcomings inherent to previously available
proposal-based indel analysis tools necessitated the de-
velopment of a more comprehensive software tool that
could detect a larger range of indels while maintaining
the ease of use of the currently available tools. To that
end, we developed Deconvolution of Complex DNA
Repair (DECODR). DECODR can detect indels formed
from single or multi-guide CRISPR experiments with-
out a limit on indel size. DECODR utilizes a unique pro-
posal generation and determination algorithm that
allows accurate uncovering of indel identities, including
those of inserted bases. This greater accuracy of genetic
content determination allows users to be better informed
about the exact genetic changes their CRISPR edits are
creating.

Methods

Sanger sequencing and manual sequence
deconvolution

For each live-cell sample, genomic DNA was isolated
from each sample using the DNeasy Blood and Tissue
Kit (Qiagen). The regions surrounding each target site
were amplified according to the parameters shown in
Supplementary Table S1. The polymerase chain reaction
(PCR) reaction was purified using the QIAquick PCR
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Purification Kit (Qiagen) and sequenced using a SeqStu-
dio Genetic Analyzer (Applied Biosystems), providing
.abl files for analysis and testing.

For manual sequence deconvolution, an alignment
window was established by listing the DNA sequence
prior to the decomposition point and determining the po-
sition on the wild-type or reference Sanger file where this
sequence was located.'” Then, at each position after the
decomposition point of the sequence, each subpeak that
could be visualized at each position was recorded, creat-
ing an array containing all relevant sequence information.
Using positions of low complexity where only one peak
was visualized, manual edit proposals were generated
based on net indel size (sequence shifted up- or down-
stream X bases), after which the edit proposals were
eliminated or confirmed by cross-checking each position
with the basecall identity that would appear at that posi-
tion in the shifted edit proposal. Using this method, two-
allele convoluted sequences could be deconvoluted with
minimal difficulty, and three-allele convoluted sequences
with a higher rate of error. Four-allele and bulk sequences
could not be deconvoluted this way, and manual decon-
volution also did not allow for the determination of se-
quence contribution percentages.

Next-generation sequencing

For next-generation sequencing (NGS), genomic DNA
was isolated from each sample using the DNeasy Blood
and Tissue Kit (Qiagen). The regions surrounding each
target site were amplified using primers that contained
partial Illumina adapter sequences (Illumina TrueSeq
Paired-End adapters v3). PCR products of 497 bp were
isolated using the QIAquick PCR Purification Kit (Qia-
gen), and gel electrophoresis was performed to verify
no nonspecific peaks were generated. The sample was
sent for NGS at Genewiz (Genewiz, Inc., South Plain-
field, NJ) using their ‘“Amplicon-EZ”’ service. Raw
fastq files were returned. Sequence quality was deter-
mined using FastQC vO0.1 1.5.%° Data were then analyzed
using CRIS.py v2.%!

Cell culture and transfection

All cell lines described were maintained at 37°C and 5%
CO,. K562 cells were cultured in Iscove’s Modified Dul-
becco’s Medium (ATCC), supplemented with 10% fetal
bovine serum (FBS; ATCC) and 1% penicillin/streptomy-
cin antibiotics. Hel92.1.7 were cultured in ATCC-
formulated RPMI-1640 (RPMI-1640 containing 2 mM
L-glutamine, 10mM HEPES, 1mM sodium pyruvate,
4,500 mg/L glucose, and 1,500 mg/L sodium bicarbonate),
supplemented with 10% FBS (ATCC) and 1% penicillin/
streptomycin. CL9 cells were cultured in Dulbecco’s mod-
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ified Eagle’s medium (ATCC), supplemented with 10%
FBS (ATCC). NCI-H1703 cells were cultured in ATCC-
formulated RPMI-1640 (RPMI-1640 modified to contain
2mM L-glutamine, 10 mM HEPES, 1 mM sodium pyru-
vate, 4,500 mg/L glucose, and 1,500 mg/L sodium bicar-
bonate), supplemented with 10% FBS (ATCC). LNCAP
cells were cultured in Improved Minimum Essential
Medium, supplemented with 5% FBS (ATCC).

