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Abstract

CRISPR/Cas-mediated knock-in of DNA sequences enables precise genome engineering for research and therapeutic applications. However,
designing effective guide RNAs (gRNAs) and homology-directed repair (HDR) donors remains a bottleneck. Here, we present protoSpaceJAM,
an open-source algorithm to automate and optimize gRNA and HDR donor design for CRISPR/Cas insertional knock-in experiments, currently
supporting SpCas9, SpCas9-VQR and enAsCas12a Cas enzymes. protoSpaceJAM utilizes biological rules to rank gRNAs based on specificity,
distance to insertion site, and position relative to regulatory regions. protoSpaceJAM can introduce ‘recoding’ mutations (silent mutations and
mutations in non-coding sequences) in HDR donors to prevent re-cutting and increase knock-in efficiency. Users can customize parameters and
design double-stranded or single-stranded donors. We validated protoSpaceJAM's design rules by demonstrating increased knock-in efficiency
with recoding mutations and optimal strand selection for single-stranded donors. An additional module enables the design of genotyping primers
for deep sequencing of edited alleles. Overall, protoSpaceJAM streamlines and optimizes CRISPR knock-in experimental design in a flexible and
modular manner to benefit diverse research and therapeutic applications. protoSpaceJAM is available open-source as an interactive web tool at
protospacejam.czbiohub.org or as a standalone Python package at github.com/czbiohub-sf/protoSpaceJAM.
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Introduction knock-in span both research and clinical programs, including
The development of gene editing technologies, fueled by the  the systematic characterization of gene function using fluo-
discovery of CRISPR/Cas systems, has transformed our abil-  rescent protein tags (1,2), the introduction of genetic variants

ity to manipulate genomes. A key goal of gene editing is to for the elucidation of disease mechanisms (3), or the integra-
add new features to the genome via the controllable insertion  tion of chimeric antigen receptor payloads in T cells (CAR-
(‘knock-in’) of functional payloads. Applications of CRISPR  T) for immunotherapy (4). Reflecting the breadth of these
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applications, many CRISPR/Cas-mediated approaches have
been developed to enable knock-in in a variety of contexts
(reviewed in (5)). For example, homology-independent meth-
ods that rely on non-homologous end-joining (NHE]) enable
knock-in in non-dividing cells (6), while prime editing al-
lows knock-in in the absence of double-strand breaks (7). The
most common experimental approach for site-specific knock-
in leverages homology-directed repair (HDR) (8). In HDR-
based knock-in, a site-specific guide RNA (gRNA) is used to
recruit CRISPR/Cas at a genomic target and induce a double-
strand break, while an exogenous DNA sequence (‘donor’) is
provided to direct the integration of the desired payload. In the
donor, the payload is flanked by sequences homologous to the
target site (‘homology arms’) that can template DNA repair by
co-opting endogenous repair pathways (Figure 1A). Because
HDR is precise, it remains the most widely used method for ge-
nomic knock-in, although its use is restricted to dividing cells
(8). Technical advances are rapidly increasing the efficiency of
HDR-based knock-in in key cell types such as human stem
cells (9-11) or primary T cells (12). In addition, CRISPR /Cas
knock-in is now entering the clinic for CAR-T therapy (4).

The design of a CRISPR/Cas HDR-based insertional
knock-in experiment (subsequently referred to as ‘knock-in’)
is conceptually simple and involves two key components. For
each edit, a guide RNA sequence (‘protospacer’) targeting the
desired genomic region must be chosen, and the sequence of
a HDR donor template must be constructed (Figure 1A). In
recent years, a set of design rules for both gRNA and donor
has been established to optimize knock-in efficiency (13-18).
This creates an opportunity to develop an algorithm to pro-
grammatically design reagents and streamline knock-in exper-
iments. Because of the large breadth of applications of knock-
in across genomic, cell biology, or clinical research, such a de-
sign algorithm would benefit a large community. Ideally, this
algorithm would be (i) accessible and simple to use, enabling
researchers from various fields to harness and utilize knock-
in technologies; (ii) customizable, giving the user full control
over the parameters used in the design choices and tailored
for each application and (iii) fully open-source, with well-
documented source code built in a modular format so that
parts of the algorithm could be easily reused or modified by
others to pave the way for new applications.

Here, we present protoSpaceJAM, an easy-to-use,
customizable, open-source and scalable algorithm for
CRISPR/Cas insertional knock-in. protoSpaceJAM uti-
lizes a state-of-the-art set of rules for gRNA and HDR
donor design and enables the user to fine-tune parameters
for each design (including the length of homology arms, the
introduction of ‘recoding’ mutations such as silent mutations
and mutations in non-coding sequences, or the avoidance of
specific sequence features), while providing sensible default
options for novice users. protoSpaceJAM allows users to
choose between double-stranded DNA (dsDNA) and single-
stranded oligodeoxynucleotide (ssODN) forms of HDR
donors, with rules tailored to each donor type to optimize
knock-in efficiency and/or facilitate chemical DNA synthesis.
A companion algorithm, GenoPrimer, designs sequencing
primers to simplify the genotyping of edited alleles by deep
sequencing. protoSpace]JAM is currently built for exper-
iments utilizing three commonly used Cas enzymes with
different Protospacer Adjacent Motifs (PAMs): S. pyogenes
SpCas9 (NGG PAM), its SpCas9-VQR variant (NGA PAM)
(19) and Acidaminococcus sp. AsCal2a (TTTV PAM) (20).
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protoSpaceJAM supports insertional knock-in applications in
which a payload sequence can be inserted into any coordinate
in the human, mouse, or zebrafish genomes (as opposed to
mutational knock-in applications where a native sequence
is replaced by another). Documented source code is avail-
able on Github at github.com/czbiohub-sf/protospacejam
to enable and facilitate the introduction of other desired
features (also archived on Zenodo as of the time of writing:
doi.org/10.5281/zenodo.11057858). Finally, protoSpaceJAM
is available as a stand-alone Python package as well as a
user-friendly web application (protospacejam.czbiohub.org)
to catalyze broader accessibility and usage.

Materials and methods

Genome datasets

The following reference genomes were used: GRCh38 for
human, GRCm39 for mouse, and GRCz11 for zebrafish.
Genome annotations for human, mouse, and zebrafish
were downloaded as GFF3 files from ftp.ensembl.org/
pub/release-109. Custom scripts (github.com/czbiohub-sf/
protoSpace]AM/blob/main/protoSpace]AM/precompute/
scripts/extract_gene_models_info.py) were used to parse the
GFF3 files to extract and store the boundaries of UTRs,
exons, and introns as genomic coordinates for all annotated
transcripts. The reading frame of each position in coding
sequences was extracted and stored for every annotated
transcript. Sequences near splice junctions were extracted
using scripts available at github.com/duopeng/JuncSeq and
sequence logo plots were generated using weblogo v3.7.12
(21).

