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Genome-wide CRISPR interference screen identifies long non-coding RNA loci required 

for differentiation and pluripotency 

 

 

Abstract 

Systematic identification of regulatory factors that control human embryonic stem 

cell (hESC) differentiation can provide valuable insights into early development and 

disease. The discovery of the CRISPR/Cas gene editing system and its subsequent 

development in mammalian cells has revolutionized functional genomic studies. 

However, despite these advances, effective modulation of gene expression during multi-

lineage differentiation of stem cells has proven technically challenging. Here, we report 

the first described hESC lines to repress (via CRISPR interference) or activate (via 

CRISPR activation) transcription during differentiation into all three germ layers. We 

subsequently performed an unbiased, genome-wide, FACS-based CRISPRi screen 

targeting long non-coding RNAs (lncRNAs) during definitive endoderm differentiation. Our 

screen yielded dozens of hits, including both known and novel lncRNA loci required for 

proper differentiation. Analysis of common features revealed that hits were more 

conserved, closer to enhancers, and significantly enriched for endoderm-specific GWAS 

SNPs compared to non-hits. Surprisingly, expression was not predictive of enrichment 

scores, supporting the need for functional screening instead of relying solely on gene 
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expression analysis. Further downstream analysis of two hits, RP11-222K16.2 and 

FOXD3-AS1, revealed two lncRNA loci required for differentiation and pluripotency, 

respectively. Taken together, the cell lines and screen methodology described herein can 

be adapted to discover novel regulators of differentiation into any lineage. 
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Human embryonic stem cells – discovery and function 

 Human embryonic stem cells (hESCs) are pluripotent cells derived from the inner 

cell mass (ICM) of Day 5 blastocysts (Figure 1.1). hESCs are unique in their ability to self-

renew (i.e. proliferate in an undifferentiated state) indefinitely in culture, and have the 

capacity to differentiate into any cell type of the human body (Vazin and Freed, 2010). 

The first described hESC lines were generated in 1998 by a group of researchers at the 

University of Wisconsin-Madison, who derived several viable and stable lines from the 

ICM of in vitro fertilized (IVF) human embryos (Thomson et al., 1998). In the decades 

since their derivation, scientists have studied the pluripotent potential of hESCs, 

developing methods and protocols for inducing differentiation into various lineages. 

Given their remarkable ability to differentiate into specific lineages, hESCs have 

paved the way for the research and development of potential regenerative medicine 

therapies. To this end, a major breakthrough occurred in 2007, where Yamanaka and 

others described the generation of the first human induced pluripotent stem cells (iPSCs) 

from adult fibroblast cells (Takahashi et al., 2007; Yu et al., 2007). iPSCs are biologically 

similar to hESCs (Marei et al., 2017), yet represent a less ethically controversial approach 

to pluripotent stem cell research. hESCs (and their iPSC counterparts) have been utilized 

as tools for drug screening (Liang et al., 2013; Csöbönyeiová et al., 2016), disease 

modeling (Davidson et al., 2015; de Boni et al., 2018), and are currently being investigated 

for their potential utility in cell therapy and regenerative medicine (Shi et al., 2017). 

Indeed, understanding the mechanisms underlying differentiation can provide valuable 

insights into early embryonic development and the pathogenesis of developmental 

disorders. 
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Figure 1.1. Derivation and differentiation of human embryonic stem cells 

Human embryonic stem cells (hESCs) are derived from Day 5 in vitro fertilized (IVF) embryos, 
from the dense inner cell mass of the blastocyst. hESCs can be cultured indefinitely in culture, 
and subsequently differentiated into any cell type via three germ layers: ectoderm, mesoderm, 
and endoderm. Example ectoderm, mesoderm, and endoderm cell types are shown below each 
progenitor. Figured adapted from Yabut and Bernstein, 2011. 	
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Differentiation of hESCs 

hESCs differentiate into cells via three primary germ layers: ectoderm, mesoderm, 

and endoderm (Figure 1.1). Ectoderm (external layer) progenitor cells differentiate 

primarily into the nervous system (brain, spine, peripheral nerves), tooth enamel, and the 

epidermis of the skin. Mesoderm (middle layer) cells develop into muscle cells, connective 

tissue, bone/cartilage, and blood cells, among other cell types. Endoderm (internal layer) 

progenitors differentiate into the lining of the gastrointestinal tract, liver, pancreas, lung, 

and other tissues. While the precise mechanisms underlying differentiation into each of 

these layers is not fully understood, studies have suggested that endoderm and 

mesoderm share a common progenitor, mesendoderm, while ectoderm derives from a 

separate lineage pathway (Tada et al., 2005). 

A plethora of studies have identified key regulators and pathways involved in self-

renewal (Huang et al., 2015; Xu, Robitaille, et al., 2016) and early embryogenesis (Rao 

and Greber, 2017). For example, a set of core pluripotency regulators (OCT4, NANOG, 

SOX2) maintain the undifferentiated state via repression of differentiation pathways and 

activation of transcriptional networks that promote self-renewal (Rodda et al., 2005). As 

cells begin to differentiate, various signaling pathways (e.g. FGF, TGFβ, Wnt) mediate 

gene expression programs that drive undifferentiated cells into a specific germ layer (Rao 

and Greber, 2017). 

During the induced differentiation of hESCs into definitive endoderm cells 

(progenitors of hepatic, intestinal, pancreatic, and pulmonary lineages), hESCs first 

express high levels of mesendoderm genes (e.g. EOMES, MIXL1) followed by endoderm-

specific markers (e.g. FOXA2, CXCR4). Researchers developed this differentiation 



	5 

protocol by treating undifferentiated cells with the TGFβ-signaling molecule Activin A and 

the GSK3 inhibitor CHIR99021 for 4 days, with removal of CHIR99021 after 24 h (Teo et 

al., 2014). Several regulatory factors essential for endoderm differentiation have been 

described, including upstream pluripotency factors (e.g. NANOG) (Teo et al., 2011), 

mesendoderm genes (e.g. EOMES) (Arnold et al., 2008), and endoderm factors (e.g. 

SOX17) (Kanai-Azuma et al., 2002). While the majority of studies have focused on the 

role of coding genes during differentiation, the role of non-coding, functional RNAs has 

only recently begun to emerge. 

