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ABSTRACT

Multiplex genetic assays can simultaneously test
thousands of genetic variants for a property of in-
terest. However, limitations of existing multiplex as-
say methods in cultured mammalian cells hinder the
breadth, speed and scale of these experiments. Here,
we describe a series of improvements that greatly en-
hance the capabilities of a Bxb1 recombinase-based
landing pad system for conducting different types
of multiplex genetic assays in various mammalian
cell lines. We incorporate the landing pad into a
lentiviral vector, easing the process of generating
new landing pad cell lines. We also develop sev-
eral new landing pad versions, including one where
the Bxb1 recombinase is expressed from the landing
pad itself, improving recombination efficiency more
than 2-fold and permitting rapid prototyping of trans-
genic constructs. Other versions incorporate posi-
tive and negative selection markers that enable drug-
based enrichment of recombinant cells, enabling the
use of larger libraries and reducing costs. A ver-
sion with dual convergent promoters allows enrich-
ment of recombinant cells independent of transgene
expression, permitting the assessment of libraries
of transgenes that perturb cell growth and survival.
Lastly, we demonstrate these improvements by as-
sessing the effects of a combinatorial library of onco-
genes and tumor suppressors on cell growth. Collec-
tively, these advancements make multiplex genetic
assays in diverse cultured cell lines easier, cheaper
and more effective, facilitating future studies probing
how proteins impact cell function, using transgenic
variant libraries tested individually or in combination.

INTRODUCTION

Advancements in DNA sequencing technology have en-
abled multiplex genetic assays that harness sequencing as
the readout. For example, multiplex assays of variant ef-
fects (MAVESs) interrogate thousands to millions of protein
or nucleotide variants in the same pooled experiment (1). A
key requirement of MAVEs is the physical linkage of geno-
type and phenotype, usually by requiring that each cell ex-
presses one and only one variant. Additional characteris-
tics such as stable variant expression over the course of the
experiment, similar expression of variants in different cells
and accurate quantification of variants by high-throughput
sequencing, are other important considerations. However,
existing strategies for protein variant expression, particu-
larly in cultured mammalian cell lines, have limitations that
hinder the widespread adoption of MAVEs and other mul-
tiplex genetic assays.

Current strategies for multiplex expression of protein
variant libraries fall into four categories. Transient expres-
sion from plasmid dilution (2,3) is cumbersome and can
yield noisy results. Low MOI lentiviral transduction is
the most popular method for transgenic library expression
(4,5), but pseudo-random genomic integration of lentiviral
vectors introduces variability in transgene expression, and
template switching during reverse transcription can scram-
ble libraries (6,7). Saturation Genome Editing, which uses a
pool of programmed oligonucleotides to introduce variant
libraries through Cas9-triggered homology directed repair,
enables evaluation of variants in their endogenous genomic
context (8), but is currently limited to growth-based assays
in the haploid chronic myeloid leukemia derived HAP-1
cell line. Moreover, variant expression cannot be tempo-
rally controlled. Notably, neither lentiviral transgene inte-
gration nor saturation genome editing are compatible with
variant barcoding where short nucleotide barcodes mark
each member of the variant library (9) to reduce sequencing
costs.
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A fourth strategy relies on directional DNA integra-
tion using the Bxbl bacteriophage recombinase to intro-
duce variants into a genomically integrated ‘landing pad’
locus. This landing pad approach has been used to facili-
tate transgene expression for cell reprogramming (10), syn-
thetic biology circuit design (11), high titer antibody expres-
sion (12) and variant library expression (13-15). Despite
these successes, the landing pad approach remains largely
unoptimized for multiplex assays, limiting the types of ex-
periments that can be performed. Thus, we present a se-
ries of improvements to the landing pad approach focused
on increasing its utility for multiplex genetic assays. We in-
corporated the landing pad into a lentiviral vector, speed-
ing up the process of generating landing pad cell lines. We
increased the recombination rate, which can limit the li-
brary size, by including the Bxb1 recombinase in the land-
ing pad. We replaced cumbersome and slow fluorescence-
activated cell sorting (FACS)-based recombined cell enrich-
ment using positive or negative drug selections. Lastly, be-
cause recombined cell enrichment and transgene expres-
sion were linked in the first generation landing pad, toxic
transgenes rendered library-scale experiments intractable.
We overcame this limitation by incorporating a second pro-
moter, thereby unlinking transgene expression from recom-
bined cell enrichment. We showcase these landing pad im-
provements by expressing a combinatorial library of onco-
genes and tumor suppressors and evaluating their effects
on cell proliferation. The improvements we present broaden
the range of multiplex genetic assays that are possible with
cultured mammalian cell lines, increasing the scope of bio-
logical problems that can be studied at high-throughput.

MATERIALS AND METHODS
Plasmid construction

dAAVS1-TetBxbl BFP_rtTA3G-2A-Blast,  attB_3kGFP-
IRES-mCherry (attB_3kGiM), attB_EGFP, attB-mCherry,
attB-PTEN(WT)-IRES-mCherry, attB-PTEN(Y68H)-
IRES-mCherry, attB-PTEN(C124S)-IRES-mCherry,
attB_GFP-PTEN(WT)-IRES-mCherry-BlastR and attB-
sGFP-PTEN-IRES-mCherry-P2A-bGFP were described
previously (13,14). All plasmids were created using Gibson
Assembly (16). pLenti-CM V-rtTA3G_Puro was created by
combining amplicons from pLenti CMV-rtTA3G_Blast
(Addgene # 26429) amplified with KAM1285//KAM1288,
and pCW-Cas9 (Addgene # 50661) amplified with
KAMI1284//KAM1287. dAAVSI_TetBxblBFP_rtTA3G-
2A-BxInt was created by combining amplicons from
pCAG-NLS-Bxbl (Addgene # 51271) amplified with
KAM467//KAM469, and dAAVS1_TetBxb1BFP_rtTA3G
amplified with KAM468//KAM466. pLenti TetBxbl-
BFP_rtTA3G-2A-Blast (LLP) was created by combining
amplicons from dAAVS1-TetBxblBFP_rtTA3G-2A-Blast
amplified with KAM1163//KAM1166 and pLenti CM V-
rtTA3 Blast amplified with KAMI1165//KAMI1164.
pLenti_TetBxb1-BFP-2A-BxInt_rtTA3G-2A-Blast

