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SUMMARY

Genetic screens are critical for the systematic identification of genes underlying cellular 

phenotypes. Pooling gene perturbations greatly improves scalability, but is not compatible with 

imaging of complex and dynamic cellular phenotypes. Here, we introduce a pooled approach for 

optical genetic screens in mammalian cells. We use targeted in situ sequencing to demultiplex a 

library of genetic perturbations following image-based phenotyping. We screened a set of 952 

genes across millions of cells for involvement in NF-κB signaling by imaging the translocation of 

RelA (p65) to the nucleus. Screening at a single time point across 3 cell lines recovered 15 known 
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pathway components, while repeating the screen with live-cell imaging revealed a role for 

Mediator complex subunits in regulating the duration of p65 nuclear retention. These results 

establish a highly multiplexed approach to image-based screens of spatially and temporally 

defined phenotypes with pooled libraries.

In Brief

A screening approach that combines high-content imaging with in situ sequencing can identify 

genes that affect spatially and temporally defined phenotypes like morphology and subcellular 

localization, expanding the list of scientific questions that can be asked with CRISPR-based tools.

Graphical Abstract

INTRODUCTION

Genetic perturbation screens are powerful tools for establishing causal links between genes 

and phenotypes in mammalian systems. Pooling genetic perturbations has greatly improved 

the ability to perform screens of many genetic elements but has been limited to enrichment-

based phenotypic assays (Gilbert et al., 2014; Parnas et al., 2015; Shalem et al., 2014; Wang 

et al., 2014) or single-cell molecular profiling (Adamson et al., 2018; Datlinger et al., 2017; 

Dixit et al., 2016; Jaitin et al., 2016; Rubin et al., 2019). Conversely, imaging can capture a 

rich set of phenotypes at scale, including dynamics, but has not been compatible with pooled 

approaches, limiting the ability to systematically screen for genes that impact cell function.

Pooling genetic perturbations offers several advantages, making it practical to conduct 

comprehensive, genome-scale screens to find relevant components in a biological process. 

Pooled libraries can be constructed, introduced into cells, and read out as single samples, 

dramatically reducing the cost, effort and time needed to perform large-scale screens. 

Moreover, combining all perturbations into a single sample reduces batch effects and 

improves statistical power since all perturbed and control cells experience the same 

conditions. These advantages make pooled screening a preferred method in the biological 

community.

Historically, pooled screens have relied on enriching populations of cells for a phenotype of 

interest, followed by next-generation sequencing (NGS) to measure changes in perturbation 

abundance. Common enrichment-based phenotypes include differential cell fitness (e.g., 

under drug selection) (Shalem et al., 2014; Wang et al., 2014) and differential fluorescence 

of a marker (e.g., a genetic reporter or immunostained protein), followed by separation of a 

target population via fluorescence-activated cell sorting (FACS) (Parnas et al., 2015). 

Although highly scalable, these approaches are limited to population-level measurement, 
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often rely on indirect reporters for the biological activity of interest, and necessarily limit 

phenotypes to one or a few parameters. Recently, pooled perturbations were integrated with 

single cell RNA-seq (Adamson et al., 2016; Datlinger et al., 2017; Dixit et al., 2016; Jaitin et 

al., 2016), and subsequently with chromatin accessibility profiling by ATAC-seq and protein 

detection by mass cytometry (Rubin et al., 2019; Wroblewska et al., 2018) to achieve high-

dimensional readout for pooled screens. These molecular profiling screens capture high-

dimensional representations of cell state, yielding more information about perturbation 

effects. However, the relationship between RNA or other molecular profiles and cellular 

functions is often unknown. Moreover, existing single cell molecular profiling approaches 

are destructive and thus cannot be used to directly monitor dynamic processes over time in 

individual cells.

Imaging offers an attractive alternative as it can collect many spatially and temporally 

resolved parameters from millions of individual cells. A multitude of optical assays have 

been optimized for genetic screens of protein localization, enzyme activity, metabolic state, 

molecular/cellular dynamics and cellular morphology in a variety of biological contexts, 

including mitosis (Moffat et al., 2006; Neumann et al., 2010), endocytosis (Collinet et al., 

2010), viral infection (Karlas et al., 2010), differentiation (Chia et al.,2010), metabolism 

(Guo et al., 2008), DNA damage (Floyd et al., 2013), autophagy (Orvedahl et al., 2011) and 

synaptogenesis (Linhoff et al., 2009). However, these and other high-content screens 

required expensive and laborious testing of arrayed perturbations. Image-based screening of 

pooled perturbations has thus far only been demonstrated with fluorescence in situ 
hybridization (FISH)-based approaches that required high-magnification imaging with 

limited scalability for mammalian applications (Lawson et al., 2017; Wang et al., 2019).

Here, we report an optical pooled screening method that greatly expands the range of 

phenotypes amenable to large-scale pooled perturbation screens in mammalian cells. Our 

approach uses microscopy to determine first the phenotype and then the perturbation identity 

in each cell. We identify perturbations by targeted in situ sequencing (Ke et al., 2013) of 

either compact perturbations (e.g., CRISPR sgRNAs) or short associated barcodes. In situ 
sequencing uses enzymatic amplification to generate high signal levels, permitting imaging 

at low magnification, which made it feasible for us to screen millions of cells from a pooled 

library. We first vetted this approach by screening a synthetic reporter activated by CRISPR-

induced mutations to estimate the accuracy of mapping perturbations to phenotypes in situ. 
Next, we performed optical pooled CRISPR loss-of-function screens across three cell lines 

to study p65 nuclear translocation in response to pro-inflammatory signals, identifying core 

NF-κB pathway members and additional factors as hits. We used optical pooled screens with 

time-lapse imaging to uncover a role for Mediator components as regulators of p65 nuclear 

retention time and subsequently found that MED12/MED24 knockouts led to sustained 

expression of key NF-κB target genes. The approach demonstrated here paves the way to 

pooled image-based screens of genome-scale libraries.
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RESULTS

A single integrated genetic perturbation can be identified by in situ RNA sequencing

We developed an optical barcoding strategy to enable pooled screens of microscopy-based 

phenotypes (Figure 1A). In our approach, perturbations are identified via targeted in situ 
sequencing of an expressed barcode (Figure 1B). As pooled screens in mammalian cells 

generally use single-copy lentiviral integration to deliver perturbations, we focused on 

establishing reliable in situ sequencing of barcode transcripts in this format. To optically 

barcode CRISPR perturbations, we modified an existing lentiviral CRISPR guide RNA 

(sgRNA) expression vector (LentiGuide-Puro) to express both an sgRNA and a 12-nt 

barcode, and termed the resulting vector LentiGuide-BC. The barcodes and constant 

flanking sequences were inserted into the 3’ UTR of the Pol Il-transcribed antibiotic 

resistance gene, a highly expressed mRNA suitable for in situ detection.

To test in situ identification of perturbations, we transduced a LentiGuide-BC library 

containing 40 sgRNA- barcode pairs into HeLa-TetR-Cas9 cells at low multiplicity of 

infection (MOI < 0.01). We prepared samples for targeted in situ sequencing using a 

padlock-based approach (Ke et al., 2013) in which variable sequences within an RNA 

transcript are converted to single-stranded DNA and enzymatically amplified via in situ 
reverse transcription, padlock extension/ligation, and rolling circle amplification (RCA) 

(Figures 1B, 2A and S1A). Sequencing the amplified DNA with a 4-color sequencing-by-

synthesis chemistry over 12 cycles generated high quality reads with excellent uniformity 

among barcodes (Figure 2B and S1B-G). After image segmentation and base calling 

analysis, more than 85% of sequence reads mapped exactly to one of the 40 expected 

barcodes out of the 412 = 16.7 million possible 12-nt sequences (Figure 2C, STAR 

Methods).

Perturbation detection in situ is compatible with the demands of large screens

Next, we demonstrated that an in situ sequencing approach can meet the demands of large 

pooled screens: (1) measurement across millions of cells quickly; (2) high efficiency and 

accuracy of perturbation mapping per cell; (3) detection of one or more perturbations 

delivered independently; and (4) compatibility with a large number of perturbations.

We showed that the in situ readout step can process millions of cells within a few days to 

provide the high coverage (typically 100–1,000 cells/perturbation) needed for high-

throughput optical screening. High signal intensity allows accurate sequence data to be 

obtained at low optical magnification across large fields of view, each containing thousands 

of cells (Figure 2B, Movie S1, Table S1). We maximized fluorescence signal-to-background 

by optimizing the barcode amplification protocol, including the post-fixation step that 

follows reverse transcription and the conditions for padlock extension/ligation (Figure S2A). 

Using the optimized protocol, in situ sequencing spots were readily visible at 10X optical 

magnification, with at least one exactly mapped read detected in more than 77% of 

transduced cells (Figures 2B, 2D and 2E).