 

Long non-coding RNAs 

The advent of deep sequencing technology has revealed the extensive and 

widespread nature of transcription across the human genome, with ~80% being 

transcribed at some point during development (Ponting et al., 2009). Given that less than 

2% of the human genome encodes for protein-coding genes (Lander et al., 2001), there 

exists a vast and expanding network of non-coding RNAs, including long non-coding 

RNAs (lncRNAs), which are broadly defined as transcripts greater than 200 nucleotides 

in length with no apparent protein-coding function. Unlike other non-coding RNA families 

such as microRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs), lncRNAs display a 

wide variety of functions (Figure 1.2), acting as scaffolds, decoys, and guides in both the 

nucleus and cytoplasm. 

lncRNAs are nearly indistinguishable from mRNAs at the gene loci level, with the 

majority being transcribed by RNA Pol II and possessing exon-exon splice junctions, 5’ 

caps, and poly-adenylated tails (Zhang et al., 2014). Despite these similarities, lncRNAs 
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Figure 1.2. Diversity of lncRNA function 

There are several distinct mechanisms of lncRNA function, acting via interactions with DNA (4), 
RNA (2, 4-7), and proteins (1, 3-4). Figure adapted from Hu et al., 2012. 
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can be divided into several distinct classes (i.e. biotypes) based on the relative genomic 

position of their gene body (Figure 1.3A) or transcription start site (TSS) (Figure 1.3B). 

As functional transcripts, lncRNAs display a diverse array of functions, interacting with 

DNA, RNA, and/or proteins to regulate transcription, splicing, post-transcription, 

translation, and post-translational function of proteins (He et al., 2019). 

One of the earliest and most well-described examples of a functional lncRNA is 

the 17 kb (in humans) lncRNA Xist, which plays a key role in X-chromosome inactivation 

in female mammals. Xist is expressed from the inactive X-chromosome (Xi) and proceeds 

to coat the entire Xi chromosome, binding to DNA and recruiting factors that repress 

transcription, such as the polycomb repressive complex 2 (PRC2), which deposits 

repressive H3K27me3 marks along the chromatin (Maenner et al., 2010). Since the 

discovery of Xist, dozens of lncRNAs have been individually characterized, functioning 

through a variety of mechanisms, such as sponging miRNAs (Szcześniak and 

Makałowska, 2016), stabilizing protein structures (Guo et al., 2016), and serving as 

guides for RNP complexes (Mondal et al., 2015). 

An ongoing debate within the lncRNA field revolves around the annotation and 

abundance of lncRNAs in the genome. While dozens of annotation databases exist for 

lncRNAs, they vary widely in size, ranging from 96,308 lncRNA genes (NONCODE v5; 

Fang et al., 2018) to 17,910 (GENCODE v32; Frankish et al., 2019). These differences 

are largely attributed to the specific experimental and computational methods used for 

identifying gene loci as functional lncRNAs. For example, the FANTOM CAT database 

(Lizio et al., 2015) uses Cap Analysis of Gene Expression (CAGE) data, while GENCODE  
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Figure 1.3. Biotypes of lncRNAs 

Summary of lncRNA biotypes at the gene body level (A) and the transcription start site (TSS) 
level (B). 
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uses a combination of manual and automated annotations to compile their list. While 

these databases are useful starting points for lncRNA investigation, functional studies and 

screens are still required to identify and characterize individual lncRNAs that play 

important roles in pathways. 

 

lncRNAs as developmental regulators 

Recently, several lncRNAs have emerged as major regulators of key biological 

processes, including proliferation (Gasri-Plotnitsky et al., 2017), pluripotency (Wang et 

al., 2013), and differentiation (Daneshvar et al., 2016; Jiang et al., 2015) (Figure 1.4). 

Expression profiling of lncRNAs during different stages of development has revealed 

highly tissue-specific and context-dependent expression, supporting their roles as 

developmental regulators (Fatica and Bozzoni, 2014). Indeed, studies have revealed 

several lncRNAs critical to the self-renewal (Xu, Zhang et al., 2016) and differentiation 

potential of stem cells (Guttman et al., 2011; Fico et al., 2019). For example, a recent 

paper (Jiang et al., 2015) described a nuclear lncRNA termed DEANR1, which is 

necessary for definitive endoderm differentiation of human embryonic stem cells and 

activates FOXA2 expression by binding to and recruiting SMAD2/3 to the FOXA2 

promoter. Another nuclear lncRNA, DIGIT, was reported as essential for definitive 

endoderm differentiation in mouse and human ESCs, acting by regulating expression of 

the endoderm factor GSC in trans (Daneshvar et al., 2016). Additional reports have 

characterized differentially expressed lncRNAs that promote ectoderm and mesoderm 

differentiation (Ng et al., 2012; Zhang et al., 2009; Klattenhoff et al., 2013). 
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Figure 1.4. Summary of lncRNAs involved in development 

Recent studies have revealed several individual lncRNAs involved in the regulation of 
differentiation of specialized cell types, including embryonic stem cells, differentiated cells, adult 
somatic progenitors, neural cells, muscle cells, hematopoietic lineages, and definitive endoderm 
cells. Figure adapted from Hu et al., 2012.   
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However, despite these preliminary observations, only a small fraction of lncRNAs 

have been functionally characterized, and a robust, unbiased approach for genome-wide 

identification of developmentally relevant lncRNA loci has yet to be described. One 

approach for efficient and scalable modulation of gene expression that has gained traction 

in recent years is the CRISPR/Cas9 genome editing system. 

 

CRISPR/Cas 

 CRISPR (clustered regularly interspaced short palindromic repeats) are short DNA 

sequences found in bacteria and archaea that function as part of the prokaryotic antiviral 

immune system, along with CRISPR associated (Cas) proteins. While the first CRISPR 

sequences were originally discovered in 1987 (Ishino et al., 1987), it wasn’t until twenty 

years later that CRISPR/Cas was first described as an adaptive immune system against 

viruses (Barrangou et al., 2007). Specifically, when bacteria are infected with 

bacteriophages, they integrate portions of the viral phage genome into their CRISPR 

locus (as spacer regions interspersed by repeat sequences), which then provide immunity 

to future viral exposure. Subsequent studies (Brouns et al., 2008; Mojica et al., 2009) 

showed that the spacers are transcribed into short single-stranded RNAs called CRISPR 

RNAs (crRNAs). Together with a trans-activating CRISPR RNA (tracrRNA) and a Cas 

nuclease protein, the crRNA forms a complex that can specifically target foreign nucleic 

acids introduced by viral infection, via complementarity between the crRNA and the target 

sequence. Specifically, regions of the tracrRNA and crRNA bind to each other via shared 

complimentary sequence, forming an RNA duplex called a guide RNA (gRNA). The gRNA 

subsequently binds to the Cas nuclease protein and serves as a guide to direct the protein 
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to a specific DNA sequence complimentary to the seed region of the crRNA. Multiple 

classes and subtypes of Cas proteins have been discovered from various species 

(Makarova et al., 2015), each with distinctive characteristics such as unique protospacer 

adjacent motif (PAM) recognition sequences and the ability to bind double-stranded DNA 

vs. single-stranded DNA vs. RNA. 