For plasmid transfections, K562 and Hel92.1.7 cells
were transfected and cloned as described previously.*?
For all transfections of CL9, H1703, and LNCAP cells,
a Lonza Nucleofector 4D (Lonza, Inc., Basel, Switzer-
land) was used. For transfection, cells were seeded 48 h
prior and allowed to reach 60-80% confluency. On the
day of transfection, cells were harvested by trypsinization
and washed twice with 1 X phosphate-buffered saline (—/-).
Cells were re-suspended at 3 x 10> cells/20 uL in appro-
priate solution (CL9: P3, H1703: SF, LNCAP: SF)/sup-
plement solution, and 20 pmol RNP complex was added
for each sample. Lonza programs CA-137, CM-130,
and EN-120 were used for CL9, H1703, and LNCAP
cells, respectively, and after 15 min of rest, cells were
transferred to a six-well plate for further growth.

DECODR software

The DECODR deconvolution algorithm was written in
Python v3.6.8. All modules and libraries implemented
within the software are either open source or custom writ-
ten. A list of utilized software and libraries are included
in the Supplementary Data (Supplementary Table S2).
Input files consist of one control file per analysis (plain
text, FASTA, or .abl) and any number of experimental
files (FASTA or .abl), along with up to two CRISPR
guide sequences (plain text), an optional homology
donor DNA sequence (plain text), and a nuclease (Cas9
or Cas12a). If text-based files are provided, they are inter-
preted as chromatograms with identical peak heights for
each position.

The front-end user interface was written as a single-
page application with the React.js library, and the back
end was written with the Django web framework using
Celery and Redis to handle long-running analyses.

A flow chart of the DECODR algorithm can be seen in
Figure 1. First, DECODR determines all peak values (rel-
ative local maxima in signal intensity) and their locations
across the sequencing trace for each of the four nucleoside
channels. Within a base-pair location (BPL), base calls and
their intensities are determined from the local maximum
values that lie closest to the BPL. This process is repeated
for each BPL in the sequencing trace. DECODR then
adjusts these data to counteract the gradual decrease in
average signal intensity post decomposition: for each
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Outputs s
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DECODR algorithm flow chart. Input files consist of one control file per analysis (plain text, FASTA, or .ab1)

and any number of experimental files (FASTA or .ab1), along with up to two CRISPR guide sequences (plain text)
and an optional homology donor DNA (plain text). The algorithm first checks data quality and performs trimming
and peak equalization for both the control and experimental files. Control and experimental files are aligned in
order to establish an inference window for each input experimental file. Insertion and deletion (indel) classes are
determined based on the presence of broad classes of indel ranges in order to minimize the amount of individual
edit proposals. Overall indel composition is determined via Least Absolute Shrinkage and Selection Operator
regression, after which inserted base identities are determined. The program outputs a visual readout consisting of
a summary of indels seen in the entire test set (if multiple experimental files were input) along with specific

summaries for each experimental file.

successive group of 10 adjacent BPLs, DECODR scales
all contained base intensities by a constant rate k such
that the arithmetic mean—of the 10 total base intensities
at each BPL—is equal to an arbitrary predefined constant
of 10,000. This adjustment sets a constant average height
for these base intensities while also maintaining the rela-
tive differences in base intensities of adjacent BPLs.
Next, the guide sequence(s) are aligned to the control to
find the location of the cut site(s) in the experimental trace.
If a donor sequence is provided, it is aligned to the control

sequence using the Needleman—Wunsch global alignment
algorithm, implemented with the pairwise2 package in
Biopython (v1.76).>* The control and experimental traces
are aligned using the region of exact sequence homology
that occurs before editing begins in the experimental
trace. Subsequent determination of indels and other edits
are based on deviations from this “control”” alignment.
DECODR then considers the start of CRISPR editing
as the BPL in which frequent deviations from the ‘‘con-
trol”” alignment in the experimental trace begin. Strictly,
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the ““inference data,” or base intensity data, contained in
the region of 120 BPLs (potentially <120 BPLs for lower-
quality traces) after the start of CRISPR editing are used
to determine the editing events.