(LLP-Int) was created by combining amplicons from
LLP amplified with KAMI1208//KAMI1209 and
dAAVSI_TetBxbI BFP_rtTA3G-2A-BxInt amplified
with KAM1207//KAM1210. pLenti_TetBxbl-BFP-2A-
BxInt-2A-Blast_rtTA3G (LLP-Int-Blast) was created by
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combining amplicons produced by LLP-Int amplified
with KAM1935//KAM1936, KAM1937//KAM1938 and
KAM1939//KAM1940. pLenti_TetBxbl-BFP-2A-BxInt-
2A-Blast_rtTA3G (LLP-iCasp9) was created by combining
amplicons produced by pMSCV-F-del Casp9.IRES.GFP
(Addgene # 15567) amplified with KAM2217//KAM2218
and LLP-Int-Blast amplified with KAM2219//KAM?2220.
pLenti_TetBxb1-BFP_rEF1a_rtTA3G (LLP-Growth) was
created by combining amplicons produced by cEF.tk-GFP
(Addgene # 33308) amplified with KAM2153//KAM2154
and LLP amplified with KAM2155//KAM?2156.
attB_HygroR-2A-mCherry, attB_PuroR-2A-mCherry,
attB_Blast-2A-mCherry were created by combin-
ing an amplicon from attB.mCherry amplified with
KAMI1585//KAM1586, combined with pMK290_mAID-
Clover-HygroR (Addgene # 72828) amplified with
KAM1587//KAM1588, pLenti CM V-rtTA3G_Puro
amplified with KAM1589//KAM1590 and pLenti CM V-
rtTA3G_Blast amplified with KAMI1591//KAM1592,

respectively. attB_sGFP-PTEN-IRES-mCherry-P2A-
HygroR, attB_.sGFP-PTEN-IRES-mCherry-P2A-
PuroR  and  attB_.sGFP-PTEN-IRES-mCherry-P2A-

BlastR were created by combining an amplicon from
attB-sGFP-PTEN-HA-IRES-mCherry-P2A-bGFP
amplified with KAMI1646//KAM1647, combined
with pMK290_mAID-Clover-HygroR amplified with
KAM1648//KAM1649, pLenti_ CMV-rtTA3G_Puro
amplified with KAM1650//KAM1651 and pLenti CMV-
rtTA3G_Blast amplified with KAMI1652//KAM1653,
respectively. revIRES-mCherry_attB_3kGFP
(rIM_attB_.GFP) was created by combining am-
plicons produced by attB_3kGiM amplified with
KAM2179//KAM2180 and attB-EGFP  amplified
with KAM2181//KAM2182. revIRES-PuroR-2A-
mCherry_attB_3kGFP (rIP2M _attB_GFP) was created by
combining amplicons from rIM_attB_GFP amplified with
KAMI1477//KAM2227, and attB_PuroR-2A-mCherry
amplified with KAM?2226//KAMO010.
attB_sGFP-VHL-IRES-mCherry-2A-bGFP

(attB_sViM2b) was created by amplifying the VHL
open reading from HA-VHL wt-pBabe-puro (Addgene
# 19234) using KAM799//KAMS02, and combining
it  with attB_sGFP-PTEN-IRES-mCherry-2A-bGFP
amplified with KAMS800//KAMS801, and attB_sViM2b-
L188Q was subsequently created by amplifying with
KAM938//KAM939. attB_VHL-sGFP-IRES-mCherry-
2A-bGFP (attB_VsiM2b) was created by amplifying
the VHL open reading from HA-VHL wt-pBabe-puro
using KAMS85//KAMSE86, and combining it with
attB_.PTEN-SGFP-IRES-mCherry-2A-bGFP ampli-
fied with KAMS83//KAMS884, and attB_VsiM2b-
L188Q was subsequently created by amplifying with
KAMOI38//KAMI939. attB_TP53-IRES-mCherry was
created by amplifying the TP53 open reading frame
from the pcDNA3 p53 WT plasmid (Addgene #
69003) using primers KAMI1318//KAM1319, and
inserting it into attB_3kGiM N-terminal of GFP us-
ing primers KAM1316//KAM1317. The GFP fusion
was then removed to create attB_TP53-IRES-mCherry
using primers KAM1963//KAM1964, and the TPS53-
R273H variant was created using primers KAM1963,
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KAM1964, KAM1965 and KAM1966. attB-RBI1-IRES-
mCherry was created by amplifying the RBI1 open
reading frame from plasmid pSGSL_HA_RB (Addgene
# 10720) using KAM1320//KAMI1321, and inserting
it into attB_3kGiM N-terminal of GFP using primers
KAMI1316//KAMI1317. The GFP fusion was then re-
moved to create attB_RB1-IRES-mCherry using primers
KAM1967//KAM1968. attB_EGFP-p21 was created by
amplifying the p21 open reading frame from a gBlock
(IDT; KAMI1703) using KAM1740//KAM1741, and
adding it into attB_EGFP-Bgl2 (13) which was amplified
with KAMI1742//KAM1743.  attB_ecDHFR-3kGFP-
IRES-mCherry was created by amplifying the ecDHFR
open reading frame from a gBlock (IDT; KAM1704)
using KAM1736//KAM1737, and combining it with
attB_3kGiM  amplified with KAMI1738//KAM1739.
attB_p21-IRES-mCherry was created by amplifying
attB_EGFP-p21 with KAM1793//KAM1794, and com-
bining it with attB_.ecDHFR-3kGFP-IRES-mCherry
amplified with KAM1795//KAM1889. attB_BAX-IRES-
mCherry and attB_.AKT(E17K)-IRES-mCherry were cre-
ated by amplifying attB_.PTEN(WT)-IRES-mCherry with
KAM2068//KAM2069, and combined with hBax_C3-
EGFP (Addgene # 19741) and pDONR223_AKT1_p.E17K
(Addgene # 81459), respectively. attB_pl6(INK4A)-IRES-
mCherry and attB_p14(ARF)-IRES-mCherry were created
by amplifying the open reading frames out of a gBlock
(IDT; KAMI1971) using KAM2014//KAM2015 and
KAM2016//KAM?2017, respectively, and combining it
with an amplicon from attB_.PTEN(WT)-IRES-mCherry
using KAM2012 and KAM2013. attB_HygroR-P2A-
Puro-3kGFP-TEVcs-PTEN(Y68H)-IRES-mCherry ~ was
created by combining amplicons from pMK290_.mAID-
Clover-HygroR amplified with KAMI1550//KAMI1553,
attB-PTEN(Y68H)-IRES-mCherry amplified with
KAMI1556//KAM1551,  pLenti-TetBxblBFP-rtTA3G-
2A-Puro amplified with KAMI1552//KAMI1555, and
attB_.3kGiM  amplified with KAMI1554//KAMI1557.
attB_.mAID-GFP-PTEN(WT)-IRES-mCherry-BlastR was
created by combining amplicons from pMK290_mAID-
Clover-HygroR amplified with KAM1713//KAM1714
and attB_.GFP-PTEN(WT)-IRES-mCherry-BlastR am-
plified with KAM1715//KAM1716. All plasmids were
extracted using a Qiagen miniprep kit, though libraries and
plasmids that were repeatedly used were extracted with a
Qiagen midiprep kit. Primers used for molecular cloning
are listed in Supplementary Table S1.