Next, we constructed two types of large barcoded perturbation libraries using oligo 

microarray synthesis. In the first approach, we designed a set of 83,314 12-nt barcodes using 
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criteria that balanced GC content, minimized homopolymer repeats, and maintained a 

minimum edit distance between barcodes of three (STAR Methods). This allows rejection of 

reads containing up to two single base insertion/deletion/substitution errors arising from 

oligo synthesis or in situ processing (Figure 2F, STAR Methods) (Buschmann and Bystrykh, 

2013). We then used a two-step procedure to clone a library of sgRNAs and associated 

barcodes into LentiGuide-BC (STAR Methods). In contrast to perturbation barcoding by 

random pairing (Wang et al., 2019), this approach pairs sgRNAs with specific barcodes in 
silico, ensuring efficient use of available barcodes. We addressed a known problem whereby 

barcode-sgRNA associations are swapped due to reverse transcription-mediated 

recombination during lentiviral infection (Adamson et al., 2018; Hill et al., 2018; Sack et al., 

2016; Xie et al., 2018) by using a modified lentiviral packaging protocol (Feldman et al., 

2018) that reduced the frequency of cells exhibiting swapped barcodes from >28% to <5%.

In the second approach, we used the CROP-seq vector to directly sequence a Pol II-

transcribed copy of the sgRNA, rather than relying on auxiliary barcodes (Datlinger et al., 

2017). We observed accurate sequencing of sgRNAs in HeLa-TetR-Cas9 cells, but with 

reduced fluorescent signal intensity compared to LentiGuide-BC. We then systematically 

tested a set of 84 CROP-seq-targeting padlocks with a range of padlock binding arm 

sequences, padlock backbone lengths and backbone sequences (STAR Methods, Figure S2B, 

Table S2) to yield a top-performing CROP-seq padlock with a 4-fold increase in reads per 

cell and 1.7-fold increase in signal intensity relative to the median padlock.

Moreover, we showed that in situ sequencing could be used to read out multiple 

perturbations within the same cell. To this end, we transduced HeLa-TetR-Cas9 cells with 

one CROP-seq library carrying a puromycin selection marker, followed by a second CROP-

seq library carrying a zeocin selection marker. After serial transduction and antibiotic 

selection, we performed in situ sequencing on both libraries simultaneously. Most cells 

(81%) contained reads mapping to two sgRNAs (Figure S2C,D). The ability to 

independently sequence perturbations delivered by separate vectors suggests a 

straightforward and general route to higher-order combinatorial screens.

Accurate mapping of phenotype to genotype in an optical pooled screen

We next showed that our approach can correctly map genetic perturbations to cell 

phenotypes in situ by performing a reporter imaging screen, in which a lentiviral reporter 

produces an HA-tagged, nuclear- localized H2B protein after a Cas9-induced +1 frameshift 

in a target region (Figures 3A and S3A, STAR Methods). Cells expressing the reporter can 

either be screened in situ or by FACS. The reporter is highly specific and sensitive, with a 

mean in situ activation across 5 targeting sgRNAs of 65 ± 2.7% and background of 

<0.001 % in the absence of a targeting sgRNA (Figures 3B and S3B). We transduced cells 

stably expressing the frameshift reporter with a LentiGuide-BC library containing 972 

barcodes redundantly encoding 5 targeting and 5 control sgRNAs (average of 97 barcodes 

per sgRNA) (Table S3). We then induced Cas9 expression, measured reporter activation by 

immunofluorescence, and determined barcode sequences by in situ sequencing.

All barcodes encoding targeting sgRNAs were distinguishable from control sgRNAs by HA+ 

fraction, with a per-cell identification accuracy of 90.6% (based on false positive events in 
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which HA+ cells were assigned control sgRNAs, STAR Methods). Indeed, there were no 

errors in barcode-to-phenotype assignment even for barcodes represented by very few cells 

(Figures 3B and S3C, STAR Methods). Screening the same cell library by FACS with NGS 

readout showed similar enrichment of targeting sgRNAs (Figures 3C and S3D), with 

consistent representation of most barcodes in both contexts (95% within 5-fold abundance, 

Figure S1). We achieved comparably robust mapping of CRISPR sgRNAs to the frameshift 

reporter phenotype with the CROP-seq vector in HeLa cells as well as U2-OS, HCT116, 

A375, HT1080 and HEK293 cells (Figure 3D), with per-cell identification accuracy ranging 

from 83–98%. Thus, the combined errors that may arise from oligonucleotide synthesis, 

library cloning, lentiviral delivery, barcode diffusion during in situ processing, barcode 

readout by in situ sequencing, or incorrect assignment of reads to cells during image 

processing are infrequent enough to permit pooled functional screens.

An optical pooled screen in millions of cells for regulators of NF-κB activation

After demonstrating the ability to screen genetic knockouts for optical phenotypes, we 

sought to identify genes required for activation of NF-ΚB, a family of transcription factors 

(p50, p52, p65, RelB and c-Rel) that translocate to the nucleus in response to a host of 

stimuli (Gewurz et al., 2012; Hayden and Ghosh, 2012; Pahl, 1999). At baseline, NF-ΚB 

dimers are maintained in an inactive state in the cytoplasm by inhibitory IΚB proteins, which 

mask nuclear localization signals to prevent NF-ΚB translocation into the nucleus. Upon 

stimulation of cell surface receptors, a signal cascade is initiated, leading to downstream 

activation of the IKK complex. IKK-β then phosphorylates IΚB proteins, triggering their 

phosphorylation- dependent ubiquitination and subsequent degradation by the proteasome, 

releasing NF-ΚB from inhibition. Free NF-ΚB dimers may then translocate to the nucleus and 

induce the expression of genes promoting cell proliferation, survival, and pro-inflammatory 

responses. It is known that post-translational modifications play a key role in regulating the 

baseline state and activation of NF-ΚB. In addition to its role in proteolytic degradation, 

ubiquitin has been shown to function in IKK activation and the activity of many core NF-ΚB 

pathway members is controlled by alterations in ubiquitination state.

We used an established nuclear translocation assay to measure the localization of a p65-

mNeonGreen reporter in HeLa cells following stimulation with either IL-1β or TNFα, 

cytokines that activate NF-ΚB via different pathways (Figure 4A). We screened 3,063 

sgRNAs targeting 963 genes using the LentiGuide- BC design. We included all GO-

annotated ubiquitin ligase and deubiquitinase enzymes, as well as 425 immune-related genes 

in the library, hypothesizing that ubiquitin signaling may play as-yet unrecognized roles in 

NF-ΚB activation and relaxation (return to the baseline cellular distribution) (Chen, 2005) 

(Figure 4A, Table S3). After stimulation with either IL-1β or TNFα, we imaged p65-

mNeonGreen translocation, and then performed in situ sequencing to identify sgRNAs. A 

total of 3,037,909 cells were retained for analysis after filtering cells based on reporter 

expression, nuclear morphology, and exact barcode mapping (952 out of 963 genes retained 

for analysis) (Figure S3E). We scored the degree of p65-mNeonGreen translocation in each 

cell by cross-correlation with a DAPI nuclear stain. We ranked the perturbations by the 

difference of their translocation score distribution from negative control sgRNAs to identify 
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gene knockouts that led to defects in response to IL-1β and/or TNFα (Figures 4B, 4C and 

S4A, Tables S1 and S3, STAR Methods).

The screen recovered most known NF-κB regulators and uncovered novel candidates

The hits in our screen included known pathway components annotated by KEGG (Kanehisa 

and Goto, 2000) for NF-ΚB activation by IL-1β signaling (5/5 genes), TNFα signaling (4/7 

genes) and downstream components (5/7 genes), including cytokine-specific receptors, 

adaptor proteins, and factors that activate the shared regulator MAP3K7 (Figure 4D) 

(Gewurz et al., 2012). Hits common to both cytokine stimulations included MAP3K7 and its 

target, the IKK complex (CHUK, IKBKB, IKBKG), as well as components of the SKP1-

CUL1-F-box ubiquitin ligase complex and proteasome subunits, which together promote 

degradation of the inhibitor NFKBIA/IκBα and nuclear translocation of p65.

We confirmed the results of the pooled screen by individual CRISPR knockouts, with 19 out 

of 20 top-ranked hits validated (z-score threshold 3.75, Figure 4E and Table S3). Phenotype 

strength was well correlated between the primary screening and validation ranks 

(Spearman’s ρ = 0.84 and 0.73 for IL-1β and TNFα, respectively), emphasizing the 

quantitative nature of the primary screen (Figure S4B). The p65-mNeonGreen screen 

showed high sensitivity, detecting genes known to be involved in NF-ΚB activation that show 

only modest translocation defects in our model system. This set includes genes such as 

RBCK1/HOIL1 (LUBAC complex, poly-ubiquitination of IKBKG/NEMO and RIPK1), 
DCUN1D1 (neddylation of CUL1) and COPS5 (COP9 signalosome, regulates neddylation).

Interestingly, the set of screening hits validated by arrayed knockout using multiple 

individual sgRNAs included known negative regulators of NF-ΚB activation, such as 

NFKBIA/ΚBα and CYLD. Knockout of these negative regulators may lead to permanent 

baseline activation of NF-κB signaling, which in turn causes negative feedback activation 

(Jäättelä et al., 1996), potentially rendering perturbed cells refractory to induced NF-ΚB 

activation. The screen also identified several candidate regulators, including BAP1, HCFC1, 
and KCTD5. Among these, BAP1 has been previously described to deubiquitinate HCFC1 
(Machida et al., 2009), with relevance for controlling metabolism (Bononi et al., 2017), ER-

stress signaling (Dai et al., 2017), cell-cycle progression (Misaghi et al., 2009), and viral 

gene expression (Johnson et al., 1999).

