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Pooled protein tagging, cellular imaging, and in situ
sequencing for monitoring drug action in real time
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Laboratory for Chemical Epigenetics and Antiinfectives, CeMM Research Center for Molecular Medicine of the Austrian Academy

of Sciences, 1090 Vienna, Austria

The levels and subcellular localizations of proteins regulate critical aspects of many cellular processes and can become tar-
gets of therapeutic intervention. However, high-throughput methods for the discovery of proteins that change localization
either by shuttling between compartments, by binding larger complexes, or by localizing to distinct membraneless organ-
elles are not available. Here we describe a scalable strategy to characterize effects on protein localizations and levels in re-
sponse to different perturbations. We use CRISPR-Cas9-based intron tagging to generate cell pools expressing hundreds of
GFP-fusion proteins from their endogenous promoters and monitor localization changes by time-lapse microscopy followed
by clone identification using in situ sequencing. We show that this strategy can characterize cellular responses to drug treat-
ment and thus identify nonclassical effects such as modulation of protein—protein interactions, condensate formation, and

chemical degradation.
[Supplemental material is available for this article.]

Currently available mass-spectrometry methods (Rix and Superti-
Furga 2009; Martinez Molina et al. 2013; Savitski et al. 2014;
Huber et al. 2015; Drewes and Knapp 2018) for monitoring the ef-
fects of cellular perturbations on proteomes cannot be scaled effi-
ciently to monitor time-dependent effects in high throughput. A
different approach to study drug action is live-cell imaging of pro-
tein dynamics in cells expressing a protein of interest fused to a
fluorescent tag. Traditionally, such reporter cells are generated ei-
ther by overexpression to nonphysiologic levels, by oligonucleo-
tide-directed homologous recombination in yeast, or by using
CRISPR-Cas9 and homology-directed repair (HDR) to endogenous-
ly tag proteins in human cells (Ghaemmaghami et al. 2003; Huh
et al. 2003; Chong et al. 2015; Leonetti et al. 2016). In addition
to those targeted approaches, “gene trapping” or “CD-tagging”
strategies, which rely on the random, viral integration of fluores-
cent tags as synthetic exons, have been used for analyzing dynam-
ic changes in response to drugs (Jarvik et al. 1996; Morin et al.
2001; Cohen et al. 2008; Kang et al. 2016), but they are limited
by integration site biases and require the isolation and characteri-
zation of clones before using them in an arrayed format. Recently,
a strategy combining genome engineering and gene trapping us-
ing homology-independent CRISPR-Cas9 editing to place a fluo-
rescent tag as a synthetic exon into introns of individual target
genes has been described (Serebrenik et al. 2019). The strategy re-
lies on a generic sgRNA excising a fluorescent tag flanked by splice
acceptor and donor sites from a generic donor plasmid, which is
coexpressed with a gene-specific intron-targeting sgRNA specify-
ing the integration site. Here we show the scalability of that strat-
egy to enable pooled protein tagging of more than 900 metabolic
enzymes and epigenetic modifiers. Exposing the GFP-tagged cells
to compounds allows us to monitor drug effects on the localization
and levels of hundreds of proteins in real time in a pooled format,
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followed by identification of responding clones by in situ sequenc-
ing of the expressed intron-targeting sgRNA that corresponds to
the tagged protein (Fig. 1A).

Results

We selected to target 2889 genes comprising all classic metabolic
enzymes (Birsoy et al. 2015; Corcoran et al. 2017) and epigenetic
modifiers. For the 2387 genes from this set that harbor targetable
introns in the selected reading frame, we designed a library com-
prising 14,049 sgRNAs targeting 11,614 introns (Fig. 1B;
Supplemental Table S1). To generate a pool of GFP-tagged cells,
we transduced HAP1 cells with that sgRNA library followed by
cotransfection with a GFP donor plasmid and a plasmid expressing
Cas9 and the donor-targeting sgRNA. We enriched for transfected
cells using blasticidin for 24 h and sorted GFP-positive cells 6 d after
transfection (Fig. 1C). Massively parallel sgRNA amplicon sequenc-
ing of the pool of GFP-positive cells identified 1777 sgRNAs target-
ing 1650 introns of 953 genes as highly enriched in the GFP-
positive cell pool (Fig. 1D, Supplemental Table S2). Compared
with genes for which intron targeting sgRNAs did not result in iso-
lation of GFP-positive cells, successfully targeted genes have higher
average expression in HAP1 cells (Fig. 1E; Schick et al. 2019). By sin-
gle-cell dilution, we then isolated 335 clonal cell lines for which a
massively parallel multiplex sgRNA amplicon sequencing strategy
unambiguously identified the integrated sgRNAs indicating a sin-
gle tagged protein (Supplemental Note S1; Supplemental Table
S3). In all these clones, we mapped GFP localization (Fig. 2A;
Supplemental Note S1), which in the majority of our cell lines
was either cytoplasmic, nuclear, or mitochondrial, with some pro-
teins showing a typical ER localization pattern (Fig. 2B). For 299 of
the clonal cell lines, antibody-based annotations of the subcellular
localization of the tagged protein are available on The Human
Protein Atlas (Thul et al. 2017), and in 90% of those clones, the

© 2020 Reicheretal. Thisarticle, published in Genome Research, is available un-
der a Creative Commons License (Attribution-NonCommercial 4.0 Internation-
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Figure 1.