Plasmid library construction and high-throughput sequencing

In the first step, the positions 1 and 2 transgenes were bar-
coded through amplification, with the termini of the posi-
tion 1 amplicons harboring identical sequences to the ter-
mini of the position 2 amplicons, permitting Gibson as-
sembly of the fragments (Supplementary Figure Sla, top).
A total of 40 ng of plasmid DNA was mixed with 0.333
pwM of forward primer, 0.333 wM of reverse primer and 2x
Kapa Hifi added as half the volume (Supplementary Table
S2). The mixtures were cycled 12 times in a thermocycler.
A total of 1 pl of DPNI enzyme (20 units) was added to
each tube, and incubated at 37°C for 2 h. A total of 15 pl
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of product was mixed with 3 wl of (6x gel loading dye),
and run on a 0.8% agarose gel in Tris-borate-EDTA buffer.
Bands were cut, position 1 bands and position 2 bands were
pooled separately, and extracted using the Qiagen Gel Ex-
traction kit. Position 1 and position 2 DNA were eluted
in 10 pl nuclease-free water. A total of 5 pl of each eluate
were mixed together with 10 wl 2x Gibson mix and incu-
bated at 50°C for 30 min. After incubation, the product was
eluted in 5 pl, and 4 pl of library was electroporated into 10-
beta cells (NEB) using 0.1 pm cuvettes (Bio-Rad) according
to manufacturer instructions. Approximately 2.16 million
colony forming units of transformants were grown in 200
ml Luria Broth overnight, and plasmid DNA was extracted
with a Qiagen Midiprep Kit (Qiagen). In the second step,
polymerase chain reaction (PCR) and Gibson assembly was
used to insert an IRES-Puromcyin-2A-mCherry cassette in
the reverse orientation 5" of the Bxb1 attB site, so the library
could be selected in the absence of Dox induction (Supple-
mentary Figure Sla, bottom). A total of 320 ng of library
DNA was mixed with 2x Kapa Hifi Readymix and a fi-
nal concentration of 0.333 pM KAM?2311 and 0.333 pM
KAM2312, with 30 wl distributed into eight replicate tubes.
A total of 160 ng of rIP2M_attB_GFP plasmid was mixed
with 2x Kapa Hifi and a final concentration of 0.333 pM
KAM2313 and 0.333 pM KAM?2314, with 30 pl distributed
into four replicate tubes. Both sets of tubes were amplified
over 18 cycles. A total of 1 pl (20 units) of DPNI enzyme
was added to each tube, and incubated at 37°C for 2 h. Af-
ter incubation, the rIP2M _attB_GFP amplicon was gel ex-
tracted from a 0.8% agarose gel and eluted in 10 w1, whereas
the library amplicon was cleaned and concentrated (Zymo),
and eluted in 5 pl. A total of 4 pl of each were mixed to-
gether with 8 pl of 2x Gibson mix and incubated at 50°C
for 30 min. The product was clean-and-concentrated, eluted
in 5 pl, and electroporated in 10-beta cells using 0.1 pm cu-
vettes (Bio-Rad) according to manufacturer’s instructions.
Approximately 0.5 million colony forming units were am-
plified in 200 ml Luria Broth overnight, and extracted us-
ing the Qiagen Midiprep kit. Sanger sequencing of eight
colonies revealed six to be intended library members. This
library was called attB-TSPCR.

The barcode region within the 10 ng of plasmid DNA was
amplified with 14 cycles of PCR in a 50 pl NEB QS5 poly-
merase reaction (New England Biolabs) using a Bio Rad
mini opticon and Sybr Green I. Cycling was stopped at 14
cycles during low to mid log phase amplification. The am-
plicons were mixed equally based on their final relative flu-
orescence units as measured by the mini opticon and run on
a 1% TBE-agarose gel. The product band was excised and
extracted using the Freeze and Squeeze Kit according to the
manufacturer’s instructions (Bio-Rad). Gel-purified ampli-
cons were quantified by qPCR using the Illumina Library
Quantification Kit (Kapa Biosystems). Then, indexed am-
plicons were pooled and sequenced on a Nextseq (NextSeq
75 High V2 kit, Illumina, for primers see Supplementary
Data Set 1).

The library contained ~400 000 unique plasmid bar-
codes, which we were able to quantitate with reasonable ac-
curacy across technical replicate amplification and sequenc-
ing reactions (Pearson’s r: 0.9; Supplementary Figure S1b).
When plasmid identifiers were combined for each of the 216
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observed combinations out of the 224 possible (Supplemen-
tary Table S3), we observed precise quantitation across the
technical replicates (Pearson’s r: 1; Supplementary Figure
S1b). Notably, there was a strong correlation between the
frequency of each transgene identifier combination within
the plasmid library with the number of times that com-
bination was associated with a unique plasmid identifier
combination (Supplementary Figure S1d; Pearson’s r: 0.99),
showing there was little selection of each plasmid combina-
tion during growth in bacteria.

Cell culture, plasmid transfection and landing pad clone gen-
eration

All cell culture reagents were purchased from Ther-
moFisher Scientific unless otherwise noted. All cell
lines were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 0.1 mg/ml streptomycin
(D10). Cells were passaged by detachment with Trypsin-
Ethylenediaminetetraacetic acid 0.25%.

