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Routine rewriting of loci associated with human traits and dis-
eases would facilitate their functional analysis. However, existing
DNA integration approaches are limited in terms of scalability and
portability across genomic loci and cellular contexts. We describe
Big-IN, a versatile platform for targeted integration of large DNAs
into mammalian cells. CRISPR/Cas9-mediated targeting of a land-
ing pad enables subsequent recombinase-mediated delivery of
variant payloads and efficient positive/negative selection for cor-
rect clones in mammalian stem cells. We demonstrate integration
of constructs up to 143 kb, and an approach for one-step scarless
delivery. We developed a staged pipeline combining PCR genotyp-
ing and targeted capture sequencing for economical and compre-
hensive verification of engineered stem cells. Our approach should
enable combinatorial interrogation of genomic functional ele-
ments and systematic locus-scale analysis of genome function.
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Aglobal understanding of genomic regulatory architecture is
critical to interpreting the effect of variants associated with

common human traits and diseases (1). As the regulation of
genes throughout development depends strongly on their native
chromatin and genomic environments (2), short artificial con-
structs are inherently incapable of modeling the complexity of
native loci, even when integrated genomically. Analysis of nat-
ural sequence variation in regulatory DNA provides one high-
throughput approach for functional assessment in an endoge-
nous cellular and genomic context, but detailed investigation of
locus architecture is limited by the low frequency of informative
variants and patterns of linkage disequilibrium (3, 4).
Transgenic mammalian cell lines and animals generated using

homologous recombination (5, 6) and the subsequent develop-
ment of nuclease-mediated genome editing (7) have enabled
functional analysis of the regulation of model genes at their
endogenous loci. Extensions of these technologies have since
facilitated screens of noncoding regulatory elements (8, 9) and
locus-scale analyses (10, 11). However, editing approaches offer
limited control over the final sequence, a low maximum edit size
limited by the difficulty of multiplexed editing, no inherent allele
specificity at diploid loci, and the risk of off-target editing by
designer nucleases (12). Many limitations of genome editing do
not apply to production of DNA using recombineering or yeast as-
sembly approaches (13, 14). Indeed, transgenesis of large constructs,
such as yeast and bacterial artificial chromosomes (YACs and BACs)
(15), has enabled position-independent, copy-number–dependent
expression, reproduction of organismal phenotypes, such as the de-
velopmental switch from fetal to adult hemoglobin (16, 17), and
modeling of disease-associated variation (18).
Recombinase-mediated cassette exchange (RMCE) (19–22)

and serine recombinase approaches (23) have enabled efficient
single-copy targeting in mammalian cells, and have been adapted
for delivery of large DNAs (24, 25). But while gene function is

tightly linked to cellular and genomic context, existing delivery
schemes are not readily portable to new loci or cell lines. Human
and mouse embryonic stem cells (hESCs/mESCs) offer a scalable
platform for assessment of gene function, as they can be differ-
entiated in vitro to a wide variety of cell types, and mESCs
rapidly yield transgenic animals through tetraploid complemen-
tation (26, 27). However, rapid engineering is impeded by their
stringent growth requirements and intolerance of certain selec-
tion schemes. Furthermore, existing approaches do not address
the challenge of verifying both on-target and off-target events.
Finally, the gene traps employed in some RMCE schemes to
select for integrants remain as transcriptionally active genomic
scars, which may impact the function of nearby regulatory ele-
ments. Overcoming these obstacles to rewriting endogenous loci
would permit a synthetic approach to regulatory genomics,
where transgenic analysis facilitates dissection of the regulatory
architecture of mammalian genomes.

Significance

Functional analysis of noncoding genomic regulatory elements,
which harbor the majority of common human disease and trait
associations, is complicated by their cellular and genomic con-
text sensitivity. We developed Big-IN, a method for rewriting
large segments of mammalian genomes, including full genes
and their surrounding regulatory elements. We demonstrate a
flexible genomic verification pipeline to identify correctly
engineered cells. We expect Big-IN will enable technologies for
synthesis and assembly of large DNAs to catalyze a synthetic
approach to regulatory genomics.
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Here we describe Big-IN, a modular RMCE platform for
synthetic regulatory genomics. We developed a pipeline for ef-
ficient engineering of hESCs and mESCs with a Big-IN landing
pad (LP) at a target locus. This LP facilitates single-step allelic
integration and enables repeated delivery to the same locus. We
further describe a scalable validation pipeline based on PCR
genotyping and targeted sequencing for unbiased verification of
the engineered cells prior to functional analysis.

Results
Engineering the HPRT1 Locus in Human ESCs. To enable repeated,
precise, and efficient delivery of large DNAs to a given locus, we
employed a two-stage approach that first targets a short LP to
replace a genomic locus of interest using CRISPR/Cas9-medi-
ated homology directed repair (HDR) (Fig. 1A). A plasmid
(pLP-TK) was engineered to include the human EF1α promoter
(pEF1α) to drive ubiquitous expression of a single open reading
frame (ORF) comprising a puromycin-resistance gene (PuroR)
fused to a truncated Herpes simplex virus thymidine kinase
(HSV1-ΔTK) gene (28) and a CreERT2 gene (29), separated by a
P2A peptide (30). Interposed between the LP ORF and the
vector backbone are heterotypic loxM (lox 2272) and loxP sites
to permit subsequent RMCE. The lox sites are flanked by ho-
mology arms (HAs) corresponding to the genomic sequences
flanking guide RNA (gRNA) target sites at the targeted genomic
locus. To facilitate clearance of the transiently transfected plas-
mid by inducing its linearization in vivo, the same gRNA target
sequences and protospacer adjacent motifs (PAM) were cloned
into the vector backbone just outside the HAs.
We targeted the X-linked HPRT1 locus for LP integration to