gRNA search and off-target score calculation

protoSpaceJAM uses precomputed gRNA information
to reduce processing time. Precomputed gRNAs for the
human, mouse, and zebrafish genomes are available at
github.com/czbiohub-sf/protoSpaceJAM#download-and-
unzip-pre-computed-data. The computer code and work-
flow to precompute gRNA for any given genome is avail-
able at: github.com/czbiohub-sf/protoSpaceJAM/tree/main/
protoSpace]JAM/precompute. Briefly, all possible protospacers
for S. pyogenes Cas9 (SpCas9), VQR-SpCas9 and enhanced
Acidaminococcus sp. Cas12a (enAsCas12a) are enumerated
for the entire genome (using PAMs NGG, NGA and TTTV,
respectively). Code from the CRISPOR tool (22) was adapted
to calculate target specificity score for each protospacer
as follows. First, each protospacer sequence is aligned to
the genome using the Burrows-Wheeler Aligner (bwa) (23),
allowing up to four mismatches. The non-default parameters
employed in this alignment process included ‘-0 0’, ‘-m
2000000%, “n 4, -k 4’, *-N’ and ‘-l 20’. Second, genomic
off-target matches are analyzed for the presence of PAMs
immediately to the 3’ of the protospacer (considering the
following off-target PAMs; SpCas9: NGG, NGA, NAG;
VQR-Cas9: NGA, NGG; Casl12a: TTTN). Third, for each
off-target match that includes a PAM, the MIT score (13) is
computed. The MIT score predicts the propensity of gRNAs
binding to off-targets factoring in the mismatch location in
the protospacer. Finally, an aggregated MIT score is com-
puted for each protospacer using the following formula: 100
/ (100 + sum of off-target MIT scores).
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Figure 1. Key concepts, flowchart, and tunable parameters in protoSpaceJAM. (A) Key concepts for CRISPR knock-in design. For each insertion, a gRNA
(blue) targeting a genomic region and an HDR donor sequence that templates payload (green) integration must be designed. To increase knock-in
efficiency, the HDR donor may contain silent mutations to protect the HDR product from further CRISPR-induced DNA strand breaks (‘re-cutting’
mutations, yellow stripes) and silent mutations in the ‘cut-to-insert’ region between the double-strand break and payload integration sites (‘repair track’
mutations, orange stripes). Recoded regions are not considered part of the effective homology arms. (B) Flowchart of protoSpaceJAM components.
protoSpaceJAM can be used either as a standalone Python package or via a userfriendly web app. (C) Tunable design parameters in protoSpaceJAM.

(D) Screenshot of the submission list.
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gRNA scoring

The strategy for gRNA scoring is described in detail in
the main text. All corresponding code can be found
at github.com/czbiohub-sf/protoSpaceJAM/blob/main/
protoSpaceJAM/util/utils.py.

Primer design with GenoPrimer

Amplification primers for genotype analysis were designed us-
ing GenoPrimer, a custom-built open-source pipeline available
at github.com/czbiohub-sf/GenoPrimer. Briefly, the pipeline
takes a genomic coordinate position as input (typically the
CRISPR knock-in edit site), and it then extracts 430 or 4000
base pairs (bp) of genomic sequences centered on the input co-
ordinate for short- or long-read mode, respectively. From the
extracted genomic sequence, candidate primers are enumer-
ated and filtered with Primer3 (24) using a set of thermody-
namics filters, a positional filter, and a product size filter. The
thermodynamics filters are default for Primer3 and include
but are not limited to the following: minimum, optimum, and
maximum melting temperatures (Ty,) of 57, 60 and 63°C, re-
spectively; a maximum difference of 3°C in Ty,; GC content
between 20% and 80%; and primer lengths of at least 18 bp,
with an optimum of 20 bp and a maximum of 25 bp. Primer-
dimers are minimized by application of default thresholds
for both 3’ self-complementary and 3’ pair-complementary
binding. The positional filter was configured using the
‘SEQUENCE_EXCLUDED_REGION’ directive to remove
primers too proximal to the CRISPR knock-in edit site, with
the minimum distance set to 100 and 1000 bp for short- and
long-read modes, respectively. The PCR product size filter is
configured using the ‘PRIMER_PRODUCT_SIZE_RANGE’
directive, and it is set to 250-350 and 3300-3700 bp for short-
and long-read modes, respectively.

Candidate primers that successfully pass all three filters im-
posed by Primer3 are further analyzed for unintended PCR
products in the target genome. All possible annealing sites
in the genome are identified using Bowtie (25) by default,
with the following custom parameters: ‘-k 1000’ and ‘-v 3’.
Whereas Bowtie limits alignments to a maximum of three
mismatches, BLAST is an alternative mapping program that
allows more than three mismatches at the cost of computa-
tional speed; this option can be selected by passing the ar-
gument ‘—aligner BLAST’ to GenoPrimer with the following
custom parameters: ‘-task blastn-short’, ‘-max_hsps 2000’,
‘perc_identity 75°. Annealing sites are removed if the 3’ end
of the primer sequence does not match the genome. The way
GenoPrimer checks for off-target primer binding sites differs
from the widely used PrimerBlast algorithm (26) in two ways.
First, when using the Bowtie aligner, sites containing 4 or more
mismatches to a given primer sequence will not be considered
in the off-target search, compared to 6 or more mismatches for
PrimerBlast. In the web application version of GenoPrimer, we
use Bowtie to prioritize computing speed. In the standalone
Python code, the BLAST + aligner can alternatively be used as
described above, and sites containing five or more mismatches
to a given primer sequence will not be considered in the off-
target search. Second, GenoPrimer requires a perfect match at
the final 3’-end base for an off-target site to be considered,
while PrimerBlast requires a match in at least four of the five
final 3’-end bases.

Unintended PCR products are identified when a primer pair
possesses annealing sites on opposite DNA strands with their
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3 ends facing each other, with a maximum predicted amplicon
size set to 6 kb by default. GenoPrimer checks whether unin-
tended PCR products can be formed between forward + re-
verse, forward + forward, and reverse + reverse primers of the
same pair; if so, the primer pair is removed from the list of
candidates. If no successful primer pairs can be found, a series
of six attempts will be made to find the next-best primer pairs.
In the first, second, and third attempts, the maximum differ-
ence in Tm between paired primers is increased by 1°C. In the
second, fourth, and sixth attempts, the upper limit of the PCR
product size is increased by 80 bp and 300 bp for short- and
long-read mode, respectively. To accommodate the increased
PCR product size range, the extracted genomic sequences are
extended on both ends by 40 and 150 bp for short- and long-
read mode, respectively.

protoSpaceJAM Python package and web portal

protoSpaceJAM is available as a pip-installable Python pack-
age available at github.com/czbiohub-sf/protoSpace]JAM.
Users have the flexibility to fine-tune the underlying algorithm
and customize parameters. Specific documentation to do so
is available at github.com/czbiohub-sf/protoSpaceJAM/wiki.
For example, one can adjust the mathematical formulas re-
sponsible for calculating gRNA scoring weights and redefine
how synonymous codons are chosen for silent mutations.

Local versions of protoSpace]JAM require precomputed
gRNA information, which can be automatically down-
loaded and set up for the human, mouse, and zebrafish
genomes following the installation instructions at github.com/
czbiohub-sf/protoSpaceJAM/blob/main/README.md. Users
can precompute gRNA information for genomes of their
choice following a set of instructions and scripts avail-
able at github.com/czbiohub-sf/protoSpace]JAM/tree/main/
protoSpaceJAM/precompute.

