
Mapping Cellular Reprogramming via Pooled Overexpression 
Screens with Paired Fitness and Single Cell RNA-Sequencing 
Readout

Udit Parekh#a, Yan Wu#b, Dongxin Zhaob, Atharv Worlikarb, Neha Shahc, Kun Zhangb,†, and 
Prashant Malib,†

aDepartment of Electrical and Computer Engineering;

bDepartment of Bioengineering University of California San Diego, USA.

cDepartment of Nanoengineering, University of California San Diego, USA.

# These authors contributed equally to this work.

SUMMARY

Understanding the effects of genetic perturbations on the cellular state has been challenging using 

traditional pooled screens, which typically rely on the delivery of a single perturbation per cell and 

unidimensional phenotypic readouts. Here, we use barcoded open reading frame overexpression 

libraries coupled with single-cell RNA sequencing to assay cell state and fitness, a technique we 

call SEUSS (ScalablE fUnctional Screening by Sequencing). Using SEUSS, we perturbed hPSCs 

with a library of developmentally critical transcription factors (TFs) and assayed the impact of TF 

overexpression on fitness and transcriptomic states. We further leveraged the versatility of the 

ORF library approach to assay mutant genes and whole gene families. From the transcriptomic 

responses, we built genetic co-regulatory networks to identify altered gene modules and found that 
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KLF4 and SNAI2 drive opposing effects along the epithelial-mesenchymal transition axis. From 

fitness responses, we identified ETV2 as a driver of reprogramming towards an endothelial-like 

state.

eTOC Blurb

Discovering reprogramming factors for cell fate conversion is a challenging process. Here, we 

demonstrate a high-throughput, high-content overexpression screening method, employing a 

coupled single cell RNA-seq and fitness readout, to screen transcription factor overexpression 

effects on pluripotent stem cells under multiple growth conditions. From the screens, we can 

dissect transcriptomic responses, construct genetic co-regulatory networks and identify 

reprogramming factors. We also demonstrate application of the method to systematically screen 

mutant forms of proteins and whole gene families.

Graphical Abstract

INTRODUCTION

Cellular reprogramming via the overexpression of transcription factors (TF), has widely 

impacted biological research, from the direct conversion of adult somatic cells (Davis et al., 

1987; Xu et al., 2015) and the induction of pluripotent stem cells (Takahashi and Yamanaka, 

2006; Maherali et al., 2007; Takahashi et al., 2007; Wernig et al., 2007; Yu et al., 2007; Park 

et al., 2008), to the differentiation of human pluripotent stem cells (hPSCs) (Pang et al., 

2011; Y. Zhang, Changhui Pak, et al., 2013; Abujarour et al., 2014; Chanda et al., 2014; 

Sugimura et al., 2017; Yang et al., 2017). The discovery of TFs that drive reprogramming 

has previously involved both prior knowledge of their role in development and cellular 

transformation, and systematic trial-and-error. A scalable screening method to assess the 

effects of TF overexpression would advance fundamental understanding of reprogramming 

and enable the rapid discovery of novel reprogramming factors.
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Recently, screens combining genetic perturbations with single cell RNA-seq (scRNA-seq) 

(Kolodziejczyk et al., 2015) readouts have emerged as promising alternatives to traditional 

screens (Mohr et al., 2010; Shalem et al., 2015), enabling high-throughput, high-content 

screening by simultaneously profiling the transcriptomic response of tens of thousands of 

individual cells to genetic perturbations. These scRNA-seq screens are scalable and enable 

direct readout of transcriptomic changes, providing a powerful tool in unraveling 

transcriptional networks and cascades. While other groups have demonstrated CRISPR-Cas9 

based knock out and knock-down scRNA-seq screens (Adamson et al., 2016; Dixit et al., 

2016; Jaitin et al., 2016; Datlinger et al., 2017; Xie et al., 2017), to our knowledge, scRNA-

seq based gene overexpression screens have yet to be demonstrated.

Here, we use barcoded open-reading frame (ORF) overexpression libraries with a coupled 

scRNA-seq and fitness screen, a technique we call SEUSS, to systematically overexpress a 

pooled library of TFs and assay both the transcriptomic and fitness effects on hPSCs. While 

CRISPRa offers some advantages, including easier scale-up, and the ability to mimic 

endogenous activation (La Russa and Qi, 2015; Dominguez et al., 2016), we chose ORF 

constructs for several reasons. ORF overexpression yields strong, stable expression of the 

gene of interest, and enables the expression of specific isoforms as well as engineered or 

mutant forms of genes, aspects not accessible through endogenous activation.

We harnessed the SEUSS approach to assay the effects of TF overexpression on the 

pluripotent cell state, like the opposing effects of KLF4 and SNAI2 overexpression along the 

epithelial-mesenchymal transition (EMT) axis, and to find reprogramming factors like 

ETV2, whose overexpression yields rapid differentiation towards the endothelial lineage. 

Notably, we also systematically assayed mutant gene libraries (MYC) and whole gene 

families (KLF).

RESULTS

TF overexpression screens in hPSCs with barcoded ORF libraries

We designed an ORF overexpression vector (TF-Hygro, Figure 1A) such that each TF was 

paired with a unique 20 bp barcode sequence located 200 bp upstream of the lentiviral 3’-

long terminal repeat (LTR) region. This yields a polyadenylated transcript bearing the 

barcode proximal to the 3’ end, facilitating efficient detection in scRNA-seq (Figure 1A). To 

construct the ORF library, TFs were amplified out of a multi-tissue human cDNA pool or 

synthesized as double-stranded DNA fragments, and individually cloned into a backbone 

vector (Figure S1a, STAR Methods). The final library consisted of 61 developmentally 

critical or pioneer TFs (Table S1). Overexpression was confirmed for select TFs by qRT-

PCR (Figure S1b).

We conducted the overexpression screens by transducing lentiviral ORF libraries into human 

embryonic stem cells (hESCs), maintaining them under antibiotic selection after 

transduction for 5 days for screens in hPSC medium, and 6 days for screens in unilineage 

and multilineage medium. We then performed scRNA-seq on the transduced and selected 

cells. TF barcodes were recovered and associated with scRNA-seq cell barcodes by targeted 

PCR amplification from the unfragmented cDNA, allowing genotyping of each cell for 
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downstream analysis (Figure 1B). Genotyped cell counts, while limited in sample size, also 

allowed us to estimate fitness (Figure 1A-C).

We then used the Seurat computational pipeline to cluster cells based on their gene 

expression profiles, and identified over-enrichment of TFs in specific clusters using Fisher’s 

exact test (STAR Methods, Figure 1D) (Macosko et al., 2015). We used a linear model to 

identify genes whose expression levels are appreciably changed by the perturbation (Dixit et 

al.,2016) (STAR Methods). For downstream analysis, we focused on TFs that were either 

significantly enriched for at least one cluster (p-value < 10−12) or had at least 50 significant 

differentially expressed genes (STAR Methods, Figure 1D).