permit counterselection with the cytotoxic antimetabolite
6-Thioguanine (6-TG) (31). H1 male hESCs, which harbor a
single copy of HPRT1, were cotransfected with pLP-TK and
pCas9 plasmids (32) expressing gRNAs targeting a 42-kb region,
including the HPRT1 gene for replacement. Cells were sequen-
tially treated with 6-TG and puromycin to select for HPRT1 loss
and LP-TK gain, followed by clonal isolation. Correct LP-TK
integration was verified by PCR genotyping using primers tar-
geting the novel junctions between LP-TK and the genomic se-
quences beyond the HAs (Fig. 1B). A candidate clone (58I) was
selected for further validation. Junction PCR amplicons were
subjected to Sanger sequencing, to verify correct LP-TK inte-
gration at base pair resolution (SI Appendix, Fig. S1A). Quanti-
tative real-time PCR (qRT-PCR) confirmed loss of HPRT1
mRNA expression and gain of CreERT2 expression (SI Appendix,
Fig. S1B). Robust cytotoxic activity of HSV1-ΔTK following
ganciclovir (GCV) treatment was validated in a kill curve (SI
Appendix, Fig. S1C). We also developed a lentiviral reporter
assay for Cre activity, which indicated that CreERT2 is rapidly and
efficiently activated by tamoxifen (SI Appendix, Fig. S1D). Thus,
the function of all three components of the LP ORF was verified.
To facilitate comprehensive genomic verification of multistep

cellular engineering with these complex constructs, we developed
a modular next-generation sequencing analysis approach, which
independently maps short reads to both reference genomes
(hg38 and mm10) and custom references for each engineering
construct. We further applied hybridization capture sequencing
(Capture-seq) approach to efficiently verify correct engineering
of screened clones (Fig. 1C). We employed nick translation to
generate bait in a rapid, flexible, and cost-effective fashion. Using
this mapping pipeline, whole-genome sequencing (WGS) of clone
58I verified loss of the targeted HPRT1 locus, gain of LP-TK, and
absence of LP-TK backbone and pCas9 (Fig. 1 D–F).
Integration relied on 1-kb HAs to correctly target the LP, but

HA length reduces the efficiency of PCR genotyping from ge-
nomic DNA (Fig. 1B) and impedes the mapping of short se-
quencing reads that definitively span the LP-HA/genome
junctions. Therefore, we measured relative integration efficiency

with shorter HAs. We integrated a series of pLP-TK plasmids
with varying HA lengths and estimated on-target integration as
the relative number of cells surviving puromycin and 6-TG se-
lection, revealing that efficient integration could be performed
with HAs as short as 100 bp (SI Appendix, Fig. S1E), facilitating
subsequent sequence-based mapping of integration sites.
We also assessed the efficacy of our in vivo linearization

strategy to reduce off-target integration of transiently transfected
plasmids. We designed two pLP-TK plasmids differing only in
the presence of the LP-flanking gRNA sites required for in vivo
linearization, targeted them to HPRT1, selected for correct
integrants with puromycin and 6-TG, and subjected the pool of
cells to Capture-seq. We found that the relative coverage depth
of the LP backbone was lower for the in vivo-linearized pLP-TK (SI
Appendix, Fig. S1F), possibly due to enhanced HDR efficiency (33)
and reduced plasmid half-life (which was evident from shortened
transient puromycin resistance of the transfected cells).
Delivery of large DNA through cassette exchange is an in-

frequent event, requiring selection to obtain practical efficiency.
The HSV1-ΔTK gene encoded by LP-TK is a widely used counter-
selectable marker that renders cells sensitive to GCV by converting it
to the toxic metabolite GCV-triphosphate (GCV-TP), which inhibits
DNA synthesis and leads to cell death (34). To demonstrate a
counterselection-based approach to isolation of successful RMCE
events, we designed a minimal 2.7-kb payload (PL1), comprising a
pEF1α-driven GFP-T2A-BSD (blasticidin S deaminase) ORF
flanked by loxM and loxP sites (Fig. 1G). H1 LP-TK cells were
transfected with a PL1-harboring plasmid (pPL1) and LP-derived
CreERT2 activity was induced with tamoxifen. Cells were selected
with blasticidin to enrich for PL1-expressing cells, followed by GCV
counterselection of TK-expressing cells. PCR genotyping of isolated
clones showed a 100% rate of replacement of LP-TK with PL1
(Fig. 1H). Capture-seq analysis of four selected clones confirmed the
presence of PL1, the absence of any plasmid backbone, and the loss
of LP-TK (Fig. 1 I and J). The integrated PL1 was transcriptionally
active, as evident from GFP expression (SI Appendix, Fig. S1G).

Efficient Counterselection for Delivery. To quantify the efficacy of
TK/GCV counterselection in H1 hESCs, we mixed TK− and
TK+ (LP-TK) cells at different ratios and treated these cocul-
tures with GCV. More than 80% of the TK− cells died when
mixed at a 1:1 ratio with TK+ cells, and all died when mixed at a
1:10 ratio (Fig. 2A). Indeed, it is known that GCV-TP can diffuse
from TK+ cells to TK− cells via gap junctions (35, 36). The
resulting bystander cell death in TK− cells limits the ability to
recover rare events (Fig. 2B).
Therefore, we tested an alternative counterselection strategy

(Fig. 2C) that relies on the X-linked PIGA (phosphatidylinositol
glycan anchor biosynthesis class A) gene, which encodes an en-
zyme crucial for the biosynthesis of glycosylphosphatidylinositol
(GPI) anchors (37) and renders cells sensitive to proaerolysin, a
bacterial prototoxin. Proaerolysin perforates the plasma mem-
brane upon binding to GPI anchors on the cell surface, resulting
in rapid cell death (38). Furthermore, PIGA activity can be
quantitatively monitored by measuring levels of CD59, a broadly
expressed membrane-linked GPI-anchored protein (39). Dele-
tion of PIGA can be selected for with proaerolysin after a short
period to allow for loss of PIGA protein and subsequent loss of
GPI-anchored proteins from the cell surface (40).
While proaerolysin efficiently killed parental H1 hESCs,