An interactive web tool is available at protospacejam.
czbiohub.org. All source code for the web tool is available at
github.com/czbiohub-sf/protoSpaceJAM-portal, which also
includes instructions to set up local versions of the interactive
web tool for specific applications.

Cell culture
HEK293T

Human HEK-293T cells (ATCC #CRL-3216) were cultured
in Gibco DMEM, High Glucose, GlutaMAX Supplement me-
dia (Thermo Fisher scientific #10566024) with 10% fetal
bovine serum (Omega Scientific #FB-11). The cells were main-
tained at 37°C and 5% CO; and were passaged upon reach-
ing ~80% confluency using 0.05% Trypsin—-EDTA (Thermo
Fisher Scientific #25300120).

Human induced pluripotent stem cells (hiPSCs)

We used a variant of the well-characterized WTC11 hiPSC line
(Coriell #GM25256) constitutively expressing the GFPq.1o
split-GFP construct (27). WTCgpp 1190 iPSCs were passaged
on plates pre-coated with vitronectin (Thermo Fisher Scien-
tific #A14700) using MteSR Plus media (Stem Cell Technolo-
gies # 100-0276) and RevitaCell supplement (Thermo Fisher
Scientific #A26445-01). The cells were maintained at 37°C
and 5% CO; and were passaged upon reaching ~80% con-
fluency using Accutase (Stem Cell Technologies #7920).
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Genome editing in HEK293T cells with fluorescent
payloads and flow cytometry (cf. Figures 2C, 3C,
4D)

For monitoring of HDR efficiency, we inserted sequences en-
coding fluorescent proteins in HEK-293T cells using methods
described in (1). Briefly, ribonucleoprotein (RNP) S. pyogenes
Cas9/gRNA complexes were prepared in vitro, mixed with
HDR donor templates, and electroporated into HEK-293T
cells by nucleofection using SF solution (Lonza #V4SC-2096)
and the CM-130 program. Five days post-nucleofection, the
distribution of fluorescence signal in each target cell popula-
tion was measured by analytical flow cytometry on a FAC-
Symphony instrument (BD Biosciences). Flow cytometry data
analysis was performed using the Flow]Jo software (BD Bio-
sciences). All gRNA and HDR donor sequences used in this
study are available in Supplementary Table S1, together with
the corresponding numbers of % fluorescent cells.

Genome editing in hiPSC cells with fluorescent
payloads and flow cytometry (cf.
Supplementary Figure S3)

For monitoring of HDR efficiency, we inserted sequences en-
coding the GFP11 fluorescent tag (27) in WTCgpp 1-19 hIPSC
cells using methods described in (11). Briefly, ribonucleopro-
tein (RNP) S. pyogenes Cas9/gRNA complexes were prepared
in vitro, mixed with HDR donor templates, and electropo-
rated into WTCgpp 1-19 cells by nucleofection using P3 solu-
tion (Lonza #V4SP-3096) and the CA-137 program. Nucleo-
fected cells were plated in StemFlex media (Thermo Fisher Sci-
entific #A3349401) supplemented with 1x CloneR-2 recovery
reagent (Stem Cell Technologies, #100-0691) and 1 uM HDR
enhancer v2 (Integrated DNA Technologies #10007910), and
they were maintained at 32°C and 5% CO, for 2 days (cold
shock). Cells were grown at 37°C and 5% CO, for an ad-
ditional 3 days, at which point the distribution of fluores-
cence signal in each cell population was measured by ana-
lytical flow cytometry on a FACSymphony instrument (BD
Biosciences). Flow cytometry data analysis was performed
using the Flow]Jo software (BD Biosciences). All gRNA and
HDR donor sequences used in this study are available in
Supplementary Table S1, together with the corresponding
numbers of % fluorescent cells.

Genotype analysis of OpenCell lines (cf. Figure 2C)

The genotype of 271 cell lines from the OpenCell project was
analyzed by next-generation sequencing as described in (1).
In these experiments, a split-mNeongreen fluorescent payload
was inserted in 271 different protein-coding genes in HEK-
293T cells by nucleofection of Cas9/gRNA RNPs and single-
stranded DNA donors. For each targeted gene, the geno-
type of a polyclonal pool of ~20 000 cells was character-
ized 5 days post-nucleofection in the absence of any selec-
tion, so that HDR rates could be directly measured. For each
cell pool, genomic DNA was first extracted by cell lysis us-
ing QuickExtract DNA Extraction Solution (Lucigen), from
which target gene-specific amplicon libraries were prepared
using a two-step PCR protocol as described in (1): the first
PCR amplifies the target genomic locus and adds universal
amplification handle sequences, while the second PCR intro-
duces indexed Illumina barcodes using these universal han-
dles. Barcoded amplicons were analyzed using capillary elec-
trophoresis (Fragment Analyzer, Agilent #DNF-474-0500),
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pooled, and purified using solid-phase reversible immobiliza-
tion magnetic beads. Sequencing was performed on an Illu-
mina Miseq V3 platform (2 x 300 bp paired-end reads) using
standard P5/P7 primers. Genotype analysis was performed us-
ing CRISPRESSO2 (28) to quantify HDR rate for each tar-
get gene (defined as the percentage of HDR alleles out of all
non-wild type alleles sequenced, to normalize for the cutting
efficiency of each gRNA). gRNA, HDR donor, and primer
sequences and genotype analysis for all targets are found in
Supplementary Table S2.

GenoPrimer amplification test (cf. Figure 5B)

To test GenoPrimer’s ability to design amplification primers
for genotype analysis, we designed primer pairs for 94 sepa-
rate genes in short-read mode. Products were amplified from
wild-type genomic DNA purified from wild-type HEK-293T
cells (New England Biolabs #T3010S) using a touch-down
PCR strategy. 40-ul PCR reactions were set using 2x KAPA
HiFi Hotstart reagents (Roche #KK2602) with 10 ng genomic
DNA, 2 uM of each primer, and betaine to 1 M final concen-
tration. PCR conditions: 95°C for 3min; 2 cycles of {98°C for
20 s, 72°C for 15 s, 72°C for 20s}, 2 cycles of {98°C for 20 s,
71°C for 15 s, 72°C for 20 s}, 2 cycles of {98°C for 20's, 70°C
for 15 s, 72°C for 20 s}; 2 cycles of {98°C for 20 s, 69°C for
15's, 72°C for 20 s}; 2 cycles of {98°C for 20's, 68°C for 15 s,
72°C for 20 s}; 2 cycles of {98°C for 20's,67°C for 15's, 72°C
for 20 s}; 2 cycles of {98°C for 20 s, 66°C for 15 s, 72°C for
20 s}; 2 cycles of {98°C for 20's, 65°C for 15 s, 72°C for 20 s};
2 cycles of {98°C for 20 s, 64°C for 15 s, 72°C for 20 s}; 2
cycles of {98°C for 20 s, 63°C for 15 s, 72°C for 20 s}; 10
cycles of {98°C for 20 s, 62°C for 15 s, 72°C for 20 s}; then
72°C for 1 min (final extension); 4°C final. After PCR, the
size distribution of amplicons for each target gene was char-
acterized by quantitative capillary electrophoresis (Fragment
Analyzer, Agilent #DNF-474-0500). All primer sequences for
the GenoPrimer test are found in Supplementary Table S3.