In order to investigate cell line-dependent wiring of the NF-κB signaling pathway, we 

repeated the same screen with an antibody against endogenous p65 in HeLa, A549 and 

HCT116 cells. The cytokine concentration for each cell line was determined by imaging p65 

translocation in wild type cells 40 minutes after stimulation and using the lowest 

concentration that saturated translocation (STAR Methods). This titration was found to 

improve screen sensitivity, but the remainder of the screening protocol was identical across 

cell lines. The antibody screens detected many of the KEGG-annotated regulators found in 

the HeLa p65-mNeonGreen screen (17/19 in HeLa, 18/19 in A549 and 11/19 in HCT116, 

Table S3). Notably, some annotated regulators were not detected as hits in any of the three 

cell lines. Among these, TRAF5 and BIRC3 have functionally redundant counterparts 

(TRAF2 and BIRC2) (Mahoney et al., 2008; Tada et al., 2001). Indeed, TRAF2 scored as a 

positive regulator in all three cell lines, while BIRC2 was only detected in HeLa, suggesting 
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its role may vary among the different cell lines. Meanwhile, knockdown of TAB1 was 

previously shown not to impact IKK activation (Chen, 2005; Wang et al., 2001), consistent 

with our finding that TAB1 was not detected as a hit in any cell line. Comparing high-

scoring genes across cell lines revealed that the E2 ubiquitin-conjugating enzyme UBE2N 
was strongly involved in IL-1β-dependent p65 activation in A549 cells, while being largely 

dispensable in the other cell lines tested (Figure S4C). Similarly, BIRC2 was detected only 

in HeLa cells to be involved in TNFα-dependent p65 translocation. The robustness and 

scalability of the optical pooled screening protocol makes it possible to conduct in-depth 

analyses of biological pathways across cellular backgrounds.

High-content analysis of morphology distinguishes regulators by function

In addition to the translocation defect measured in knockouts of NF-κB positive regulators, 

we observed that certain classes of genes led to similar morphological changes in cells. For 

example, proteasomal knockouts induced a distinct morphology consisting of rounded cells 

(low eccentricity) with enlarged nuclei. We hypothesized that loss of genes with related 

functions might induce similar morphological changes, providing additional dimensions to 

interpret our screening results, and thus re-scored each cell in the primary HeLa p65-

mNeonGreen screen for cell and nuclear morphology and nuclear stain intensity (STAR 

Methods). Members of the CUL1-RBX1-SKP1-FBXW11 complex and its substrate NEDD8 
showed increased cell and nuclear area, with 4 out of 5 genes grouped together by PCA 

(Figures S4D-H). UFD1, a member of the VCP/p97-UFD1-NPL4 complex that mediates 

post-ubiquitination degradation of IκBα, shared a similar morphological profile to COPS5, 
which interacts directly with VCP/p97 as part of the COP9 signalosome (Cayli et al., 2009; 

Li et al., 2014). Disruption of the chromatin remodeler INO80, as well as NOP53/
GLTSCR2, and UBA52, genes with roles in ribosome biogenesis, showed a decrease in cell 

and nuclear area. The ability to group classify knockouts into functional categories based on 

morphological changes is a key benefit of image-based screening, which could be further 

enhanced by staining additional cellular markers to extract more information from each cell 

(Gustafsdottir et al., 2013).

A live-cell imaging screen identifies MED12 and MED24 as regulators of NF-κB 
translocation kinetics

Activation of NF-κB involves a cascade of signaling events and feedback loops whose 

kinetics determine the dynamic response of the pathway. As optical pooled screens can be 

readily combined with live-cell imaging, we screened a CROP-seq library of sgRNAs 

targeting the same 952 genes (5,638 sgRNAs) detected in the initial activation screen for 

variability in the timing of p65 activation and relaxation (434,505 cells analyzed, Table S3). 

Cells were stimulated with IL-1β or TNFα and imaged at 23 minute intervals for 6 hours 

post-stimulation. Nuclei were tracked using a cell-permeable DNA stain and p65-

mNeonGreen nuclear translocation was assessed at each time point. Following live-cell 

analysis, cells were fixed and the perturbation in each cell was read out by in situ sequencing 

of the sgRNA sequences. The live-cell screen closely reproduced hits from the fixed-cell 

activation screen described above, with 15 out of the 20 top positive regulators shared when 

the live cell analysis was restricted to a single matched time point (STAR Methods).
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Hierarchical clustering of mean translocation time profiles revealed distinct populations of 

positive and negative regulators (Figure 5A). To quantify changes in translocation kinetics, 

we defined a cumulative defect metric for each gene. First, we integrated over time the 

difference between each cell’s translocation score and the mean translocation score of non-

targeting controls. Then, for each gene, the distribution of cell-level cumulative defects was 

tested for statistically significant deviations from the non-targeting control population 

(STAR Methods, Table S4). By integrating differences in translocation over time, we were 

able to identify known key negative regulators of the pathway with effects on p65 relaxation 

that did not score in the initial static screen, including TNFAIP3 (an NF-κB target gene that 

provides negative feedback by deubiquitinating multiple upstream signaling components) 

(Chen, 2005), KEAP1 (a ubiquitin ligase involved in degradation of IKKβ) (Lee et al., 2009) 

and USP7 (a deubiquitinase that slows ubiquitination and proteasomal degradation of NF-

κB) (Colleran et al., 2013).

Next, we performed a pooled validation screen for 61 genes that showed evidence for a 

kinetic phenotype (10 sgRNAs/gene). We optimized conditions for live-cell imaging and cell 

tracking by using faster microscope hardware, allowing us to link time-resolved p65 

translocation data to perturbation barcodes from 2,595,514 cells (median of 3,611 cells/

sgRNA) at 30 minute intervals. At this high level of sampling, individual sgRNAs targeting 

a given gene showed excellent concordance (Figure 5B and Figure S5). The pooled 

validation screen confirmed several genes that were initially detected as lower-ranked hits in 

the activation screen, while adding additional kinetic details. For example, at later time 

points, RIPK1 showed an increased translocation defect while KCTD5 and HCFC1 were 

seen to negatively regulate p65.

The validation screen also confirmed MED12 and MED24 as previously unknown negative 

regulators of p65 nuclear translocation (Figures 5B, 5C and S5). Clonal homozygous 

knockouts of each of these Mediator complex subunits confirmed delayed relaxation relative 

to wild type cells (Figure 5D). Of note, a mono-allelic MED24 knockout clone showed a 

much weaker phenotype, underscoring the high sensitivity of the primary optical screen 

despite the heterogeneity of alleles generated by Cas9 cleavage (Figure 5D). We performed 

RNA sequencing of clonal knockout lines after stimulation with either TNFα or IL-1β. 

Among highly induced genes (>50-fold increase in wild type cells after 4 hours of 

stimulation with either cytokine, adjusted p-value < 10−3), we identified 6 genes (CCL2, 
CCL20, CXCL1, CXCL2, CXLC3, CXCL8) that were differentially expressed in either 

MED12 or MED24 clonal knockout cells (>8-fold change versus wild type cells at 4 hours 

post-stimulation with either cytokine, adjusted p-value < 10−3) (Figure 5E, STAR Methods), 

all of which encode for chemokines that attract immune cells to sites of inflammation. Even 

more strikingly, pro-IL-1β, which is a well-established NF-κB target gene in the context of 

Toll-like receptor activation (Sims and Smith, 2010), was transcriptionally induced in 

MED12 or MED24 deficient HeLa cells but not in wild type cells upon TNFα stimulation 

(Figure 5F). These results suggest that, apart from the well-studied function of the Mediator 

complex in recruiting active RNA polymerase-II to DNA-bound transcription factors (Malik 

and Roeder, 2005) including to p65 (Guermah et al., 1998), Mediator components may be 

involved in restricting the transcriptional response of induced genes during pro-

inflammatory NF-κB signaling.
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DISCUSSION

Optical pooled screens enable systematic analysis of the genetic components underpinning a 

wide range of spatially and temporally defined phenotypes, including subcellular 

localization, live-cell dynamics, and high-content morphological profiling. The in situ 

sequencing framework is compatible with any perturbation that can be identified by a short 

expressed sequence and readily scales to millions of cells and genome-scale libraries.

We applied pooled CRISPR loss-of-function screening targeting 952 genes in multiple cell 

lines to identify regulators of p65 translocation, recovering nearly all annotated regulators of 

TNFα- and IL-1β -induced NF-κB activation. Moreover, by performing a pooled live-cell 

imaging screen, we discovered two components of the Mediator complex as previously 

unknown negative regulators of pro-inflammatory signaling that we validated in clonal 

knockout cell lines. Although the Mediator complex has been implicated in p65-mediated 

gene transcription (Essen et al., 2009), Mediator components have not previously been 

shown to be involved in negative regulation of either the nuclear translocation or the 

transcriptional response of NF-κB. As one of the most potent pyrogens in the human body, 

IL-1β is secreted only upon transcriptional (NF-κB) as well as post-transcriptional (Caspase 1) 

licensing. Our results indicated that Mediator components play a role in suppressing pro-

IL-1β induction by TNFα signaling, which might provide a mechanism for preventing 

aberrant feedback activation of immune signaling pathways (Bauernfeind et al., 2016). The 

ability to screen dynamic responses, such as p65 translocation kinetics, adds a rich temporal 

dimension to the profiling of gene knockouts, permitting direct measurement of response 

onset and duration in addition to strength, directionality (positive/negative) and cytokine 

specificity.