Lentiviral vectors were produced by transfection of 250
000 HEK 293T cells in a 6-well with 500 ng pMD-VSV-G
(Addgene #12259), 1750 ng PsPax2 (Addgene # 12260) and
1750 ng of the LLP or derivative vector template, using 6 jpL.g
of Fugene 6 (Promega). Media was changed the next day,
and the supernatant collected over the next 72 h. The col-
lected media was pelleted at 300 x g for 4 min, and the su-
pernatant was passed through a 0.45 pm filter. HEK293T
cells, A549 cells, NIH3T3 cells and HT-29 cells were incu-
bated with various dilutions of lentiviral supernatant rang-
ing from 100 w1 to 4 ml, and transduced cultures were visu-
ally confirmed to have been transduced at MOI clearly less
than one. Cells were then incubated with 10 wg/ml of Blas-
ticidin. After a week of selection, cells were assessed with
a BD FACS Aria II for fluorescence, and individual BFP+
cells were sorted into separate wells of 96-well plates. Cell
clones that grew out were transferred into a 24-well plate
and subsequently transferred to 6-well plates for analysis.
Cells were induced to express off of the Tet-inducible pro-
moter by adding doxycycline to a final concentration of 2
wg/ml (D10-dox). Cells were also maintained in D10-dox
unless otherwise noted.

HEK 293T-based cells were recombined by transfecting
250 000 HEK 293T cells in a 6-well plate, with 1500 ng of
pCAG-NLS-Bxbl, and 1500 ng of either individual or a
mixture of attB recombination plasmids, incubated with 6
wg of Fugene 6 reagent in doxycycline-free media. Two or
more days following transfection, the media was changed to
D10-dox media, and cells were assessed for recombination
at least 2 days after. For recombination of A549 cells, 150
000 cells plated in a 6-well with 2 ml of media were trans-
fected with a mixture of 3.75 .l Lipofectamine 3000 diluted
in 125 pl OPTI-MEM, and 5 pg DNA with 10 wl P3000
reagent diluted in 125 wl OPTI-MEM. For recombination
of 3T3 cells, 150 000 cells plated in a 6-well with 2 ml of
media were transfected with a mixture of 7.5 pl Lipofec-
tamine 3000 diluted in 125 wl OPTI-MEM and 5 png DNA
with 10 wl P3000 reagent diluted in 125 pwl OPTI-MEM.
Recombined cells were positively selected by growing the
cells for a week in D10-dox media supplemented with the
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indicated amounts of hygromycin, puromycin or blasticidin
(Invivogen). Cells were split and media replenished every 3
days. Recombined cells were negatively selected with the ad-
dition of 10 nM AP1903 / Rimiducid (MedChemExpress).
Cells were maintained in AP1903 for 2 days. Sodium Bu-
tyrate (Sigma) was dissolved as a 0.5 M stock solution in
H,O.

Flow cytometry and fluorescence-activated cell sorting
(FACS)

Cells were detached with trypsin, and resuspended in PBS
containing 5% serum. Analytical flow cytometry was per-
formed with a BD LSRII flow cytometer. Blue fluorescent
protein (BFP) was excited with a 405 nm laser, and emit-
ted light was collected after passing through a 450/50 nm
band pass filter. EGFP was excited with a 488 nm laser, and
emitted light was collected after passing through 505 nm
long pass and 530/30 nm band pass filters. mCherry was ex-
cited with a 561 nm laser, and emitted light was collected af-
ter passing through 595 nm long pass and 610/20 nm band
pass filters. Cells were sorted using a BD Aria I1I FACS ma-
chine equipped with either an 85 or 100 wm nozzle. Filter
sets were identical to those described for the LRSII, with
the exception of mCherry emission which was detected us-
ing 600 nm long pass and 610/20 band pass filters. Before
analysis of fluorescence, live, single cells were gated using
FSC-A and SSC-A (for live cells) and FSC-A and FSC-H
(for single cells). For landing pad clone isolation, individual
BFP+ cells were directly sorted into wells of 96-well plates.

Library recombination and high-throughput sequencing

Four million HEK 293T LLP-rEFla Clone 21 cells were
transfected with a 1:1 mixture of pPCAG-NLS-Bxbl1 and the
attB-TSPCR plasmid using Fugene 6, as described above, in
the absence of doxycycline. The cells were then passaged for
2 weeks in the absence of doxycycline but in the presence of
0.5 ng/ul puromycin. Cells were then induced through the
addition of 2 g/l doxycycline, and cells were collected the
next day to serve as the initial timepoint. Cells were main-
tained in dox-containing media for up to 2 weeks, with ad-
ditional cells collected, pelleted at 300 x g for 4 min and
scored at —20*C.

Genomic DNA was isolated using the DNeasy Blood
and Tissue kit (Qiagen) according to the manufacturer’s
instructions with the following modification: proteinase K
digestion was amended with a final concentration of 0.1
mU RNaseA (Sigma-Aldrich) extended to 30 min at 56°C.
Upon DNA extraction, PCR was used to amplify the re-
gion of interest using 20 pl of DNeasy eluate (~1000-3000
ng template) in a 50 w1l NEB QS5 polymerase reaction (New
England Biolabs) using a Bio Rad mini opticon and Sybr
Green 1. Cycling was stopped at 25 cycles during low to mid
log phase amplification. The amplicons were mixed equally
based on their final relative fluorescence units as measured
by the mini opticon and run on a 1% TBE-agarose gel. The
product band was excised and extracted using the Freeze
and Squeeze Kit according to the manufacturer’s instruc-
tions (Bio-Rad). Gel-purified amplicons were quantified by
qPCR using the Illumina Library Quantification Kit (Kapa
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Biosystems). Then, indexed amplicons were pooled and se-
quenced on a Nextseq (NextSeq 75 High V2 kit, Illumina,
for primers see Supplementary Table S2).

Plasmid identifier combinations were assessed at the ini-
tial time point to determine library diversity in the enriched
recombined cells. We used a frequency filter of 1 x 1072
to separate bona fide recombined barcodes from sequencing
errors. We observed as many as 8741 unique barcodes at the
initial time point (median 2820). However, these barcodes
corresponded to 202 of the 216 possible transgene combi-
nations observed in the plasmid library. Notably, techni-
cal replicates were precise at this combinatorial transgene
identifier level, with a Pearson’s r of 0.99 at each of four
time points taken within the first replicate. Fastq sequenc-
ing files containing only the transgene identifier combina-
tions from the various time points across the eight replicate
experiments were entered into Enrich2, and slopes for the
enrichment or depletion of each combined transgene was
calculated for each replicate experiment (17).