Results

Anatomy of knock-in design and overview of
protoSpaceJAM

protoSpaceJAM is a design tool currently developed for in-
sertional HDR-based knock-in applications. In these applica-
tions, the genomic insertion of a functional payload is tem-
plated by a HDR donor containing the payload flanked by
sequences called ‘homology arms’ that are homologous to the
desired insertion site (Figure 1A). For each insertion, two sep-
arate components must be designed: a gRNA targeting the ge-
nomic region of interest, and the HDR donor sequence itself.
In cases where the original protospacer might be preserved
within one of the homology arms, introduction of silent ‘re-
coding’ mutations may be desirable to inactivate gRNA bind-
ing and re-cutting of the knock-in allele (29) and/or to recode
the genomic portion located between the desired insertion site
and the Cas/gRNA cut site (30) (see Figure 1A; the ratio-
nale for ‘recoding’ mutations is further explained in the next
sections).

protoSpace]JAM employs a simple input: the user speci-
fies a genomic insertion site and a payload sequence (Fig-
ure 1B). Currently, designs for human, mouse, and zebrafish
genomes are supported, together with three commonly used
Cas enzymes: S. pyogenes SpCas9 (NGG PAM), its SpCas9-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
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Figure 2. Guide RNA scoring and ranking strategy. (A) gRNA specificity is captured by using an ‘on-target specificity’ weight ranging from 0 to 1, where
0 is for specificity scores below 45 and 1 is for specificity scores above 65, and a linear interpolation is made for scores between 45 and 65. Specificity
scores are calculated using a variation of the MIT specificity formula described in CRISPOR (22) that considers any possible off-target gRNA binding
sites containing up to 4 mismatches to the original protospacer. (B) Payload integration efficiency as measured by the integration of a split-GFP payload
(2xGFP11) in the SEC61B locus in HEK293T cells using ssDNA donor templates. The percentage of GFP-positive cells is measured by flow cytometry
and serves as a read-out of knock-in efficiency. Graph shows average values (filled circles) from n = 4 replicates (error bars show standard deviation). (C)
HDR efficiency as measured by sequence analysis of targeted alleles. The insertion of a split-mNeonGreen payload was characterized across 271 gene
loci in HEK293T cells. The rate of HDR for each gene was characterized by deep sequencing of the targeted alleles. The data are presented as a scatter
plot (left) or a box plot (right; boxes represent 25th, 50th, and 75th percentiles, and whiskers represent 1.5 times the interquartile range; outliers are
shown as diamonds). An unconstrained Gaussian fit to this distribution is presented as a blue line (y = 4.3 + 26.6 x expl-(x—2.9)2/360). (D)
protoSpaceJAM seeks to prioritize gRNAs proximal to the insertion site using a simple ‘cut-to-insert distance’ Gaussian weight between 0 and 1, with a
width of around 12 bp (weight = expl-distance”2/110]). (E) Optional ‘gRNA position" weight between 0 and 1 used by protoSpaceJAM to penalize
gRNAs targeting 5" UTRs or splice junctions. (F) protoSpaceJAM ranks all possible gRNAs for each knock-in design using the product of all three
‘on-target specificity’, ‘cut-to-insert distance’ and ‘position” weights in a final composite score.

VQR variant (NAG PAM) (19), and the enhanced version 2024 (e.g. ENST00000421999.8 for the ENST00000421999
of Acidaminococcus sp. AsCal2a (TTTV PAM) (20). Design transcript).

speed is maximized by building an internal database of pre- The goal of protoSpace]JAM is to streamline the design
computed off-target information of all possible protospacers of both gRNA and donor sequences using a biologically-
for all three enzymes in each genome. informed set of rules that are fully described in subsequent

Because one of the main applications of knock-in is to insert ~ sections (summarized in Figure 1C). Importantly, all param-
functional tags in-frame of a protein-coding gene (e.g. for flu- eters are fully controlled by the user to maximize utilization
orescent protein tagging), the user can also specify an Ensembl ~ across many different applications. Multiple knock-in designs
transcript ID for a gene of interest and an N- or C-terminal in-  can be handled in parallel by building a submission list, which
sertion point (for example: ENST00000421999,N). Explicit  contains insertion position and payload information as well as
genomic coordinates can be used for more flexible designs the parameter details to be used for each design (Figure 1D).

(for example: ENST00000651894,16:30193592 or simply All documented source code is openly available at github.com/
16:30193592, in the format chromosome_number:position). czbiohub-sf/protoSpaceJAM, and the tool can be used either
When a transcript ID is specified, protoSpaceJAM uses as a pip-installable standalone Python package or via a user-
the transcript version annotated in Ensembl as of March  friendly web interface at protospacejam.czbiohub.org.


https://github.com/czbiohub-sf/protoSpaceJAM
https://protospacejam.czbiohub.org
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Figure 3. Mutational recoding in the HDR donor. (A) Recoding options in protoSpaceJAM. Two recoding levels are available: ‘prevent re-cut only”
(orange) introduces silent mutations around the Cas/gRNA binding site to prevent re-cutting of the knock-in allele, while “full recoding’ (green)
additionally introduces silent mutations in the cut-to-insert region to prevent DNA repair from resolving before incorporation of the payload sequence. (B)
Recoding brings the re-cut potential below the desired threshold (CFD < 0.03) in 97.6%, 97.8% and 97.2% of knock-in alleles for insertion of a
split-mNeonGreen payload (1) at the N- or C-terminus of all canonical protein-coding transcripts in the human, mouse, or zebrafish genomes (n = 19 643,
24 714 and 25 406, respectively). (C) ‘Repair track’ recoding in the cut-to-insert region affects knock-in efficiency of a split-mNeonGreen payload across
32 human protein-coding genes for which top-scoring gRNAs were located at various cut-to-insert distances. The percentage of GFP-positive cells is
measured by flow cytometry and serves as a read-out of knock-in efficiency. P-value: two-sided unpaired Student’s t-test.
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Figure 4. Design parameters for dsDNA and ssODN donors. (A) Analysis of 500-bp homology arms flanking the N- and C-terminus tagging sites in all
canonical transcripts in human, mouse and zebrafish genomes indicates that homopolymeric runs are the leading problem that would prevent
successful synthesis of the dsDNA donor. Homopolymers are defined by homopolymeric runs of 10 or more As and Ts or 6 or more Gs and Cs; GC%
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sites (n = 39 286) in all canonical transcripts in the human genome were analyzed. (C) Workflow to remove or flag hard-to-synthesize motifs in dsDNA
donor. (D) Integration efficiencies of a split-mNeonGreen fluorescent payload across 32 human protein-coding genes for which top-scoring gRNAs were
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measured by flow cytometry and serves as a read-out of knock-in efficiency. P-value: two-sided unpaired Student’s t-test. (E) Workflow to design
synthesis-ready ssODN donor sequences.
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Figure 5. Computational pipeline for design of genotyping primers and experimental validation. (A) GenoPrimer predicts primers suitable for amplifying
PCR products for short- and long-read sequencing, with default amplicon size ranges of 250-350 bp and 3300-3700 bp, respectively. Primer candidates
undergo additional screening using thermodynamic filters implemented in Primer3 (24). To check for unintended PCR products, all potential annealing
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extending the upper limit of amplicon length. (B) Experimental validation. GenoPrimer was used to design short-read amplification primers for 94
separate loci. At least one primer pair matching the criteria outlined in (A) was identified for 93 out of 94 loci (98.9% success rate). Amplification with
each primer pair was validated using HEK293T genomic DNA and quantified by capillary electrophoresis. The percentage of amplicons of the correct size
over all amplified products is shown for each of the top 3 primer pairs, along with the maximum percentage among all primer pairs for each locus. (C)
Proportion of knock-in sites for which the percentage of amplicons of the correct size (y-axis) is above a specific threshold (x-axis).
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gRNA selection rules

The first step in knock-in design is the selection of a desirable
gRNA for optimal efficiency and specificity. To rank all can-
didate gRNAs for optimal selection, protoSpaceJAM uses a
composite ranking score that weighs the on-target specificity
of each candidate, the distance between cut and insertion sites,
and the position of the gRNA with respect to important gene
expression regulatory sequences, namely 5’ untranslated re-
gions (UTRs) and splice sites (Figure 2A-E).