The use of in situ sequencing to read out perturbations has several advantages over 

alternative approaches. Amplification by RCA enables fast in situ sequencing at low 

magnification (10X), greatly increasing throughput. The 12-nt sequences used here can 

robustly distinguish >80,000 perturbations, sufficient to encode genome-scale perturbation 

libraries. Existing CRISPR sgRNA libraries can be read out directly (using the CROP-seq 

vector) while other perturbations (e.g., ORFs, non-coding sequences) can be paired with 

short barcodes (Melnikov et al., 2012; Yang et al., 2011). By comparison, reported methods 

for highly multiplexed FISH require higher imaging magnification (60X) and barcodes 

longer than 200 bp, precluding cost-effective direct oligo array synthesis. Epitope-based 

protein barcodes are a promising method for enzyme-free decoding of pooled elements, but 

are currently limited in scale to ~100 barcodes (Wroblewska et al., 2018).

Despite the rich phenotypic information provided by imaging assays, optical phenotyping 

has been underused for screening applications due to the substantial cost, time and labor 

required to execute large-scale arrayed perturbation screens. In recent years, there has been 

wide use of pooled genome-scale CRISPR screens based on enriching cells via fitness or 

reporter fluorescence in various model systems, but only one large-scale (2,281 sgRNA) 

CRISPR imaging screen (Groot et al., 2018). Pooling improves data quality and dramatically 

reduces the cost and labor required, making genome-scale screens with image-based 

phenotyping accessible to many laboratories.
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Optical pooled screening serves as an important complement to single-cell molecular 

profiling, which also provides high-content data but is not yet able to deliver dynamic or 

spatially resolved information. The LentiGuide-BC and CROP-seq libraries described in this 

study both generate mRNA encoding perturbation identity, so the same libraries of perturbed 

cells can be screened in situ to read dynamic and/or spatially resolved information and by 

complementary molecular profiling methods, such as single cell RNA-seq. This approach 

could assist in establishing functional relationships between molecular profiles and many 

cellular phenotypes (e.g., morphology, motility, electrical depolarization, cell-to-cell 

interactions).

Our approach is broadly applicable across many settings. We demonstrate the identification 

of multiple perturbations within the same cell, providing a straightforward route to study 

higher order genetic interactions. The potential to integrate optical screening with high-

dimensional morphological profiling (Gustafsdottir et al., 2013) and in situ multiplexed gene 

expression analysis (Chen et al., 2015; Ke et al., 2013; Lee et al., 2014; Lubeck et al., 2014; 

Wang et al., 2014) raises the prospect of learning phenotypes from high-content data rather 

than pre-specifying phenotypes of interest. Libraries of endogenous or engineered protein 

variants could be screened for effects on cell structure or other optically-defined phenotypes. 

Optical pooled screening in a 2D or 3D co-culture system could be used to analyze non-cell 

autonomous phenotypes based on physical contact (e.g., formation of adhesion complexes, 

direct contact signaling, neurotransmission). Existing protocols for in situ sequencing in 

tissue samples (Ke et al., 2013; Wang et al., 2018) highlight the exciting possibility of 

perturbing cells in vivo and measuring the resulting phenotypes within the native spatial 

context.

STAR ★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Paul Blainey (pblainey@broadinstitute.org)

Plasmids generated in this study have been deposited to Addgene (additional details 

provided in the Key Resources Table).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tissue culture

HEK293FT cells (Thermo Fisher Scientific R70007) were cultured in DMEM with sodium 

pyruvate and GlutaMAX (Life 10569044) supplemented with heat-inactivated fetal bovine 

serum (Seradigm 97068–085) and 100 U/mL penicillin-streptomycin (Thermo Fisher 

Scientific 15140163). HeLa cells were cultured in the same media with serum substituted for 

10% tetracycline-screened fetal bovine serum (Hyclone SH30070.03T). All other cell lines 

(A549, HCT116, HT1080, A375) were cultured in the same media with 10% heat-

inactivated fetal bovine serum (Sigma F4135).
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In preparation for in situ analysis, cells were seeded onto glass-bottom plates (6-well: 

Cellvis P06–1.5H-N, 24-well: Greiner Bio-one 662892, 96-well: Greiner Bio-one 655892) at 

a density of 50,000 cells/cm2 and incubated for 2 days to permit proper cell attachment, 

spreading, and colony formation.

Selection of inducible HeLa Cas9 clone

Parental HeLa-TetR-Cas9 cells were a gift from Iain Cheeseman. In order to select a clone 

with optimal induction and Cas9 activity for further experiments, single cells were sorted 

into a 96-well plate (Sony SH800), clonally expanded, and screened for Cas9 activity after 8 

days with and without 1 μg/mL doxycycline induction. Cas9 activity was assessed by 

transducing each clone with pXPR_011 (Addgene #59702), a reporter vector expressing 

GFP and an sgRNA targeting GFP (Doench et al., 2014), and using FACS to read out 

efficiency of protein knockdown. Additionally, gene editing was directly assessed by 

transducing HeLa-TetR-Cas9 clones with a guide targeting TFRC 
(sgRNA:CTATACGCCACATAACCCCC). Genomic DNA was extracted from both 

uninduced and induced clones by resuspending in cell lysis buffer (10 mM Tris pH 7.5, 1 

mM CaCl2, 3 mM MgCl2, 1 mM EDTA, 1% Triton X-100, and 0.2 mg/mL Proteinase K), 

and heating for 10 minutes at 65º0 and 15 minutes at 95º0. The guide target region was 

amplified by PCR (P5 primer: 

CTCTTTCCCTACACGACGCTCTTCCGATCTATGACCTTAGGCTTATTTTAACTTAAT

C, P7 primer: 

CTGGAGTTCAGACGTGTGCTCTTCCGATCTGAGTCTCATGCACTGTTTTGC) and 

sequenced on an Illumina MiniSeq. The best clones showed efficient indel generation (≥ 

97%) in the presence of doxycycline and minimal cutting (≤ 2%) in its absence.

METHOD DETAILS

Lentivirus production

HEK293FT cells were seeded into 15-cm plates or multi-well plates at a density of 100,000 

cells/cm2. After 20 hours, cells were transfected with pMD2.G (Addgene #12259), psPAX2 

(Addgene #12260), and a lentiviral transfer plasmid (2:3:4 ratio by mass) using 

Lipofectamine 3000 (Thermo Fisher Scientific L3000015). Media was exchanged after 4 

hours and supplemented with 2 mM caffeine 20 hours post-transfection to increase viral 

titer. Viral supernatant was harvested 48 hours after transfection and filtered through 0.45 

μm cellulose acetate filters (Corning 431220).

Lentiviral transduction

Cells were transduced by adding viral supernatant supplemented with polybrene (8 μg/mL) 

and centrifuging at 1000g for 2 hours at 33º0. At 5 hou rs post-infection, media was 

exchanged. At 24 hours post-infection, cells were passaged into media containing selection 

antibiotic at the following concentrations: 1 μg/mL puromycin (Thermo Fisher Scientific 

A1113802), 300 μg/mL hygromycin (Invivogen ant-hg-1), 30 μg/mL blasticidin (Thermo 

Fisher Scientific A1113903), and 300 μg/mL zeocin (Thermo Fisher Scientific R25001).
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For lentiviral transduction of LentiGuide-BC libraries, a carrier plasmid was utilized to 

minimize recombination between distant genetic elements (e.g., sgRNA and associated 

barcode). Libraries were packaged following the above protocol, with the library transfer 

plasmid diluted in integration-deficient carrier vector pR_LG (1:10 mass ratio of library to 

carrier, Addgene #112895) (Feldman et al., 2018).

Library cell line validation

For library transductions, multiplicity of infection (Table S1) was estimated by counting 

colonies after sparse plating and antibiotic selection. Genomic DNA was also extracted for 

NGS validation of library representation.

Next generation sequencing of libraries

Genomic DNA was extracted using an extraction mix as described above. Barcodes and 

sgRNAs were amplified by PCR from a minimum of 106 genomic equivalents per library 

using NEBNext 2X Master Mix (initial denaturation for 5 minutes at 98ºC, follow ed by 28 

cycles of annealing for 10 seconds at 65ºC , extension for 25 seconds at 72ºC, and 

denaturation for 20 seconds at 98ºC).

Library design and cloning

A set of 12-nt barcodes was designed by selecting 83,314 barcodes from the set of 16.7 

million possible 12-nt sequences by filtering for GC content between 25% and 75%, no 

more than 4 consecutive repeated bases, and minimum substitution and insertion/deletion 

edit distance (Levenshtein distance) of 3 between any pair of barcodes. Ensuring a minimum 

edit distance is useful for detecting and correcting errors, which arise mainly from DNA 

synthesis and in situ reads with low signal-to-background ratios. The E-CRISP web tool was 

used to select sgRNA sequences targeting genes of interest (Heigwer et al., 2014). Barcode-

sgRNA pairs were randomly assigned and co-synthesized on a 125-nt 90K oligo array 

(CustomArray/Genscript) (Table S3). Individual libraries were amplified from the oligo pool 

by dial-out PCR (Schwartz et al., 2012) and cloned into LentiGuide-BC or LentiGuide-BC-

CMV (the latter contains the CMV promoter instead of the EF1a promoter) via two steps of 

Golden Gate assembly using BsmBI restriction sites. Then, the sgRNA scaffold sequence 

and desired resistance cassette were inserted using BbsI restriction sites. Libraries were 

transformed in electrocompetent cells (Lucigen Endura) and grown in liquid culture for 18 

hours at 30ºC before extracti ng plasmid DNA. The sgRNA-barcode association was 

validated by Sanger sequencing individual colonies from the final library.