Since barcode shuffling has been identified as a key factor limiting the power and sensitivity 

of single-cell based screening (Adamson et al., 2016, 2018; Sack et al., 2016; Hill et al., 

2018; Xie et al., 2018), we also explored an alternate version of the overexpression vector 

(TF-NoHygro, Figure S1c) to minimize template-switching events during lentiviral 

packaging. The rate at which the association between the ORF and barcode is lost due to 

template switching is proportional to the length of the constant region between the ORF and 

barcode, which in this case is the selection marker. In the TF-NoHygro vector, the selection 

marker was excised and the ORF was placed immediately adjacent to the barcode sequence, 

with only a 25 bp priming sequence between them (Figure S1c). The absence of a selection 

marker does not impact analysis of results from the screens since we could exactly 

determine which perturbation was delivered to each cell.

We then assessed barcode shuffling rates for pooled virus production for the TF-Hygro and 

TF-NoHygro designs, compared to a control where each library element in the TF-Hygro 

format was packaged individually and then pooled (Figure S1d, STAR Methods). We used a 

14-element subset of the full library (Figure S1e, Table S1) to quantify these shuffling rates. 

While the TF-Hygro design yielded a ∼36% barcode shuffling rate, the TF-NoHygro design 

had a negligible shuffling rate (Figure S1f).

Given the degree of barcode shuffling in the TF-Hygro format, we also assessed the 

reproducibility of the assay results obtained using the TF-Hygro format versus the TF-

NoHygro format for the 14 TF sub-library (Figure S1e, Table S1). Virus for both vector 

formats was produced in a pooled manner, so that the TF-Hygro format would suffer from 

barcode shuffling, while the TF-NoHygro format would not. We conducted scRNA-seq 

screens in both vector formats and found that regression coefficients for cells overexpressing 

a single TF were well correlated between the vector formats (Figure S1g). Hence, results 

obtained from pooled screens with TF-Hygro are still valid, albeit with a reduction in power.

Screening growth condition-specific effects of TF overexpression

We used the SEUSS framework to assess the pluripotent cell state response to TF 

overexpression, and to study the interplay of TF overexpression and growth conditions. We 

conducted two replicate screens with the 61 element TF-Hygro library in each of three 

different medium conditions: hPSC medium, a unilineage medium, specifically endothelial 

growth medium (EGM), and a multilineage (ML) differentiation medium, specifically a high 

serum growth medium (STAR Methods). We aggregated 7,728 cells across the hPSC 
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medium screens, 10,137 cells across the unilineage medium screens, and 6,807 cells across 

the ML medium screens (Table S2). The experimental replicates for each medium condition 

were well correlated (STAR Methods, Figure S2a-c), implying overall reproducibility.

We found that transcriptomic changes do not necessarily correlate with changes in fitness 

(Figure S2d-f), demonstrating that profiling both fitness and the transcriptome is necessary 

for understanding cell state changes. We also found that fitness estimates from cell counts 

were well correlated between replicates (Figure S3g-i) and correlated with bulk fitness from 

genomic DNA despite the limited sampling of cell counts via scRNA-seq (Figure S3j-l). 

Among the most significantly depleted TFs across medium conditions, was the 

haematoendothelial master regulator ETV2, (Figure 1C, Fig. S3).

Mapping TF overexpression effects to gene module networks

To interpret the effects of significant TFs, we used the regression coefficients of the linear 

model to build a weighted gene-to-gene co-regulatory network, where genes with a highly 

weighted edge between them respond to TF overexpression in a similar manner (STAR 

Methods, Figure S3). Applying this approach to the screens, we identified 9 altered gene 

modules via a graph clustering algorithm(Blondel et al., 2008). Many of these gene modules 

showed a strong enrichment for Gene Ontology (GO) terms, and gene module identity was 

assigned using GO enrichment paired with manual inspection of genes in each module 

(Figure 1E, Table S4).

We next calculated the effect of each significant TF on the gene modules (Figure 1F). While 

certain TFs (CDX2, KLF4) show strong cluster enrichment (Figure 1D, Fig S4a-c) and 

consistent gene module effects across media conditions, some TFs have growth medium-

specific effects. For instance, some HNF1A effects were specific to hPSC medium and some 

GATA4 effects were specific to EGM (Figure 1F). We found that the annotated neural 

specifier NEUROD1 (Gao et al., 2009; Y. Zhang, ChangHui Pak, et al., 2013; Busskamp et 

al., 2014; Pataskar et al., 2016) shows strong effects on the neuron differentiation module 

and upregulates genes known to play a role in neuronal development (Figure S4d-e). In the 

pluripotent medium condition, we also find that HNF1A and ONECUT1, strongly 

upregulate the endoderm development module, reflecting their known roles in endoderm 

development (Jacquemin et al., 2000, 2003; Clotman et al., 2005; Pierreux et al., 2006; 

Maestro et al., 2007; Servitja et al., 2009; D’Angelo et al., 2010; Si-Tayeb, K.; Lemaigre, F. 

P.; Duncan, 2010) (Figure 1F). Across medium conditions, CDX2 upregulates the embryonic 

morphogenesis module and genes known to play a role in extra-embryonic patterning 

(Figure S4d-f), potentially reflecting its role in trophectoderm development (Niwa et al., 

2005; Strumpf et al., 2005). To benchmark our results, we compared the effects for 

significant TFs in hPSC medium with a previously reported bulk microarray screen of TF 

overexpression in mESCs (Nishiyama et al., 2009). We used GSEA to assess the overlap 

between the overexpression effects in our screens and the annotated TF targets in the bulk 

microarray screen. We found significant enrichment between the TFs present in both screens 

(Figure S4g).
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Biological Effects of Significant TFs

We then sought to investigate the effects of two TFs, SNAI2 and KLF4, which significantly 

perturb the hPSC transcriptome (Figure 1D, Figure 1F). Since KLF4 and SNAI2 are known 

to play critical and opposing roles in EMT (Barrallo-Gimeno et al., 2005; Li et al., 2010; Liu 

et al., 2012) we assessed whether they cause changes along an EMT-like axis in hPSCs as 

well. A PCA analysis using 200 genes from a consensus EMT geneset from MSigDB 

(Subramanian et al., 2005) demonstrated a stratification of KLF4-transduced cells towards 

an epithelial-like state and SNAI2-transduced cells towards a mesenchymal-like state 

(Figure 2A). The scRNA-seq data also demonstrated expression level changes in signature 

genes consistent with EMT (Figure 2B), which we confirmed with qRT-PCR (Figure S5a-c). 

We also confirmed protein expression changes with immunofluorescence staining of 

EPCAM and VIM (Figure 2C).

To demonstrate the power of fitness effects in discovering TFs with significant impact on 

reprogramming, we focused on ETV2, which has the greatest average fitness loss across 

medium conditions (Figure 1C). Since ETV2 is known to drive reprogramming from 

fibroblasts (Morita et al., 2015) and promote differentiation of endothelial cells from hPSCs 

(Lindgren et al., 2015; Tsang et al., 2017), we hypothesized that the reduced fitness could be 

due to a proliferation disadvantage if ETV2-transduced cells are undergoing reprogramming 

without division. Focused experiments revealed that while ETV2-transduced cells undergo 

extensive cell death in pluripotent medium, there is a morphology change indicative of an 

endothelial phenotype in EGM (Figure 2D). Immunofluorescence revealed a distinct 

distribution of CDH5, with localization at cell-cell junctions similar to human umbilical vein 

endothelial cells (HUVECs) (Figure 2E). Functional testing confirmed tube formation 

(Figure 2F), while qRT-PCR assays demonstrated strong upregulation of the key endothelial 

markers CDH5, PECAM1 and VWF (Figure 2G), thus suggesting that a single TF, ETV2, 
may be able to drive differentiation from a pluripotent to an endothelial-like state.