Specificity weight

A key feature of each gRNA is its specificity for a single ge-
nomic site, as Cas nucleases might cut at off-target genomic
sequences that share significant homology to a given proto-
spacer (31,32). Multiple scoring algorithms have been devel-
oped to predict gRNA specificity (reviewed in (33)), includ-
ing the widely used scoring strategy originally developed by
Hsu et al. and referred to as the MIT score (13). protoSpace-
JAM uses a variation of the MIT specificity score described in
CRISPOR (22) that considers any possible off-target gRNA
binding sites containing up to four mismatches to the original
protospacer. A residual binding score is assigned to each po-
tential off-target site to evaluate the probability of unintended
edits, considering both the position and the density of mis-
matches. The overall specificity score for a given gRNA is then
computed by dividing 100 by the sum of all individual residual
binding scores (Figure 2A, right panel). Off-target modifica-
tion frequencies drop significantly for gRNAs with specificity
scores above 45, and they become minimal for scores above
65 (33). For ranking purposes, protoSpaceJAM uses a simple
rule to capture gRNA specificity using an ‘on-target specificity
weight’ between 0 and 1, where 0 is assigned to gRNAs with
a specificity score below 45 (to severely penalize non-specific
guides), 1 is for specificity scores above 65, and a linear inter-
polation is made for scores between 45 and 65 (Figure 2A).

Cut-to-insert distance weight

For knock-in applications, many studies have shown that the
distance between the Cas/gRNA cut site and the desired in-
sertion point is a key parameter that governs integration ef-
ficiency (10,15,29,34,35). The further the genomic cut site is
from the insertion site, the greater the probability that DNA
repair might resolve without payload insertion (because ho-
mology to the genome that exists in the donor region between
cut and insert will allow DNA repair to resolve prematurely,
Supplementary Figure STA). To test the relationship between
integration efficiency and cut-to-insert distance, we measured
the integration of a fluorescent payload in the human SEC61B
protein-coding gene while tiling gRNAs across the insertion
point. Integration efficiency (measured by the percentage of
fluorescent cells detected) dropped sharply as a function of
cut-to-insert distance, with distances over 12 bp exhibiting the
greatest decrease (Figure 2B). Similar relationships have been
reported in the literature (36). To further characterize the re-
lationship between HDR efficiency and cut-to-insert distance,
we analyzed data from the OpenCell project (1), in which a
short fluorescent payload was inserted in a large number of
human protein-coding genes, fortuitously spanning a range of
cut-to-insert distances. For 271 randomly chosen insertions,
the targeted allele was sequenced from edited cell pools and
the rate of HDR was quantified (see Materials and methods).
This analysis also shows a reduction of HDR efficiency as cut-
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to-insert distance increases (Figure 2C). As a consequence of
these results, protoSpaceJAM uses a scoring weight to prior-
itize gRNAs with cut sites proximal to the insertion site. By
default, protoSpaceJAM uses a ‘cut-to-insert distance’ Gaus-
sian weight between 0 and 1, with a width centered around
12 bp (Figure 2D).

Additional positional weight

Targeting Cas9/gRNA cuts within important regulatory se-
quences such as 5" UTRs or splice junctions should be avoided
because the subsequent need to introduce ‘recoding’ muta-
tions around the cut site (see below) might impact these reg-
ulatory regions and alter the endogenous expression of the
target gene. 5’ UTRs contain ribosome-binding sequences and
play a key role in controlling gene expression (37), while splice
junctions contain residues that are universally conserved and
cannot be modified (Supplementary Figure S2). Therefore, we
defined a ‘gRNA position weight’ between 0 and 1 to penalize
gRNAs targeting these regions (see Figure 2E). Because this
optimization strategy is only relevant to some applications,
using the positional weight is optional.

Final weight calculation and gRNA scoring

For each knock-in design, protoSpaceJAM ranks all possible
gRNAs using the product of the ‘on-target specificity’, ‘cut-
to-insert distance’, and ‘position’ weights in a final composite
score (Figure 2F). The user can specify the desired number of
gRNAs to be returned for each design, prioritized according
to their composite score. The detailed weight information for
each guide is specified in protoSpaceJAM’s table output. Over-
all, the goal of protoSpace]JAM is to nominate gRNAs that are
specific and likely to achieve high knock-in rates while mini-
mally affecting the genetic regulatory patterns of endogenous
genes. In our open-source code, the parameters that govern
gRNA selection are explicitly annotated and organized as sep-
arate modules. Users who would like to customize or add se-
lection criteria can easily modify the corresponding modules.

Note that beyond positional prioritization, protoSpaceJAM
does not score the predicted editing activity of gRNAs. While
several algorithms for predicting gRNA activity have been
developed, many have been shown to perform inconsistently
when applied to experiments using different species, cell lines,
or gRNA expression systems (discussed in (33,38)). For ex-
ample, predicted activity might correlate with the expression
levels of gRNA sequences under specific promoter conditions
(e.g. using U6 or T7 promoters; see (33)), and not be appli-
cable to experiments that use a different promoter or use di-
rect delivery of purified CRISPR/Cas complexes (39,40). As
a consequence, the development of predictive algorithms for
gRNA cutting efficiency that generalize across experimental
conditions remains an active field of research (38). While we
currently do not use activity predictions in our calculations,
expert users could easily modify our open-source code for
gRNA selection to include an activity prediction score suit-
able for their experimental context.