Data analysis

Data analysis was performed using version 1.2.1335 of
RStudio, with the exception of flow cytometry data, which
was analyzed using version 10.5.3 of FlowJo. An R Mark-
down file containing code for the analyses is provided as
a Supplementary File, and the data and analysis files have
been uploaded to the Fowler Lab GitHub repository.

RESULTS
Lentiviral landing pads expedite cell engineering

We previously developed the landing pad system for large
scale, single-copy expression of variant libraries in human-
derived cultured cells (13). Homology directed repair was
used to insert a synthetic landing pad sequence encoding a
promoter preceding a Bxbl attP recombination sequence at
the AAVSI locus. These landing pad cells can be used to
recombine in plasmids encoding the complementary Bxbl
attB site (Figure 1A). Successful recombination switches ex-
pression from the initial transgene encoded by the landing
pad to a new transgene encoded by the recombination plas-
mid (Figure 1A). This process occurs independently in each
cell, allowing expression of a large library of protein vari-
ants when performed en masse.

However, our initial approach requires months to iso-
late, expand and characterize each new clonal landing pad
line. Many cell types are poorly transfectable, greatly hin-
dering the already inefficient process of homology-directed
repair to install the landing pad (13). Additionally, the cell
engineering and clonal expansion process took one to two
months, largely waiting for the dilution of the homology re-
pair template plasmid. Moreover tedious genotyping of a
large number of candidate cell lines was required to identify
lines with a single integrated landing pad (13). Both prob-
lems can be circumvented by using low multiplicity of infec-
tion transduction with VSV-G pseudotyped lentiviral vec-
tors, which pseudo-randomly integrate recombinant DNA
into the genomes of almost any cultured cell line. Thus,
we developed a series of lentiviral landing pad (LLP) con-
structs (Figure 1B).
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Figure 1. Lentiviral Landing Pad (LLP) Derivatives. (A) Schematic of
the integration of an attB recombination plasmid into a genomically in-
tegrated landing pad. Coding regions are colored boxes, promoters are
stemmed arrows, terminator sequences are thick black lines, Bxb1 recom-
bination sequences are stars. (B) LLP constructs, with the original land-
ing pad (AAVSI LP) for comparison. Components are colored according
to panel A, and viral 2A-like sequences are red inverted triangles. Pac is
the puromycin resistance gene. Bsd is the blasticidin resistance gene. rtTA
is the reverse Tet transactivator. LTR is a lentiviral long terminal repeat.
(C) Percentage of BFP positive cells in 293T clones generated with each
LLP construct. (D) Recombination rate comparisons of 293T AAVS1 LP
clone 4, 293T LLP-Int clone 6 and 293T LLP-Int-Blast clone 2, with a
mixture of attB-EGFP and attB-mCherry recombination plasmids with-
out exogenous Bxbl recombinase expression plasmid (left), or with Bxbl
recombinase expression plasmid included (right). (E) Median fluorescence
intensity of each clone from panel C. Left panel shows blue fluorescence
before recombination. Right panel shows green fluorescence after recom-
bination of an attB-EGFP recombination plasmid (right). The dotted line
represents background fluorescence in parental HEK-293T cells. Panels D
and E are a result of at least six replicates.
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Similar to a landing pad format recently used for multi-
copy antibody overexpression (12), we transferred the se-
quence encoding our original landing pad (AAVS1 LP)
into a plasmid encoding a self-inactivating lentiviral vec-
tor to make our initial LLP construct (Figure 1B). LLP
virus was transduced into the human HEK 293T cell line,
murine NIH3T3 fibroblast cell line, A549 lung cancer cell
line, HT-29 colon cancer cell line, and PC-3 prostate cancer
cell line at low multiplicity of infection. Cells successfully
transduced by the LLP lentiviral vector, identifiable owing
to a BFP marker, were sorted by FACS and single cells were
grown out over a period of ~2 weeks. For each cell line,
up to 12 clones were assessed for a single, high-intensity
blue fluorescence peak using flow cytometry, and at least
three clones were selected for downstream analysis for re-
combination. To ensure that the resulting candidate land-
ing pad clonal cell lines did not contain multiple integrated
copies of the landing pad, each line was transfected with
a mixture of attB-EGFP and attB-mCherry recombination
plasmids, along with a plasmid encoding the Bxb1 recom-
binase. Here, cell lines with multiple landing pads would
yield GFP/mCherry double positive recombinant cells (13).
Clonal lines harboring a single landing pad were derived for
each parental cell line, with the HEK 293T, NIH 3T3 and
A549 lines yielding appreciable recombinant cells (Supple-
mentary Figure S2a), while no recombinants were observed
with the HT-29 or PC-3 clones (data not shown). The frac-
tion of blue fluorescent A549 landing pad cells diminished
with continued passaging, though this apparent silencing
of the landing pad could be partially reversed by growth in
blasticidin or addition of the histone deacetylase inhibitor
sodium butyrate (18) (Supplementary Figure S2b).