Screening Mutant Gene Libraries and Gene Families

Since MYC was found to drive significant transcriptomic changes in hPSC medium (Figure 

1D), we chose to assay MYC mutants to demonstrate the ability of SEUSS to systematically 

screen mutant forms of proteins. We constructed a library of mutant MYC proteins, with 

both functional domain deletions and (Figure 2H), and hotspot mutations (Pelengaris et al., 

2002). Screening this Myc-Hygro library in hPSC medium, we found that hotspot mutations, 

and deletion of the nuclear localization signal (NLS) sequence maintain an effect similar to 

the wild type MYC, suggesting that these mutations have minimal effect. A majority of the 

domain deletions show a marked reduction in both the number of differentially expressed 

genes, and the activation of MYC target module genes, suggesting that deleting entire 

functional domains is deleterious for function of MYC in hPSCs, as one might expect 

(Figure 2I).

The consistent and strong effects of KLF4 overexpression motivated the investigation of the 

KLF zinc finger transcription factor family (McConnell and Yang, 2010) (Figure 2J) as a 

demonstration of SEUSS’ utility in studying perturbation patterns across gene families. A 

KLF-Hygro screen including all 17 members of this protein family was conducted in hPSC 
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medium. Gene module analysis showed that Group I KLF family members, including KLF4 
and KLF5, have similar effects, as does KLF17 (Figure 2K), which may reflect their similar 

role in promoting epithelial cell states (Gumireddy et al., 2009; B. Zhang et al., 2013; Tiwari 

et al., 2013). We benchmarked the results obtained in the KLF gene family screen via 

SEUSS, against bulk RNA-seq for KLF4, KLF5 and KLF17, the 3 KLF family members 

with the highest number of differentially expressed genes and found the results to be 

correlated (Figure S5d).

DISCUSSION

In our study, we have demonstrated a high-throughput gene over-expression screening 

approach that simultaneously assays both fitness and transcriptomic effects. Our use of ORF 

overexpression drove strong phenotypic effects, allowing us to capture subtle transcriptomic 

signals with fewer cells per perturbation than some of the CRISPR-based screens, while the 

versatility of SEUSS was demonstrated by mapping context dependent effects of TFs, 

assaying mutant forms of a TF, as well as TFs in a gene family.

Our studies also revealed important considerations in the execution and interpretation of 

such screens. Consistent with recent studies (Sack et al., 2016; Hill et al., 2018), we 

observed shuffling of distally located barcodes due to recombination during pooled lentiviral 

packaging. While viral particles may be produced without risk of recombination by 

individually packaging each vector, this hinders screen scalability. We also noted that there 

are limitations on the maximum infectivity for stem cells with lentiviral vectors (Santoni de 

Sio et al., 2008; Geis et al.,2017), reducing the probability of observing combinatorial 

overexpression effects. Further engineering of the overexpression vector is necessary to 

enable large-scale and combinatorial overexpression screens. We also observed that 

overexpression levels will vary with the gene being expressed, which could affect screens 

sensitive to such variations. Further, in our assays, since hPSCs were transduced with pooled 

libraries, transcriptomic changes driven by cell-cell interactions could increase variability. 

We also aggregated replicates to increase our power after demonstrating that the replicate 

experiments showed similar effects. This may not always be possible, as screens in specific 

cell types or culture conditions may result in more variability amongst replicates. 

Furthermore, in these experiments, we chose a compact library size to ensure that within a 

single scRNA-seq run of up to 10,000 cells, each perturbation was represented by a 

statistically significant number of cells. However, given the development of combinatorial 

indexing methods (Cao et al., 2017; Rosenberg et al., 2018) that can profile hundreds of 

thousands of cells simultaneously, we anticipate SEUSS to be scalable to all known TFs.

Taken together, SEUSS has broad applicability to study the effects of overexpression in 

diverse cell types and contexts; it may be extended to novel applications such as screening of 

protein mutagenesis or screening the effects of synthetic proteins. In combination with other 

methods of genetic and epigenetic perturbation it may allow us to generate a comprehensive 

understanding of the pluripotent and differentiation landscape.
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CONTACT FOR REAGENT AND RESOURCE SHARING

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

fulfilled by the Lead Contact, Prashant Mali (pmali@ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

H1 hESC (male) cell line was maintained under feeder-free conditions in mTeSRI medium 

(Stem Cell Technologies). Prior to passaging, tissue-culture plates were coated with growth 

factor-reduced Matrigel (Corning) diluted in DMEM/F-12 medium (Thermo Fisher 

Scientific) and incubated for 30 minutes at 37 °C, 5% CO2. Cells were dissociated and 

passaged using the dissociation reagent Versene (Thermo Fisher Scientific).

HEK 293T cells were maintained in high glucose DMEM supplemented with 10% fetal 

bovine serum (FBS).

HUVECs were maintained in endothelial growth medium (EGM-2, Lonza) and were not 

used beyond passage 10.

METHOD DETAILS

Library Preparation

The lentiviral backbone plasmid for the TF-Hygro vector format was constructed containing 

the EF1a promoter, mCherry transgene flanked by BamHI restriction sites, followed by a 

P2A peptide and hygromycin resistance enzyme gene immediately downstream. Each 

transcription factor in the library was individually inserted in place of the mCherry 

transgene. Since the ectopically expressed transcription factor would lack a poly-adenylation 

tail due to the presence of the 2A peptide immediately downstream of it, the transcript will 

not be captured during single cell transcriptome sequencing which relies on binding the 

poly-adenylation tail of mRNA. Thus, a barcode sequence was introduced to allow for 

identification of the ectopically expressed transcription factor. The backbone was digested 

with Hpal, and a pool of 20 bp long barcodes with flanking sequences compatible with the 

Hpal site, was inserted immediately downstream of the hygromycin resistance gene by 

Gibson assembly. The vector was constructed such that the barcodes were located only 200 

bp upstream of the 3’-LTR region. This design enabled the barcodes to be transcribed near 

the poly-adenylation tail of the transcripts and a high fraction of barcodes to be captured 

during sample processing for scRNA-seq.