953 genes

Pooled GFP intron-tagging of metabolic enzymes. (A) Schematic outline of the approach. (B) Identification of targetable introns within met-

abolic genes. (C) FACS sorting of clones with successful GFP-tagging by signal enrichment over background mCherry intensity used as control for auto-
fluorescence. (D) Representative image of sorted GFP-tagged cell pool. Scale bar, 25 um. (E) Comparison of RNA-seq expression in HAP1 cells between
genes for which GFP-tagged cells could be isolated and genes that were targeted in the sgRNA library but did not result in successful clone isolation.

protein localization is either identical (all main and additional lo-
calizations are the same) or similar (additional localizations in ei-
ther the clonal cell line or The Human Protein Atlas). For 36
clonal cell lines, there is no previous localization data available
for the tagged protein, showing how pooled protein tagging can
be used to characterize those proteins. Furthermore, 35 proteins
were represented by multiple cell lines harboring the GFP tag at dif-
ferent introns. We observed that for 29 of those 35 proteins, the
subcellular protein localization is the same when targeted at differ-
ent introns, again illustrating that in the majority of editing events
GFP tagging does not interfere with protein localization. However,
some independent clones for the same tagged protein showed dif-
ferences in fluorescence intensities. Therefore, we implemented a
sequencing approach to directly analyze genomic GFP integration
sites in a subset of cells isolated from the pool and compared them
to the desired tagging sites based on the sgRNA sequence (Fig. 2C).
In particular, we wanted to analyze whether off-target integrations,
or aberrant integrations of the entire plasmid or of multiple GFP
tags, can be observed (Fig. 2D). We observed that the vast majority
of GFP integration sites identified by massively parallel sequencing
in the isolated cell pool have a corresponding sgRNA sequence in
that cell pool (Fig. 2E). Overall, 76% of sequencing reads are indic-
ative of on-target GFP integrations, 5% map to integration of the
plasmid backbone and 3% indicate multiple GFP insertions (Fig.
2F). Four percent of reads of integrations sites identified in that sub-
pool did not have a corresponding sgRNA and are most likely off-
target integrations of the donor plasmid. In additional subpools
that were analyzed, we observed similar rates of plasmid backbone
and multiple GFP integrations, but lower on-target rates and an in-

creased number of reads that cannot be mapped to the genome or
plasmid, indicating that there are editing events that cannot be
mapped using this strategy (Supplemental Table S4). It should be
noted thatalso in cases in which the plasmid backbone or addition-
al GFP sequences are integrated, the insertion site cannot be
mapped with our approach. Such clones likely reflect those
sgRNAs in the pool for which no corresponding integration site
has been found (Fig. 2E). They will still harbor the GFP tag on the
desired protein, but the larger insertions may alter protein levels
and the additional GFP will increase fluorescence intensities.

We reasoned that the highly diverse pool of cells expressing
GFP-tagged proteins can be used to identify compounds that chan-
ge protein levels or localization of any of the tagged proteins.
Therefore, we treated the cell pool with the BRD4-targeting
PROTAC dBET6 (Winter et al. 2017) and used high-content live-
cell imaging to track protein dynamics of GFP-tagged proteins
over 3 h in approximately 7000 cells in a single well on a 384-
well plate (Fig. 3A). We observed a drastic loss of GFP signal in se-
lected clones already 1 h after compound treatment. These clones
had a nuclear GFP localization pattern with few selected foci, com-
patible with the known phase separation behavior of BRD4 (Fig.
3B; Supplemental Fig. S1; Sabari et al. 2018). The application of
the CROP-seq vector (Datlinger et al. 2017) that expresses the
sgRNA sequence in a polyadenylated mRNA transcript enabled
us to cell-specifically identify the targeted intron by situ sequenc-
ing (Larsson et al. 2010; Ke et al. 2013; Feldman et al. 2019). To
identify the sgRNA sequence integrated into individual cells, we
fixed the cell pool and developed a two-color in situ sequencing
protocol compatible with the presence of the GFP tag (Fig. 3C;
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Figure 2. Subcellular protein localizations and GFP integration sites in GFP-tagged clones isolated from the pool of tagged cells. (A) Representative im-
ages of individual clones isolated by single-cell dilution and identified by massively parallel sgRNA sequencing. Scale bars, 25 pm. (B) Comparison of lo-
calizations of 335 individually isolated clones to localization annotations in The Human Protein Atlas. (C) Outline of integration site analysis in a
subpool of approximately 50 different GFP-tagged cells. (D) The 50-bp region upstream of the integration site aligns either to an on- or off-target genomic
region or to the plasmid backbone in case the donor was only cut once, leading to integration of the whole donor plasmid, or to the 3’ end of an additional
GFP fragment in case of a double integration event. (E) Integration sites and gene names of sgRNAs identified in the subpool by massively parallel sequenc-
ing (ranked by abundance). (F) Alignment of the identified integration sites in the subpool.