ΔPIGA cells, in which the PIGA gene was deleted using
CRISPR/Cas9 (Materials and Methods), were entirely resistant
(SI Appendix, Fig. S2). Integration of an LP expressing a human
mini PIGA gene (hmPIGA) to the HPRT1 locus resensitized H1
ΔPIGA hESCs to proaerolysin and restored CD59 expression (SI
Appendix, Fig. S2 B and F). Importantly, rare ΔPIGA H1 hESCs
were efficiently isolated when cocultured with parental H1 cells
by applying proaerolysin selection (Fig. 2D). This suggested that
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LP-expressed hmPIGA permits negative selection of LP-PIGA
cells to effectively enrich for correct delivery events.
Recovery of rare events where a payload replaces the LP re-

quires that expression of hmPIGA is stably maintained following
withdrawal of positive selection. However, while nearly all
H1 LP-PIGA cells maintained high CD59 levels in the presence
of puromycin, a substantial proportion of cells spontaneously lost
CD59 following puromycin withdrawal (SI Appendix, Fig. S2F) and
showed reduced LP transcriptional activity (SI Appendix, Fig. S2G).
Thus, any counterselection-based delivery and screening scheme
must address a potentially high background of false-positive cells
from LP silencing.

Allele-specific Engineering of the Murine Sox2 Locus. To develop an
approach for allele-specific engineering of diploid loci, we
employed C57BL6/6J × CAST/EiJ (BL6xCAST or BL6xC) F1
hybrid mESC cells (41), the genome of which harbors hetero-
zygous point variants every 140 bp on average (42). We targeted
the Sox2 locus, which encodes a master transcription factor es-
sential for regulation of pluripotency and differentiation (43, 44).
We designed gRNAs targeting the flanks of a 143-kb genomic
region that includes the Sox2 coding sequence, promoter, long-
distance regulatory regions, and several noncoding genes (44,
45). These gRNAs target BL6-specific PAMs to facilitate allele-
specific engineering. We constructed pLP-PIGA to support
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Fig. 1. Engineering the HPRT1 locus in hESCs. (A) Replacement of the 42-kb HPRT1 locus in H1 hESCs with an LP (LP-TK) utilizing CRISPR/Cas9 and 1-kb HAs
(gray). Cells are selected for LP-TK presence with puromycin and HPRT1 inactivation with 6-TG. (B) PCR genotyping of H1 clones for novel left (L) and right (R)
junctions (Jx) using primers illustrated in A. Par, parental H1. (C) Sequencing verification pipeline using WGS or targeted libraries. Capture-seq enriches for
regions of interest using biotinylated bait prepared using nick translation from relevant DNA constructs. (D) WGS of parental H1 hESCs and LP-TK clone 58I
mapped to hg38 shows the 42-kb deletion of the HPRT1 locus. (E) Mapping to LP-TK (Left) and LP-TK backbone (Right) confirms specific gain of LP-TK; regions
cross-mapping with human genome are shaded gray [pEF1α, EEF1A1 promoter; ERT2, ESR1 ligand binding domain (59); pA, EIF1 pA signal]. (F) Mapping to
pCas9 confirms plasmid loss; regions shaded gray cross-map with human (pU6, U6 promoter) and LP-TK (PuroR, puromycin-resistance gene). (G) LP-TK at
HPRT1 undergoes RMCE with PL1 following transfection and Cre induction. Payload integration can be selected for with blasticidin and GCV. (H) Genotyping
of untransfected LP-TK hESCs (clone 58I), PL1-transfected pool, and PL1 clones using PCR primers flanking payload lox sites (illustrated in G). All clones
produced the expected 3-kb product (a 5.7-kb product for LP-TK cells was not detected at this extension time). (I) Capture-seq analysis of chosen H1 PL1 clones
mapped to PL1 (Left) and its backbone (Right). (J) Capture-seq reads mapped to LP-TK, validating LP loss in PL1 clones. Cross-mapping sequences are
shaded gray.
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counterselection-based delivery to cell lines lacking a functional
Piga gene (Fig. 2C). The LP ORF includes four components,
each separated by three mutually recoded P2A peptides:
mScarlet (46), CreERT2, PuroR, and hmPIGA (Fig. 3A). The
ORF is flanked by heterotypic loxM/loxP sites, short HAs, and
gRNA target sites.
We transfected pLP-PIGA and pCas9 plasmids into

BL6xCAST ΔPiga mESCs, selected cells with puromycin, and
isolated clones. Of 40 clones screened using PCR genotyping, 16
(40%) contained both novel junctions (Fig. 3B). Passing clones
were further screened with primers to detect Ori (common to
multiple vector backbones), which eliminated eight Ori+ clones
(50%), likely resulting from retention or off-target integration of
LP-PIGA backbone or pCas9. We confirmed the allele-specific
loss of Sox2 in 15 (94%) of the 16 clones using a BL6 allele-
specific primer harboring 4 mismatched base pairs relative to the
CAST allele (SI Appendix, Table S1).
A successful LP-PIGA integration (clone A1) and a clone that

failed PCR genotyping were subjected to Capture-seq using bait
generated from a BAC covering the Sox2 region, and the pLP-
PIGA and pCas9 plasmids. Inspection of coverage depth at the

143-kb Sox2 genomic locus revealed a 50% reduction for clone
A1 compared with parental mESCs or the failed clones
(Fig. 3C), as expected for complete loss of the targeted BL6
allele. Clone A1 also showed specific gain of LP-PIGA with no
coverage of the LP-PIGA backbone or pCas9, whereas the failed
clone showed clear presence of the LP-PIGA backbone (Fig. 3 D
and E). Expression of LP-PIGA components and BL6 allele-
specific loss of Sox2 expression in clone A1 was verified
through qRT-PCR analysis (SI Appendix, Fig. S3A), which was
chosen for future payload deliveries. We confirmed efficient
isolation of rare mESCs using the Piga/proaerolysin counter-
selection strategy (SI Appendix, Fig. S3 B and C), and observed a
similar silencing effect to LP-TK in the absence of positive se-
lection (SI Appendix, Fig. S3D). In summary, we have demon-
strated an efficient strategy for allele-specific LP integration and a
comprehensive pipeline for verification of correctly engineered
cells.