 While CRISPR/Cas provides acquired immunity for prokaryotes, modified 

CRISPR/Cas systems have been developed into effective tools for genome engineering 

and gene regulation in mammalian cells. Specifically, researchers generated a simplified 

method of CRISPR/Cas using the Cas9 nuclease protein from Streptococcus pyogenes 

and a modified single guide RNA (sgRNA) that combines the crRNA and tracrRNA 

sequences (Ran, Hsu, Lin et al., 2013). By cloning specific target sequences (~20 

nucleotides) proximal to a 5’-NGG-3’ PAM sequence on the DNA locus, sgRNAs can be 

designed to target specific genes and disrupt expression by introducing (via Cas9) 

double-stranded breaks in the DNA. Those breaks are then repaired by either the error-

prone non-homologous end joining (NHEJ) process, or the more precise homology 

directed repair (HDR) machinery, which uses a DNA repair template with homology arms. 

The latter method has been used to introduce specific mutations, insert tags, or delete 

precise regions of a target locus. 

 

Modification of CRISPR/Cas systems 

 In addition to canonical Cas9, a number of other Cas9 variants have been utilized 

for gRNA-directed genome editing and gene regulation. Researchers have developed 

several versions of Cas9, including nickase mutants that cut only one strand of DNA (Ran, 
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Hsu, Wright et al., 2013), mutants that target alternative PAM sites (Kleinstiver et al., 

2015), and high-fidelity mutants that have reduced off-target activity (Kleinstiver et al., 

2016; Slaymaker et al., 2016). Recently, the development of catalytically inactive (i.e. 

“dead”) Cas9 (dCas9) has vastly increased the functional repertoire of modified Cas 

proteins. By fusing select domains and enzymes to dCas9, researchers can use the 

targeting capability of Cas9 to recruit specific factors to DNA loci. For example, base 

editors (e.g. cytidine deaminase) have been fused to dCas9 to make targeted base edits 

without inducing potentially toxic DNA breaks (Komor et al., 2016). Another recent study 

from David Liu’s lab (Anzalone et al., 2019) described a “prime editing” CRISPR 

technique, where a modified single-nick Cas9 is fused to an engineered reverse 

transcriptase, which reverse transcribes a template prime editing guide RNA (pegRNA) 

that contains the desired mutation and shares overlap with the target sequence. The Cas9 

then nicks the opposing (unedited) strand of DNA, which causes the cell to remove and 

repair the nicked strand, using the edited strand as a template. This process ensures 

precise editing of both strands of DNA, relying on the natural processes of the cell as well 

as the modified Cas9-pegRNA-reverse transcriptase complex. 

 Two of the most commonly used modifications are the fusion of transcriptional 

activators or repressors to dCas9, allowing for reversible and tunable modulation of 

expression. CRISPR interference (CRISPRi) involves fusing a Krüppel-associated box 

(KRAB) repressor domain to dCas9, which silences genes by promoting histone 

methylation (H3K9me3) and deacetylation (Thakore et al., 2015). CRISPR activation 

(CRISPRa) methods do not directly modify chromatin, but instead contain a fused 

activator domain such as the VP16 tetramer VP64, which recruits members of the 
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preinitiation complex to the TSS, resulting in subsequent upregulation of targeted genes 

(Hilton et al., 2015). Both of these methods have been employed to investigate the 

function of specific genes without making permanent modifications to the targeted DNA 

sequence. 

 

Genome-wide CRISPR screening 

 Unlike previous genome editing tools such as transcription activator-like effector 

nucleases (TALENs) and zinc finger nucleases (ZFNs), CRISPR/Cas9 doesn’t require 

the generation of a custom protein targeting a specific DNA sequence, a time-consuming 

and often challenging process (Gaj et al., 2013). Instead, the specificity lies in the ~20 

nucleotide sgRNA sequence, which allows for efficient, scalable, and cost-effective 

screening against thousands of gene targets, both coding and non-coding. Indeed, 

dozens of CRISPR screen papers have been published over the past few years, and 

CRISPR/Cas9 has become the method of choice for high-throughput, genome-wide 

screening (Qi et al., 2017). While several reported screens have focused on identifying 

essential protein-coding genes (Yau et al., 2017; Shalem et al., 2014) or genes involved 

in drug resistance pathways (Hou et al., 2017; Pettitt et al., 2018), a genome-wide 

CRISPR screen identifying and characterizing lncRNAs in the context of hESC 

differentiation has not yet been reported. This is likely due to the fact that hESCs and 

lncRNAs both present a unique set of challenges for perturbing gene expression on a 

high-throughput scale. 
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CRISPR challenges in hESCs 

While the emergence of CRISPR gene editing has revolutionized scalable and 

cost-effective genetic screens, CRISPR editing in hESCs has proven more difficult than 

in immortalized cell lines, for several reasons. First, Cas9-induced double-stranded 

breaks were recently shown to cause acute toxicity in hESCs in a P53-dependent manner 

(Ihry et al., 2018), and hESCs have been shown to select for dominant negative mutations 

in TP53 (Merkle et al., 2017). In addition, hESCs have low transfection efficiencies (Moore 

et al., 2005) and demonstrate pervasive transgene silencing during differentiation (Liew 

et al., 2007), making it difficult to stably express Cas9 throughout the course of 

development into various lineages. 

Earlier this year, researchers at Novartis published a study describing the first 

CRISPR screen aimed at identifying pluripotency-specific genes in hESCs (Ihry et al., 

2019). While these results represent an important step towards using CRISPR as a tool 

to study developmental gene regulation, no hESC lines have been reported to stably 

express a dCas9 CRISPRi or CRISPRa variant throughout the course of differentiation 

into all three germ layers. These cell lines, unlike single-cut canonical CRISPR/Cas9 

lines, would allow for tunable modulation of genes (repression or activation) during 

specific differentiation time points, providing a more developmentally accurate system for 

studying gene regulation. 

 

CRISPR challenges in lncRNAs 

  Given their non-coding nature, lncRNAs are difficult to functionally disrupt using 

small deletions generated by traditional CRISPR/Cas9 methods. Frameshift mutations 
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and nonsense mutations, while effective in disrupting protein-coding genes, are unlikely 

to have an effect on lncRNA function. Therefore, researchers have turned to alternative 

CRISPR/Cas9 methods to study lncRNAs. For example, Zhu and colleagues used a 

paired guide (pgRNA) approach, deleting promoter and exonic regions of lncRNA gene 

loci (Zhu et al., 2016). While this approach was successful in inhibiting expression, the 

introduction of large deletions in the genome has the potential to disrupt functional DNA 

elements such as enhancers and insulators. 