Padlock-based RNA detection

Preparation of targeted RNA amplicons for in situ sequencing was adapted from published 

protocols with modifications to improve molecular detection efficiency and amplification 

yield (Ke et al., 2013; Larsson et al., 2010). Cells were seeded onto glass-bottom dishes two 

days prior to in situ processing. For D458 cells, glass bottom plates were coated with poly-

L-lysine (0.01% w/v in water, Sigma Aldrich) for 30 minutes and washed with PBS prior to 

seeding. Cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences 15714) 

for 30 minutes, washed with PBS, and permeabilized with 70% ethanol for 30 minutes. 
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Permeabilization solution was carefully exchanged with PBS-T wash buffer (PBS + 0.05% 

Tween-20) to minimize sample dehydration. Reverse transcription mix (1× RevertAid RT 

buffer, 250 μM dNTPs, 0.2 mg/mL BSA, 1 μM RT primer, 0.8 U/μL Ribolock RNase 

inhibitor, and 4.8 U/μL RevertAid H minus reverse transcriptase) was added to the sample 

and incubated for 16 hours at 37ºC. Following reverse transcription, cells were washed 5 

times with PBS-T and post-fixed with 3% paraformaldehyde and 0.1% glutaraldehyde for 30 

minutes at room temperature, then washed with PBS-T 5 times. After this step, cells 

expressing p65-mNeonGreen were imaged. Samples were thoroughly washed again with 

PBS-T, incubated in a padlock probe and extension-ligation reaction mix (1× Ampligase 

buffer, 0.4 U/μL RNase H, 0.2 mg/mL BSA, 100 nM padlock probe, 0.02 U/μL TaqIT 

polymerase, 0.5 U/μL Ampligase and 50 nM dNTPs) for 5 minutes at 37C and 90 minutes a 

t 45C, and then washed 2 times with PBS-T. Circularized padlocks were amplified with 

rolling circle amplification mix (1× Phi29 buffer, 250 μM dNTPs, 0.2 mg/mL BSA, 5% 

glycerol, and 1 U/μL Phi29 DNA polymerase) at 300ºC for either 3 hours or overnight.

In situ sequencing

Rolling circle amplicons were prepared for sequencing by hybridizing a mix containing 

sequencing primer oSBS_LentiGuide-BC or oSBS_CROP-seq (1 μM primer in 2X SSC 

+ 10% formamide) for 30 minutes at room temperature. Barcodes were read out using 

sequencing-by-synthesis reagents from the Illumina MiSeq 500 cycle Nano kit (Illumina 

MS-103–1003). First, samples were washed with incorporation buffer (Nano kit PR2) and 

incubated for 3 minutes in incorporation mix (Nano kit reagent 1) at 60ºC. Samples were 

then thoroughly washed with PR2 at 60ºC (6 was hes for 3 minutes each) and placed in 200 

ng/mL DAPI in 2x SSC for fluorescence imaging. Following each imaging cycle, dye 

terminators were removed by incubation for 6 minutes in Illumina cleavage mix (Nano kit 

reagent 4) at 60ºC, and samples were thoroughly washed with PR2.

Padlock optimization

Improved padlock sequences were found for the CROP-seq and CROP-seq-v2 (contains a 

modified sgRNA scaffold for increased CRISPR efficiency) vectors by pooled testing of a 

set of 84 padlocks (per vector) for in situ RNA detection efficiency and RCA amplification 

yield. Sequences varied in the length of the cDNA binding region (melting temperature from 

45ºC, 49ºC, or 54ºC), and in overall length (72, 77, 83, or 89 nt for CROP-seq and 59, 69, 

79, or 90 nt for CROP-seq-v2). The padlock backbone sequence is not functionally 

constrained; here, backbone sequences were randomly generated with G nucleotides 

excluded to reduce secondary structure. The backbone sequences were then filtered to have 

C content of 50±5% and no homopolymers exceeding 3 nt. Padlock sequences with the most 

positive minimum free energies were selected from these filtered sequences using mfold’s 

zipfold utility (Zuker, 2003). For compatibility with pooled testing, the backbone sequences 

for each vector were required to begin with a unique 5-mer barcode. Padlocks were 

individually synthesized (Integrated DNA Technologies) and pooled prior to 

phosphorylation with T4 PNK (New England Biolabs) according to the manufacturer’s 

instructions. Padlock-based RNA detection and in situ sequencing of the padlock backbones 

were performed as previously described in HeLa-TetR-Cas9 cells, using a sequencing primer 

that targeted the 5-mer padlock barcode. After identifying padlocks by 5 cycles of in situ 
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sequencing, the padlocks were hybridized with a fluorescently labeled detection oligo to 

give a barcode-independent estimate of relative RCA yield. Relative RNA detection 

efficiency (fraction of sequencing reads from a given padlock) was used as a proxy for 

absolute RNA detection efficiency.

Fluorescence microscopy

All in situ sequencing images were acquired using a Ti-E Eclipse inverted epifluorescence 

microscope (Nikon) with automated XYZ stage control and hardware autofocus. An LED 

light engine (Lumencor Sola SE FISH II) was used for fluorescence illumination and all 

hardware was controlled using Micromanager software (Edelstein et al., 2010). In situ 
sequencing cycles were imaged using a 10X 0.45 NA CFI Plan Apo Lambda objective 

(Nikon) with the following filters (Semrock) and exposure times for each base: G (excitation 

534/20 nm, emission 572/28 nm, dichroic 552 nm, 200 ms); T (excitation 575/25 nm, 

emission 615/24 nm, dichroic 596 nm, 200 ms); A (excitation 635/18 nm, emission 680/42 

nm, dichroic 652 nm, 200 ms); C (excitation 661/20 nm, emission 732/68 nm, dichroic 695 

nm, 800 ms).

Frameshift reporter screen

HeLa-TetR-Cas9 cells were stably transduced at MOI > 2 with pL_FR_Hygro and selected 

with hygromycin for 7 days to generate the HeLa-TetR-Cas9-FR cell line. Cells transduced 

with the pL_FR_Hygro lentiviral vector express an open reading frame consisting of a 50-nt 

frameshift reporter target sequence, followed by an H2B histone coding sequence with C-

terminus HA epitope tag (+1 frameshift), followed by a second H2B sequence with C-

terminus myc tag (+0 frameshift) and hygro antibiotic resistance cassette (+0 frameshift). 

The H2B-HA, H2B-myc, and hygromycin resistance sequences are preceded by self-

cleaving 2A peptides in the same reading frame. Before generation of Cas9-mediated indel 

mutations, cells express the coding sequences with +0 frameshift. Subsequent activation of 

the reporter by co-expression of Cas9 and a targeting sgRNA leads to mutations in the target 

sequence, which may alter the downstream reading frame. A frameshift of +1 leads to 

expression of the H2B-HA protein, which can be visualized by immunofluorescence and 

detected by microscopy or flow cytometry. Integration of multiple copies of reporter per cell 

increases the likelihood of generating a +1 frameshift in at least one copy.

HeLa-TetR-Cas9-FR cells were used to screen targeting and control sgRNAs. A barcoded 

sgRNA perturbation library with 972 barcodes, each encoding one of 5 targeting or 5 control 

sgRNAs, was synthesized and cloned into LentiGuide-BC-CMV. This library was 

transduced into HeLa-TetR-Cas9-FR cells at MOI < 0.05 in three replicates, which were 

independently cultured and screened. Following 4 days of puromycin selection, cells were 

collected to validate library representation by NGS. Cas9 expression was induced by 

supplementing the culture media with 1 μg/mL doxycycline for 6 days. Cells were then split 

for screening either via in situ sequencing or by FACS.

For in situ screening, 500,000 cells were seeded into each well of a glass-bottom 6-well 

plate (CellVis). After two days of culture, in situ padlock detection and sequencing were 

carried out as above, with the modification that prior to sequencing-by-synthesis, cells were 
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immunostained to detect frameshift reporter activation by blocking and permeabilizing with 

3% BSA + 0.5 % Triton X-100 for 5 minutes, incubating in rabbit anti-HA (1:1000 dilution 

in 3% BSA) for 30 minutes, washing with PBS-T and incubating with goat anti-rabbit 

F(ab’)2 fragment Alexa 488 (CST 4412S, 1:1000 dilution in 3% BSA) for 30 minutes. 

Samples were changed into imaging buffer (200 ng/mL DAPI in 2X SSC) and phenotype 

images were acquired.

FACS screening was carried out by fixing cells with 4% PFA, permeabilizing with 70% ice-

cold ethanol, and immunostaining with the same anti-HA primary and secondary antibodies 

and dilutions used for in situ analysis. Cells were sorted into HA+ and HA- populations 

(Sony SH800) and genomically integrated perturbations were sequenced as described above. 

The enrichment for each barcoded perturbation was defined as the HA+/HA- ratio of 

normalized read counts.