Supplemental Movie S1). Based on the library diversity, eight cy-
cles of nucleotide incorporation and imaging were sufficient to un-
ambiguously assign sgRNA sequences. Application of this protocol
to the cell pool confirmed that in clones with drastic loss of signal,
GFP was indeed targeted to BRD4 (Fig. 3D). Analysis of the entire
cell pool suggested several other effects of the compound, includ-
ing the loss of subnuclear localization patterns of MEAF6 and
FUBP3, gain of nuclear foci of AKAP8 and SFPQ, and loss of nuclear
intensity for UNG (Fig. 3E), none of which are identifiable by glob-
al proteomics profiling (Winter et al. 2017).

We then tested whether the cell pool also reveals complex cel-
lular responses to compounds that act by conventional mecha-
nisms. We therefore treated the cell pool with methotrexate
(MTX), an antimetabolite impairing DNA and RNA synthesis
and causing DNA damage by inhibiting tetrahydrofolate metabo-
lism. We observed changes to the localizations of several proteins
in the cell pool (Supplemental Fig. S5). Some of our findings are
consistent with the known effects of the drug. For example, in
cell lines expressing either GFP-tagged RPA1 or RPA2, which are
part of a heterotrimeric DNA single-strand binding complex, we
observed the formation of nuclear foci in response to treatment,

presumably by the recruitment of the proteins to sites of DNA
damage (Raderschall et al. 1999).

To validate the observations we made on cell pools, we first
generated novel individual clones for these candidate factors using
the same intron tagging strategy in an arrayed format with individ-
ual intron-targeting sgRNAs (Fig. 4A; Supplemental Fig. S2).
Although changes in UNG and ACLY localization appear to be
caused by cell cycle effects, dBET6 treatment confirmed changes
in nuclear signal of MEAF6 and FUBP3 and gain of foci of AKAP8
and SFPQ. For FUBP3, AKAPS, and SPFQ, for which high-quality
antibodies were available, we could also validate these findings
on endogenous protein in untagged wild-type cells (Fig. 4B).
Validation of the integration in GFP-tagged clones by western
blot (Fig. 4C), PCR, and Sanger sequencing (Supplemental Figs.
S3 and S4) confirmed the on-target integration but also highlight-
ed differences in abundance of the tagged protein compared with
wild-type levels. Such effects might be technical owing to reduced
antibody affinity but more likely reflect reduced levels owing to
splicing defects or changes in protein folding or stability.
However, we observe that the relative cell-specific changes caused
by compound treatment are nevertheless highly relevant and, in
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Figure 3. Compound screening on cell pools followed by in situ sequencing enables the detection of protein-specific compound effects. (A) Stitched
image of 289 fields of view representing an entire well on a 384-well plate containing approximately 7000 individual cells. Scale bar, 500 um. (B)
Identification of a clone with rapid loss of GFP signal following treatment with 100 nM dBET6, whereas neighboring clones are unaffected. Scale bars,
50 pm. (C) Outline of the in situ sequencing approach. (D) Images from eight cycles in situ sequencing of the area shown in panel B. Scale bar, 25 pm.
(E) Selected images for cells within the pool showing localization changes following dBET6 treatment. Scale bars, 25 pm.

Genome Research 1849
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Reicher et al.

A Intron-tagged clones, live-cell imaging B

3h DMSO 3h dBET6

3h DMSO

HAP1 wild-type, IF C
3h dBET6 $

BRD-GFP

9N | sRD4

Q ()
L
NS

FUBP3-GFP - 92 kDa

@ = — | FUBP3-62kDa

~ «=~ | AKAP8-GFP - 110 kDa
- == | AKAPS8 - 80 kDa

SFPQ-GFP - 140 kDa
SFPQ - 110 kDa

Figure 4. Validation of the compound effects in GFP-tagged clonal cell lines and wild-type cells. (A) Effects of treatment with 100 nM dBET6 for 3 h in
newly generated GFP-tagged clonal cell lines. (B) Effects of treatment with 100 nM dBET6 for 3 h in HAP1 wild-type cells shown by immunofluorescence
staining. (C) Western blot of wild-type HAP1 cells and GFP-tagged clonal cell lines.

the majority of cases, can be validated on endogenous wild-type
proteins.

Discussion

We here described the first large pool of GFP-tagged human cells
generated using intron tagging. Compared with other large-scale
approaches based on CD tagging that have been used to generate
collections of fluorescently tagged cells for analyzing dynamic
changes in response to drug treatments (Cohen et al. 2008; Kang
etal. 2016), our approach enables specifying both the tagged genes
and introns for targeted generation of cell pools. Additionally, by
combining intron tagging with in situ sequencing, the drug treat-
ment can be performed in a pooled format as opposed to the
arrayed screening that first requires the isolation and characteriza-
tion of individual tagged clones.

As every tagging event, GFP insertion by intron tagging bears
therisk of altering protein function. Although all functions cannot
be comprehensively assessed for the large number proteins repre-
sented in the cell pool, at least regarding localization, we observe
that for the majority of proteins the GFP tag does not cause
alterations. For those genes for which GFP integrations at sites ac-
cessible by intron tagging do affect function and for genes that do
not contain targetable introns, tagging at exonic sites (Lackner
et al. 20195), tagging using homologous recombination (Leonetti
et al. 2016), or targeted integrations using prime editing
(Anzalone et al. 2019) are alternatives compatible with our overall
strategy.