Furthermore, while RNAi (e.g. shRNA/siRNA) screens have identified biologically 

relevant lncRNAs during development (Guttman et al., 2011), they exhibit more off-target 

effects (Jackson and Linsley, 2010), and are unable to effectively target lncRNAs 

localized to the nucleus (Lennox and Behlke, 2016). Therefore, CRISPRi and CRISPRa 

represent effective tools for probing the function of lncRNAs (Gilbert et al., 2013). These 

methods specifically target the promoter region of genes, either slightly downstream (-50 

to +300; CRISPRi) or upstream (-400 to -50; CRISPRa) of the TSS. Because dCas9 acts 

within a relatively small (1 kb) region around the TSS (Gilbert et al., 2014), CRISPRi and 

CRISPRa can target lncRNAs in a precise manner, allowing for stable repression or 

activation of genes, respectively. 

 

Summary 

Here, we successfully engineered CRISPRi (dCas9-KRAB) and CRISPRa (dCas9-

VP64) hESC lines that demonstrate robust repression and activation, respectively, of 

lncRNAs as well as protein-coding genes. These are the first reported CRISPR/dCas9 

hESC lines to effectively modulate gene expression during differentiation into all three 
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primary germ layers (ectoderm, mesoderm, and endoderm). We subsequently used our 

CRISPRi line to perform a genome-wide screen during definitive endoderm differentiation 

of hESCs, identifying and validating several lncRNA loci that control pluripotency and 

regulate essential endoderm pathways. This thesis establishes an approach that can be 

scaled across multiple developmental lineages, allowing for a high-throughput method for 

identifying functional, developmentally relevant lncRNA loci, as well as protein-coding 

genes. 
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Chapter 2 – Generation of isogenic CRISPRi and 

CRISPRa hESC lines that stably express dCas9 

throughout the course of differentiation into all three 

primary germ layers 
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Abstract 

Human embryonic stem cells (hESCs) represent a unique cell type that can be 

differentiated into any adult cell in the body. Various genetic perturbation techniques, 

including CRISPR/Cas9, have been employed to study the role of specific genes during 

early embryogenesis. However, the generation of stable CRISPR hESC lines has been 

impeded by the robust silencing of transgenes during differentiation. Therefore, in this 

chapter, we sought to establish the first CRISPR interference (CRISPRi) and CRISPR 

activation (CRISPRa) hESC lines that could repress or activate, respectively, gene 

transcription during differentiation into each germ layer. We employed a variety of 

transfection and transduction approaches to generate constitutively expressed and dox-

inducible CRISPR systems, and observed significant modulation of target gene 

expression during differentiation into definitive endoderm, early mesoderm, and neural 

progenitor cells. The lines described in this chapter can be used as biological tools to 

identify protein-coding and non-coding genes as novel regulators of development into 

various lineages. 

 

Published dCas9 hESC lines fail to maintain dCas9 expression during 

differentiation 

To better understand the current landscape of available dCas9 CRISPRi and 

CRISPRa hESC lines, we scanned the literature for published cell lines. The only reported 

lines were generated by the Maehr lab at UMass Med in 2014 (Kearns et al., 2014). These 

lines expressed a TRE-promoter doxycycline (dox)-inducible HA-tagged dCas9 fused to 

either a KRAB repressor domain (Figure 2.1A) or a VP16 tetramer activation domain 
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Figure 2.1. Cloning out dCas9-KRAB/VP64 hESC lines from UMass 

(A-B) Lentiviral constructs used to insert dCas9-HA-KRAB (A) and dCas9-HA-VP64 (B) 
transgenes into H1 hESCs (Maehr lab). (C-D) Immunofluorescent (IF) staining of DAPI and HA in 
dCas9-HA-KRAB (C) and dCas9-HA-VP64 (D) undifferentiated, non-clonal hESC populations. 
(E-F) IF staining of DAPI (upper panel) or HA (lower panel) in dCas9-HA-KRAB (E) and dCas9-
HA-VP64 (F) undifferentiated, clonal hESC populations. 
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(VP64) (Figure 2.1B). After obtaining both lines, we expanded them in an undifferentiated 

state, treated with 2 µg/mL dox, and performed immunofluorescent staining for HA. 

Surprisingly, we observed that only ~10% of cells exhibited robust dox-inducible dCas9-

KRAB (Figure 2.1C) or dCas9-VP64 (Figure 2.1D) expression, indicating a mixed, non-

clonal population. Therefore, we generated clonal populations derived from single cells 

that expressed high levels of dox-inducible dCas9. 

To do this, we seeded out the dCas9 lines at a low density (10,000 cells per well 

in 6-well plates) and tracked individual colonies for 10-13 days before expanding into 24-

well plates and subsequently 12-well plates. Out of 96 screened clones, two clones 

showed uniformly high levels (> 90%) of dox-inducible dCas9-KRAB expression (Figure 

2.1E and 2.2A), while three clones out of 41 screened had moderately high levels (> 50%) 

of dox-inducible dCas9-VP64 expression (Figure 2.1F). Despite these initially promising 

results, subsequent Western blot analysis (Figure 2.2B) revealed strong silencing of 

dCas9 within 24 h of induced definitive endoderm or early mesoderm differentiation, 

meriting these clones unusable for stable CRISPRi or CRISPRa during hESC 

differentiation. We therefore devised several strategies (Figure 2.3) to construct dCas9-

KRAB and dCas9-VP64 hESC lines that maintained dCas9 expression and activity 

throughout the course of differentiation into all three primary germ layers: ectoderm, 

endoderm, and mesoderm. 

 

Generation of CRISPRi and CRISPRa hESC lines – transient transfection approach 

We employed various transduction and transfection approaches to construct our 

desired lines. First, we obtained the EF1-a promoter-driven dCas9-VP64-GFP construct 
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Figure 2.2. Western blot analysis of TRE dCas9-KRAB hESC isogenic clones 

(A) Western blot of dCas9-HA-KRAB isogenic clones 24 or 48 h after doxycycline induction (2 
µg/mL). (B) Western blot of dCas9-HA-KRAB clone #1 over the course of definitive endoderm 
(left) or early mesoderm (right) differentiation. Cells were treated with 2 µg/mL doxycycline during 
differentiation. Numbers 1-5 indicate days post-differentiation. 
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(Figure 2.3, left panel) from Addgene, and generated a similar dCas9-KRAB-GFP 

construct (Figure 2.3, left panel) by digesting out the VP64 domain and cloning in a KRAB 

repressor domain. We chose the EF1-a promoter due to its diminished propensity for 

silencing in embryonic stem cells (Norrman et al., 2010). 