To determine these events, we expand upon previous
methods that treat Sanger sequencing deconvolution via
linear regression modeling. Briefly, the inference data
are considered a dependent outcome linearly regressing
on the unknown actual sequences of the CRISPR editing
edits. To determine these unknown sequences, up to thou-
sands of potential sequences are generated from potential
CRISPR edits on the control sequence, represented as a
regressor matrix, and run through a linear regression in
which the response variable is the inference data.'*'

Given that we have a larger number of potential se-
quences, we use Least Absolute Shrinkage and Selection
Operator (Lasso), with the sum of the absolute values of
weights as the following penalty to reduce the data set to
only the most important features that would impact the
“‘target variable,” that is, the inference data:

n n
min (Zl|y,- —wixi| + A Zl|w,|>
i= i=

Specifically, we use a non-negative Lasso regression
(2=1.0) implemented with scikit-learn (v0.22.1) to deter-
mine the coefficients for each regressor or potential se-
quence.?* Subsequent scaling of these coefficients such
that their sum is 100 provides the relative linear contribu-
tion for each potential sequence as a percentage. p-Values
are calculated with a previously used two-tailed r-test.'*
Any potential sequences with contribution <0.5% or
p-value >0.05 are not considered in the inference data,
and so they are removed. Pearson’s correlation coeffi-
cient r is determined using the pearsonr function in
SciPy (v1.2.0) to measure the goodness of fit.”>

However, the number of potential sequences to run
through this Lasso regression and selection procedure
grows combinatorically large in accounting for an ex-
panded search space of CRISPR edits comprised of com-
pound indels (combined insertion and deletion events),
multi-guide events, partial HDR events, and larger
indel events. Previous approaches implicitly reduce the
complexity of analysis by discounting these broader cat-
egories of edits.

To resolve this, instead of attempting to determine the
CRISPR editing events with one linear regression, a com-
bination of automated variable selection and multiple lin-
ear regressions together reduce the search space.'*'” This
is enabled by the observation that potential sequences can
be grouped by their net indel—the overall shift of the
DNA subsequence downstream of the indel. The poten-
tial sequences within a given net indel group share
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exact sequence homology downstream of the cut site,
so they are of highly collinearity. To handle this collin-
earity, DECODR runs an initial Lasso regression wherein
only one potential sequence from each net indel group is
used. Any potential sequences subsequently removed
from consideration due to low contribution or high
p-values (>0.05) also, due to mutual collinearity, remove
from consideration the other potential sequences within
its net indel group.

This reduces what is frequently more than 350 net
indel groups to at most 10—15 net indel groups for one ex-
perimental trace. Within this reduced set of groups, all
the potential sequences can be tested now, accounting
for potential edit location by including all upstream or
downstream shifts of each edit that still touch the cut
site, potential compound indels by allowing up to four
combined sets of one insertion and one deletion event
for each edit, and potential partial HDR events. With
this expanded set, another Lasso regression and selection
step is run.

To determine the base identities of unknown insertions
(non-HDR), we expand upon previous methods to deter-
mine the identity of +1 insertions.'* For an unknown
inserted base, DECODR subtracts the other confirmed se-
quences’ base intensities from the inference data at the
given base’s BPL. The resultant distribution between all
four base identities is assigned to the inserted base, and
this process is run for all inserted bases. However, in the
case of multiple inserted bases within a BPL, a combined
distribution of both base’s identities is provided.

A final Lasso regression and selection step are run
with these updated potential sequences, providing the
contributions and p-values of each predicted sequence,
predicted identities of inserted bases, and * value to mea-
sure goodness of fit. The program then outputs a readout
containing the analyses of each submitted experimental
file—the predicted sequences (and their contributions
and p-values), a bar graph showing the contributions of
each indel, and a live-updating stacked bar chart showing
the base identity distribution for each inserted base—
alongside an option to export the results to spreadsheet
format.