Efficient Delivery to mESCs. We attempted to deliver payloads to
LP-PIGA mESCs using a positive/negative selection strategy.
However, all clones that survived blasticidin and proaerolysin
selection manifested multiple-copy payload gain, including its
vector backbone, and without LP-PIGA loss (SI Appendix, Fig.
S4A). We transiently augmented Cre activity through cotrans-
fection of a Cre expression plasmid (pCAG-Cre). Additionally,
we cloned a ΔTK expression cassette (BBTK) into the payload
backbone to permit GCV-based counterselection against sur-
viving colonies harboring off-target integrants. Cotransfection of
pPL1-BBTK and pCAG-Cre readily resulted in efficient PL1
integration (Fig. 4B). To assess efficiency of larger payloads,
pSox246kb-MC-BBTK was constructed including a 46-kb region
of the Sox2 locus and containing a marker cassette to enable
positive selection (Fig. 4A). Upon delivery and selection, PCR
genotyping verified that 99% of clones harbored correct payload
integration (Fig. 4B). Six PCR-validated clones of each payload
type were then chosen for Capture-seq analysis. Mapping se-
quencing reads to the PL1 sequence or mouse genome revealed
that all clones had complete coverage of the delivered payload
(Fig. 4C). In Sox246kb-MC clones, coverage depth was restored to
parental levels over the genomic region corresponding to
Sox246kb, while the remaining 97 kb of the Sox2 deletion was
unaffected (Fig. 4D and SI Appendix, Fig. S4B). Analysis of
known CAST single nucleotide variants (SNVs) further con-
firmed reintroduction of BL6 alleles. There was no evidence for
the gain of the payload backbone in any of the clones analyzed
(SI Appendix, Fig. S4C), and all 79 clones lost LP-PIGA (SI
Appendix, Fig. S4D). Selected PL1 and Sox246kb-MC cells both
expressed the payload-derived BSD, while Sox246kb-MC clones
also partially restored the expression of the BL6 allele of Sox2
(SI Appendix, Fig. S4E). In addition, both cell types showed ex-
pression of payload-derived GFP (SI Appendix, Fig. S4F).
This approach leaves a BSD-GFP transcriptional unit (TU)

integrated with the payload, which might affect the activity of
nearby genes or regulatory elements. To develop an alternate
architecture and selection strategy for scarless delivery, we con-
structed pSox2143kb, which harbors the entire 143-kb Sox2 BL6
allele replaced by LP-PIGA, and in which the BSD-GFP TU is
relocated on the vector backbone, outside the lox sites (Fig. 4A).
We delivered pSox2143kb to LP-PIGA mESCs together with
pCAG-iCre, which encodes a codon-optimized Cre recombinase,
and selected cells transiently with blasticidin to enrich for
payload-transfected cells, followed by proaerolysin selection to
eliminate unrecombined LP-PIGA mESCs. PCR genotyping
identified four clones that lost LP-PIGA, one of which (G11) was
positive for the newly formed BL6 allele genomic junctions
(Fig. 4E). Capture-seq analysis verified the restoration of the
entire 143-kb BL6 allele in clone G11, without gain of the pay-
load backbone (Fig. 4F). Finally, qRT-PCR analysis confirmed
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that the expression of the BL6 allele of Sox2 was completely
restored, and expression of hmPIGA and BSD was undetectable
(Fig. 4G).
To demonstrate the flexibility of Big-IN for delivery of pay-

loads to additional loci, LP-PIGA2 was integrated into chro-
mosome 7 of BL6xCAST ΔPiga mESCs, replacing a 157-kb
region of the Igf2/H19 locus (SI Appendix, Fig. S5A). We trans-
fected these cells with pCAG-iCre and either the nonscarless
payload pSox246kb-MC-BBTK or the scarless pSox246kb payload.
Following stable positive selection with blasticidin and negative
selection with proaerolysin and GCV, 95 of 96 (99%) of
Sox246kb-MC clones were verified by PCR for the loss of LP-
PIGA2 and the gain of the novel left payload junction (SI Ap-
pendix, Fig. S5B). Conversely, following transient blasticidin and
proaerolysin selection, 12 of 48 (25%) Sox246kb clones were
similarly verified. Further verification of selected clones confirmed
the presence of the right payload junction for 24 of 25 clones and
the absence of pCAG-iCre in all clones. Capture-seq analysis of
chosen clones confirmed specific payload gain without detectable
payload backbone and complete loss of LP-PIGA2 (SI Appendix,
Fig. S5 C and D). Notably, Capture-seq analysis also identified
clones with defects not easily detectable through PCR genotyping,
including an internal payload duplication in BL6xCAST Sox246kb-
MC clone C9 and an internal payload deletion in BL6xCAST
Sox246kb-MC clone A4 (SI Appendix, Fig. S6).

Genomic Screening of On- and Off-Target Integrations. To screen
genomic data for on- and off-target integration events, we de-
veloped bamintersect, which leverages a modular mapping ap-
proach where sequencing reads are mapped separately to two
reference genomes. Bamintersect then jointly analyzes both
mappings to detect read pairs indicative of a junction (Fig. 5A).
Nearby reads in each reference are clustered and masked for
uninformative regions (Materials and Methods). We applied
bamintersect to confirm LP integration and payload delivery for
the genomic engineering events described herein, the majority of

which were verified by identifying multiple reads supporting the
novel junctions between the integrated sequence and its flanks
(Fig. 5 and Dataset S2).
For LP-PIGA integration at Sox2 in BL6xCAST mESCs, two