Mutational recoding in the HDR donor

protoSpaceJAM supports the optional introduction of silent
‘recoding’ mutations in two key regions of the HDR donor
(Figure 1A; here we use ‘recoding’ to refer to both silent mu-
tations and mutations in non-coding sequences). The first re-
gion is the Cas/gRNA binding site, which may still be present


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
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in the homology arm sequences when payload insertion does
not destroy the original protospacer. In such cases, knock-in
could be impaired if the Cas nuclease either cuts the donor
itself during the delivery of reagents in the cell or re-cuts the
knock-in allele after DNA repair (16,29,41). This would re-
spectively decrease donor availability or introduce unwanted
genomic modifications, negatively impacting knock-in effi-
ciency overall. A well-established practice is therefore to in-
troduce silent mutations to inactivate the gRNA binding site
within the HDR donor (16,29,41). protoSpace]JAM uses the
Cutting Frequency Determination (CFD) scoring framework
established by Doench and colleagues to predict the impact of
individual protospacer and PAM mutations on the Cas/gRNA
cutting potential for SpCas9 and enAsCas12a (14,42). For
each gRNA, protoSpace]JAM identifies the fewest mutations
that would bring the maximal CFD score in the donor se-
quence below a user-defined threshold (default: 0.03). Because
the payload sequence itself may by chance contain sequences
homologous to the Cas9/gRNA binding site, all positions
within the donor (including payload and payload/genome
junctions) are considered in this calculation. When recod-
ing within a protein-coding sequence, only silent mutations
are used, leveraging maximal sequence divergence between
synonymous codons while excluding rare codons (defined by
codon usage frequency less than 7.0 x 1073, or less than half
of the median codon usage for that amino acid). When ‘re-
coding’ within a non-coding region, transversion mutations
are introduced in up to one of every three bases (Figure 3A).
No recoding is allowed in the immediate vicinity of splice
junctions, to maintain universally conserved sequence motifs
(Supplementary Figure S2). For maximal flexibility, the user
can decide whether recoding should prioritize mutations in the
PAM region (default) or within the protospacer itself, and op-
tionally restrict the introduction of mutations only to protein-
coding regions. While our mutational strategy is designed to
always preserve native protein sequences and splice junctions,
the introduction of any mutation might affect the function of
other non-coding elements (e.g. non-coding RNAs, enhancers,
etc.). If preserving non-coding elements is a priority, users can
decide to forgo mutational recoding (see below).

Another application of mutational recoding in HDR donors
is to increase knock-in efficiency when having to perform
Cas/gRNA cuts at a distance from the insertion site. In such
cases, introducing silent mutations in the cut-to-insert region
prevents the DNA repair tracks from resolving repair before
reaching the payload sequence (Supplementary Figure S1A),
thereby increasing the rate of payload insertion (16,30). pro-
toSpaceJAM supports recoding within the cut-to-insert re-
gion, following the rules outlined above for coding and non-
coding sequences and excluding recoding at splice junctions
(Figure 3A).

Importantly, the level of recoding for each design is con-
trolled by the user and can be tuned to one of three behaviors:
(i) ‘no recoding’, where no mutations are introduced besides
the insertion of the payload itself; (ii) ‘prevent re-cut only’,
where mutations are only introduced to inactivate gRNA
binding anywhere in the donor sequence and (iii) “full re-
coding’, where mutations are introduced to inactivate gRNA
binding in the donor, and repair track mutations are intro-
duced in the cut-to-insert region. By default, we recommend
using full recoding. The advantage of recoding is illustrated in
Figure 3B, C. Figure 3B shows the potential for SpCas9/gRNA
re-cutting of knock-in alleles for GFP insertion at the N- or C-
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terminus of all protein-coding genes in the human, mouse, or
zebrafish genomes, as predicted by the maximal residual CFD
score within each donor sequence. In the absence of recoding,
53.6%,55.4% and 61.0% of knock-in sequences exhibit sig-
nificant re-cutting potential in human, mouse, and zebrafish,
respectively (Figure 3B, ‘no recoding’; note that when gRNAs
proximal to the insertion sites can be chosen, the insertion of
the payload alone may be enough to impact the protospacer
and prevent re-cutting). The introduction of silent recoding
mutations brings the re-cutting potential below the desired
threshold in 97.6%, 97.8% and 97.2% of the sequences in
human, mouse, and zebrafish, respectively (Figure 3B). In ad-
dition, adding repair track mutations in the cut-to-insert re-
gion increases knock-in efficiency for gRNAs with large cut-
to-insert distances (Figure 3C). To verify this, we measured the
integration efficiency of a fluorescent mNeonGreen payload
across 32 human protein-coding genes for which top-scoring
gRNAs were located at different cut-to-insert distances, com-
paring designs using the ‘full recoding’ vs ‘prevent re-cut only’
modes (Figure 3C, left). The full recoding option led to signif-
icantly higher integration efficiency (as measured by the per-
centage of fluorescent cells detected) for designs in which the
cut-to-insert distance was >12 nt (Figure 3C, right panel; note
that gene-specific sequence features beyond the cut-to-insert
distance are likely to influence knock-in efficiency). These re-
sults mirror previous reports in the literature describing the
advantages of recoding the cut-to-insert region to increase
knock-in efficiency (16,30).

Additional design parameters for dsDNA vs ssODN
donors

Double-stranded DNA (dsDNA) and single-stranded
oligodeoxynucleotides (ssODNs) are the two main for-
mats for HDR donors (8). ssODNs are widely available
through commercial DNA synthesis, are non-toxic, and can
be delivered to cells in large amounts to maximize knock-in
efficiency (12). However, they are limited to small insertions
because their overall length is constrained by the coupling
efficiency of chemical DNA synthesis (typically < 200 nt).
dsDNA donors, which can be delivered to cells in the form
of DNA plasmids or linear fragments obtained from PCR
amplification or commercial sources (27,43-45), are a more
universal form of donor that can be used for insertions of any
size. However, they are comparatively more toxic (12) and
may require molecular cloning for generating the amounts
needed for efficient delivery. Increasingly, sequence-verified
dsDNA constructs are becoming commercially available at
attractive price points, but commercial dsDNA products
are typically limited to ‘simple-to-synthesize’ sequences with
balanced GC content and devoid of homopolymeric stretches.
Because homology arms often contain parts of the non-coding
genome, HDR donor sequences may often fall beyond the
current limitations for commercial dsDNA synthesis.

A key goal of protoSpaceJAM is to provide the user with
‘synthesis-ready’ donor sequences to streamline the knock-in
experimental process. Therefore, the user can choose between
two separate donor design modes—dsDNA and ssODN—that
use separate design constraints. In dsDNA mode, sequence
motifs that might be incompatible with commercial dsDNA
synthesis are flagged within the final output table. These flags
include homopolymeric runs of 10 or more As and Ts or
6 or more Gs and Cs, and extreme GC content (>65% or


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae553#supplementary-data
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<25% GC content globally or >52% difference in GC con-
tent between any given 50 bp stretches). We analyzed the
presence of these flags in homology arms of 500 bp flank-
ing the N- and C-terminus tagging sites in all canonical tran-
scripts in human, mouse, and zebrafish genomes (39 637,
43 719 and 55 559 sites, respectively). Our results indicated
that homopolymeric runs are the leading impediment to suc-
cessful synthesis of the dsDNA donor (Figure 4A). Therefore,
we incorporated a feature to directly trim the length of homol-
ogy arms to remove homopolymers from the dsDNA donor
(Figure 4B). The user controls whether trimming should be
performed, as well as the minimum length of homology arms
to be retained. To assist users in making informed decisions
regarding the minimum length of homology arms, we ana-
lyzed 39 637 N- and C-terminus knock-in sites in the hu-
man genome. Our findings indicate that DNA donor arms
with lengths of 100, 200 and 500 bp have a 94%, 87% and
70% probability of being free from homopolymers, respec-
tively (Figure 4B). Our trimming algorithm halts once it either
meets the minimum length requirement or the sequence be-
comes free of homopolymers, whichever condition is satisfied
first. Trimming can also be used to avoid other user-defined
sequence motifs, such as restriction sites for enzymes used in
subsequent applications (Figure 4C).