Frameshift reporter screens in U2-OS, A375, HT1080, HCT116 and HEK293T cell types 

were performed by first transducing these cells with lentiCas9-blast (Addgene #52962) 

(Sanjana et al., 2014) and selecting with blasticidin for 4 days. Cas9-expressing cells were 

then transduced with pL_FR_Hygro and selected with hygromycin for 7 days to generate 

reporter lines. These reporter lines were transduced with a CROPseq-puro library consisting 

of the same 5 targeting and 5 non-targeting sgRNAs used above. Cell libraries were selected 

with puromycin for 4 days and cells were seeded onto glass-bottom dishes 2 days prior to in 
situ sequencing.

NF-kB activation screens

HeLa-TetR-Cas9 cells were transduced with pR14_p65-mNeonGreen, a C-terminal fusion of 

p65 with a bright monomeric green fluorescent protein (Allele Biotechnology). Fluorescent 

cells were sorted by FACS (Sony SH800) and re-sorted to select for cells with stable 

expression. This reporter cell line was further transduced with a 4,063-barcode sgRNA 

library (962 genes targeted and 1,000 barcodes assigned to non-targeting sgRNAs) in 

LentiGuide-BC-CMV. Cells were selected with puromycin for 4 days and library 

representation was validated by NGS.

Cas9 expression was induced with 1 μg/mL doxycycline and cells were seeded onto 6-well 

cover glass-bottom plates 2 days prior to translocation experiments. The total time between 

Cas9 induction and performing the NF-κB activation assay was 7 days. Cells were 

stimulated with either 30 ng/mL TNFα or 30 ng/mL IL-1β (Invivogen) for 40 minutes prior 

to fixation with 4% paraformaldehyde for 30 minutes and initiation of the in situ sequencing 

protocol. Translocation phenotypes were recorded after the post-fixation step by exchanging 

for imaging buffer (2X SSC + 200 ng/mL DAPI) and imaging the nuclear DAPI stain and 

p65-mNeonGreen. After phenotyping, the remainder of the in situ sequencing protocol (gap-

fill and rolling circle amplification) and 12 bases of sequencing-by-synthesis were 

completed.

HeLa Cas9-blast, A549 Cas9-blast and HCT116 Cas9-blast cells were transduced with a 

CROPseq-puro library consisting of 5,738 sgRNAs (952 genes targeted, 100 non-targeting 

sgRNAs). Cells were selected for 4 days and seeded onto 6-well plates 2 days prior to 
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translocation experiments. The total time between library transduction and the screen was 

between 7 and 14 days. Cells were stimulated with TNFα or IL-1β (30 ng/mL for HCT116, 

3 ng/mL for HeLa and A549) for 40 minutes prior to fixation with 4% paraformaldehyde for 

30 minutes. Cells were then processed for in situ sequencing as in the HeLa p65-

mNeonGreen activation screen, except for the following differences. Cells were stained after 

the post-fixation step by incubating for 1 hour with a rabbit antibody against p65 (CST 

8242S, 1:400 dilution in 3% BSA), washing with PBS-T, then incubating with goat anti-

rabbit F(ab’)2 fragment Alexa 488 (CST 4412S, 1:1000 dilution in 3% BSA) for 45 minutes 

and washing with PBS-T before proceeding to the gap- fill step. After RCA, cells were 

exchanged into imaging buffer (2X SSC + 200 ng/mL DAPI) and imaged with DAPI and 

488 (p65) filters. After phenotyping, sequencing primer was hybridized and 10 bases of 

sequencing-by-synthesis were acquired.

NF-κB live-cell screens

HeLa-TetR-Cas9 stably expressing the p65-mNeonGreen reporter were transduced with the 

952-gene CROPseq-puro library described above. Cells were selected with puromycin for 4 

days and library representation was validated by NGS.

Cas9 expression was induced for 7 days with 1 μg/mL doxycycline and cells were seeded 

onto 6-well cover glass-bottom plates 2 days prior to translocation experiments. The total 

time between the start of Cas9 induction and performing the NF-ΚB live-cell assay was 14 

days. Prior to the experiment, culture media was exchanged for imaging media: 0.1 ng/mL 

Hoechst 33342 in phenol red-free DMEM with HEPES and L-glutamine (Thermo Fisher 

Scientific 21063029), supplemented with 10% FBS and 100 U/mL penicillin-streptomycin. 

Cells were returned to the incubator for 2 hours, then stimulated with either 30 ng/mL TNFα 
or 30 ng/mL IL-1β and immediately loaded onto an automated live-cell microscope with 

environmental control (Zeiss CellDiscoverer 7). Images of the Hoechst nuclear stain and 

p65- mNeonGreen were acquired at 5X magnification at 23 minute intervals over 6 hours. 

Immediately after stopping live-cell imaging, cells were fixed and the in situ sequencing 

protocol was carried out as above.

Pooled validation was conducted with a new CROPseq-puro library targeting 65 candidate 

genes from the primary screen (10 sgRNAs per gene, 100 non-targeting sgRNAs). The 

validation screen was conducted following the same protocol as the primary live-cell screen, 

except that imaging was carried out on a Nikon Ti2 inverted microscope equipped with a 

live-cell incubator (Okolab). Images were acquired at 10X magnification in 30 minute 

intervals.

NF-κB arrayed validation

Top-ranking genes from the primary pooled screen were validated with individual sgRNAs. 

For each gene, 2 or 3 sgRNAs were tested, including at least one sgRNA not used in the 

primary screen. HeLa-TetR-Cas9 cells expressing p65-mNeonGreen were prepared and 

assayed as in the pooled screen, except that cells were transduced with the LentiGuide-Puro 

sgRNA expression vector (Addgene #52963) (Sanjana et al., 2014), and the translocation 
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assay was carried out in 96-well cover glass plates. Image acquisition and data analysis were 

performed with the same hardware and software settings as in the pooled screen.

Hit validation using clonal knockout cell lines

Hela-TetR-Cas9 cells expressing p65-mNeonGreen were transfected with synthetic crRNA/

tracrRNA (IDT; MED12 sgRNA: GGATCTTGAGCTACGAACAC; MED24 sgRNA: 

GCGCTGGAGTGACTACCAAT) using Lipofectamine 2000 (Thermo Fisher Scientific). 

Two days after transfection, single cell clones were seeded at a density of 0.6 cells/well into 

480 96-wells per target gene. After two weeks, live clones were identified by microscopy 

and were expanded to a 6-well format. Clones were genotyped by replacing media with 

direct lysis buffer (1 mM CaCl2, 3 mM MgCl2, 1 mM EDTA, 1% Triton X-100, 10 mM Tris 

pH 7.5, 0.2 mg/ml Proteinase K), heating to 65º0 for 1 0 minutes, and incubating at 95º0 for 

15 minutes to inactivate Proteinase K. PCR amplification of target loci, deep sequencing 

(Illumina MiSeq), and data analysis using the OutKnocker.org software were performed as 

described (Schmid-Burgk, Genome Research 2014). Clones bearing out-of-frame mutations 

in all alleles were further expanded, and analyzed by automated live cell microscopy (Nikon 

Ti2 inverted microscope with Okolab live-cell incubator) for 6 hours after stimulation with 

TNFα or IL-1β as described above.

RNA-seq analysis of clonal knockout cell lines

Clonal cell lines and wild type control cells were plated in 24-well format at a density of 

50,000 cells/well. The next day, cells were stimulated for 0, 1, or 4 hours with TNFα or 

IL-1β (3 ng/mL) prior to lysis. Cells were washed with PBS, and lysed at room temperature 

in 150 μl TCL buffer (Qiagen, supplemented with 1% beta-mercaptoethanol) per well, then 

stored at −80°C. Smart-seq2 was performed as described (Trombetta et al., 2014). Libraries 

were sequenced on a NextSeq 500 (Illumina) using the High Output Kit v2 75-cycle kit 

(paired end, 36 cycles forward, 36 cycles reverse).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

Images of cell phenotype and in situ sequencing of perturbations were coarsely aligned 

during acquisition using nuclear masks to calibrate plate position, and finely aligned during 

analysis using cross-correlation of DAPI or in situ sequencing signal between cycles. Nuclei 

were detected using local thresholding and watershed-based segmentation. Cells were 

segmented using local thresholding of cytoplasmic background from in situ sequencing 

signal and assignment of pixels to the nearest nucleus by the fast-marching method. 

Frameshift reporter and NF-κB translocation phenotypes were quantified by calculating 

pixel-wise correlations between the nuclear DAPI channel and 488 channel (HA stain or 

p65-mNeonGreen, respectively). Mitotic cells and cells with abnormally high or low 

reporter expression were filtered out based on maximum DAPI signal and mean p65-

mNeonGreen signal (Figure S4A).

Sequencing reads were detected by applying a Laplacian-of-Gaussian linear filter (kernel 

width σ = 1 pixel) to subtract low-frequency background and enhance the point-like 
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sequencing spots. Peaks were detected by calculating the per-pixel, per-channel standard 

deviation over sequencing cycles, averaging over color channels, and finding local maxima 

in the resulting image. The base intensity at each cycle was defined as the maximum value in 

a 3×3 pixel window centered on the read. A linear transformation to correct for optical 

cross-talk and intensity differences between color channel was then estimated from the data 

and applied. Finally, each base was called according to the channel with maximum corrected 

intensity, and a per-base quality score was defined as the ratio of intensity for the maximum 

channel to total intensity for all channels. The output of the sequencing image analysis was a 

table recording each sequencing read along with the identity of the overlapping cell, quality 

score per base, and spatial location.