of the four analyzed clones (A1 and C5) were validated for the
presence of both correct junctions, whereas one clone (C2) was
validated only for the left junction, and an additional clone (G2)
demonstrated off-target LP integration at chromosome 1
(Fig. 5C). Bamintersect also detected an unexpected junction
between the right and left HAs for clones A1 and C5 (Dataset
S2). PCR confirmed a tandem head-to-tail multimeric LP inte-
gration (SI Appendix, Fig. S7 A and B). All payloads delivered to
clone A1 were verified as correctly targeted (Fig. 5 B and D–H)
and lacked tandem LP junctions (SI Appendix, Fig. S7C and
Dataset S2), suggesting the tandem LP supported productive
recombination upon Cre expression.
Several junctions were impossible to confirm using baminter-

sect for technical reasons. For LP-TK integration at HPRT1, the
1-kb HAs precluded mapping reads spanning the junction be-
tween LP-TK and hg38. For PL1 deliveries to both HPRT1 and
Sox2, the left junction is nearly identical to that of the replaced
LP. Although Sox2143kb delivery results in junctions nearly
identical to the CAST allele, the high rate of endogenous vari-
ation in BL6xCAST mESCs permitted specific detection of the
correctly integrated payload. Analysis of read pairs overlapping
informative BL6xCAST variants revealed that, while LP-PIGA
mESCs junctions are depleted of BL6 reads, both junctions in-
cluding the BL6 allele are restored in Sox2143kb clone G11
mESCs (Fig. 5F). These results support the utility of bamintersect
as a sensitive, scalable, and unbiased tool for detection of on and
off-target integration events.

Discussion
We have described Big-IN, a platform for scalable targeted in-
tegration into mammalian genomes, and demonstrated its flexi-
bility, efficiency, and precision at three loci in mouse and human
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ESCs. Big-IN first targets an LP to a locus of interest using
CRISPR/Cas9-mediated HDR, which permits single-step payload
integration through Cre-mediated RMCE (Fig. 6). Single-step

payload integration minimizes confounding technical factors by
permitting repeated deliveries to the same allele, and is thus ideal
for in-depth interrogation of a given locus (47). LP cell lines can be
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intensively verified following CRISPR/Cas9 expression to ensure
the absence of undesired rearrangements or other off-target events,
while subsequent Cre expression for payload delivery is expected to
be less mutagenic (12).
Our cell-engineering approach is designed to scale rapidly

across multiple loci and cell lines. While we have demonstrated

Big-IN in both mouse and human ESCs, it is possible that en-
gineering other mammalian cell lines with LPs may require op-
timization. Indeed, we note that despite the success of the LP-
expressed CreERT2 strategy in H1 hESCs, exogenous Cre was
required in mESCs. We have shown that the selection and de-
livery methods described herein can be redeployed in a modular
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fashion to overcome challenges associated with different cell
types and loci. For example, the LP can employ either HSV1-
ΔTK or hmPIGA as a counterselectable marker, with the former
suffering from a bystander effect, and the latter requiring prior
engineering to inactivate the endogenous PIGA/Piga gene. While
loss of GPI-anchored proteins has no detectable phenotype in
culture, mice completely lacking Piga function are inviable (48).
A reversible Piga knockout using an excisable intronic tran-
scription terminator as previously engineered for HPRT1 (49)
would enable efficient recovery of Piga-expressing cells by sorting
for a GPI-anchored membrane protein. A similar trade-off re-
lates to the inclusion of a positive selection marker on the pay-
load, which augments delivery efficiency, while its placement in
the payload backbone enables scarless integration (SI Appendix,
Fig. S5B). Quantitative comparison of the efficiency of the Big-IN
deliveries described herein is confounded by technical differences
and the need to replate rapidly growing ESCs, but we expect that
future improvements will enhance overall efficiency and its ap-
plication to diverse cellular contexts.
Our verification strategy is tailored to enable early verification

of engineering outcomes. For example, the use of locally gen-
erated Capture-seq bait circumvents the cost and delay of com-
mercially synthesized bait pools. Additionally, bamintersect works
with standard libraries generated from genomic DNA, unlike
specialized ligation-mediated approaches, and uses standard
reference coordinates rather than custom assemblies for each
delivery. We demonstrate the value of our pipeline through
detection of tandem LP insertions and internal duplications and
deletions in integrated payloads that would have been difficult to
detect using PCR screening.
The effectiveness of Big-IN for integration of large DNA

constructs (SI Appendix, Fig. S5B) suggests that it might also be
optimized to support integration of complex libraries for satu-
ration mutagenesis of shorter elements (50–52), and eventually,
analysis of large constructs in a pooled library format. When
combined with the rapidly evolving big DNA synthesis field (14,
25), we envision that Big-IN will enable designer-like control
over mammalian genomes and facilitate a synthetic approach to
genome biology.

Materials and Methods
Additional information is available in SI Appendix.

gRNA Design. gRNAs were designed using the GuideScan algorithm (53). For
allele-specific LP integration at Sox2, we produced a scored list of potential
gRNAs targeting a 261-kb region surrounding Sox2 using the BL6 reference
genome sequence. Next, we identified gRNAs for which the corresponding
PAM is mutated in the CAST allele, resulting in a list of BL6-specific gRNAs.
From this list we selected two high-scoring gRNAs, Sox2-g1 and Sox2-g2,
which target a 143-kb genomic region for replacement with the LP. gRNA
sequences are listed in SI Appendix, Table S2.

Cell Culture. WA01 (H1) hESCs were purchased from WiCell. The use of H1
hESCs was approved by the New York University School of Medicine Em-
bryonic Stem Cell Research Oversight Committee. H1 hESCs were initially
grown for 2 wk on plates coated with Matrigel (Corning 354277) in mTeSR
medium (Stem Cell Technologies 85850) and subsequently transferred to
plates coated with Geltrex (Gibco A1413302) and StemFlex medium (Ther-
moFisher A3349401) supplemented with 1% Pen-Strep (ThermoFisher
15140122). For routine passaging, cells were dissociated into clumps with
Versene (Gibco 15-040-066) and gentle trituration. Wide-orifice pipette tips
were used when handling small volumes of cell suspension.