We here showed that the generation of targeted GFP-tagged
cell pools enables the identification of cellular responses to pertur-
bations by time-lapse microscopy. In contrast to indirect ap-
proaches that measure transcription changes (Lamb et al. 2006;
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Subramanian et al. 2017), this method directly follows proteins as
primary targets of most drugs. Its low cost and fast timescales en-
able applications both in large-scale screening and in the deep
phenotypic characterization of dose-dependence and response ki-
netics. This approach is especially useful for the discovery and de-
velopment of PROTACs and molecular glue degraders, for which
activity can easily be determined by the disappearance of the
tagged protein. However, also for classical drugs like MTX, the
method not only confirmed known phenotypes but also uncov-
ered novel previously undescribed protein localization changes.
More broadly, intron tagging can easily be applied for other
sets of genes beyond metabolic enzymes and potentially in a
genome-wide manner to study protein dynamics at scale not
only in response to drug treatment or other physiological
perturbations.

Methods
Generation of an intron-targeting sgRNA library

To design an intron-targeting sgRNA library for metabolic en-
zymes and epigenetic modifiers, we started with a list of 2889
genes by combining a published list of all classic metabolic en-
zymes (Corcoran et al. 2017), most genes in a human CRISPR met-
abolic gene knockout library (Birsoy et al. 2015), as well as genes
annotated with the Gene Ontology (GO) terms “histone modifica-
tion,” “DNA methylation,” or “DNA demethylation.” We then
used the Ensembl BioMart data mining tool to obtain chromosom-
al coordinates of introns of the primary transcripts of those genes
and selected only those introns in which integration of our donor
plasmid does not lead to frameshift mutations after splicing,
because our donor plasmid starts with a full codon and is not com-
patible to all exon—-exon junctions. By using Ensembl BioMart, this
filtering was performed by only selecting introns that are preceded
by an exon with the attribute “end phase=0.” We then used
GuideScan (Perez et al. 2017) to obtain the top 20 guides for
each selected intronic region based on the GuideScan cutting effi-
ciency score. Those 20 guides we then ranked based on a combined
on- and off-target score using the scores provided by GuideScan.
For genes that have only one intron that can be targeted, we select-
ed up to three sgRNAs per intron; for genes with two or three in-
trons that can be targeted, we selected up to two sgRNAs per
intron; and for genes that have more than three introns that can
be targeted, we selected the top ranked sgRNA of each intron. By
using that strategy, we selected 14,049 sgRNAs targeting 11,614 in-
trons of 2387 genes. We also added 75 nontargeting sgRNAs to our
library that we obtained from the human Brunello CRISPR KO li-
brary (Doench et al. 2016). For cloning of our library into the
CROPseq-Guide-Puro vector (Addgene 86708) (Datlinger et al.
2017) using Gibson Assembly, we added adapter sequences to
our sgRNA sequences and ordered the 74 nucleotide oligos as an
oligo pool (Twist Biosciences). Additional adapters were added to
the pooled oligos by PCR (eight cycles, NEB Q5) to generate frag-
ments with a size of 140 nt that were purified (Qiagen MinElute
PCR purification) before being used for Gibson Assembly. The vec-
tor was digested with BsmBI (NEB), size-selected using agarose gel
electrophoresis, and gel-purified (Qiagen QIAquick gel extraction
kit) followed by an additional column purification (Qiagen
QIAquick PCR purification kit). Four Gibson Assembly reactions
(10 pL NEBuilder HiFi DNA assembly, 60-ng vector, 10-ng insert)
were prepared and incubated for 45 min at 50°C. Reactions were
pooled and purified (Qiagen MinElute PCR purification) before be-
ing used for transformation in Lucigen Endura electrocompetent
bacteria (four reactions, 25 pL each). Bacteria were plated on

four 245x245x25 mm bioassay dishes and dilution plates
(1:10,000) and incubated for 16 h at 32°C. Cells were scraped off
the plates, and plasmid DNA was extracted using multiple
Qiagen plasmid plus midi kits. Library coverage was 211x and
was estimated based on the number of colonies on the dilution
plates.

Cloning

The GFP-donor plasmid with the coding sequence of EGFP flanked
by generic sgRNA targeting sites, splice acceptor and splice donor
sites, and 20-amino-acid linkers was assembled from four frag-
ments using Gibson Assembly to generate a donor plasmid that
is similar in design to a previously published donor plasmid that
can be used for intron tagging (Serebrenik et al. 2019). The DNA
fragment with a 25-nt overlap to the pUC19 vector and 32-nt over-
lap to the N terminus of EGFP was generated from overlapping oli-
gos (Sigma-Aldrich) and comprises a generic sgRNA targeting site
that is not present in the human genome (He et al. 2016) followed
by a splice acceptor site (Guzzardo et al. 2017) and a flexible
20-amino-acid glycine-serine linker. This fragment is followed by
a fragment with the coding sequence of EGFP without a start or
stop codon that was generated by PCR. The third fragment has a
27-nt overlap to the C terminus of EGFP and a 25-nt overlap to
the pUC19 vector and was generated from overlapping oligos
(Sigma-Aldrich) and comprises a flexible 20-amino-acid glycine-
serine linker followed by a splice donor site (Guzzardo et al.
2017) and the generic sgRNA targeting site. The pUC19 vector
was linearized by PCR for Gibson Assembly (NEBuilder HiFi DNA
assembly) with the other three fragments.