The software is available at https://decodr.org/analyze.
Requests for local access options or source code inquiries
can be made to GeneEditinglnstitute @ ChristianaCare.org.

Results

DECODR can deconvolute clonal cellular targeted
sequences

In order to determine whether DECODR could accurately
determine indel constituents and efficiencies in CRISPR-
generated cellular targeting data, we utilized a data set
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published previously containing CRISPR-Cas9 cleavage
products in K562 cells (Fig. 2A).>* This data set con-
tained 30 biallelic clonal mixed sequences that were pre-
viously deconvoluted manually and contained a wide
range of both insertions and deletions, and of ‘‘compound
indels,”” where bases are both inserted and deleted on the
same allele.'” DECODR was capable of accurately deter-
mining the constituent sequences of each clonal popula-
tion, with no limit on size of indel observed. Several
clones isolated contained large deletions, including one
clone containing a compound indel of —115 and +1 bp
on one allele, and a +1bp insertion on the other
(Fig. 2B). Correct indel descriptions were also output
when tested with another data set, containing clonal sam-
ples generated in Hel92.1.7 cells using both CRISPR-
Cas9 and CRISPR-Cas12a (Fig. 2C).

Correct indel deconvolution could also be performed
in tri-allelic and even tetra-allelic clonal samples within
a third test data set that utilized Cas9 RNPs to edit CL9
cells (Fig. 2D). The three clones shown display a contri-
bution ratio of approximately 2:1:1, indicating the pres-
ence of four alleles in each clonal population, with two
alleles sample displaying an identical HDR-repaired
indel pattern. Correct deconvolution of clonal popula-
tions across a variety of cell lines and CRISPR targets
was performed to confirm viability (Supplementary
Fig. SIA-C).

DECODR can deconvolute bulk cellular targeted
samples

After determining that DECODR had the capacity to an-
alyze a wide range of isolated clonal populations contain-
ing four alleles or fewer, we next tested the capabilities of
DECODR in analyzing ‘“‘bulk’ samples, containing ampli-
cons generated from tens of thousands of un-isolated cells.
Indel diversity seen in these samples is vastly higher than
in clonal populations, making analyses of bulk samples
much faster at determining initial CRISPR cleavage effi-
ciency. To confirm DECODR’s ability to deconvolute
both single-cut and multi-cut populations, we analyzed
bulk DNA samples using both DECODR and the estab-
lished TIDE and ICE applications.

The single-cut bulk sequences were generated by tar-
geting H1703 cells with a CRISPR-Cas9 RNP targeting
NRF2 (Fig. 3A). The indel pattern displayed by
DECODR showed an indel distribution weighted toward
2 and 13 bp deletions, with a lower level of other indels
ranging from +1 to —6 bp. These indels were compared
to the current software by analyzing the same sample
with TIDE (Fig. 3A). The overall indel distribution is
similar between both methods. Interestingly, the presence
of a —4bp indel is present in TIDE but absent in
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DECQODR; this sequence contribution of <1% is below
the variable selection threshold for this sample in
DECODR. Likewise, in TIDE, the edit proposal is deter-
mined as nonsignificant.

Figure 3B shows a dual-cut bulk sequence of a gene-
editing reaction targeting Rb1 in LNCAP cells with two
gRNAs. The only significant products output by both
DECODR and ICE were a full excision of the sequence
between the two guides, resulting in a 61 bp deletion.
Both ICE and DECODR also determine the presence of
a sequence within the bulk of a —60 bp indel, correspond-
ing to a compound indel consisting of a 1bp insertion
paired with the 61 bp excision event. DECODR, how-
ever, also exhibits the ability to determine which base
is inserted at the cut site, indicating that an adenine was
inserted. ICE, while accurate in determining the contribu-
tions of each constituent subsequence, is not designed
with the ability to infer inserted bases without a provided
HDR template to inform the edit proposals. Supplemen-
tary Figure S1D-F contains further examples of bulk
Sanger sequencing data analyzed by DECODR, TIDE,
and ICE.