After confirming successful cloning by Sanger sequencing, we transfected H1 

(WA01) hESCs with both constructs using four separate methods: Lipofectamine 3000 

(ThermoFisher), Lipofectamine Stem Reagent (ThermoFisher), FuGENE HD (Promega), 

and nucleofection (Human Stem Cell Nucleofector Kit 1, Lonza Bioscience). Transfection 

was initially preferable over transduction, given the lack of genomic integration, which 

could result in potential disruption of essential or developmentally relevant genes. We 

chose a variety of transfection approaches given the lack of consensus in the literature 

on the most efficient transfection method in hESCs. Previous reports suggested that 

electroporation (via nucleofection) had high toxicity in stem cells (Hohenstein et al., 2008), 

while chemical methods showed relatively low transfection efficiency (Moore et al., 2005).  

 
Figure 2.3. Strategies for generating dCas9-KRAB/VP64 cell lines 

H1 hESCs were transiently transfected (left panel), transduced using lentivirus (middle panel), or 
nucleofected using TALEN vectors (right panel). 
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We observed the strongest transfection efficiency (~47%) for FuGENE HD (Figure 

2.4A), with moderate transfection efficiency (20-23%) for Lipofectamine 3000 (Figure 

2.4B) and nucleofection (Figure 2.4B), and low efficiency (~8%) for the stem cell-specific 

Lipofectamine Stem Reagent (Figure 2.4D). We then proceeded to test the CRISPRi 

knockdown efficiency in FuGENE-transfected H1 hESCs using a set of cloned sgRNAs 

targeting the TSSs of known pluripotency/differentiation factors. To do this, we infected 

undifferentiated hESCs with lentivirus containing CRISPRi sgRNAs cloned into the 

BFP/puromycin expression vector pCRISPRia-v2 (Horlbeck et al., 2016). After selecting 

in puromycin, we subsequently transfected cells with dCas9-KRAB-GFP using FuGENE 

HD, either allowing the cells to grow in an undifferentiated state or inducing definitive 

endoderm differentiation. 

First, we targeted the pluripotency factor NANOG using this method, and grew the 

cells for 8 days to observe the robustness and stability of NANOG knockdown. 

Interestingly, we observed that while BFP expression (reporter for sgRNA) did not 

significantly change (Figure 2.5B), the expression of dCas9-KRAB-GFP was reduced 

~1000-fold from Day 3 to Day 8 (Figure 2.5A), corresponding with a loss of NANOG 

repression (Figure 2.5C). This suggested that while transient transfection of a dCas9-

KRAB-GFP construct could effectively repress targeted genes in undifferentiated hESCs, 

the dCas9 transgene expression and target gene repression were not stable. 



	25 

  
Figure 2.4. Transient transfection of H1 hESCs using various approaches 

(A-D) FACS analysis of GFP expression in H1 hESCs transfected with dCas9-VP64-GFP 
construct using FuGENE HD (A), Lipofectamine 3000 (B), Human Stem Cell Nucleofector Kit 1 
(C), or Lipofectamine Stem Reagent (D). Cells were analyzed 72 h post transfection. (E-F) 
Fluorescent light microscopy of GFP signal in H1 hESCs transfected with dCas9-VP64-GFP 
construct using Lipofectamine Stem Reagent (E) or FuGENE HD (F). Pictures taken 48 h post 
transfection. (G) Western blot of Cas9 in H1 hESCs transfected with dCas9-VP64-GFP construct 
using Lipofectamine Stem Reagent or FuGENE HD. Whole cell lysates were isolated 72 h post 
transfection. 
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Next, we wanted to determine whether transfection of dCas9-KRAB-GFP could 

stably repress targeted genes over the course of differentiation. To that end, we infected 

H1 hESCs with a lentiviral sgRNA targeting the definitive endoderm cell surface marker 

CXCR4. Following puromycin selection, we transfected cells (via FuGENE HD) with 

dCas9-KRAB-GFP, and induced definitive endoderm differentiation for 5 days. Similar to 

our results in undifferentiated cells, we observed significant reduction of dCas9-KRAB-

GFP expression by Day 3 of differentiation (Figure 2.5D). Furthermore, while CXCR4 

knockdown was significant at Day 5, repression was relatively weak (< 40%) at the 

transcript level (Figure 2.5F). 

To measure protein expression of CXCR4, we performed fluorescence activated 

cell sorting (FACS) staining on Day 5 definitive endoderm cells infected with the CXCR4 

sgRNA and transfected with dCas9-KRAB-GFP or no DNA (control). The dCas9-KRAB-

GFP transfected cells showed a modest population of cells (~25%) with no CXCR4 

protein expression (Figure 2.5H), as expected. However, we found that when we gated 

for GFP/BFP double-positive cells (i.e. cells that maintained expression of both dCas9-

KRAB-GFP and the sgRNA), ~80% of cells did not express CXCR4 (Figure 2.5I). This 

suggested that when our transgene constructs are expressed in cells, they exhibit robust 

knockdown efficiency. However, due to the relatively unstable dCas9 expression at a 

population level, we decided to generate stable lines using transduction and TALEN 

methods. 
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Figure 2.5. Targeted CRISPRi knockdown in H1 hESCs transduced with sgRNA lentivirus 
and transfected with dCas9-KRAB-GFP	
 
(A-C) RT-qPCR of dCas9-KRAB (A), BFP (B), and NANOG (C) in undifferentiated H1 hESCs 
transduced with NANOG sgRNA and transfected with dCas9-KRAB-GFP vector. Time points 
taken at 3 and 8 days post transfection. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = p > 0.05. Error 
bars represent standard deviation of the mean. (D-F) RT-qPCR of dCas9-KRAB (D), BFP (E), 
and CXCR4 (F) in definitive endoderm H1 hESCs transduced with CXCR4 sgRNA and 
transfected with dCas9-KRAB-GFP vector. Time points taken at 1, 3, and 5 days post 
differentiation. **p < 0.01, ***p < 0.001, n.s. = p > 0.05. Error bars represent standard deviation of 
the mean. (G-I) FACS staining of CXCR4 in H1 hESCs transduced with CXCR4 sgRNA and 
transfected with no DNA (G) or dCas9-KRAB-GFP (H, I). Cells were harvested and stained 5 days 
post endoderm differentiation, and analyzed without (H) or with (I) gating of GFP/BFP double-
positive cells (I). 
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Figure 2.5 (Continued)  
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Generation of CRISPRi and CRISPRa hESC lines – transduction approach 

Lentiviral vectors have been previously shown to transduce hESCs at high 

efficiencies (Ma et al., 2003), and integration of lentiviral constructs into the genome is 

ideal for producing stable cell lines (Naldini et al., 1996). We had already demonstrated 

efficient activity using our EF1-a promoter-driven dCas9 transgenes. Therefore, we 

packaged our dCas9-KRAB/VP64-GFP constructs into lentivirus, and infected H1 hESCs 

to generate stable CRISPRi/CRISPRa cell lines (Figure 2.6A and 2.6B). Following 

infection, we expanded the cells and live-sorted for GFP to collect only cells that had our 

constructs integrated. Similar to the dCas9 lines from UMass, we subsequently cloned 

out and screened hundreds of isogenic clones for constitutive expression of dCas9-KRAB 

or dCas9-VP64 by monitoring GFP expression (Figure 2.6C). 