To create the transcription factor library, individual transcription factors were PCR amplified 

out of a human cDNA pool (Promega Corporation) or obtained as synthesized double-

stranded DNA fragments (gBIocks, IDT Inc) with flanking sequences compatible with the 

BamHI restriction sites. MYC mutants were obtained as gBIocks with a 6-amino acid 

GSGSGS linker substituted in place of deleted domains (Table S1). The lentiviral backbone 

was digested with BamHI HF (New England Biolabs) at 37 °C for 3 hours in a reaction 

consisting of: lentiviral backbone, 4 μg, CutSmart buffer, 5 μl, BamHI, 0.625 μl, H20 up to 
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50 μl. After digestion, the vector was purified using a QIAquick PCR Purification Kit 

(Qiagen). Each transcription factor vector was then individually assembled via Gibson 

assembly. The Gibson assembly reactions were set up as follows: 100 ng digested lentiviral 

backbone, 3:10 molar ratio of transcription factor insert, 2X Gibson assembly master mix 

(New England Biolabs), H20 up to 20 μl. After incubation at 50 ˚C for 1 h, the product was 

transformed into One Shot Stbl3 chemically competent Escherichia coli (Invitrogen). A 

fraction (150 μL) of cultures was spread on carbenicillin (50 μg/ml) LB plates and incubated 

overnight at 37 °C. Individual colonies were picked, introduced into 5 ml of carbenicillin (50 

μg/ml) LB medium and incubated overnight in a shaker at 37 °C. The plasmid DNA was 

then extracted with a QIAprep Spin Miniprep Kit (Qiagen), and Sanger sequenced to verify 

correct assembly of the vector and to extract barcode sequences. One overexpression vector 

was created for each TF, thus a single unique barcode was associated with each TF.

To assemble the library, individual transcription factor vectors were pooled together in an 

equal mass ratio along with a control vector containing the mCherry transgene which 

constituted 10% of the final pool.

To create the neural transcription factor library without a hygromycin resistance transgene, 

in the TF-NoHygro format, individual transcription factor coding sequences were PCR 

amplified from plasmids containing them, with flanking sequences compatible with the 

upstream BamHI restriction site and downstream Hpal restriction site. 20 bp barcode 

sequences were added after the transcription factor stop codon via the primers compatible 

with the Hpal restriction site. Swapping the locations of the ORF and selection marker was 

avoided so that residues from 2A peptide cleavage were not added to the N-terminal of the 

overexpressed TF. The lentiviral backbone was digested with BamHI HF and Hpal (New 

England Biolabs) at 37 °C for 3 hours in a reaction consisting of: lentiviral backbone, 3 μg, 

CutSmart buffer, 5 μl, BamHI, 0.625 μl, Hpal, 2 μl, H20 up to 50 μl. After digestion, the 

vector was purified using a QIAquick PCR Purification Kit (Qiagen). Each transcription 

factor vector was then individually assembled via Gibson assembly. The Gibson assembly 

reactions were set up as follows: 100 ng digested lentiviral backbone, 3:10 molar ratio of 

transcription factor insert, 2X Gibson assembly master mix (New England Biolabs), H20 up 

to 20 μl. After incubation at 50 ˚C for 1 h, the product w as transformed into One Shot Stbl3 

chemically competent Escherichia coli (Invitrogen). A fraction (150 μL) of cultures was 

spread on carbenicillin (50 μg/ml) LB plates and incubated overnight at 37 °C. Individual 

colonies were picked, introduced into 5 ml of carbenicillin (50 μg/ml) LB medium and 

incubated overnight in a shaker at 37 °C. The plasmid DNA was then extracted with a 

QIAprep Spin Miniprep Kit (Qiagen), and Sanger sequenced to verify correct assembly of 

the vector and to extract barcode sequences. One overexpression vector was created for each 

TF, thus a single unique barcode was associated with each TF.

To assemble the library, individual transcription factor vectors were pooled together in an 

equal mass ratio along with a control vector containing the mCherry transgene which 

constituted 10% of the final pool.
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Viral Production

HEK 293T cells were maintained in high glucose DMEM supplemented with 10% fetal 

bovine serum (FBS). In order to produce lentivirus particles, cells were seeded in a 15 cm 

dish 1 day prior to transfection, such that they were 60–70% confluent at the time of 

transfection. For each 15 cm dish 36 μl of Lipofectamine 2000 (Life Technologies) was 

added to 1.5 ml of Opti-MEM (Life Technologies). Separately 3 μg of pMD2.G (Addgene 

no. 12259), 12 μg of pCMV delta R8.2 (Addgene no. 12263) and 9 μg of an individual 

vector or pooled vector library was added to 1.5 ml of Opti-MEM. After 5 minutes of 

incubation at room temperature, the Lipofectamine 2000 and DNA solutions were mixed and 

incubated at room temperature for 30 minutes. During the incubation period, medium in 

each 15 cm dish was replaced with 25 ml of fresh, pre-warmed medium. After the 

incubation period, the mixture was added dropwise to each dish of HEK 293T cells. 

Supernatant containing the viral particles was harvested after 48 and 72 hours, filtered with 

0.45 pm filters (Steriflip, Millipore), and further concentrated using Amicon Ultra-15 

centrifugal ultrafilters with a 100,000 NMWL cutoff (Millipore) to a final volume of 600–

800 μl, divided into aliquots and frozen at −80 °C.

For high MOI transduction of the neural transcription factor library, the lentivirus was 

further concentrated using Amicon Ultra-0.5 centrifugal ultrafilters with a 100,000 NMWL 

cutoff (Millipore) such that the final volume used for transduction was less than 20% of the 

total volume per well of a 6 well plate.

For analysis of barcode shuffling, lentivirus particles were produced by seeding HEK293T 

cells in 6-well plates such that they were 60–70% confluent at the time of transfection. For 

each well, μl of Lipofectamine 2000 was added to 125 ul of Opti-MEM. Separately, 625 ng 

of pMD2.G, 2.5 μl of pCMV delta R8.2 and 1.875 μg of an individual or pooled neural 

transcription factor library was added to 125 μl of Opti-MEM. After 5 minutes of incubation 

at room temperature, the Lipofectamine 2000 and DNA solutions were mixed and incubated 

at room temperature for 30 minutes. During the incubation period, medium in each well was 

replaced with 2 ml of fresh, prewarmed medium. After the incubation period, the mixture 

was added dropwise to each well of HEK 293T cells. For the Arrayed Neural TF library, 

viral particles of each individual transcription factor were produced in separate wells of 6-

well plates. For the Pooled Neural TF library, the plasmids were pooled along with a 

mCherry vector constituting 10% of the final pool and lentiviral particles produced in an 

equal number of wells as the Unpooled production. Supernatant containing the viral particles 

was harvested after 48 and 72 hours, pooled and filtered with 0.45 μm filters (Steriflip, 

Millipore), and further concentrated using Amicon Ultra-15 centrifugal ultrafilters with a 

100,000 NMWL cutoff (Millipore) to a final volume of 600–800 μl, divided into aliquots 

and frozen at −80 °C. The lentivirus was further concentrated using Amicon Ultra-0.5 

centrifugal ultrafilters with a 100,000 NMWL cutoff (Millipore) such that the final volume 

used for transduction was less than 20% of the total volume per well of a 6 well plate.