DECODR is capable of deconvoluting compound
indels

Compound indels are difficult to analyze for functional
change of the gene using the edit proposition approach.
In large compound indels, a significant number of bases
can be deleted, significantly altering gene function. How-
ever, because other bases are inserted at the cleaved DNA
ends, the overall observed length of the indel is not indic-
ative of the total size of the disruption analyzed. With the
exception of HDR-mediated compound indels with a
known HDR template to use in edit proposal generation,
insertions of greater than a single base cannot be fully
deconvoluted using TIDE or ICE; manual deconvolution
via allelic analysis was the only way to determine the
presence and impact of compound indels accurately,
which limited analysis to simple-to-interpret convoluted
samples. We tested DECODR’s ability to deconvolute
these compound indels in a clonal sample isolated
while examining Casl12a knockouts in Hel92.1.7 cells
(Fig. 4A). The upper panel shows the histogram of
detected indels. When compared to the TIDE readout
for the same sequence (Fig. 4B, upper panel), a similar
net indel distribution can be seen. However, the bottom
panel of Figure 4A reveals that the net +1 bp insertion
is not a single base inserted, but rather a 10 bp insertion
paired with a 9 bp deletion on the same allele. Likewise,
the 0 bp sequence is not an unedited wild-type sequence,
but rather contains an A>C base change directly at the
end of the 5" overhang of the Casl2a cut site. The ICE
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DECONVOLUTION OF COMPLEX DNA REPAIR (DECODR)

readout for the sequence, in the bottom panel of
Figure 4B, does not show either of these genetic changes;
in line with the TIDE readout, ICE reports one wild-type
allele and one allele with a single 1bp insertion. This
analysis is strictly incorrect, as confirmed by manual se-
quence deconvolution.

Discussion

DECODR was developed to analyze Sanger sequenc-
ing performed on both clonal and bulk populations of
cellular DNA after CRISPR cleavage. Due to the end-
less range and variability of initial conditions utilized
in CRISPR gene editing, there was need for an analysis
tool that could scale to be able to analyze a wider range
of potential indels, as well as one that could be rapidly
iterated to keep up with the needs of analysis. Utilizing
a novel deconvolution algorithm that smartly generates
edit proposals based on initial reading of the edited
Sanger sequence, DECODR can accurately determine
simple indel events without any limit on range.
DECODR can also determine identities of not just de-
leted bases but inserted bases as well, allowing for a
highly accurate readout of Sanger data that can be
used to determine better how a CRISPR experiment im-
pacts a targeted gene of interest, at both a bulk and a clo-
nal level.

Though a majority of indel formation in many
designed CRISPR experiments may fall within a short
range of small indels, larger deletions are more likely
to disrupt a target gene. Gene-editing experiments that
generate larger deletions are therefore more likely to con-
tain suitable disruptions for any given gene of choice.
The designs of current deconvolution tools, however,
are not able to handle large deletions; the presence of
indels larger than the capacity of previous deconvolution
tools can even prevent the accurate determination of
shorter indels within the same sequence. In Figure 2B,
the K562 clone GATA1KO-117 will not display an accu-
rate contribution of the single T insertion using any pre-
viously available deconvolution tools, as the presence of
the —115+ 1 bp indel prevents the accurate determination
of any contributing sequences (Supplementary Fig. S2).
Though both TIDE and ICE both display a +1 bp inser-
tion as their highest percentage contribution, the artifi-
cially high background caused by an inability to
identify a large deletion properly makes these tools un-
suitable to identify the most appealing knockout candi-
dates accurately and quickly when challenged with
samples containing such indels. In addition, further ex-
perimentation with the in vitro gene editing system
yielded accurate contributions and indel identities at
both clonal and bulk levels, regardless of indel size (Sup-
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plementary Fig. $3).2°7?® Comparisons of Sanger data an-
alyzed via DECODR were also comparable to NGS data
analyzed using CRIS.py (Supplementary Fig. S4).*!