C57BL6/6J × CAST/EiJ (BL6xCAST) clone 4 mESCs (41) were kindly provided
by David Spector, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.
mESCs were cultured on plates coated with 0.1% gelatin (EMD Millipore ES-
006-B) in 80/20 medium comprising 80% 2i medium and 20% mESC medium.
2i medium contained a 1:1 mixture of Advanced DMEM/F12 (ThermoFisher
12634010) and Neurobasal-A (ThermoFisher 10888022) supplemented with
1% N2 Supplement (ThermoFisher 17502048), 2% B27 Supplement (Ther-
moFisher 17504044), 1% glutamax (ThermoFisher 35050061), 1% Pen-Strep
(ThermoFisher 15140122), 0.1 mM 2-mercaptoethanol (Sigma M3148), 1,250
U/mL LIF (ESGRO ESG1107l), 3 μM CHIR99021 (R&D Systems 4423), and 1 μM
PD0325901 (Sigma PZ0162). mESC medium contained knockout DMEM
(ThermoFisher 10829018) supplemented with 15% FBS (BenchMark 100-
106), 0.1 mM 2-mercaptoethanol, 1% glutamax, 1% MEM nonessential
amino acids (ThermoFisher 11140050), 1% nucleosides (EMD Millipore ES-
008-D), 1% Pen-Strep, and 1,250 U/mL LIF. HEK-293T cells were cultured in
DMEM supplemented with 10% FBS, 1 mM sodium pyruvate (ThermoFisher
11360070), 1% glutamax, and 1% Pen-Strep. All cells were grown at 37 °C in
a humidified atmosphere of 5% CO2 and passaged on average twice
per week.

Genome Engineering. Relevant genomic coordinates are listed in SI Appendix,
Table S3.

H1 hESCs were transfected using the Neon Transfection System (Ther-
moFisher). Cells were treated several hours prior to transfection with
StemFlex medium supplemented with 1% RevitaCell Supplement (Thermo-
Fisher A2644501). Cells were washed with PBS, dissociated into a single-cell
suspension using TrypLE-Select (ThermoFisher 12563011), which was neu-
tralized with StemFlex medium, spun down at 200 relative centrifugal force

Big-IN

LP

Puromycin

+ pCas9

pCre+

PuroR CreERT2 TK/PIGA

Payload

Blasticidin (constitutive/transient),
Negative selection (GCV/Proarolysin)

GFPBSD

GFPBSD

ΔTK

Payload

Parental
Cells

LP
Cells

Payload
Cells

GFPBSD

Non-scarless (High efficiency) Scarless

lox sites

gRNA site

Optional Cre 
activity boost

PuroR CreERT2 TK/PIGA

Or

Fig. 6. Targeted locus-scale genome rewriting using Big-IN. An allele of interest is replaced by a LP using CRISPR/Cas9-mediated HDR. A pair of gRNAs target
the termini of the replaced allele and the LP, and short HAs mediate precise LP integration. Puromycin selects for LP-harboring cells. Next, Cre-mediated
recombination of two pairs of heterotypic loxM and loxP sites results in LP/payload cassette exchange and resistance to either GCV for HSV1-ΔTK LPs, or
proaerolysin for hmPIGA LPs in cells where endogenous PIGA is inactivated. Positioning the blasticidin cassette (BSD) within the payload permits election for
high-efficiency integration; positioning BSD on the payload backbone permits transient selection for scarless delivery. Additionally, backbone HSV-ΔTK (Left)
can be counterselected with GCV to limit off-target integration. Each engineering step is comprehensively verified by PCR genotyping, WGS or Capture-seq,
and functional assays.
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(rcf) for 3 min, supernatant aspirated, and cells resuspended in PBS. Next, 1 ×
106 cells per transfection were spun down at 200 rcf for 3 min and resus-
pended in Neon Buffer R at a final concentration of 2 × 107 cells/mL; 50 μL of
cell suspension were mixed with 50 μL Neon Buffer R containing 10 μg of
total DNA per transfection. Nucleofection used Neon 100 μL Tips with two
20-ms pulses at 1,100 V. Transfected cells were transferred into plates coated
with rhLaminin-521 (Gibco A29249) prefilled with StemFlex medium sup-
plemented with 1% RevitaCell. PIGA deletion was performed with 5 μg of
each pCas9 plasmid expressing gRNAs hPIGA-g1 and hPIGA-g2 and cells were
selected with 200 pM proaerolysin for 1 to 2 wk posttransfection. These
ΔPIGA cells were used for subsequent LP-PIGA integrations. All LP integra-
tions at HPRT1 were performed using 5 μg of the pLP and 2.5 μg of each
pCas9 plasmid expressing HPRT1-g1 and HPRT1-g2 gRNAs, and cells were
selected using a combination of 1 μg/mL puromycin and 6-TG, as indicated.
H1 PL1 integrations were performed using 5 μg pPL1. Cells were treated with
200 nM 4-hydroxytamoxifen (Tam) the day following transfection for 3 h,
selected with 5 μg/mL blasticidin S for 8 d, followed by 4 d of selection with
100 nM GCV to eliminate TK-expressing cells.

LP integrations and genomic deletions in BL6xCAST mESCs were per-
formed using the Neon Transfection System. Cells were washed with PBS,
dissociated into a single-cell suspension using TrypLE-Select (Gibco), which
was neutralized with mESC medium, spun down at 200 rcf for 3 min, su-
pernatant aspirated, and cells resuspended in PBS. Next 1 × 106 cells per
transfection were spun down at 200 rcf for 3 min and resuspended in Neon
Buffer R at a final concentration of 2 × 107 cells/mL. Per transfection, 50 μL of
cell suspension were mixed with 50 μL Neon Buffer R containing 10 μg of
total DNA and nucleofected using Neon 100 μL tips with two 20-ms pulses at
1200 V. Transfected cells were transferred into gelatin-coated plates pre-
filled with 80/20 medium. Piga deletion was performed with 5 μg of each
pCas9 plasmid expressing gRNAs mPiga-g1 and mPiga-g2, and cells were
selected with 2 nM proaerolysin ∼1 wk posttransfection. ΔPiga cells
were used for subsequent LP integrations. LP-PIGA integrations at Sox2 were
performed using 5 μg of the pLP and 2.5 μg of each pCas9 plasmid expressing
Sox2-g1 and Sox2-g2 gRNAs, and cells were selected with 1 μg/mL puromy-
cin. LP-PIGA2 integration at Igf2/H19 was performed using 5 μg of the pLP-
PIGA2 and 2.5 μg of each pCas9 plasmid expressing Igf2/H19-g1 and Igf2/
H19-g2 gRNAs, and cells were selected with 1 μg/mL puromycin followed by
selection with 1 μM GCV.