Data analysis functions were written in Python, using Snakemake for workflow control 

(Köster and Rahmann, 2012).

Frameshift reporter misidentification rate estimation

To estimate the rate at which cells are assigned an incorrect perturbation barcode, we first 

assumed all HA+ cells mapped to a non-targeting control sgRNA (4.7%) were false positive 

events due to incorrect barcode assignment (supported by the very low false positive rate 

(<0.001 %) of the frameshift reporter itself, measured for a single perturbation in arrayed 

format). However, as incorrect barcode assignments were equally likely to map an HA+ cell 

to a targeting or control sgRNA, we estimated the misidentification rate to be twice as large, 

or 9.4%.

NF-κB activation screen analysis

Nuclei of individual cells were segmented by thresholding background-subtracted DAPI 

signal and separating the resulting regions using the watershed method. Cells with at least 

one read exactly matching a library barcode were retained for analysis. In order to remove 

mitotic cells and cells with abnormally high or low reporter expression, cells were further 

filtered based on nuclear area, maximum DAPI signal, and mean p65-mNeonGreen signal. 

Pixel-wise DAPI-mNeonGreen correlation within the segmented nuclear region, described 

above, was used to define the translocation score for each cell as it most clearly separated 

perturbations against known NF-κB genes from non-targeting controls. The phenotypic 

effects of perturbations targeting known NF-κB genes ranged from a large increase in fully 

untranslocated cells (e.g., MAP3K7) to more subtle negative shifts in the distribution of 

scores (e.g., IKBKB).

To capture a broad range of effect sizes, we calculated an sgRNA translocation defect in a 

given replicate by computing the difference in translocation score distribution compared to 

non-targeting controls (the shaded area in Fig. 4, C and E). We found this metric performed 

better at separating known genes from controls than the often-used Kolmogorov-Smirnov 

distance. We defined the gene translocation defect as the second-largest sgRNA 

translocation defect for sgRNAs targeting that gene. This statistic helps reduce the false 

positive rate due to clonal effects (integration of an sgRNA into a cell that is defective in 

translocation) which are independent among sgRNAs and screen replicates, as well as false 

negatives due to inefficient sgRNAs.
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A permutation test was used to calculate p-values for the gene translocation defects. Random 

subsets of sgRNA translocation defects were sampled from non-targeting controls to build a 

null distribution (3 sgRNAs per replicate, repeated 100,000 times). The cumulative null 

distribution was used to determine p-values for the gene translocation defects. Hits at an 

estimated FDR <10% and <20% were identified using the Benjamini-Hochberg procedure 

(Table S3). KEGG-annotated genes were defined as members of KEGG pathway HSA04064 

(NF-kappa B signaling pathway) between IL-1β or TNFα and p65/p50.

Cellular morphology analysis

Cellular morphology was analyzed by calculating image features from DAPI intensity as 

well as cell and nuclear geometry. We summarized the gene-level (across all guides and 

cells) distribution of morphological features (cell area, nucleus area, DAPI max, DAPI 

mean, cell eccentricity and nucleus eccentricity) by its first, second and third quartiles, 

producing an 18-dimensional vector for each gene. We performed dimensionality reduction 

by Principal Components Analysis (PCA) and visualized the first two principal components, 

finding distinct clusters for regulators downstream of IKK (Figure S4).

Analysis of NF-κB live-cell screens

Image analysis was conducted as for the initial NF-κB screen, with additional preprocessing 

steps to (a) track cells through the live-cell time course, and (b) align the final time point of 

live-cell with the first cycle of sequencing-by-synthesis. For each cell, the translocation 

score at each time point was subtracted from a baseline translocation score, interpolated in 

time from control cells imaged in the same well. For each gene, an integrated translocation 

score was calculated by integrating each cell’s baseline-subtracted translocation scores from 

45 to 345 minutes post-stimulation. Statistical significance for deviation in the integrated 

translocation score between perturbed and control cells was quantified using the non- 

parametric Mann-Whitney U test.

NF-κB arrayed validation

The translocation defect for each sgRNA and cytokine translocation was assessed by 

computing the difference in translocation score distribution compared to the average of at 

least 3 non-targeting control sgRNAs assayed on the same plate. For each cytokine, the 

translocation defects were standardized using the mean and standard deviation of the 

translocation defects for non-targeting control guides. These standardized values were 

averaged over replicate sgRNAs for a given gene and cytokine pair to obtain validation Z-

scores (Table S3).

RNA-seq quantification

Transcript abundance was quantified using kallisto and differential gene expression was 

analyzed using DEBrowser as a graphical interface to edgeR, with default edgeR 

parameters: TMM-based normalization, dispersion estimated using the edgeR function 

estimateDisp, and p-values adjusted with the Benjamini-Hochberg procedure (Bray et al., 

2016; Kucukural et al., 2019; Robinson et al., 2010). Highly induced NF-κB genes were 

defined as genes with >50-fold increase after 4 hours of stimulation by either cytokine in 
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wild type cells (adjusted p-value < 10−3). MED12 or MED24-dependent genes were defined 

as genes with >8-fold change between knockout and wild type conditions after 4 hours of 

stimulation with either cytokine. All pairwise comparisons were performed using the edgeR 

function exactTest (n = 3 or 4 biological replicates). Biological replicates were defined as 

replicate clonal knockout cell lines (for MED12 and MED24 knockouts) or replicate 

stimulations (for wild type control cells).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• In situ sequencing of perturbations or barcodes enables image-based pooled 

screens

• p65 translocation is assayed by imaging in fixed and live cell pools

• Pooled live-cell screen identifies MED12 and MED24 as negative regulators 

of NF-κB
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Figure 1. Optical pooled genetic screens
(A) In pooled screens, a library of genetic perturbations is introduced, typically at a single 

copy per target cell. In existing approaches, cellular phenotypes are evaluated by bulk NGS 

of enriched cell populations or single-cell molecular profiling (e.g. single-cell RNA-seq). In 

optical pooled screens, high-content imaging assays are used to extract rich spatiotemporal 

information from the sample prior to enzymatic amplification and in situ detection of RNA 

barcodes, enabling linkage between the phenotype and perturbation genotype of each cell.
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(B) Targeted in situ sequencing is used to read out RNA barcodes expressed from a single 

genomic integration. Barcode transcripts are fixed in place, reverse transcribed, and 

hybridized with single-stranded DNA padlock probes, which bind to common sequences 

flanking the barcode. The 3’ arm of the padlock is extended and ligated, copying the barcode 

into a circularized ssDNA molecule, which then undergoes rolling circle amplification. The 

barcode sequence is then read out by multiple rounds of in situ sequencing-by-synthesis. See 

also Figure S1A.
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Figure 2. Identification of perturbation barcodes by in situ sequencing
(A) Schematic of perturbation detection by in situ sequencing. Barcodes representing 

perturbations are expressed on a Pol II transcript and enzymatically converted into cDNA 

and amplified by RCA. RCA products serve as templates for sequencing-by-synthesis, in 

which barcodes are read out by multiple cycles of fluorescent nucleotide incorporation, 

imaging and dye cleavage.

(B) A 125-nt oligo pool encoding perturbations (sgRNAs) and associated 12-nt barcodes 

was cloned into a lentiviral vector (lentiGuide-BC) and delivered into HeLa cells. Expressed 

barcode sequences were read out by padlock detection, rolling circle amplification, and 12 

cycles of sequencing-by-synthesis. A linear filter (Laplacian-of-Gaussian, kernel width σ = 1 

pixel) was applied to sequencing channels to enhance spot-like features (scale bar 10 μm; 

composite image of DAPI and four sequencing channels). See also Movie S1.

(C) >80% of barcodes map to 40 designed sequences out of 16.7 million possible 12-nt 

sequences. See also Figure S1B-D.

(D) Most cells contain multiple barcode reads that map to the designed library.

(E) Cellular read distribution further categorized by read identity for 77% of cells containing 

at least one read.

(F) The number of possible barcodes scales geometrically with barcode length. Sufficient 

12-nt barcodes can be designed to cover a genome-scale perturbation library while 

maintaining the ability to detect and reject single or double sequencing errors (minimum 

pairwise Levenshtein distance d = 2 or 3, respectively).

Feldman et al. Page 28

Cell. Author manuscript; available in PMC 2020 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Accuracy of phenotype-to-genotype mapping assessed with a fluorescent reporter
(A) Workflow for CRISPR-Cas9 knockout-based screening of a genetically-encoded 

frameshift reporter. A library of targeting and non-targeting guides was cloned into either 

LentiGuide-BC or the CROP-seq vector and transduced into cells at low MOI. Cas9 

expression generates indels at the frameshift reporter target locus in cells with a targeting 

guide and leads to expression of a nuclear-localized HA epitope. HA expression was assayed 

by immunofluorescence and correlated with sgRNAs detected by in situ sequencing. 

Frameshift reporter accuracy was estimated using the relative abundances of HA+ cells 

mapped to targeting and non-targeting guides (X and Y, respectively). Scale bar is 30 μm.

(B) Targeting and control barcodes expressed from LentiGuide-BC in HeLa-TetR-Cas9 cells 

were well separated by fraction of HA+ cells.