While the increase in measurable indel range offered by
DECODR is undoubtedly useful in many use cases,
DECODR is still limited by the quality of the input se-
quences. Factors such as misaligned subpeaks and de-
creased sequence quality at longer reads can still lead to
misattributed basecalls and indel lengths. Indeed, the in-
creased resolution that DECODR offers in terms of inserted
base identity causes DECODR to be even more sensitive to
these quality issues. In cases where the DNA cleavage sites
are far downstream within the analyzed sequence (exam-
ples used for testing include but are not limited to 700 bp
Sanger sequencing files with the cleavage site at position
550), the decreased peak height and sequence quality
around the CRISPR cleavage site will commonly lead to
low percentage compound indels being displayed at percent
contributions as high as 8% in clonal populations (data not
shown). For this reason, it is highly recommended that
when sequencing for analysis with DECODR, the cleavage
site is located between positions 100 and 300 of the ana-
lyzed sequence if possible. In cases where such parameters
are not possible, using DECODR to analyze both forward
and reverse sequencing can also help cull artifacts.

Compound indels are not common in CRISPR-Cas9-
mediated gene editing, as NHEJ as a DNA repair mech-
anism is more highly weighted with blunt-end DSBs.?
Cas9 also recognizes a protospacer adjacent motif
(PAM) cleavage site, meaning that indels heavily curtail
further cleavage of the DNA, leading to smaller overall
indel sizes.”>** In the presence of the PAM-distal stag-
gered ends caused by CRISPR-Casl2a cleavage, how-
ever, larger indels caused by MMEJ are much more
common.’'** These MMEJ-mediated indels are more
complex and more readily form compound indels.
These compound indels are not able to be suitably ana-
lyzed using either TIDE or ICE. Utilizing DECODR,
however, these compound indels can be fully analyzed
and incorporated into potential editing outcomes.

The presence of misaligned, off-center sub-sequences
can cause incorrect analyses with all currently available
sequence deconvolution tools, including TIDE and ICE.
DECODR’s sub-sequence base-calling algorithm utilizes
local maximum subpeak intensities, making these contri-
bution determinations generally more accurate. However,
heavily misaligned sub-sequences can still lead to a mis-
interpretation of total indel length. Sub-sequence mis-
alignment tends to be progressive (i.e., sub-sequences
offset by 10% of the main peak height that will have
their net indel size increased by 1bp are measured
10bp away from the cut site, 2bp if measured 20bp
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away from the cut site, etc.). The larger range of indels
and higher resolution on sequence decomposition offered
by DECODR can lead to incorrect analyses of these se-
quences, especially within bulk sequences, where such
perturbations in sequence quality may not be as readily
apparent on the chromatogram.

The kinetics of PCR reactions may cause shorter
amplicons in a mixed-length population to be preferen-
tially amplified over longer amplicon fragments.>*~*
This might skew the overall ratio of template DNA
sub-sequences that is input into Sanger sequencing and
lead to an inflation of the contribution of whichever sub-
sequent fragment has the largest deletion. This relation-
ship is not linear, however, and research is underway in
our laboratories to determine an implementable formula
to correct for this. Because of the capability of DECODR
to recognize a larger range of indels, DECODR is poten-
tially more sensitive to this contribution disparity than
other size-limited deconvolution tools.

Moving forward with further developing the deconvo-
lution algorithm utilized in DECODR may increase the
accuracy and widen the use cases for the software. One
potential avenue to do this would be to explore the utili-
zation of machine learning in order to augment or even
replace the linear regression model for deconvolution.

Conclusion

DECODR can be scaled to determine any indel of any
size, allowing for future implementation of the DECODR
software in targeted endonuclease-based gene-editing
strategy, regardless of complexity or scope of edit. The
accurate identification and output of compound indels al-
lows for DECODR analysis to be executed in experi-
ments utilizing potentially any configuration of donor
DNA sequences, CRISPR-Cas, and endogenous DNA re-
pair pathways.
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