The rapid cell engineering possible with LLPs allowed us
to design and test derivatives of the original landing pad
format with additional features (Figure 1B). Previously, we
demonstrated that expression of the Bxbl recombinase in
cells prior to transfection with the Bxbl attB-containing
recombination plasmid boosted recombination rates (13).
Thus, we created LLP-Int, a landing pad encoding human
codon-optimized Bxb1 recombinase C-terminally linked to
BFP with a parechovirus 2A-like translational stop-start
sequence (19) (Figure 1B). LLP-Int allows for doxycycline
(Dox) inducible expression of the Bxbl recombinase until it
catalyzes integration of a transfected Bxb1 attB-containing
recombination plasmid, terminating Bxbl expression. To
minimize landing pad silencing, we also developed LLP-
Int-Blast, where the Bxbl recombinase is also 2A-linked
with the blasticidin resistance gene, Bsd, allowing selec-
tion of Bxbl recombinase-retaining cells during clonal ex-
pansion in the presence of the blasticidin antibiotic (LLP-
Int-Blast; Figure 1B). HEK293T cells transduced by LLP-
Int or LLP-Int-Blast were compared to those previously
transduced by LLP, which were included as a control. All
transductions yielded polyclonal populations of BFP+ cells,
which were sorted and expanded to obtain clonal lines. No-
tably, all twelve LLP lines were highly BFP positive fol-
lowing expansion, whereas many LLP-Int lines exhibited
appreciable loss of BFP expression (Figure 1C). However,
growth of LLP-Int-Blast cells in 10 ug/mL blasticidin en-
abled effective selection against silenced cells and all four
expanded clones were BFP positive (Figure 1C).
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To determine whether Bxb1 integrase expression from the
landing pad enhanced recombination efficiency, we com-
pared the original 293T AAVS1 LP Clone 4 cells (13), 293T
LLP-Int Clone 6 cells, and 293T LLP-Int-Blast Clone 2
cells. As expected, 293T AAVS1 LP Clone 4 cells did not
recombine in the absence of transfected Bxb1 integrase ex-
pression vector, while the Bxb1 expressed from the landing
pad in 293T LLP-Int and LLP-Int-Blast cell lines drove re-
combination (Figure 1D). In fact, landing pad-based Bxbl
expression enhanced recombination by 2- and 4-fold com-
pared to transfection of a Bxb1 expression plasmid (Figure
1D).

LLP-Int or LLP-Int-Blast cells also sped the recovery of
recombined cells by FACS. Both LLP and LLP-Int cells re-
combined with an mCherry marker rapidly become positive
for red fluorescence. However, the corresponding decrease
in blue fluorescence, also used to isolate recombined cells, is
much more rapid in LLP-Int cells (Supplementary Figure
S2c¢ and d). This is because the 293T LLP-Int and LLP-Int-
Blast cell lines exhibited decreased steady-state blue fluores-
cence (Figure 1E), likely due to decreased overall transla-
tion of their longer BFP-2A-Bxb1 transgenes. Expression
of recombined EGFP in these cell lines was the same as
in LLP cells, supporting this notion (Figure 1E). Owing to
this lower steady-state BFP expression, 293T LLP-Int-Blast
cells became BFP negative after only 7 days whereas LLP
cells required more than 11 days to become BFP negative
(Supplementary Figure S2¢ and d). Thus, compared to our
original landing pad configuration, the LLP-Int-Blast land-
ing pad exhibited a much higher recombination rate and
faster BFP decay.

Positive and negative drug selection to enrich recombinant
cells

Despite improved recombination rates, library-based exper-
iments with the landing pad still require enrichment of re-
combined cells. The first version of the landing pad used
FACS to enrich for recombined cells, which was time and
resource intensive. For example, adequate coverage of an
~10 000 member library may require isolating ~400 000 re-
combined cells. At an ~5% recombination rate and sort-
ing ~2 000 cells per second, ~2 h of sorting time is re-
quired. Larger libraries or cell lines with poor viability re-
quire isolating even more recombined cells, which is imprac-
tical by FACS. Positive antibiotic selection can enrich for
recombined stem cells (10), synthetic circuits (11) or vari-
ant libraries (15) in related systems. We engineered a panel
of both positive and negative drug selectable markers into
the landing pad to facilitate enrichment of recombined cells
without using FACS.

For positive selection of recombined cells, we developed
a series of attB recombination plasmids that, upon re-
combination into the landing pad, express the Escherichia
coli-derived hph transgene conferring hygromycin resis-
tance (20) the Aspergillus terreus-derived bsd transgene
conferring blasticidin resistance (21), or the Streptomyces
alboniger-derived pac transgene conferring puromycin re-
sistance (22) (Figure 2A). These attB recombination plas-
mids were transfected into 293T AAVSI LP Clone 4 cells
or 293T LLP-Int Clone 6 cells. The transfected cells were
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divided into wells with a range of concentrations of the
appropriate antibiotic, and the enrichment of recombined
cells in each population was ascertained using flow cytom-
etry. Unrecombined 293T AAVS1 LP Clone 4 cells were
still largely puromycin sensitive despite the presence of the
pac puromycin resistance gene driven by the endogenous
PPP1R12C promoter at the AAVSI locus (23) (Figure 2B,
top and Supplementary Figure S3a, top). In contrast, un-
recombined 293T LLP-Int Clone 6 cells were strongly blas-
ticidin resistant as these cells already contain a blasticidin
resistance cassette driven by a CMV promoter in the land-
ing pad (Figure 2B, bottom and Supplementary Figure S3a,
bottom). Aside from this exception, strong enrichment of
recombined cells was observed with all three antibiotics.
Puromycin selection was most effective in both cases (Fig-
ure 2B and Supplementary Figure S3a).

For negative selection of unrecombined cells, we devel-
oped LLP-iCasp9-Blast, a LLP derivative based on the in-
ducible caspase, iCasp9 (Figure 2C). iCasp9 is a synthetic
fusion between Caspase 9 and the inducible dimerization
domain of FKBP1A variant F36V (24). Caspase dimeriza-
tion is triggered by the small molecule AP1903 (Rimiducid),
causing rapid cell death through apoptosis. Using lentivi-
ral transduction of HEK-293T cells, we generated multi-

ple clonal lines containing LLP-iCasp9-Blast. 293T LLP-
iCasp9-Blast cells recombined with attB-EGFP were en-
riched to ~75% after 24 h of AP1903 treatment (Figure 2D
and E; Supplementary Figure S3b). This selection can be
performed shortly after recombination, as existing iCasp9
protein degrades and cells become insensitive to AP1903
2 days after iCasp9 transcription is turned off (Supplemen-
tary Figure S3c). Thus, the iCasp9-Blast landing pad en-
ables rapid enrichment of recombinant cells. Together, the
antibiotic resistance attB recombination plasmids and LLP-
iCasp9-Blast landing pad allow for either positive or nega-
tive drug selection to enrich for recombined cells.