For ssODN synthesis, there is typically no restriction in
terms of sequence motifs, but rather in overall length. There-
fore, the total length of donors in ssODN mode is capped at
a user-defined maximum (default: 200 nt). However, ssODN
donors require a choice of polarity for the ssDNA strand
to be used. The polarity of the ssODN strand is especially
important when using gRNAs with a large cut-to-insert dis-
tance, and the most efficient strand orientation depends on
whether the cut site is on the 3’ or 5 side of the inser-
tion site (see Supplementary Figure S1B). This is because
ssODN donors predominantly template DNA repair via a
synthesis-dependent strand annealing mechanism (30). In
this mechanism, 5’-end resection following the Cas-induced
double-strand break exposes single-stranded genomic over-
hangs that can anneal to complementary sequences in the
ssODNs donors, which are subsequently extended by DNA
synthesis in the 5" to 3’ direction (Supplementary Figure S1B).
This mechanism induces a polarity in the repair process that
strongly favors a specific DNA strand for distal payload
integration (Supplementary Figure S1B). By default, proto-
SpaceJAM automatically selects the polarity of the ssODN
strand to be in the favored orientation. To validate this de-
sign choice, we measured the integration efficiency of a split-
mNeonGreen fluorescent payload across 32 human protein-
coding genes for which top-scoring gRNAs were located at
different cut-to-insert distances, comparing both strand ori-
entations for each ssODN donor (Figure 4D). The favored
strand orientation (as defined in Supplementary Figure S1)
led to increased integration efficiency, as measured by the per-
centage of fluorescent cells, particularly for designs in which
the cut-to-insert distance was greater than 12 nt (Figure 4D,
right panel). Similar strand preference requirements have been
previously described and further support our default design
choice (15,16,30,41,46). To give the user even finer control
over the ssODN strand to be used, four other strand selec-
tion modes are also available: Cas/gRNA target vs non-target
strand or transcribed vs non-transcribed strand for protein-
coding genes and IncRNAs (Figure 4E).
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Genotyping primer design for characterization by
amplicon-based deep sequencing

After knock-in, the genomic sequence of the edited alleles must
be characterized to validate successful editing and the absence
of undesired errors introduced during DNA repair. This is of-
ten done using deep sequencing of amplicons covering the edit
site and homology arms (27,47,48). Depending on the sizes of
the knock-in insertion and the DNA donor used, genotyping
can be performed using short- or long-read sequencing. Am-
plification must be driven by primers that bind the genome
outside of the homology arms used in the knock-in design
(Figure 5), so that amplification cannot be templated from the
HDR donor itself but must instead represent bona-fide edited
alleles.

We developed a computational pipeline called GenoPrimer
that enables rapid primer design for deep sequencing-based
genotyping of edited sites (Figure SA). GenoPrimer is fully in-
tegrated into the protoSpaceJAM web tool, allowing users to
easily access and utilize this function. Additionally, we pro-
vide an open-source standalone version, available at github.
com/czbiohub-sf/GenoPrimer. GenoPrimer operates in two
distinct modes: short-read and long-read. By default, short-
read mode returns primer for 250-350 bp amplicons, and
long-read mode returns primers for 3300-3700 bp amplicons,
which are designed to span the entire integrated payload (this
default size can be changed by the user). Candidate primer
pairs are selected using three primary filters: (i) a minimum
distance from the edited site of 100 bp for short reads or 1000
bp for long reads. This ensures that at least one primer will
bind outside the homology arms, when assuming a combined
homology arm length (5" + 3’) of <200 nt for ssODN donors
and <2000 bp for dsDNA donors; (ii) compliance with de-
fault thermodynamic criteria used by Primer3 (24) to ensure
optimal PCR efficiency (e.g. similar Tm and low probabil-
ity of binding and formation of primer dimers and secondary
structures). GenoPrimer uses the thermodynamic model from
Primer3 to predict Tm. Note that the predicted Tm might dif-
fer from the optimal annealing temperature to use with a spe-
cific DNA polymerase and (iii) absence of off-target amplicons
under 6000 bp, which can arise when both primers in the pair
bind non-specifically in opposite orientations on the same off-
target chromosome. To identify off-target binding sites, users
can select either the Bowtie aligner (25), which is computa-
tionally fast but limited to sites with up to three mismatches,
or BLAST+ (49), which is slower but allows more mismatches.
In cases where no desirable candidates can be found, the de-
fault design constraints on ATm and amplicon length are it-
eratively relaxed to nominate alternative primer pairs (Fig-
ure 5A). When GenoPrimer successfully identifies suitable
primers, it outputs up to three pairs of primers along with their
PCR product sizes for unedited alleles and annealing temper-
atures. We used GenoPrimer to compute genotyping primers
using short-read mode for N- and C-terminus insertion sites
in all canonical open reading frames in the human, mouse,
and zebrafish genomes; primers that fit the selection criteria
were successfully identified for 38 190 of 39 200 (97.4%),
41699 0f43 579 (95.7%) and 48 688 of 50 724 (96.0%) sites,
respectively. The same computation using long-read mode
yielded primers for 98.4%, 97.6% and 95.0% of sites, respec-
tively. Next, we experimentally tested primers computed for
94 knock-in sites across different human genes (three primer
pairs per site). Of these, 93 sites (98.9% of total) yielded
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primers that fit the selection criteria, with the only exception
resulting from an exact sequence duplication between chro-
mosomes that prevented identifying primers devoid of off-
target binding sites (CDC26 C-terminus: chr9:113267016-
113267441 duplicated on chr7:129409866-129410291). For
all 93 sites, at least one primer pair produced an amplicon
matching the expected size, as determined by quantitative cap-
illary electrophoresis (Figure 5B). In 96.7% of the cases, the
fraction of amplicons of the correct size exceeded 50% of all
amplified products, and in 87% of the cases, correct ampli-
cons exceeded 80% of all amplified products (Figure 5C).

Interactive web tool at protospacejam.czbiohub.org

We developed a user-friendly, interactive, flexible, and fast
web-based tool to streamline the use of protoSpaceJAM and
GenoPrimer (Figure 6). This tool effectively eliminates the
need for command-line prompts, enhancing accessibility for
users of all skill levels. It utilizes an intuitive step-by-step nav-
igation system, guiding users through each stage of the pro-
cess — configuration, verification, execution, and download of
CRISPR knock-in designs.

Knock-in design jobs on protospacejam.czbiohub.org are
built around four separate phases (full manual available
at czbiohub-sf.github.io/protoSpaceJAM/index.html). In the
‘Build your job’ phase, users can interactively parameterize
their design requests online. Alternatively, design features can
be input from a user-prepared file through the ‘Upload csv’
function. Notably, these two steps can continuously feed the
same submission list. This enables different designs using dif-
ferent parameters to be processed in the same job. Once a de-
sired submission list has been populated, that list can be re-
viewed and confirmed in the ‘Review submission’ phase. Next,
the design job can be launched in the ‘Jam it/ phase, with the
option to also design genotyping primers suitable for either
short- or long-read sequencing. Finally, in the ‘Results’ phase,
users can view gRNAs, donors, and primers (if applicable) for
each design and download both the results and the submis-
sion list, which includes parameterization information, as csv
files (Figure 1B). Annotated HDR donor sequences highlight-
ing the position of homology arms, payload, gRNA sequence,
recoding mutations (when applicable) and exon boundaries
along with protein-coding translations, can be downloaded in
GenBank format.