We identified several clones that stably expressed dCas9-KRAB-GFP or dCas9-

VP64-GFP in an undifferentiated state after several passages, suggesting stable 

integration of our transgenes. dCas9 expression was stable throughout the course of 

definitive endoderm differentiation (Figure 2.7B and 2.8B), early mesoderm differentiation 

(Figure 2.7B and 2.8B), and neural progenitor (i.e. ectoderm) cell differentiation (Figure 

2.7C and 2.8C). FACS analysis of our clones showed > 99% GFP expression in each 

germ layer (Figure 2.7D and 2.8D), suggesting uniform and stable dCas9 expression. 

Upon differentiation, our modified cell lines exhibited normal morphology and upregulation 

of expected lineage-specific markers (SOX17 and FOXA2 for endoderm; PAX6 and 

Nestin for ectoderm; CD49e and Vimentin for mesoderm), alleviating concerns that our 

lentiviral transgenes randomly integrated into loci essential for pluripotency or 

differentiation. 



	30 

 

Figure 2.6. Generation of stable CRISPRi and CRISPRa lines using lentiviral infection 

(A-B) Fluorescent light microscopy of GFP signal in H1 hESCs infected with dCas9-KRAB-GFP 
(A) or dCas9-VP64-GFP (B) constructs. Pictures were taken 3 days (A) or 6 days (B) post 
infection. (C) Isogenic cloning strategy. H1 hESCs were infected with lentivirus containing dCas9-
KRAB/VP64-GFP constructs, expanded, sorted for GFP, then seeded out sparsely and tracked 
over several weeks. Once individual clones were selected and expanded, they were differentiated 
and monitored for GFP to select clones with stable, robust expression of dCas9. 
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Figure 2.7. Establishing a CRISPRi cell line that maintains repression during differentiation 

(A) Lentiviral GFP construct containing dCas9-KRAB driven by the EF1-a promoter. (B) Western 
blot of dCas9-KRAB over the course of definitive endoderm and early mesoderm differentiation. 
(C) Western blot of dCas9-KRAB over the course of neural progenitor cell differentiation. (D) 
FACS analysis of GFP expression for undifferentiated and differentiated dCas9-KRAB-GFP line 
compared to H1 cells. (E) FACS staining of targeted mRNA genes in undifferentiated and 
differentiated dCas9-KRAB-GFP cells. (F) RT-qPCR expression of targeted lncRNAs in 
undifferentiated dCas9-KRAB-GFP hESCs. ***p < 0.001. Error bars represent standard deviation 
of the mean. (G) RT-qPCR expression of targeted lncRNAs during endoderm, mesoderm, and 
ectoderm differentiation in dCas9-KRAB-GFP cells. **p < 0.01, ***p < 0.001. Error bars represent 
standard deviation of the mean. 
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Figure 2.7 (Continued)  
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Figure 2.8. dCas9-VP64-GFP cell line 

(A) Lentiviral GFP construct containing dCas9-VP64 driven by the EF1-a promoter. (B) Western 
blot of dCas9-VP64 over the course of definitive endoderm and early mesoderm differentiation. 
(C) Western blot of dCas9-VP64 over the course of neural progenitor cell differentiation. (D) FACS 
analysis of GFP expression for undifferentiated and differentiated dCas9-VP64-GFP line 
compared to H1 cells. (E) FACS staining of targeted mRNA genes in undifferentiated and 
differentiated dCas9-VP64-GFP cells 
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After confirming stable expression of dCas9-KRAB and dCas9-VP64 in our 

isogenic lines, we evaluated the knockdown and activation efficiency of our CRISPRi and 

CRISPRa systems, respectively. We cloned sgRNAs into the pCRISPRia-v2 expression 

vector (Gilbert et al., 2014), targeting the TSS of both protein-coding genes and lncRNAs. 

After lentiviral sgRNA transduction, puromycin selection, and induction of differentiation 

of our isogenic lines, we observed robust knockdown (Figure 2.7E-G) or activation (Figure 

2.8E) of targeted mRNAs and lncRNAs, as measured by FACS staining and RT-qPCR, 

respectively. We consistently measured knockdown levels greater than 90%, and 

activation levels that exceeded 4-fold upregulation. 

 

Generation of CRISPRi and CRISPRa hESC lines – TALEN approach 

In addition to our constitutively-expressed clones, we used a TALEN-assisted 

gene-trap approach to insert a dox-inducible dCas9-KRAB-mCherry cassette into the 

AAVS1 safe harbor locus in H1 cells (Figure 2.9A). We modeled this approach from the 

Weissman lab, who had engineered a dCas9-KRAB-mCherry iPSC line using a similar 

approach (Mandegar et al., 2016). Previous studies have shown that integration at the 

AAVS1 site in pluripotent stem cells resulted in robust expression of the transgene, both 

in undifferentiated cells and during differentiation (Hockemeyer et al., 2011; Lombardo et 

al., 2011). 

Following nucleofection of the dCas9-KRAB cassette, we selected with neomycin 

(G418), sorted for mCherry, and isolated clones using the same method as shown in 

Figure 2.6C. We then treated cells with 2 µg/mL doxycycline, and measured induced  
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Figure 2.9. dCas9-KRAB-mCherry cell line 

(A) TALEN construct containing dCas9-KRAB-mCherry driven by the dox-inducible TRE3G 
promoter. (B) Western blot of dCas9-KRAB over the course of definitive endoderm and early 
mesoderm differentiation. (C) Western blot of dCas9-KRAB over the course of neural progenitor 
cell differentiation. (D) FACS analysis of mCherry expression for undifferentiated and 
differentiated dCas9-KRAB-mCherry line compared to “no dox” condition. (E) FACS staining and 
RT-qPCR expression of targeted mRNA or lncRNA genes, respectively, in undifferentiated and 
differentiated dCas9-KRAB-mCherry cells. Error bars represent standard deviation of the mean. 
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dCas9-KRAB expression. We observed strong mCherry signal (via FACS) in 

undifferentiated cells and during differentiation into each primary germ layer (Figure 

2.9D). Western blot analysis showed strong, stable expression of dCas9-KRAB 

throughout endoderm and mesoderm differentiation (Figure 2.9B), and weak expression 

during ectoderm differentiation (Figure 2.9C). Despite this, we observed robust repression 

of targeted mRNAs and lncRNAs in undifferentiated cells and during differentiation into 

each germ layer, including ectoderm (Figure 2.9E). 