The pX330 plasmid expressing Cas9 and the generic sgRNA
targeting the donor plasmid was generated by digesting pU6-
(BbsI)_CBh-Cas9-T2A-mCherry (Addgene 64324) (Chu et al.
2015) with Bbsl followed by ligation with an annealed oligo duplex
as described previously (Ran et al. 2013). mCherry was replaced
with a blasticidin resistance (BSD) using Gibson Assembly.
Intron-Tagging-EGFP-Donor (Addgene plasmid 159740), Intron-
Tagging-pX330-Cas9-Blast (Addgene plasmid 159741), and In-
tron-Tagging-pX330-Cas9-mCherry (Addgene plasmid 159742)
will be made available via Addgene.

Pooled protein tagging

To generate lentiviral particles, HEK293T cells were transiently
transfected with the intron-targeting library and packaging plas-
mids psPAX2, pMD2.G using PEI transfection. After 12 h, the
media were replaced with IMDM supplemented with 10% FBS
and penicillin-streptomycin. Viral supernatant was collected
48 h after transfection and stored at —80°C. HAP1 cells were trans-
duced with virus and selected with puromycin for 3 d. Multiplicity
of infection (MOI) was 0.2, and transduction was performed at a
coverage of 500x. After puromycin selection, cells were grown
for 1 d in media without puromycin before being seeded for trans-
fection (8 million cells per 15-cm dish, 48 million cells in total).
One day after seeding, each dish was cotransfected with 20 pg
pX330 expressing Cas9-BSD and the generic sgRNA and 10 pg
EGFP donor plasmid with 90 pL TurboFectin in 2.5 mL Opti-
MEM as described by the manufacturer. Transfection efficiency
was ~10% as determined by a transfection performed in parallel
with pX330 Cas9-mCherry and the EGFP donor plasmid using
the same ratio. The next day, cells were subjected to a transient se-
lection using blasticidin (10 pg/mL) for 24 h. After selection, cells
were maintained in full media without blasticidin and sorted S d
after transfection by flow cytometry using a Sony cell sorter
SH800ZD; 0.03% cells were selected as GFP-positive relative to
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mCherry used as autofluorescence control. In total, 24,300 of
those GFP-positive cells were sorted, and the cell population was
expanded for 7 d before DNA was isolated to determine sgRNA
abundance in the cell population.

Massively parallel sequencing

To generate a sequencing library, genomic DNA from 1 million
cells of the GFP-positive cell population was isolated, and the
sgRNA region was amplified by PCR (two reactions using 500 ng
genomic DNA, NEB QS5 high-fidelity Polymerase). Illumina adapt-
er ligation and sequencing were performed by a commercial se-
quencing service. To determine sgRNA abundance, sgRNA
sequences were extracted from sequencing reads using cutadapt,
and sgRNA read counts were determined using the MAGeCK count
function to match the extracted reads to the sgRNA library. Of the
14,049 sgRNAs in the library, we considered 1777 as highly en-
riched as these sgRNAs accounted for 90% of the obtained se-
quencing reads, whereas the majority of sgRNAs was not
detectable anymore. The remaining 10% of sequencing reads com-
prise an additional 1622 sgRNAs that we do not consider as en-
riched, as each of them is only supported by a few sequencing
reads that might be the result of cells being transduced with two
sgRNAs or the result of off-target integration and expression of
the GFP-tag. Our library also includes 75 nontargeting sgRNAs,
making up 0.53% of the sgRNAs in our library. As expected, they
are depleted in the pool of GFP-positive, making up 0.15% of the
sequencing reads with only three nontargeting sgRNAs among
the 1777 sgRNAs we consider enriched.

Isolation, imaging, and sequencing of clonal cell lines

To obtain clonal cell lines, cells were seeded at a concentration of
0.7 cells per well in 96-well cell culture plates. After 9 d of clonal
expansion, 720 colonies were harvested using trypsin, and cell
suspensions were transferred in equal amounts to eight 96-well
imaging plates (PerkinElmer CellCarrier Ultra) and eight corre-
sponding 96-well cell culture plates. After 24 h, cells on the imag-
ing plates were imaged on a PerkinElmer Opera Phenix high
content screening system (five fields of view per well, 63x water-
immersion objective, confocal mode, excitation laser: 488 nm,
emission filter: 500-550 nm, 700-msec exposure time). TIFF imag-
es of all 720 wells can be found in Supplemental Data S1. Images
were processed using CellProfiler. To identify the intron-targeting
sgRNAs expressed in imaged cells, we performed multiplexed
amplicon sequencing of the sgRNA regions in the corresponding
clones on the eight 96-well cell culture plates. Cells were lysed,
and cell lysates were used for PCR to amplify the sgRNA region
in each clone using barcoded primers flanking the sgRNA region
(36 different 5-mers added to the 5" end of the forward primer
and 24 different 5-mers added to the 5’ end of the reverse primer;
720 of all possible 864 combinations were used). PCR reactions
were pooled and column-purified before being sent for sequenc-
ing by a commercial sequencing service (Genewiz). Sequencing
reads were demultiplexed using cutadapt (Martin 2011), and
sgRNA read counts for each individual well were obtained using
MAGeCK (Li et al. 2014). For further analysis, we excluded clones
for which we either had no cells in any of the five fields of view
that were imaged or no sequencing reads for the corresponding
well or for which we observed polyclonal cell populations as deter-
mined by imaging or detection of multiple sgRNAs per well. By us-
ing that strategy, we obtained images of 335 clones for which we
could identify the expressed intron-targeting sgRNA correspond-
ing to the tagged protein.