Users can access documentation, in the style of ReadThe-
Docs, by following the navigation links situated at the top of
the page. For additional assistance, hover tooltips offer imme-
diate contextual explanations of various parameters.

The full source code of our interactive web portal is avail-
able at github.com/czbiohub-sf/protoSpaceJAM-portal. Users
have the flexibility to set up personalized instances of the
web portal, supporting Ensembl-compatible genomes, on their
own computing infrastructure.

Validation in human induced pluripotent stem cells
(hiPSCs)

Increasingly, human induced pluripotent stem cells (hiPSCs,
which can be further differentiated into specific cell types)
are being adopted as a powerful system for disease mod-
eling and cell biology research (2,50,51). To validate pro-
toSpace]JAM’s ability to design gRNA and HDR donor se-
quences enabling knock-in in hiPSCs, we measured the inte-
gration of a split-GFP fluorescent payload across 34 human
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protein-coding genes in the WTC11 hiPSC cell line (27). De-
signs used the single highest-scoring gRNA for each gene, and
ssODN HDR donors were generated using the ‘full-recoding’
mode. GFP-positive cells were detected by flow cytometry
for 32 out of 34 edited genes (94% success rate), with a
median of 21.7% GFP-positive cells across all experiments
(Supplementary Figure S3).

Discussion

Comparison to existing CRISPR/Cas design tools

We developed protoSpace]JAM to fill an existing gap in the
rich ecosystem of CRISPR/Cas design tools. While many al-
gorithms have been developed to select gRNAs for diverse ap-
plications (reviewed in Figure 7), few support the design of
both gRNA and HDR donors for HDR-based knock-in. In
addition, the existing tools for knock-in design are all (to our
knowledge) developed by commercial DNA synthesis compa-
nies and do not have publicly available source code, limiting
their re-use by the community (Figure 7). protoSpaceJAM dif-
ferentiates itself by being the first fully open-source design tool
specifically developed for CRISPR/Cas knock-in. In addition,
protoSpaceJAM uses a rich set of explicit and biologically-
informed design parameters for gRNA selection and optimal
HDR donor construction. In particular, protoSpace]AM is
unique in its ability to (i) penalize gRNAs targeting important
regulatory sequences (Figure 2E), (ii) allow users to choose
between different levels of HDR donor recoding with silent
mutations, including recoding in the cut-to-insert region to
increase knock-in efficiency (Figure 3A) and (iii) use differ-
ent practical design rules for dsDNA versus ssODN donor
design, including automated selection of optimal strand ori-
entation for ssODN donors and the design of synthesis-ready
sequences for dsDNA donors (Figure 4C, E). In addition, we
provide GenoPrimer as a companion algorithm to streamline
the design of genotyping primers for deep sequencing using
either short or long reads (Figure 5).

Altogether, we have developed an integrated open-source,
modular, and fully customizable design platform to acceler-
ate the design and increase the success rate of HDR-based
CRISPR/Cas knock-in experiments. The features included in
protoSpace]AM are informed by our own experience in de-
signing over 2000 knock-ins for the OpenCell project (1),
in which we systematically characterize the function of hu-
man genes by using fluorescent tags to measure the localiza-
tion and interactions of the corresponding proteins. While we
have implemented a sensible set of default design parameters
based on the results presented in Figures 2—-4, protoSpace-
JAM is built to be fully customizable. The web application
provides the user with a broad set of feature choices, which
can be further tailored to specific applications by modifying
the open-source design algorithm. By providing both the stan-
dalone open-source code and a user-friendly web interface
at protospacejam.czbiohub.org, we aim to enable both ex-
pert and novice users to accelerate genetic research for a wide
community.

Limitations and future developments

In its current form, protoSpaceJAM is designed for HDR-
based, insertional knock-in experiments supporting three Cas
enzymes (SpCas9, SpCas9-VOR and enAsCasl2a, each tar-
geting different PAMs) in three genomes (human, mouse, and
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Figure 6. Annotated screenshot from interactive web tool at protospacejam.czbiohub.org.

zebrafish). The inclusion of additional genomes and Cas pro-
teins with other PAM signatures would further expand the
range of our tool (instructions on how to do so are described
in our code repository). All protoSpaceJAM designs are cur-
rently based on the reference genome sequences for each or-
ganism, and do not account for possible sequence polymor-
phisms present in the genome of a specific cell line or animal
strain. In future versions, we plan to enable designs based on
user-defined genomic sequence profiles.

Generalizing our algorithm to support knock-in applica-
tions for replacement mutagenesis would also broaden its
impact and utility, for example to streamline the design of
reagents for the introduction of disease-causing polymor-
phisms. Furthermore, while HDR-based strategies remain the

most widely used for knock-in, the development of new ap-
proaches such as prime editing is rapidly changing the knock-
in method landscape (52). Prime editing bypasses the require-
ment for double-strand breaks by using a Cas9 nickase fused
to a reverse-transcriptase domain, together with a prime edit-
ing guide RNA (pegRNA) that bridges the Cas9 gRNA and the
insertion payload, which can be integrated following reverse-
transcription to its DNA equivalent (7). The design of prime
editing experiments would therefore require a new set of con-
straints, which could be added to protoSpaceJAM.

The current version of GenoPrimer is designed for a geno-
typing strategy that uses deep sequencing of amplicons span-
ning the entire genome-integrated payload. Alternative geno-
typing strategies can also be used, for example using sepa-
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rate amplification of each homology arm/genome junction
(2). While these alternative strategies are not currently sup-
ported by GenoPrimer, its open-source code for ‘i silico PCR’
could be adapted to fulfill these applications.

Ultimately, the CRISPR field is characterized by constant
innovation, with new methods for genome engineering being
developed at a rapid pace. Bioinformatics tools for CRISPR
design must therefore be adaptable. The power of open-source
tools such as protoSpace]JAM, whose code is written in a mod-
ular format, lies in the ease of reuse and adaptation of code
elements by anyone in the community, to pave the way for the
development of ever-expanding toolsets to propel biological
research.

Data availability

protoSpaceJAM and GenoPrimer are implemented in Python
and are freely available as both a web server and stan-
dalone software under the BSD-3 license. The web server
can be accessed at protospacejam.czbiohub.org/ without
a login process. The standalone versions can be down-
loaded from the GitHub repository: github.com/czbiohub-
sf/protoSpaceJAM and github.com/czbiohub-sf/GenoPrimer.
The internal database of precomputed gRNA information can
be downloaded following the usage instructions in the stan-
dalone versions. Archived versions of protoSpaceJAM and
GenoPrimer (at the time of writing) could be found on Zenodo
with DOIs: doi.org/10.5281/zenodo.11057858 and doi.org/
10.5281/zenodo.11058148, respectively. Amplicon sequenc-
ing data (Figure 2C) were deposited to the Sequence Read
Archive database under the identifier PRJNA1026361.

Supplementary data
Supplementary Data are available at NAR Online.
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