Viral Transduction

For viral transduction, on day −1, H1 cells were dissociated to a single cell suspension using 

Accutase (Innovative Cell Technologies) and seeded into Matrigel-coated plates in mTeSR 
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containing ROCK inhibitor, Y-27632 (10 μM, Sigma-Aldrich). For transduction with the TF 

library, cells were seeded into 10 cm dishes at a density of 6×106 cells for screens conducted 

in mTeSR or 4.5×106 cells for screens conducted in endothelial growth medium (EGM) or 

multilineage (ML) medium (DMEM + 20% FBS.) For transduction with the neural TF 

library, KLF gene family library and c-MYC mutants library, cells were seeded at a density 

of 1×106 cells per well of a 6-well plate. For transduction with the neural TF library not 

containing a hygromycin resistance transgene, cells were seeded at a density of 0.5×106 

cells per well of a 6-well plate. For transduction with the neural TF library, with or without 

the hygromycin resistance transgene, multiple wells were transduced at varying titers, along 

with companion wells transduced with equal titer of control mCherry virus only, to control 

for effects of viral toxicity and high serum content. The highest transduction titer for which 

no toxicity or differentiation was seen in the control wells was used for scRNA-seq 

experiments. For transduction with individual transcription factors cells were seeded at a 

density of 4×105 cells per well of a 12 well plate or 2×105 cells per well of a 24 well plate 

for experiments conducted in mTeSR, while for experiments conducted in the alternate 

media cells were seeded at a density of 3×105 cells per well of a 12 well plate or 1.5×105 

cells per well of a 24 well plate.

On day 0, medium was replaced with fresh mTeSR to allow cells to recover for 6–8 hours. 

Recovered cells were then transduced with lentivirus added to fresh mTeSR containing 

polybrene (5 μg/ml, Millipore). On day 1, medium was replaced with the appropriate fresh 

medium: mTeSR, endothelial growth medium (EGM-2, Lonza) or high glucose DMEM 

+ 20% FBS. For all vectors and libraries containing a hygromycin resistance transgene, 

hygromycin (Thermo Fisher Scientific) selection was started from day 2 onward at a 

selection dose of 50 μg/ml, medium containing hygromycin was replaced daily.

Single Cell Library Preparation

For screens conducted in mTeSR cells were harvested 5 days after transduction while for 

alternate media, EGM or ML, cells were harvested 6 days after transduction with the TF 

library. Cells were dissociated to single cell suspensions using Accutase (Innovative Cell 

Technologies). For samples sorted with magnetically assisted cell sorting (MACS), cells 

were labelled with anti-TRA-1–60 antibodies or with dead cell removal microbeads and 

sorted as per manufacturer’s instructions (Miltenyi Biotec). Samples were then resuspended 

in 1XPBS with 0.04% BSA at a concentration between 600–2000 per μl. Samples were 

loaded on the 10X Chromium system and processed as per manufacturer’s instructions (10X 

Genomics). Unused cells were centrifuged at 300 ref for 5 minutes and stored as pellets at 

−80 °C until extraction of genomic DNA.

Single cell libraries were prepared as per the manufacturer’s instructions using the Single 

Cell 3’ Reagent Kit v2 (10X Genomics). Prior to fragmentation, a fraction of the sample 

post-cDNA amplification was used to amplify the transcripts containing both the TF barcode 

and cell barcode. Single cell RNA-seq libraries and barcode amplicons were sequenced on 

an Illumina HiSeq platform.
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Quantification of Barcode Shuffling

To quantify the extent of barcode shuffling, lentivirus particles of the Neural TF library were 

produced in an arrayed or pooled manner in 6-well plates as described previously. Multiple 

wells were transduced at varying titers, the highest transduction titer for which no toxicity or 

differentiation was seen in the control wells was used for downstream processing. 

Hygromycin (Thermo Fisher Scientific) selection was started from day 2 onward at a 

selection dose of 50 μg/ml, medium containing hygromycin was replaced daily. Cells were 

harvested 5 days after transduction, spun at 300 rcf for 5 min to obtain cell pellets and 

genomic DNA extracted.

Barcode Amplification

Barcodes were amplified from cDNA generated by the single cell system as well as from 

genomic DNA from cells not used for single cell sequencing. Barcodes were amplified from 

both types of samples and prepared for deep sequencing through a two-step PCR process.

For amplification of barcodes from cDNA, the first step was performed as three separate 50 

μl reactions for each sample. 2 μl of the cDNA was input per reaction with Kapa Hifi 

Hotstart ReadyMix (Kapa Biosystems). The PCR primers used were, 

Nexterai7_TF_Barcode_F: 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGAACTATTTCCTGGCTGTTAC

GCG and NEBNext Universal PCR Primer for Illumina (New England Biolabs). The 

thermocycling parameters were 95 ˚C for 3 min; 24–26 cycles of (9 8 ˚C for 20 s; 65 ˚C for 

15 s; and 72 ˚C for 30 s); and a final extension of 72 ˚C for 5 min. Th e numbers of cycles 

were tested to ensure that they fell within the linear phase of amplification. Amplicons 

(∼500 bp) of 3 reactions for each sample were pooled, size-selected and purified with 

Agencourt AMPure XP beads at a 0.8 ratio. The second step of PCR was performed with 

two separate 50 μl reactions with 50 ng of first step purified PCR product per reaction. 

Nextera XT Index primers were used to attach Illumina adapters and indices to the samples. 

The thermocycling parameters were: 95 ˚C for 3 min; 6–8 cycles of (98 ˚C for 20 s; 65 ˚C 

for 15 s; 72 ˚C fo r 30 s); and 72 ˚C for 5 min. The amplicons from these two reactions for 

each sample were pooled, size-selected and purified with Agencourt AMPure XP beads at an 

0.8 ratio. The purified second-step PCR library was quantified by Qubit dsDNA HS assay 

(Thermo Fisher Scientific) and used for downstream sequencing on an Illumina HiSeq 

platform.

For amplification of barcodes from genomic DNA, genomic DNA was extracted from stored 

cell pellets with a DNeasy Blood and Tissue Kit (Qiagen). The first step PCR was performed 

as three separate 50 μl reactions for each sample. 2 μg of genomic DNA was input per 

reaction with Kapa Hifi Hotstart ReadyMix. The PCR primers used were, NGS_TF-

Barcode_F: ACACT CTTT CCCTACACGACGCT CTT CCGAT CT AGAACTATTT CCT 

GGCTGTTACGCG and NGS_TF-

Barcode_R:GACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGTCTTCGTTGGGAGT

GAATTAGC. The thermocycling parameters were: 95 °C for 3 min; 26– 28 cycles of (98 °C 

for 20 s; 55 °C for 15 s; and 72 °C for 30 s); and a final extension of 72 °C for 5 min. The 

numbers of cycles were tested to ensure that they fell within the linear phase of 
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amplification. Amplicons (200 bp) of 3 reactions for each sample were pooled, size-selected 

with Agencourt AMPure XP beads (Beckman Coulter, Inc.) at a ratio of 0.8, and the 

supernatant from this was further size-selected and purified at a ratio of 1.6. The second step 

of PCR was performed as two separate 50 μl reactions with 50 ng of first step purified PCR 

product per reaction. Next Multiplex Oligos for Illumina (New England Biolabs) Index 

primers were used to attach Illumina adapters and indices to the samples. The thermocycling 

parameters were: 95 °C for 3 min; 6 cycles of (98 °C for 20 s; 65 °C for 20 s; 72 °C for 30 

s); and 72 °C for 2 mi n. The amplicons from these two reactions for each sample were 

pooled, size-selected with Agencourt AMPure XP beads at a ratio of 0.8, and the supernatant 

from this was further size-selected and purified at a ratio of 1.6. The purified second-step 

PCR library was quantified by Qubit dsDNA HS assay (Thermo Fisher Scientific) and used 

for downstream sequencing on an Illumina MiSeq platform.