Payload deliveries in BL6xCAST mESCs were performed using a Nucleo-
fector 2b (Lonza). Cells were washed with PBS, dissociated into a single-cell
suspension using TrypLE-Select, which was neutralized with mESC medium,
spun down at 200 rcf for 3 min, supernatant aspirated, and cells resuspended
in ice-cold PBS, counted, and 5 × 106 cells per transfection were spun down
at 200 rcf for 3 min and resuspended in a room temperature mixture of 82 μL
nucleofector solution and 18 μL nucleofector supplement from the Mouse ES
Cell Nucleofector kit (Lonza VPH-1001). Per transfection, 100 μL of cell sus-
pension were mixed with 10 μL TE containing 2.25 to 5 μg of total DNA, and
nucleofected using program A-23. PL1 deliveries were performed with 1.5 μg
pPL1-BBTK and 0.75 μg pCAG-Cre (Addgene plasmid #13775). pSox246kb-MC
deliveries (failed deliveries) were performed with 35 μg pSox246kb-MC.
Payload-transfected mESCs were treated with 200 nM Tam for 4 h before
and 24 h after transfection. Cells were selected with blasticidin constitutively
starting day 1 posttransfection and with 2 nM proaerolysin for 2 d
starting day 14 posttransfection. pSox246kb-MC-BBTK deliveries were per-
formed with 3 μg pSox246kb-MC-BBTK and 1 μg pCAG-Cre. Payload-
transfected mESCs were treated with 200 nM Tam for 24 h before and af-
ter transfection. mESCs were grown for 10 d with blasticidin. On days 11 and
12, 1 nM proaerolysin was added, and on days 13 and 14, 1 μM GCV was also
added. pSox2143kb delivery was performed with 0.3 μg pSox2143kb and 2 μg
pCAG-iCre (Addgene plasmid #89573). Payload-transfected mESCs were se-
lected with blasticidin for 2 d starting day 1 posttransfection and with 2 nM
proaerolysin for 2 d starting day 7 posttransfection. Payload deliveries to
BL6xCAST Igf2/H19 were performed with 5 μg pSox246kb-MC-BBTK or
pSox246kb and 2 μg pCAG-iCre. Cells were selected with blasticidin either
transiently during days 1 and 2 posttransfection (pSox246kb) or constitutively
(pSox246kb-MC-BBTK), followed by 2 nM proaerolysin selection during days 7
and 8 posttransfection. pSox246kb-MC-BBTK transfected cells were further
selected with 1 μM GCV during days 9 and 10 posttransfection.

Preparation of Illumina Double-Stranded DNA Libraries. Genomic DNA was
isolated from cells using the DNeasy Blood and Tissue Kit (Qiagen) according
to the manufacturer’s protocol. For this, 1,000 ng of DNA was sheared to
∼500 to 900 bp in a 96-well microplate using the Covaris LE220 (450 W, 10%
Duty Factor, 200 cycles per burst, and 90-s treatment time). Sheared DNA
was purified using the DNA Clean and Concentrate-5 Kit (Zymo Research),

and the concentration was measured on a Nanodrop instrument (Invi-
trogen). DNA fragments were end-repaired with T4 DNA polymerase, Kle-
now DNA polymerase, and T4 polynucleotide kinase (New England Biolabs),
and A-tailed using Klenow (3′-5′ exo-; New England Biolabs). Illumina-
compatible adapters were subsequently ligated to DNA ends, and DNA li-
braries were amplified with KAPA 2× Hi-Fi Hotstart Readymix (Roche). Se-
quenced samples are listed in Dataset S1.

Targeted Resequencing Using Capture-Seq. Baits for sequence capture were
prepared from BAC or plasmid DNA containing the sequence of interest. BAC
coordinates are listed in SI Appendix, Table S3. Biotin-16-dUTP (Roche) was
incorporated into bait DNA using a Nick Translation kit (Roche). The reaction
(total volume 20 μL) was set-up in a 200-μL PCR tube on ice as follows: 2 μg of
BAC DNA, 10 μL of 0.1 mM Biotin-dUTP/dNTP mixture (1 volume Biotin-16-
dUTP, 2 volumes dTTP, 3 volumes dATP, 3 volumes dCTP, and 3 volumes
dGTP), 2 μL of 10× nick translation buffer, and 2 μL of enzyme mixture. Nick
translation was carried out at 15 °C for 16 h or 8 h (for BAC or plasmid DNA,
respectively) in a thermal cycler. The reaction was stopped by addition of
1 μL 0.5 M EDTA and heating at 65 °C for 10 min or cooling at 4 °C overnight.
Biotinylated baits were purified by ethanol precipitation, resuspended in
50 mL H2O, and the concentration was measured on a Nanodrop instrument.
Baits were stored at −20 °C.

Targeted sequencing using in-solution hybridization capture (Capture-seq)
was performed as described previously (54), with modifications. One mi-
crogram biotinylated DNA bait and 10 μg Cot-1 human or mouse DNA
(Invitrogen) were combined with universal and sample-specific blocking oligos
and lyophilized using a SpeedVac. Lyophilized DNA was resuspended in
12 μL TE (pH 7.5) and overlaid with mineral oil. In a thermal cycler, the DNA
mixture was denatured at 96 °C for 5 min, incubated at 65 °C for an ad-
ditional 15 min, and then 12 μL of 2× hybridization buffer (1.5 M NaCl, 40 mM
sodium phosphate buffer [pH 7.2], 10 mM EDTA [pH 8], 10× Denhardt’s, and
0.2% SDS) was added to the DNA, and the mixture was prehybridized for 6 h
at 65 °C.