Taken together, these isogenic lines represent the first reported hESC cell lines to 

stably express dCas9-KRAB or dCas9-VP64 and effectively repress or activate, 

respectively, target genes throughout the course of differentiation into the three primary 

germ layers. We generated constitutive and dox-inducible lines that can be used as 

biological tools to interrogate gene function in various developmental contexts. 
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Chapter 3 – Genome-wide screen of lncRNAs involved 

in hESC differentiation using a pooled sgRNA 

CRISPRi library 
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Abstract 

Long non-coding RNAs (lncRNAs) have recently emerged as master regulators of 

gene expression in a variety of cellular contexts. Given the highly tissue-specific nature 

of lncRNAs, many have hypothesized their roles during development, and several 

lncRNAs have been validated in stem cell-related pathways, including self-renewal, 

differentiation, and reprogramming of pluripotent stem cells. However, despite these 

preliminary observations describing the dynamic roles individual lncRNAs play during 

mammalian development, a systematic, genome-wide approach aimed at revealing 

developmentally functional lncRNAs has yet to be described in human embryonic stem 

cells (hESCs). Recent advances in genome-editing technology have allowed for efficient 

and large-scale screens targeting both coding and non-coding transcripts. Specifically, 

several varieties of the CRISPR/Cas9 system, including CRISPR interference (CRISPRi), 

have been optimized by multiple labs to perform screens targeting lncRNA genes involved 

in proliferation. 

While screens have largely focused on the role of lncRNAs in cell growth and 

viability, only a small fraction of the >16,000 annotated lncRNAs have been investigated 

in the context of hESC differentiation. One of the major hurdles in the field has been the 

absence of hESC lines that stably express Cas9 throughout the course of differentiation. 

In the previous chapter, we described the development of CRISPRi and CRISPRa hESC 

lines that can repress or activate, respectively, genes throughout the course of 

differentiation into each germ layer. In this chapter, we utilize our constitutively expressed 

dCas9-KRAB-GFP hESC line to perform a genome-wide endoderm screen targeting all 

lncRNAs expressed during definitive endoderm and early mesoderm differentiation. From 
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our screen, we identified known factors, as well as novel lncRNA loci required for 

differentiation. Surprisingly, expression levels were not predictive of enrichment scores, 

supporting the necessity for functional screening instead of relying on gene expression 

analysis. We further characterized two hits with unique expression patterns during 

endoderm differentiation: RP11-222K16.2 and FOXD3-AS1. Downstream analysis of 

these hits suggests that RP11-222K16.2 may regulate early endoderm (i.e. 

mesendoderm) gene pathways, while FOXD3-AS1 is required for pluripotency and 

represses endoderm factors. Taken together, our screen has generated a high-

confidence panel of functionally relevant lncRNA loci primed for further mechanistic 

investigation. 

 

Genome-wide profiling of lncRNAs during differentiation into definitive endoderm 

and early mesoderm 

We sought to test the functionality and applicability of our engineered hESC cell 

lines by performing a functional genome-wide CRISPRi screen targeting lncRNAs 

expressed in early development. As previous studies of early endoderm differentiation 

had found lncRNAs such as DIGIT and DEANR1 to play important regulatory roles 

(Daneshvar et al., 2016; Jiang et al., 2015), we first chose to focus on lncRNAs that may 

be required for differentiation into definitive endoderm. Instead of targeting all annotated 

lncRNAs from the GENCODE database, we decided to specifically target only the subset 

of lncRNAs expressed in undifferentiated and differentiated hESCs. To this end, we 

performed RNA-sequencing on two biological replicates from undifferentiated H1 hESCs, 

day 5 definitive endoderm, and day 5 early mesoderm (which is derived from the same 
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mesendodermal lineage as definitive endoderm), and quantified lncRNA and mRNA 

expression at the transcript and gene levels across all samples (Figure 3.1A; see 

Materials and Methods). 

We confirmed that expected markers were highly expressed in their respective 

lineages, such as POU5F1 (OCT4) and NANOG in hESCs, EOMES and GATA6 in 

definitive endoderm, and T in early mesoderm (Figure 3.1B). In addition, the previously 

reported definitive endoderm-enriched lncRNAs DEANR1 (Jiang et al., 2015) and DIGIT 

(Daneshvar et al., 2016) were both strongly enriched in day 5 endoderm cells. Gene 

ontology analysis of differentially expressed genes in endoderm or mesoderm compared 

to undifferentiated hESCs revealed enrichment of the expected biological pathways 

(Figure 3.1C and 3.2D; see Materials and Methods). 

We found that 8,190 lncRNA genes corresponding to 12,611 lncRNA transcripts 

were expressed at ≥ 0.1 tpm (transcripts per million) in at least one of the three lineages 

(Figure 3.1D and 3.2B). While 2,226 (27%) of these lncRNAs were intergenic (further than 

1000bp away from a protein-coding gene), the majority of these lncRNAs were either very 

close to or overlapping protein-coding genes (Figure 3.1D). Additionally, 4,158 lncRNA 

transcripts were differentially expressed between either hESCs and definitive endoderm 

or hESCs and early mesoderm (Figure 3.1E). While the majority of these lncRNAs (2,961) 

were differentially expressed in both endoderm and mesoderm, 1,024 lncRNA transcripts 

were uniquely and significantly differentially expressed in one of the lineages. On 

average, lncRNAs were more specifically expressed than mRNAs when examining 

expression profiles across the three lineages (Figure 3.1F, see Materials and Methods). 