Comparison of subcellular localization to The Human
Protein Atlas

Comparison of subcellular protein localizations of GFP-tagged pro-
tein in 335 clones to the localization patterns as annotated on The
Human Protein Atlas was performed as described previously for the
comparison of N- or C-terminally GFP-tagged proteins to IF-based
annotations on The Human Protein Atlas (Stadler et al. 2013).
Briefly, the overlap was defined as “identical” if one or multiple
main and additional localizations were the same in the intron-
tagged clone compared with The Human Protein Atlas, “similar”
if one localization is the same in the clone compared with The
Human Protein Atlas with additional localization(s) observed ei-
ther in the clone or on The Human Protein atlas, or “dissimilar”
if there were no common subcellular localization patterns. We
did not take into account extended localization annotations
such as nucleoplasm, nuclear speckles, or nucleoli that we all con-
sidered nuclear.

Integration site analysis

Analysis of genomic GFP integration sites was performed on small
subpools of clones isolated from the pool of GFP-positive cells. To
obtain random subpools, cells were seeded at a concentration of 50
cells per well and expanded for 2 wk. Genomic DNA was isolated
from 5 x 10° cells to determine the sgRNA abundance in the sub-
pools as described above and to perform an integration site analy-
sis. To prepare DNA libraries for sequencing of integration sites,
genomic DNA was first fragmented by sonication using a
Bioruptor Pico (Diagenode) to obtain DNA fragments of an average
size of 500 bp (500 ng in 50 uL 1 x TE buffer, 15 sec on, 30 sec off,
two cycles). The NEBNext Ultra II DNA library prep kit for Illumina
was used for end repair of DNA fragments, adapter ligation, and
cleavage of the hairpin adapter as described by the manufacturer,
but with a modified adapter instead of the provided NEBNext
adapter. The modified adapter has the same hairpin structure as
the NEBNext adapter, including a cleavable uracil, but does not
have a binding site for the Illumina pS5 indexing primers. To enrich
for fragments containing GFP and to add the binding site for the
[llumina pS index primers to the fragments, a nested PCR was per-
formed with adapter-ligated and column-purified DNA (Qiagen
MinElute PCR purification). In the first PCR reaction, a forward
primer binding the p7 part of the adapter and a reverse primer
binding GFP was used (NEB OneTaq HotStart 2x master mix, 18 cy-
cles), and 10% of the reaction was used as a template in the second
PCR using the same forward primer binding the p7 part of the
adapter and a nested reverse primer binding GFP and an overhang
providing a binding site for Illumina pS index primers (NEB
OneTaq HotStart 2x master mix, 18 cycles). PCR products were pu-
rified and library amplification was analyzed by gel electrophoresis
before being sent for sequencing by a commercial sequencing ser-
vice (2 x 250-bp paired-end sequencing).

To map genomic integration sites to the human genome, the
forward sequencing reads starting within the GFP fragment, ex-
tending beyond the splice acceptor and the 5’ junction into the ge-
nomic DNA of the integration site, were analyzed. First, cutadapt
was used to filter for reads with a minimum length of 210 bp
to exclude shorter reads that do not extend at least 68 bp beyond
the 5 junction into the genomic DNA. These reads were then
shortened to a length of 50 bp so that remaining trimmed sequenc-
ing reads that were used for aligning to the genome start 68 bp
upstream of the integrated fragment (assuming no insertions or
deletions) and end 18 bp upstream of the integrated fragment.
Bowtie 2 (Langmead and Salzberg 2012) was used for aligning
these 50-bp reads to the hg38 version of the human genome,
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and featureCounts and the hg38 Ensembl GTF file were used to an-
notate the obtained alignments with gene names and count the
identified integration site per gene or nonannotated regions.
Additionally, Bowtie 2 was used to align reads to plasmid back-
bone, specifically the 210-bp region upstream of the sgRNA cut
site on the donor plasmid and to the 3’ end of the donor fragment,
where alignment would indicate two integrated GFP fragments.

Live-cell imaging

Live-cell imaging was performed on a PerkinElmer Opera Phenix
microscope with excitation laser 488 nm, and emission filter
500-550 nm, 700-msec exposure time.