A dual-promoter landing pad for toxic transgene expression

In our original landing pad system, expression of transgenes
that negatively impact cell growth complicate isolation of
recombinant cells. For example, recombined 293T AAVSI1
LP Clone4 cells expressing CDKNI1A, which encodes the
cell-cycle arresting protein p21-WAF (25), quickly depleted
from the culture upon induction of expression (half life
~1.25 days), while cells expressing GFP or mCherry alone
did not (half life ~12 days) (Supplementary Figure S4a and
b). This rapid depletion of recombined cells would make
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Schematic of the toxic transgene-compatible LLP construct, the corre-
sponding attB recombination vector and an integrated version of this land-
ing pad after insertion of the recombination vector. DNA elements are rep-
resented in the same manner as Figure 1A. (B) Representative flow cytom-
etry scatter plots of growth-compatible 293T LLP-rEF 1« cells before (top)
or after induction with dox (bottom). (C) Scatter plot (top) and smoothed
histogram (bottom) of the gated populations in panel B.

multiplex genetic assays characterizing CDKNI1A, or any
other toxic transgene, challenging because recombined cells
would be difficult to enrich.

To surmount this problem, we designed another landing
pad, LLP-rEF1«, which uses dual promoters that converge
on the recombination site to unlink recombined cell selec-
tion from transgene expression. Along with the original Tet
promoter, this landing pad also encodes a constitutive EFla
promoter situated in the reverse orientation (Figure 3A).
This second promoter allows recombination of a promoter-
less rEF1a-compatible attB recombination plasmid where a
transgene is integrated downstream of the Tet inducible pro-
moter and a selection marker is integrated downstream of
the EFla promoter. Transcription of the selection marker
is facilitated by an IRES sequence.

Recombination of an attB rEF 1a-compatible recombina-
tion plasmid encoding an EGFP transgene and a mCherry
selection marker in these cells yielded a population of dim
red fluorescent recombinant cells (Figure 3B). As expected,
these recombinant cells could be induced to fluoresce green
upon doxycycline addition (Figure 3C). We also generated
a dual mCherry-puromycin selection cassette, where the
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Gene in position 1

puromycin resistance marker was appended to mCherry us-
ing a 2A sequence. Red fluorescence from this construct was
reduced ~1.7-fold but was still ~10-fold higher than back-
ground. Moreover, the addition of puromycin enriched for
recombined cells (Supplementary Figure S4c). Thus, by un-
linking recombinant cell enrichment from transgene expres-
sion, the rEF1a landing pad enables multiplex genetic as-
says with growth-altering genes.

Probing the combinatorial effects of tumor suppressor and
oncogene expression on cell growth

To demonstrate the expanded scope of biological problems
that can be addressed using the improved landing pad sys-
tem, we studied the effects of overexpressing 216 pairwise
combinations of a set of cancer-related proteins. First, we
created a molecular cloning framework that allows for com-
binatorial barcoding, expression, and sequencing of two
distinct transgenes separated by a 2A element (Figure 4A).
Similar to the Combigem approach (26), barcodes identify-
ing transcribed sequence on the same DNA fragment were
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Heatmap of interaction scores, computed by subtracting each gene’s individual median score from the observed growth score for the pair.

concatenated so that the combined transcript combinations
could be identified using high-throughput sequencing. For
simplicity, we refer to the transgene N-terminal to the 2A
sequence as position 1, and the transgene C-terminal to the
2A sequence as position 2 (Figure 4A).

Using this approach, we created a combinatorial library
of oncogenes and tumor suppressors. Each transgene in
each position was given a 16 nt identifier sequence, sepa-
rated by a 20 nt constant region. Each 16 nt identifier was
composed of 8 nt of known sequence serving as a transgene
identifier (GID) (Supplementary Table S3), flanked on ei-
ther side by four degenerate nucleotides serving as unique
plasmid identifier (PID) sequences (Figure 4A, top). This
combination of identifier sequences served as the full plas-
mid ‘barcode’. EGFP and the hygromycin resistance trans-
gene hph were included to serve as inert controls. Of the 224
possible transgene combinations, 216 were observed in the
final plasmid library (Figure 4B). Some combinations, par-
ticularly involving RB1 and TP53, were observed at low fre-

quencies likely due to inefficient amplification before pooled
Gibson assembly (Figure 4B).

We recombined the library into LLP-rEF 1« cells (Figure
3A) and grew the cells for 2 weeks in the absence of doxy-
cycline but in the presence of puromycin, which enriched
recombined cells to ~40%. Transgene expression was then
induced with doxycycline, and cells were collected at various
points during up to 2 weeks of outgrowth. Genomic DNA
was extracted from each cell pellet, and recombined plasmid
barcodes were amplified and sequenced at high-throughput.
We performed a total of eight replicate experiments from
two independent recombinations.

The relative frequency of each transgene combination did
not substantially differ between the recombined cells and
the plasmid library, except for combinations where RBI,
TP53 or TP53-R273H were present in position 1. Although
these three transgenes were the least frequent in position 1
of the plasmid library (Figure 4B), they were enriched in
the recombined pool by one to two orders of magnitude
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(Supplementary Figure S5a, cyan bars). Resequencing of
the plasmid library did not alter this result (Supplementary
Figure S5a, orange bars). Similarly, the number of unique
plasmid identifiers associated with these position 1 combi-
nations increased in the recombined cells (Figure 5A). The
underlying causes of these observations remain to be eluci-
dated.

We next looked at how cells expressing each combination
of transgenes enriched or depleted in the mixed population.
There were 181 transgene combinations scored in four or
more replicates, an additional 23 combinations that were
scored in one to three replicates and 20 combinations that
were not scored (Figure 5B). Replicate enrichment scores
generally grouped together (Figure 5C), and were averaged
to give each transgene combination a composite growth
score (Figure 5B).

To capture the individual growth contributions of each
transgene, we computed the median scores of all combina-
tions involving that transgene at either positions 1 or 2 (Fig-
ure 5D, large hollow circles). Many transgenes had median
scores close to zero, including EGFP and /Aph, neither of
which were expected to impact growth (Figure 5D). Fur-
thermore, the enrichment score of each transgene paired
with EGFP or /iph, correlated with the composite positions
1 or 2 median scores calculated for that transgene (Pear-
son’s r: 0.82; Supplementary Figure S5b). This correlation
suggests that the median enrichment scores capture the in-
dividual proliferation effects of each transgene expressed
from each position. Other transgenes had median scores
that were significantly different from zero. Of transgenes ob-
served in 10 or more combinations at each position, TP53
exhibited the lowest median scores in the experiment, while
TP53-R273H exhibited the highest. CDKN1A(p21) also
exhibited consistently low scores, as expected from our pre-
liminary experiments (Supplementary Figure S4a and b).