(C) The same cell library was screened by flow sorting cells into HA+ and HA- bins and 

performing next-generation sequencing of the genomically integrated barcode. See also 

Figure S3D.

(D) The experiment was repeated across a panel of cell lines using the CROP-seq library and 

an optimized padlock detection protocol, yielding a similar distribution of mapped reads 

(top) and frameshift reporter accuracies (bottom). Error bars indicate the range between two 

replicate sequencing experiments. Cell types are indicated by the same colors in both plots.

Feldman et al. Page 29

Cell. Author manuscript; available in PMC 2020 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. A screen for regulators of NF-κB signaling
(A) Workflow for CRISPR-Cas9 knockout-based screening using a fluorescently tagged 

reporter cell line. Screen hits were identified by the failure of p65-mNeonGreen to 

translocate to the nucleus following stimulation with IL-1β or TNFα cytokines.

(B) Known NF-κB regulators were identified as high-ranking screen hits. Cells were assigned 

translocation scores based on the pixelwise correlation between mNeonGreen fluorescence 

and a DAPI nuclear stain; thus a score 1 indicates maximum translocation while a score of 

−1 indicates maximum cytoplasmic localization. The translocation defect for a gene was 
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defined based on the integrated difference in the distribution of translocation scores relative 

to non-targeting control sgRNAs across three replicate screens. See also Tables S1 and S3.

(C) Cumulative distributions of translocation scores (second-ranked guide) of known NF-κB 

regulators in response to both cytokines. The shaded areas depict the difference between the 

translocation score distributions for targeting sgRNAs and non-targeting control sgRNAs 

(gray).

(D) NF-κB pathway map (KEGG HSA04064) color-coded as in (B). KEGG pathway 

members colored gray did not show a translocation defect when individually knocked out in 

HeLa cells.

(E) Top-ranked genes were validated with arrayed CRISPR-Cas9 knockouts (scale bar 10 

μm). Histograms show the cumulative distributions of IL-1β and TNFα-induced 

translocation scores (averaged over two guides) for each gene knockout compared to wild 

type cells (gray). See also Figure S4B.
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Figure 5. A live-cell screen identifies a role for Mediator components in regulating p65 kinetics
(A) The initial 952 gene translocation screen was repeated using live-cell imaging to monitor 

p65 translocation kinetics (n = 361,587 analyzed cells). Hierarchical clustering of the time-

dependent translocation difference between each gene and the non-targeting controls 

grouped together KEGG-annotated regulators, as well as other positive and negative 

regulators with distinct cytokine-specific kinetic signatures. See also Table S4.

(B) and (C) A validation live-cell screen was performed to improve sampling of regulators 

identified by the primary screen and helped group regulators with distinct p65 translocation 

kinetics. Individual traces represent different sgRNAs for each gene. See also Figure S5 and 

Table S4.
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(D) Clonal knockouts of MED12 and MED24 recapitulated the increased retention time 

phenotype seen in the primary screen. Each trace represents a different knockout clone 

(scale bar 10 μm).

(E) Cytokine stimulation of Mediator clonal knockouts led to differential activation of NF-κB 

target genes, including increased expression of chemokines after stimulation with TNFα (1 

ng/mL) or IL-1β (30 ng/mL). Error bars show the range among knockout clones or wild 

type biological replicates, clones same as in (D).

(F) IL1B expression was induced in the Mediator clonal knockouts, but not in wild type 

cells, by TNFα stimulation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-HA antibody Cell Signaling 
Technologies

3724

rabbit anti-p65 antibody Cell Signaling 
Technologies

8242

goat anti-rabbit IgG Alexa Fluor 488 Cell Signaling 
Technologies

4412

Bacterial and Virus Strains

Endura Electrocompetent Cells Lucigen 69242

Chemicals, Peptides, and Recombinant Proteins

TNFα Invivogen rcyc-htnfa

IL-1β Invivogen rcyec-hil1b

Critical Commercial Assays

Revertaid H minus RT Thermo Fisher 
Scientific

EP0452

Ribolock RNase inhibitor Thermo Fisher 
Scientific

EO0384

RNase H Enzymatics / Qiagen 
Beverly

Y9220L

TaqlT DNA polymerase Enzymatics / Qiagen 
Beverly

P7620L

Stoffel Fragment Blirt SA / DNA 
Gdansk

RP810

Ampligase Lucigen A3210K

Phi29 DNA polymerase Thermo Fisher 
Scientific

EP0092

MiSeq 500 cycle Nano kit Illumina MS-103-1003

Deposited Data

RNA-seq of clonal knockouts Gene Expression 
Omnibus

GSE132704

Screening image data Image Data Resource Accession number pending

Experimental Models: Cell Lines

HeLa-TetR-Cas9 Iain Cheeseman Lab, 
Whitehead Institute

N/A

Oligonucleotides

oRT_LentiGuide-BC (for use with LentiGuide-BC): G+AC+GT+GT+GC
+TT+AC+CCAAAGG

This paper N/A

oPD_LentiGuide-BC (for use with LentiGuide-BC): /5Phos/
actggctattcattcgcCTCCTGTTCGA CAGTCAGCCGCATCTGCGTCTA1 1 
IAGTGGAGCCC TT Gtgttcaatcaacattcc

This paper N/A

oSBS_LentiGuide-BC (for use with oPD_LentiGuide- BC): 
TTCGACAGTCAGCCGCATCTGCGTCTATTTAGTGG AGCCCTT 
Gtgttcaatcaacattcc

This paper N/A

oRT_CROPseq (for use with CROPseq-puro and CROPseq-zeo): G+AC+TA
+GC+CT+TA+TT+TTAACTTGCTAT

This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

oPD_CROPseq (for use with CROPseq-puro and CROPseq-zeo, optimized 
padlock): /5Phos/gttttagagctagaaatagcaagCTCCTGTTCGACACC 
TACCCACCTCATCCCACTCTTCAaaaggacgaaacaccg

This paper N/A

oSBS_CROPseq (for use with oPD_CROPseq): 
CACCTCATCCCACTCTTCAaaaggacgaaacaccg

This paper N/A

oRT_CROPseq-v2 (for use with CROPseq-puro-v2): A+CT+CG+GT+GC
+CA+CT+TTT

This paper N/A

oPD_CROPseq-v2 (for use with CROPseq-puro-v2, optimized padlock):/
5Phos/GTTTCAGAGCTATGCTGGCTCCTGT 
TCGCTTCTCCCTTACCTCCTTCCCTTCCATCCTATAT 
CCTCCACTCATAaaaggacgaaaCACCg

This paper N/A

oSBS_CROPseq-v2 (for use with oPD_CROPseq-v2): 
TCCATCCTATATCCTCCACTCATAaaaggacgaaaCACCg

This paper N/A

oPD_323 (previously used with CROPseq-puro; not optimized): /5Phos/
gttttagagctagaaatagcCTCCTGTTCGACAGTCA 
GCCGCATCTGCGTCTATTTAGTGGAGCCCTTGaagga cgaaacaccg

This paper N/A

oSBS_394 (previously used with oPD_323; not optimized): 
TCAGCCGCATCTGCGTCTATTTAGTGGAGCCCTTGa aggacgaaacaccg

This paper N/A

Recombinant DNA

LentiCas9-blast Sanjana et al, 2014 Addgene Plasmid #52962

LentiGuide-Puro Sanjana et al, 2014 Addgene Plasmid #52963

pXPR_011 Doench et al, 2014 Addgene Plasmid #59702

CROPseq-Guide-Puro Datlinger et al., 2017 Addgene Plasmid #86708

pR_LG Feldman et al., 2018 Addgene Plasmid #112895

LentiGuide-BC This paper Addgene Plasmid #127168

LentiGuide-BC-CMV-Puro This paper Addgene Plasmid #127169

LentiGuide-BC-CMV-Puro This paper Addgene Plasmid #127170

pL_FR_Hygro This paper Addgene Plasmid #127171

pR14_p65-mNeonGreen This paper Addgene Plasmid #127172

CROPseq-Zeo This paper Addgene Plasmid #127173

CROPseq-Puro-v2 This paper N/A

Software and Algorithms

Snakemake Köster et al., 2012 https://
snakemake.readthedocs.io/en/stable/

Sample in situ sequencing data and analysis pipeline from data to sequencing 
read table

This paper https://github.com/blaineylab/
OpticalPooledScreens

Other

Microscope light source Lumencor Sola SE365 FISH

Camera Hamamatsu ORCA-Flash 4.0 v3

Objective Lens Nikon CFI Plan Apochromat Lambda 10X/
0.45

DAPI filter set Semrock LED-DAPI-A-NTE-ZERO

GFP filter set Semrock GFP-1828A-NTE-ZERO

Cy3 filter set (MiSeq G) Semrock FF01-534/20-25 FF552-
Di02-25×36 FF01-572/28-25

Alexa Fluor 594 filter set (MiSeq T) Semrock FF03-575/25-25 FF596-
Di01-25×36 FF01-615/24-25
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cy5 filter set (MiSeq A) Semrock FF01-635/18-25 FF652-
Di01-25×36 FF01-680/42-25

Cy7 filter set (MiSeq C) Semrock FF01-661/20-25 FF695-
DI01-25X36 FF01-732/68-25

Sample in situ sequencing data and analysis pipeline from data to sequencing 
read table

This paper https://github.com/blaineylab/
OpticalPooledScreens
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