For amplification of barcodes from genomic DNA for barcode shuffling analysis, genomic 

DNA was extracted from stored cell pellets with a DNeasy Blood and Tissue Kit (Qiagen). 

The barcode for the mCherry control only was amplified for next generation sequencing in 

three steps. The first step PCR was performed as three separate 50 μl reactions for each 

sample. 2 μg of genomic DNA was input per reaction with Kapa Hifi Hotstart ReadyMix. 

The PCR primers used were, mCh_BC_Shuffling_F: CACCATCGTGGAACAGTACGAAC 

and 

TF_BC_Shuffling_R:GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTGTTTAAC

AAGCCCGTCAGTAG. The thermocycling parameters were: 95 °C for 3 min; 24– 26 cycles 

of (98 °C for 20 s; 65 °C for 15 s; and 72 °C for 90 s); and a final extension of 72 °C for 5 

min. The numbers of cycles were tested to ensure that they fell within the linear phase of 

amplification. Amplicons of 3 reactions for each sample were pooled, and dimers removed 

by size-selecting with Agencourt AMPure XP beads (Beckman Coulter, Inc.) at a ratio of 

1.6. The second step of PCR was performed as two separate 50 μl reactions with 50 ng of 

first step purified PCR product per reaction with Kapa Hifi Hotstart ReadyMix. The PCR 

primers used were, TF_BC_Shuffling_Step2_F: 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGTTGACGGCAATTTCGATG and 

TF_BC_Shuffling_R: 

GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCACTGTTTAACAAGCCCGTCAGT

AG. The thermocycling parameters were: 95 ˚C for 3 min; 6–8 cycles of (98 ˚C for 20 s; 65 

˚C for 15 s; and 72 ˚C for 30 s); and a final extension of 72 ˚C for 5 min. The numbers of 

cycles were tested to ensure that they fell within the linear phase of amplification. The 

amplicons from these two reactions for each sample were pooled, size-selected with 

Agencourt AMPure XP beads at a ratio of 0.8, and the supernatant from this was further 

size-selected and purified at a ratio of 1.6. The third step of PCR was performed as two 

separate 50 μl reactions with 50 ng of second step purified PCR product per reaction with 

Kapa Hifi Hotstart ReadyMix. Next Multiplex Oligos for Illumina (New England Biolabs) 

Index primers were used to attach Illumina adapters and indices to the samples. The 

thermocycling parameters were: 95 ˚C for 3 min; 6–8 cycles of (98 ˚C for 20 s; 65 ˚C for 20 

s; 72 ˚C for 30 s); and 72 ˚C for 2 min. The amplicons from these two reactions for each 

sample were pooled, size-selected with Agencourt AMPure XP beads at a ratio of 0.8, and 

the supernatant from this was further size-selected and purified at a ratio of 1.6. The purified 
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second-step PCR library was quantified by Qubit dsDNA HS assay (Thermo Fisher 

Scientific) and used for downstream sequencing on an Illumina HiSeq platform.

For amplification of barcodes from genomic DNA from cells transduced with the neural TF 

library in the TF-NoHygro format, genomic DNA was extracted from stored cell pellets with 

a DNeasy Blood and Tissue Kit (Qiagen). The barcode for the mCherry control only was 

amplified for next generation sequencing in two steps. The first step PCR was performed as 

three separate 50 μl reactions for each sample. 2 μg of genomic DNA was input per reaction 

with Kapa Hifi Hotstart ReadyMix. The PCR primers used were, No-

Hygro_gDNA_mCh_Barcode_F: 

ACACTCTTTCCCTACACGACGCTCTTCCGATCCACCATCGTGGAACAGTACGAAC 

and No- Hygro_gDNA_Barcode_R: 

GACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTCGATGCATGGGGTCGTGC. The 

thermocycling parameters were: 95 ˚C for 3 min; 28– 30 cycles of (98 ˚C for 20 s; 65 ˚C for 

15 s; and 72 ˚C for 30 s); and a final extension of 72 ˚C for 5 min. The numbers of cycles 

were tested to ensure that they fell within the linear phase of amplification. Amplicons of 3 

reactions for each sample were pooled, size-selected with Agencourt AMPure XP beads at a 

ratio of 0.8, and the supernatant from this was further size-selected and purified at a ratio of 

1.6. The second step of PCR was performed as two separate 50 μl reactions with 50 ng of 

first step purified PCR product per reaction. Next Multiplex Oligos for Illumina (New 

England Biolabs) Index primers were used to attach Illumina adapters and indices to the 

samples. The thermocycling parameters were: 95 ˚C for 3 min; 6–8 cycles of (98 ˚C for 20 s; 

65 ˚C for 20 s; 72 ˚C for 30 s); and 72 ˚C for 2 min. The amplicons from these two reactions 

for each sample were pooled, size-selected with Agencourt AMPure XP beads at a ratio of 

0.8, and the supernatant from this was further size-selected and purified at a ratio of 1.6. The 

purified second-step PCR library was quantified by Qubit dsDNA HS assay (Thermo Fisher 

Scientific) and used for downstream sequencing on an Illumina MiSeq platform.

Single cell RNA-seq Processing and Genotype Deconvolution

Using the 10X genomics CellRanger pipeline, we aligned Fastq files to hg38, counted UMIs 

to generate counts matrices, and aggregated samples across 10X runs with cellranger aggr. 

All cellranger commands were run using default settings.

To assign one or more transcription factor genotypes to each cell, we aligned the plasmid 

barcode reads to hg38 using BWA, and then labeled each read with its corresponding cell 

and UMI tags. To remove potential chimeric reads, we used a two-step filtering process. 

First, we only kept UMIs that made up at least 0.5% of the total amount of reads for each 

cell. We then counted the number of UMIs and reads for each plasmid barcode within each 

cell, and only assigned that cell any barcode that contained at least 10% of the cell’s read 

and UMI counts. Barcodes were mapped to transcription factors within one edit distance of 

the expected barcode. The code for assigning genotypes to each cell can be found on GitHub 

at: https://github.com/yanwu2014/genotyping-matrices

To quantify barcode shuffling, we simply extracted the plasmid barcode from each read and 

counted the number of reads corresponding to each genotype.
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Clustering and Cluster Enrichment

Clustering was performed on the aggregated counts matrices using the Seurat 

pipeline(Macosko et al., 2015). We first filtered the counts matrix for genes that are 

expressed in at least 1% of cells, and cells that express at least 200 genes. We then 

normalized the counts matrix, found overdispersed genes, and used a negative binomial 

linear model to regress away library depth, batch effects, and mitochondrial gene fraction. 