We next assessed whether the enrichment score of any
given gene, when paired with each of its partners, exhib-
ited consistently lower scores in one orientation over the
other. CDKN2A(p14) consistently gave lower scores when
expressed from position 1 rather than position 2, which re-
mained statistically significant following correction for mul-
tiple hypothesis testing (permutation test, P = 0.04). This
suggests that CDKN2A(p14) may exhibit different effects
on cell growth depending on its position in the 2A-linked
translation product.

Finally, we assessed whether any combinations of trans-
genes exhibited unexpected effects on cell growth, relative
to the genes’ independent effects. Here, for each transgene
pair, we computed an interaction score by subtracting each
gene’s individual positions 1 or 2 median enrichment score
(large red and green hollow circles in Figure 5D) from the
observed growth score for the pair (shown in Figure 5B).
Interaction scores greater than zero indicate transgene pairs
with a positive effect on growth when expressed in combi-
nation, relative to the individual effects of each gene. Inter-
action scores less than zero indicate transgene pairs with a
negative effect on growth when expressed in combination,
relative to the individual effects.

Some transgene pairs had large, potentially biologically
meaningful interaction scores (Figure 5E). For example,
PTEN counteracted the TP53 proliferation defect, in ei-
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ther orientation. VHL-L188Q also counteracted the TP53
proliferation defect, whereas WT VHL seemed to exagger-
ate this defect. One possible explanation for this observa-
tion is an interaction between pVHL and p53, which pro-
tects p53 and stimulates its transcriptional activity (27).
STKI11 in position 1 exhibited a strong negative interac-
tion when paired with TP53, which may relate to p53-
dependent STK11 induced cell cycle arrest or apoptosis
(28,29). However, this interaction was absent when STK 11
and TP53 were expressed from the opposite positions. This
positional dependence could be an artifact of the 2A link-
age, which leaves behind short peptides on the terminus of
linked proteins. Regardless of these complexities, this exper-
iment demonstrates that the LLP-rEF 1« landing pad can be
used to conduct multiplex genetic assays with toxic trans-
genes. The work also highlights the possibility of using our
new combinatorial transgene expression library format to
experimentally test hundreds to thousands of genetic inter-
actions.

DISCUSSION

The Bxbl landing pad system is useful for library-scale ex-
pression of transgenes in cultured mammalian cell lines.
Here, we describe a series of advances that improve recom-
bination rates, enable positive or negative drug selection
of recombinant cells, and facilitate assays involving toxic
transgenes. We also introduce landing pads into a variety of
commonly used cell lines using lentiviral transduction. We
demonstrate how these new tools can empower multiplex
genetic assays by screening 216 combinations of cancer-
related transgenes that perturb cell growth. We identified
transgenes that reproducibly enhance or reduce cell growth,
including transgene combinations with unexpected effects.

The basic LLP format we present is similar to the original
AAVSI1-based landing pad (13), and is thus a good start-
ing point when exploring a new cell line where BFP expres-
sion levels or Bxbl integrase toxicity has not been char-
acterized. If recombination rates are prohibitively low, the
LLP-Int or LLP-Int-Blast formats can enhance recombina-
tion rates. This may be particularly important in with addi-
tional cell lines, as the recombination rates in NIH 3T3 and
A549 cells were much lower than in 293Ts. Effective drug-
based selection against landing pad silencing makes LLP-
Int-Blast superior to LLP-Int. However, because of the re-
duced BFP and bsd protein levels driven by LLP-Int-Blast,
LLP-Int might be preferable in cells with low Dox-inducible
promoter expression which could make the fluorescent re-
porter or the blasticidin resistance markers unusable. Bxb1
recombinase sequences with central GA dinucleotides en-
hance recombination (30). Future modification of the LLP-
Int-Blast vector and its corresponding recombination vec-
tor to GA dinucleotides will likely yield the highest recom-
bination rates yet.

Unless more efficient Bxb1 recombinase variants are dis-
covered, enrichment of recombinant cells is required. In
the past, enrichment was accomplished using FACS; here
we introduce positive and negative drug selection schemes.
Recombination plasmids expressing drug selection markers
enable efficient enrichment for recombined cells. A landing
pad expressing an inducible caspase, iCasp9, enables rapid
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and nearly quantitative negative selection of un-recombined
cells. This iCasp9-based landing pad provides an orthogo-
nal strategy for the selection of recombinants and is back-
ward compatible with previous attB recombination plas-
mids (13,14). Combining these tools enables selection of re-
combinants by both positive and negative selection, which
we anticipate may achieve a near-pure population of recom-
binants without the use of FACS.

Overexpression of disease-relevant proteins can cause
drastic effects on cell growth. Problematically, in library-
scale experiments, such toxic library members are rapidly
lost. By unlinking expression of the recombination reporter
from the expression of the transgene(s) of interest, the LLP-
rEFla landing pad enables experiments with toxic trans-
genes. For example, the TP53 variant-specific growth ef-
fects we observed could be used to read out the function
of a library of TP53 variants bolstering data collected by
other groups in different systems (5,31). One drawback of
the LLP-rEFla format is that the EFla promoter expres-
sion is relatively weak, presenting a narrow effective window
for antibiotic selection. This flaw likely contributed to the
bottleneck in PID sequences observed in the recombined li-
brary. We suggest that antibiotic selections in these cell lines
should be piloted at library scale to guard against bottle-
necking. Alternative promoters could improve expression,
alleviating this problem.

The landing pad improvements we present here enable
multiplex genetic assays for transgene libraries in cultured
human-derived cells. One important application of these
tools will be the simultaneous evaluation of thousands of
variants of disease-related proteins (13,14). Another appli-
cation could be evaluation of combinations of transgenes
to understand genetic interactions. Our approach could be
used to study protein—protein interactions, including a set
of proteins that promiscuously form heterodimers, or vari-
ants of a pair of proteins that have evolved to bind each
other. Inclusion of known loss-of-function variants, such
as the TP53-R273H variant, in combinatorial transgene li-
braries can provide clearer understanding of specific func-
tions that may underlie certain genetic interactions. By ad-
dressing many of the key weaknesses of the original landing
pad system, including the difficulty of generating new land-
ing pad cell lines, the relatively low recombination rate, the
requirement for FACS to enrich recombined cells and the
incompatibility of the landing pad with toxic transgenes, we
provide the tools needed to rapidly and efficiently execute
such multiplex genetic assays in the future.
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