In situ sequencing

Identification of the expressed sgRNAs by in situ sequencing was
performed by following and modifying published protocols
(Larsson et al. 2010; Ke et al. 2013; Feldman et al. 2019). After
live-cell imaging after treatment with MTX or dBET6, cells were
fixed with 4% paraformaldehyde for 30 min, washed with PBS,
permeabilized with 70% ethanol for 30 min, and washed with
PBS-T (PBS+0.05% Tween-20) twice. Reverse transcription mix
(1x RevertAid RT buffer, 250 uM dNTPs, 0.2 mg/mL BSA, 1 pM
RT primer, 0.8 U/mL Ribolock RNase inhibitor, and 4.8 U/mL
RevertAid H minus reverse transcriptase) was added to the sample
and incubated for 16 h at 37°C. Following reverse transcription,
cells were washed five times with PBS-T and postfixed with 3%
paraformaldehyde and 0.1% glutaraldehyde for 30 min at room
temperature and washed five times with PBS-T. Cells were incubat-
ed in a padlock probe and extension-ligation reaction mix (1x
Ampligase buffer, 0.4 U/mL RNase H, 0.2 mg/mL BSA, 100 nM pad-
lock probe, 0.02 U/mL KlenTaq polymerase, 0.5 U/mL Ampligase,
and 50 nM dNTPs) for 5 min at 37°C and 90 min at 45°C and then
washed 2 times with PBS-T. Circularized padlocks were amplified
with rolling circle amplification mix (1x Phi29 buffer, 250 pM
dNTPs, 0.2 mg/mL BSA, 5% glycerol, and 1 U/mL Phi29 DNA po-
lymerase) for 4 h at 30°C. Rolling circle amplicons were prepared
for sequencing by hybridizing a mix containing sequencing prim-
er oSBS_CROP-seq (1 pM primer in 2x SSC+ 10% formamide) for
30 min at room temperature. Barcodes were read out using se-
quencing-by-synthesis reagents from the Illumina NextSeq
500/550 kit v2 (Illumina 15057934). First, samples were washed
with incorporation buffer (NextSeq 500/550 buffer cartridge, posi-
tion 35) and incubated for 4 min in incorporation mix (NextSeq
500/550 reagent cartridge, position 31) at 60°C. Samples were
then washed with incorporation buffer (four washes, for 4 min
at 60°C at the last wash) and placed in scan mix (NextSeq
500/550 reagent cartridge, position 30) for imaging. Imaging was
performed on a PerkinElmer Opera Phenix microscope using a
63x water immersion objective in confocal mode on the yellow
channel (excitation laser: 561 nm, emission filter: 570-630,
500-msec exposure time) and the red channel (excitation laser:
640 nm, emission filter: 650-760 nm, 500-msec exposure). Bases
were detected as follows: base T, signal in the 561 nm channel;
base C, signal in the 640 nm channel; base A, signal in both chan-
nels; base G, no signal. Following each imaging cycle, samples
were washed with the cleavage mix (NextSeq 500/550 reagent car-
tridge, position 29) once followed by incubation with cleavage mix
for 4 min at 60°C to remove dye terminators. Samples were washed
five times with incorporation buffer before starting the next cycle.

Image analysis of in situ sequencing

Base calling and sgRNA identification in cells in the GFP pool re-
sponding to dBet6 or MTX treatment was performed manually

by analyzing in situ sequencing spots only in the respective cells
of interest (eight cycles of in situ sequencing analyzed in one field
view). For identification of sgRNAs in cells in a complete well of a
384-well plate, spot detection and base calling were partially auto-
mated using ImageJ and CellProfiler (McQuin et al. 2018). First, all
289 fields of view per in situ sequencing cycle were merged using
Image] for alignment of all cycles using the DAPI image. For fur-
ther analysis, the merged images covering the whole well were split
into nine tiles to create smaller images that can be processed using
CellProfiler. The CellProfiler pipeline can be found in the
Supplemental Data S2 together with the output and calculation ta-
ble and example images. In brief, for images of each cycle, the
“EnhanceOrSupressFeatures” module in CellProfiler was used to
enhance foci speckles in the red and yellow channel. Then, the
“IdentifyPrimaryObjects” module was used to detect foci based
on object size and based on an automatically calculated threshold
that adapts to differences in background intensities in the different
cycles. For all foci detected in either of the two channels, the max-
imum intensity values in both the red and yellow channel were de-
termined using the “MeasureObjectIntensity” module. Then, the
“RelateObjects” module was used to determine which foci belongs
to which cell. Cells were identified by first detecting nuclei using
the DAPI image followed by identification of the cell by using
the “IdentifySecondaryObject” module and the background stain-
ing in the yellow channel to determine cell boundaries.
Identification of cell objects was performed with the images of
the last imaging cycles only and used to relate foci in all cycles
to the correct cell. The output of the CellProfiler analysis was a ta-
ble of all detected foci with maximum intensity values and the
identity and spatial location of the overlapping cell. By using
that table, the first seven bases of the sgRNA sequence present in
each cell was determined by determining a base for each cell and
cycle. Because we used a two-color sequencing chemistry in which
the base “A” is characterized by a signal in both channels, we first
used the maximum intensity values in the red and yellow channel
of foci detected in the yellow channel to determine which foci are
considered as “A” and “T.” Specifically, if the maximum intensity
value in the yellow channel divided by the maximum intensity in
the red channel was greater than 2, that foci was considered as “T.”
If the calculated value was between 0.9 and 2, the foci was consid-
ered as “A.”