We performed PCA on the overdispersed genes, keeping the first 20 principal components. 

We then used the PCs to generate a K Nearest Neighbors graph, with K = 30, used the KNN 

graph to calculate a shared nearest neighbors graph, and used a modularity optimization 

algorithm on the SNN graph to find clusters. Clusters were recursively merged until all 

clusters could be distinguished from every other cluster with an out of the box error (oobe) 

of less than 5% using a random forest classifier trained on the top 15 genes by loading 

magnitude for the first 20 PCs. We used tSNE on the first 30 PCs to visualize the results.

Cluster enrichment was performed using Fisher’s exact test, testing each genotype for both 

over-enrichment and under-enrichment in each cluster.

Differential Expression and Identification of Significant Genotypes

We used a modified version of the MIMOSCA linear model(Dixit et al., 2016) to analyze the 

differentially expressed genes for each genotype (Table S4). In our model, we used the R 

glmnet package with the multigaussian family, with alpha (the lasso vs ridge parameter) set 

to 0.5. Lambda (the coefficient magnitude regularization parameter) was set using 5-fold 

cross validation. We also used mCherry as a control genotype, computing gene expression 

changes for each genotype against the mCherry control. Our method outputs a genes by 

genotypes matrix of regression coefficients, where each coefficient corresponds to the effect 

of each genotype on each gene relative to the mCherry control. P-values were calculated 

empirically by randomly permuting the genotype assignments, and then false discovery rates 

were calculated using the Benjamini-Hochberg procedure.

TFs were chosen as significant for downstream analysis if they were enriched for at least one 

cluster with a p-value of less than 10−12, or if the TF drove statistically significant 

differential expression of greater than 50 genes. Our threshold for calling a differentially 

expressed gene is that the false discovery rate was less than 0.05, and the absolute coefficient 

magnitude was greater than 0.025.

Gene Co-perturbation Network and Module Detection

We took the genes by genotypes coefficients matrix from the regression analysis with 

trimmed genotypes and used it to calculate the Euclidean distance between genes, using the 

significant genotypes as features. We then built a k-nearest neighbors graph from the 

Euclidean distances between genes, with k = 30. From this kNN graph, we calculated the 

fraction of shared nearest neighbors (SNN) for each pair of genes to build and SNN graph. 

For example, if two genes share 23/30 neighbors, we create an edge between them in the 

SNN graph with a weight of 23/30 = 0.767.
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To identify gene modules, we used the Louvain modularity optimization algorithm(Blondel 

et al., 2008). For each gene module, we identified enriched Gene Ontology terms using 

Fisher’s exact test (Table S4). We also ranked genes in each gene module by the number of 

enriched Gene Ontology terms the gene is part of, to identify the most biologically 

significant genes in each module (Table S4). Gene module identities were assigned based on 

manual inspection of enriched GO terms and the genes within each module. The effect of 

each genotype on a gene module was calculated by taking the average of the regression 

coefficients for the genotype and the genes within the module. Gene modules where no 

genotype had an average absolute coefficient of at least 0.05 were dropped from further 

analysis in order to exclude gene modules that did not show variation across our dataset.

Replicate Correlation

For each of the medium conditions, we had two replicate screens. To establish the 

reproducibility of our screens, we correlated the regression coefficients of the replicates, 

where each coefficient represents the effect of a single TF on a single gene using a Pearson 

correlation. Because the vast majority of coefficients were either zero or very close to zero, 

we only correlated coefficients that were nonzero with an false discovery rate of less than 

0.5 in at least one replicate (not both). This essentially filters out the coefficients that are 

zero or close to zero in both replicates.

To compare the results of our screen vs the bulk microarray overexpression screen, we used 

GSEA to assess the enrichment in the TF-gene effects (in the form of regression 

coefficients) with the downstream targets for that same TF as determined by the bulk 

microarray screen.

Fitness Effect Analysis

To calculate fitness effects from genomic DNA reads, we first used MagECK(Li et al., 2014) 

to align reads to genotype barcodes and count the number of reads for each genotype in each 

sample, resulting in a genotypes by samples read counts matrix. We normalized the read 

counts matrix by dividing each column by the sum of that column, and then calculated log 

fold-change by dividing each sample by the normalized plasmid library counts, and then 

taking a log2 transform. For the stem cell media, we averaged the log fold change across the 

non MACS sorted samples.

To calculate fitness effects from genotype counts identified from single cell RNA-seq, we 

used a cell counts matrix instead of a read counts matrix, and repeated the above protocol. 

To correlate the fitness replicates, used a Pearson correlation of the log fold-changes.

Epithelial mesenchymal transition analysis

We took genes from the Hallmark Epithelial Mesenchymal Transition geneset from 

MSigDB(Subramanian et al., 2005) and ran PCA on those genes with the stem cell medium 

dataset, visualizing the first two principal components. The two principal components 

resulted in an EMT-like signature, and we used the gene loadings from those principal 

components, along with literature research to identify a relevant panel of EMT related genes 

to display.
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RNA Extraction, qRT-PCR and bulk RNA-seq library preparation

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) as per the 

manufacturer’s instructions. The quality and concentration of the RNA samples was 

measured using a spectrophotometer (Nanodrop 2000, Thermo Fisher Scientific). cDNA was 

prepared using the Protoscript II First Strand cDNA synthesis kit (New England Biolabs) in 

a 20 μl reaction and diluted up to 1:5 with nuclease-free water.

qRT-PCR reactions were setup as: 2 μl cDNA, 400 nM of each primer, 2X Kapa SYBR Fast 

Master Mix (Kapa Biosystems), H2O up to 20 μl. qRT-PCR was performed using a CFX 

Connect Real Time PCR Detection System (Bio-Rad) with the thermocycling parameters: 95 

˚C for 3 min; 95 ˚C for 3 s; 60 ˚C for 20 s, for 40 cycles. All experiments were performed in 

triplicate and results were normalized against a housekeeping gene, GAPDH. Relative 

mRNA expression levels, compared with GAPDH, were determined by the comparative 

cycle threshold (ΔΔCT) method. Primers used for qRT-PCR are listed in Table S5. For 

confirmation of overexpression by qRT-PCR, primers were chosen such that they amplified a 

portion of the transcript in the hygromycin resistance region. This was done to avoid 

amplification of any endogenous transcripts, and since the overexpression is driven by a 

single promoter the TF, P2A peptide and the hygromycin resistance are on a single 

transcript.

Bulk RNA-seq libraries were prepared from 150 ng of RNA using the NEBNext Ultra RNA 

Library Prep kit for Illumina (New England Bioloabs) as per the manufacturer’s instructions. 

Libraries were sequenced on an Illumina HiSeq platform.

Bulk RNA-Seq Analysis and Correlation

We mapped the bulk RNA-Seq fastq files to GRCh38 and quantified read counts mapping to 

each gene’s exon using Gencode v28 and STAR aligner(Dobin et al., 2013). We used total 

counts normalization to adjust for library size effects, and then took a log-transform to adjust 

for heteroscedasticity. To quantify the effect of each TF versus mCherry, we took the log 

fold- change (logFC) of each TF’s normalized expression versus the mCherry normalized 

expression. We compared this bulk logFC to the single cell RNA-seq regression coefficients 

using Pearson correlation.