A total of 1 μg from up to two to eight libraries were pooled into a single
200-μL PCR tube for a single-capture reaction. Library DNA was diluted in
H2O to a final volume of 12 μL and overlaid with mineral oil. Library DNA
was denatured at 96 °C for 5 min, incubated at 65 °C for an additional
15 min, and then 12 μL of 2× hybridization buffer was added to the dena-
tured DNA library. The entire volume (24 μL) of denatured library DNA was
added to the tube of prehybridized bait DNA, and the mixture was incu-
bated at 65 °C for 16 to 22 h. For each capture reaction, 50 μL of MyOne
streptavidin-coated magnetic beads (Invitrogen) were washed with 1× B&W
buffer (5 mM Tris·HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl) three times, and then
resuspended in 150 μL 1× B&W buffer in a low-retention microcentrifuge
tube. The hybridization mix (48 μL) plus 48 μL 2× B&W buffer (10 mM Tris·HCl
pH 7.5, 1 mM EDTA, 2 M NaCl) were then combined with the prewashed
magnetic beads, and incubated at room temperature for 30 min with ro-
tation. The magnetic beads were washed once at 25 °C for 15 min in 1× SSC
with 0.1% SDS and three times at 65 °C for 15 min in 0.1× SSC with 0.1% SDS.
To denature the captured library DNA, the beads were resuspended in
100 μL 100 mM NaOH, and incubated at room temperature for 10 min. After
allowing the beads to separate on a magnetic rack, the supernatant (con-
taining enriched library DNA) was transferred to a new tube, neutralized
with 100 μL 1 M Tris·HCl pH 7.5, and purified using the DNA Clean and
Concentrate-5 Kit (Zymo Research). Four microliters of the captured library
DNA were evaluated using qPCR to determine the optimal number of final
PCR amplification cycles. Captured libraries were then amplified with KAPA
Hi-Fi Hotstart Readymix (Roche). Bait sets and sequencing statistics are listed
in Dataset S1.

Sequencing Data Processing. Illumina libraries were sequenced in paired-end
mode on an Illumina NextSeq. 500 operated at the Institute for Systems
Genetics or a NovaSeq. 6000 operated by the New York University Langone
Health Genome Technology Center. Reads were demultiplexed with Illumina
bcl2fastq v2.20 requiring a perfect match to indexing BC sequences. All WGS
and Capture-seq data were processed using a uniform mapping and peak
calling pipeline. Illumina sequencing adapters were trimmed with Trimmo-
matic v0.39 (55). Sequencing reads were aligned using BWA v0.7.17 (56) to a
reference genome (GRCh38/hg38 or GRCm38/mm10), including unscaffolded
contigs and alternate references, as well as independently to custom refer-
ences for relevant vectors. PCR duplicates were marked using samblaster
v0.1.24 (57). Generation of per base coverage depth tracks and quantifica-
tion was performed using BEDOPS v2.4.35 (58). Data were visualized using
the University of California, Santa Cruz Genome Browser. The sequencing
processing pipeline is available at https://github.com/mauranolab/mapping.
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Genotype Analysis. Variant calling was performed on sequenced BL6xCAST
samples to verify correct allele-specific engineering using a standard pipeline
based on bcftools v1.9:

bcftools mpileup–redo-BAQ–adjust-MQ 50–gap-frac 0.05–max-depth
10000–max-idepth 200000 -a DP,AD–output-type u j
bcftools call–keep-alts –ploidy 1–multiallelic-caller -f GQ–output-type u

Raw pileups were filtered using:

bcftools norm–check-ref w–output-type u j
bcftools filter -i “INFO/DP>=10 & QUAL>=10 & GQ>=99 & FORMAT/
DP>=10”–SnpGap 3–IndelGap 10–set-GTs .–output-type u j
bcftools view -i ’GT=”alt”’–trim-alt-alleles–output-type z

SNVs called in each sample were intersected with expected BL6/CAST
heterozygous sites based on known variants called for CAST/EiJ (42).

Analysis of Integration Junctions Using Bamintersect. Bamintersect enables
efficient filtering paired-end genomic sequencing based on dual indepen-
dent mapping to different references, typically a mammalian reference
genome (hg38 or mm10) and an engineered reference of interest (LP or
payload). Bamintersect identifies junctions through analysis of read pairs
where each read is mapped to a different reference. For LP/payload ge-
nomes, the read’s mate is required to be unmapped to that genome. Reads
must be fully mapped with ≤1 mismatched base and no clipping, insertions,
or deletions, and duplicate or supplementary alignments are excluded.

Bamintersect additionally assesses informative junctions from two further
classes of read pairs mapping to the same reference: 1) Between the LP/payload
and vector backbone; and 2) between the HAs and other genomic regions.

Masking is applied to each bam file to eliminate read pairs mapping to
sequences present in multiple contexts (>120 bps with >85% identity): 1)
hmPIGA, human EIF1 poly(A), ERT2, and pEF1α (LPs); 2) the human U6 pro-
moter (pCas9); and 3) pEF1α (payload deliveries). Satellite repeats were
similarly masked. Reported reads spanning references were required to in-
clude a minimum of 20-bp mapping outside additional filtered regions: 1)
HAs (LP integrations), 2) lox sites and genomic sequence corresponding to
the payload (payload deliveries), and 3) the intervening deleted region (HA
analyses for payload deliveries).

For all analyses, reads with the same strand and mapping to within 500 bp
of each other were clustered for reporting. Regions below 75 bp or with
fewer than 1 read/10M reads sequenced were excluded. A distance 1 kbp or
greater was required between regions mapping to the same chromosome.

Data Availability. The sequencing processing pipeline and genome browser
visualization hub source code are available at https://github.com/mauranolab/
mapping. Sequencing data have been deposited in the Gene Expression Omnibus
(GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession no. GSE159488).
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