Foci in the red channel were considered as “C” if their maxi-
mum intensity value in the red channel divided by the maximum
intensity value in the yellow channel was greater than 1.5. Finally,
for each cell the foci considered as A, T, or C were counted, and a
base for each cell and cycle was determined. If foci considered as
different bases were detected in a cell in the same cycle, the cell
was only considered as A, T, or C if the respective base accounted
for >60% of all foci in that cell and cycle. Cells were considered
as “G” (characterized by no signal in the two-color sequencing
chemistry) for a cycle if in that cycle <20% foci were detected com-
pared with the cycle of that cell with most reads. If none of that ap-
plied in any of the seven cycles or if a cell had no more than five
foci in any of the seven cycles, that cell was excluded for further
analysis and no sgRNA was determined. For the remaining cells,
the identified sequence was compared to the first seven bases of
the sgRNAs present in the pool of GFP cells to determine the
tagged protein. ImageJ was used to annotate the live-cell image
of the entire well with the names of the tagged proteins for better
visualization of the automated in situ sequencing results.

Generation of GFP-tagged clonal cell lines

Clonal cell lines to validate hits identified with in situ sequencing
were generated in an arrayed format. First, individual intron-
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targeting sgRNAs were cloned into the CROPseq plasmid as de-
scribed previously (Datlinger et al. 2017). HAP1 cells seeded in a
12-well plate were cotransfected with 400 ng of the CROPseq plas-
mid with the intron-targeting sgRNA, 400 ng of the pX330 plas-
mid expressing Cas9 and the donor-targeting sgRNA, and 200 ng
of the GFP donor plasmid using TurboFectin as described by the
manufacturer. GFP-positive cells were sorted 48 h after transfec-
tion and expanded for 1 wk before single cells were sorted and ex-
panded for further experiments.

Western blot

Cell pellets were lysed rotating for 30 min at 4°C in RIPA buffer
containing 1x completeTM, EDTA-free protease inhibitor cocktail
(Sigma-Aldrich 4693132001). After centrifugation for 10 min at
4°C at 13,000 rpm, the supernatant was collected and protein con-
tent was measured using the Bradford assay (AppliChem A6932).
Equal amounts of protein were mixed with 4x SDS loading buffer
(250 mM Tris at pH 6.8, 40% glycerol, 8% SDS, 0.08% bromophe-
nol blue, 20% B-mercaptoethanol) and incubated for 5 min at
95°C. Samples were loaded on acrylamide gels together with a pro-
tein ladder (precision plus protein dual color standards, Bio-Rad
1610394). After gel electrophoresis, proteins were transferred to
0.45-um nitrocellulose membranes (Amersham Protran western
blotting membranes, GE10600002). After blocking in TBST+ 5%
nonfat dry milk, the membranes were incubated overnight at
4°C with primary antibody in 5% milk in TBST. On the next day,
the membranes were washed three times with TBST and then incu-
bated for 1 h at room temperature with secondary antibodies in 5%
milk in TBST. After washing three times with TBST, membranes
were developed using Clarity western ECL substrate (Bio-Rad
170-5060) and imaged on a Bio-Rad ChemiDoc MP.

Immunofluorescence staining

Cells in 96-well plates were fixed with 3.7% formaldehyde (Merck
1.04002) for 10 min at room temperature and washed three times
with DPBS. For blocking and permeabilization, cells were then
incubated with DPBS+3% bovine serum albumin +0.1% Triton
X-100 for 45 min at room temperature. The blocking/permeabili-
zation solution was removed and the primary antibodies diluted
in DPBS+3% bovine serum albumin+0.1% Triton X-100 were
added and incubated for 1 h at room temperature. Cells were
washed twice with PBS and incubated with the secondary antibod-
ies+DAPI diluted in DPBS+3% bovine serum albumin+0.1%
Triton X-100 overnight at 4°C in the dark. On the next day, cells
were washed twice with PBS and then imaged on an Opera
Phenix high-content screening system.

PCR validation of GFP integration in clonal cell lines

For PCR analysis of GFP integration sites, clonal cell lines were
lysed and cell lysate was used for PCR using primers producing
200-300 bp amplicons at the 5" and 3’ junctions. To amplify the
5" junction, an intronic primer binding upstream of the integra-
tion was used together with a primer binding to GFP and to ampli-
fy the 3’ junction, an intronic primer binding downstream from
the GFP integration together with a primer binding GFP was
used. PCR products were analyzed by gel electrophoresis and
Sanger sequencing.

Data access

Sequence information of the donor plasmid, a list of primers and
oligos, and a list of antibodies used in this study can be found in
Supplemental Table S5. TIFF images of all single-clones are avail-

able in Supplemental Data S1. The CellProfiler pipeline, a calcula-
tion table, and example images for image analysis of the in
situ sequencing can be found in Supplemental Data S2. Supple-
mental Data files have been published at CyVerse Data Commons
(https://datacommons.cyverse.org/browse/iplant/home/shared/
commons_repo/curated/Reicher_PooledProteinTagging 2020).
Image data from this study have also been submitted to the Image
Data Resource (https://idr.openmicroscopy.org) under accession
number idr0097.
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