Immunofluorescence

Cells were fixed with 4% (wt/vol) paraformaldehyde in PBS at room temperature for 30 

minutes. Cells were then incubated with a blocking buffer: 5% donkey serum, 0.2% Triton 

X-100 in PBS for 1 hour at room temperature followed by incubation with primary 

antibodies diluted in the blocking buffer at 4 ˚C overnight. Primary antibodies used were: 

VE-Cadherin (D87F2, RRID: AB_2077969, Cell Signaling Technology; 1:400), EPCAM 

(VU1D9, RRID: AB_558797, Thermo Fisher, 1:200), Vimentin (AF2105, RRID: 

AB_355153, R&D Systms, 1:50). Secondary antibodies used were: DyLight 488 labelled 

donkey anti-rabbit IgG (ab96891, Abcam; 1:250), DyLight 488 labelled donkey anti-goat 

IgG (ab96931, Abcam, 1:250), AlexaFluor 488 labelled goat anti-mouse IgG (A-11001, 

Thermo Fisher, 1:500).
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After overnight incubation with primary antibodies, cells were labelled with secondary 

antibodies diluted in 1% BSA in PBS for 1 hour at 37 °C. Nuclear staining was done by 

incubating cells with DAPI for 5 minutes at room temperature. All imaging was conducted 

on a Leica DMi8 inverted microscope equipped with an Andor Zyla sCMOS camera and a 

Lumencor Spectra X multi-wavelength fluorescence light source.

Endothelial Tube Formation Assay

A mCherry expressing H1 cell line was created by transducing H1 cells with a lentivirus 

containing the EF1α promoter driving expression of the mCherry transgene, internal 

ribosome entry site (IRES) and a puromycin resistance gene. Cells were then maintained 

under constant puromycin selection at a dose of 0.75 μg/ml. mCherry labelled H1 cells were 

transduced with either ETV2 lentivirus or control mCherry lentivirus, hygromycin selection 

was started on day 2 and cells were used for tube formation assay on day 6.

Growth-factor reduced Matrigel (Corning) was thawed on ice and 250 μl was deposited cold 

per well of a 24-well plate. The deposited Matrigel was incubated for 60 minutes at 37 °C, 

5% CO2, to allow for complete gelation and the ETV2-transduced or control cells were then 

seeded on it at a density of 3.2×105 cells per well in a volume of 500 μl EGM. Imaging was 

conducted 24 hours after deposition of the cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

P-values for the regression coefficients were calculated by permutation testing, and p-values 

for the cluster enrichment were calculated from Fisher’s exact test. All P-values were 

adjusted using the Benjamini-Hochberg method.

Supplementary Material

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

• Transcription factor overexpression in hPSCs screened by scRNA-seq based 

method

• Transcriptomic responses enable construction of genetic co-regulatory 

networks

• Fitness readout identifies ETV2 as reprogramming factor to endothelial-like 

state

• Screening method is also applied to mutant proteins and whole gene families
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Figure 1: 
Schematic of SEUSS workflow, estimates of fitness and transcriptomic effects of TF 

overexpression, and building co-regulatory gene module networks. (A) Schematic of 

lentiviral overexpression vector and capture of overexpression transcript during scRNA-seq. 

While the vector used in the screens contained a hygromycin resistance selection marker, it 

may also be designed without a selection marker. (B) Schematic of experimental and 

analytical framework for evaluation of effects of transcription factor (TF) overexpression in 

hPSCs: Individual TFs are cloned into the barcoded ORF overexpression vector, pooled and 
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packaged into lentiviral libraries for transduction of hPSCs. Transduced cells are harvested 

at a fixed time point to be assayed as single cells using droplet based scRNA-seq to evaluate 

transcriptomic changes. Cells are genotyped by amplifying the overexpression transcript 

from scRNA-seq cDNA prior to fragmentation and library construction and identifying the 

overexpressed TF barcode for each cell. The cell count for each genotype is used to estimate 

fitness. Gene expression matrices from scRNA-seq are used to obtain differential gene 

expression and clustering signatures, which in turn are used for evaluation of cell state 

reprogramming and gene regulatory network analysis. (C) Fitness effect of TFs: log fold 

change of individual TFs, calculated as cell counts normalized against plasmid library read 

counts. (D) t-SNE projection (left panels), and differential gene expression and cluster 

enrichment of significant TFs (right panels) from screens in different growth medium 

conditions: pluripotent stem cell medium, unilineage medium and multilineage medium. The 

TFs were chosen as significant with the following criteria: cluster enrichment with a p-value 

of less than 10−12, or if the TF drove differential expression of more than 50 genes. (E) Gene 

module network: Node size indicates the number of genes in the module; Edge size indicates 

distance between modules. (F) Effect of TF overexpression on gene modules in different 

medium conditions, effect size was calculated as the average of the linear model coefficients 

for a given TF perturbation across all genes within a module.
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Figure 2: 
Biological effects of TF overexpression: KLF4 and SNAI2 as opposing drivers in EMT, 

ETV2 as a driver of reprogramming to an endothelial-like state; and application of SEUSS 

to screen mutant proteins and gene families (A) PC plot of performing PCA on 200 genes 

from the Hallmark Epithelial Mesenchymal Transition geneset from MSigDB(Subramanian 

et al., 2005). (B) Effect of KLF4 and SNAI2 on selected epithelial and mesenchymal 

markers. (C) Transmission and immunofluorescence micrographs of EPCAM- and VIM-

labelled day 5 KLF4-, SNAI2- or mCherry-transduced cells. (D) Morphology change for 
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cells transduced with either ETV2 or mCherry in EGM. (E) Immunofluorescence 

micrograph of CDH5 labelled day 6 ETV2-or mCherry-transduced cells and HUVECs. (F) 

Tube formation assay for day 6 ETV2- or mCherry-transduced cells. (G) qRT-PCR analysis 

of signature endothelial genes CDH5, PECAM1, VWF and KDR, at day 6 post-transduction. 

Data were normalized to GAPDH and expressed relative to control cells in pluripotent stem 

cell medium. (H) Schematic of workflow for c-MYC mutant library screen and schematic of 

functional domains of c-MYC: MYC Box I (MBI) and MYC Box II (II) which are essential 

for transactivation of target genes are housed in the amino-terminal domain (NTD); the basic 

(b) helix-loop-helix (HLH) leucine zipper (LZ) motif, which is required for 

heterodimerization with the MAX protein is housed in the carboxy-terminal domain (CTD); 

the nuclear localization signal domain (NLS) is located in the central region of the protein. 

(I) Effect of MYC mutant overexpression on number of differentially expressed genes and 

on gene modules. (J) Schematic of workflow for KLF gene family screen and schematic of 

KLF gene family protein structure grouped by common structural and functional features 

(K) Effect of KLF family overexpression on number of differentially expressed genes and on 

gene modules. For heatmaps in (I), (K) effect size was calculated as the average of the linear 

model coefficients for a given TF perturbation across all genes within a module.
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