Moreover, lncRNAs were more specifically expressed than known human transcription 
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Figure 3.1. LncRNAs are differentially and specifically expressed across hESCs, definitive 
endoderm, and early mesoderm 
 
(A) Heatmap showing the expression, standardized per sample (column z-score) for the 10,000 
most highly expressed mRNAs (left) and all 8,190 lncRNAs with a minimum tpm of 0.1 in at least 
1 sample (right). Genes (rows) and samples (columns) are hierarchically clustered using the 
correlation as the distance metric. (B) Average expression in each lineage of lineage marker 
genes POU5F1 (OCT4), NANOG, EOMES, GATA6, and T. Gray bars correspond to 90% 
confidence intervals, calculated across 2 biological replicates. (C) Top 10 gene ontology terms 
significantly enriched in either endoderm (top) or mesoderm (bottom) compared to 
undifferentiated hESCs. Size of dots is inversely proportional to the Bonferroni-corrected p-value. 
(D) Count of genes expressed at a minimum of 0.1 tpm in either hESCs, endoderm, or mesoderm, 
broken up into either protein-coding genes (blue) or lncRNAs (red). The lncRNAs are further 
classified based on their genomic proximity to other genes, as outlined in the schematic to the 
left. (E) Volcano plots showing the log2 expression fold-change between endoderm and hESCs 
(left) and mesoderm and hESCs (right) for all lncRNA transcripts. Horizontal lines define a q-value 
cut-off of 0.05. (F) Tissue-specificity of genes calculated across hESCs, endoderm, and 
mesoderm, for all lncRNA genes (top) and all mRNA genes (bottom) as well as a set of curated 
human transcription factors (middle) from Lambert et al., 2018. 
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factors (as defined by Lambert et al., 2018) across these three embryonic lineages 

(Figure 3.1F). 

Collectively, these data represent a robust overview of both the coding and non-

coding transcriptome in hESCs, definitive endoderm, and early mesoderm. 

 

CRISPRi sgRNA library design and cloning 

We used our RNA-seq data to design a comprehensive CRISPRi gRNA library 

targeting lncRNA loci expressed during early hESC differentiation. Specifically, we 

included all 12,611 lncRNA transcripts expressed at ≥ 0.1 tpm in either hESCs, definitive 

endoderm, or early mesoderm. We additionally included a set of 24 literature-curated 

positive control transcripts (e.g. FOXA2, SOX17, GATA6, EOMES) that are known to be 

required for endoderm differentiation, as well as 261 additional highly differentially 

expressed protein-coding transcripts. The set of 261 transcripts included mRNAs that 

were specifically enriched in all three lineages sequenced (undifferentiated, definitive 

endoderm, early mesoderm). 

CRISPRi induces knockdown by targeting a transcriptional repressor domain 

(KRAB) to the TSS of genes. Because TSSs are often misannotated for lowly-expressed 

transcripts (Hon et al., 2017), we refined the annotated TSSs of genes in our screen using 

a set of high-confidence TSSs defined by the FANTOM5 consortium (Lizio et al., 2015) 

(Figure 3.2C; see Materials and Methods). We consolidated these TSSs (some of which 

corresponded to multiple transcripts) into a list of 10,852 unique TSSs. At the gene level, 

we observed that the vast majority of our targeted lncRNA genes (6,460) had only one 

TSS (Figure 3.2E). We then designed 10 single guide RNAs (sgRNAs) targeting each of  
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Figure 3.2. RNA-sequencing and library design 

(A) Spearman correlation of all gene expression values (tpms; both mRNAs and lncRNAs) across 
biological replicates. (B) Count of lncRNAs expressed in each subset of lineages, where a lncRNA 
is counted as expressed if its gene-level tpm is ≥ 0.1 tpm. (C) Count of lncRNA transcripts by TSS 
assignment strategy: either FANTOM-CAT assignment (Hon et al., 2017), GENCODE TSS 
annotation, or closest CAGE peak. We only used GENCODE TSS assignments if there was no 
CAGE peak within 400 bp of the annotated TSS on the same strand. When CAGE peaks were 
used, the FANTOM5-assigned CAGE peak level is shown in green, blue, orange, and red. The 
vast majority of assigned CAGE TSSs were defined as either “robust” or “stringent” by FANTOM5. 
(D) Top 10 gene ontology terms significantly enriched in either undifferentiated hESCs compared 
to endoderm and mesoderm. Size of dots is inversely proportional to the Bonferroni-corrected p-
value. (E) Count of lncRNA genes with indicated number of TSSs expressed. 
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these TSSs using the optimized GPP sgRNA Designer tool, which minimizes off-target 

effects while maximizing knockdown efficiency (Doench et al., 2014; Doench et al., 2016). 

Finally, we sampled 500 of these targeting sgRNAs and randomly scrambled them 10 

times to create a set of 5,000 non-targeting negative control sgRNAs. In total, after 

removing duplicates, our CRISPRi sgRNA library included 111,801 unique sgRNAs 

(Table 3.1). 

 

 
Table 3.1. Number of TSSs targeted and corresponding unique sgRNAs in the CRISPRi 
library 
 

 

 

 
Once the library design was completed, we ordered an unamplified oligo pool from 

Twist Bioscience and amplified the pool using emulsion PCR (ePCR) or open PCR 

(Figure 3.3A). Sequencing of the amplified ePCR and open PCR pools revealed a higher  

# TSSs # sgRNAs

lncRNAs 10,567 103,957

control mRNAs 24 240

diff. expr. mRNAs 261 2,604

negative controls – 5,000

TOTAL 10,852 111,801
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Figure 3.3. Cloning the sgRNA library 

(A) Schematic overview of cloning. First, we performed emulsion PCR (ePCR) on an unamplified 
oligo pool from TWIST Bioscience. Next, we cloned the amplified oligo pool into pCRISPRia-v2. 
We then made lentivirus, titered the virus, infected dCas9-KRAB-GFP cells, and performed the 
CRISPRi screen. (B) Distribution of read count per sgRNA for ePCR vs. open PCR of unamplified 
oligo pool. Samples were run on a MiSeq. Percentage of sgRNAs represented at a count > 5 for 
each PCR method are shown in the table (bottom). (C) Distribution of read count (log10(count 
+1)) of sgRNAs in the cloned library. Samples were run on a HiSeq. Percentage of sgRNAs 
represented at various counts are shown in the table (bottom). 
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relative sgRNA representation in the ePCR sample (Figure 3.3B). Therefore, we 

subsequently cloned the ePCR-amplified sgRNA library into the pCRISPRia-v2 sgRNA 

expression vector (Horlbeck et al., 2016), which contains a puromycin resistance cassette 

as well as a blue fluorescent protein (BFP) reporter. Following cloning, we sequenced the 

cloned library to assess sgRNA representation. We observed that 99.8% of sgRNAs were 

represented at a count > 5, 99.3% at a count > 100, and 93% at a count > 500 (Figure 

3.3C). Given the high representation and normal distribution of read counts, we 

proceeded to make and titer lentivirus containing our cloned sgRNA pool. 

 

Optimization of CRISPRi screen conditions 

 Prior to performing the genome-wide screen, we optimized several aspects of the 

process. Given the fact that a FACS-based definitive endoderm differentiation screen 

using CRISPRi had yet to be described, we sought to establish and define the ideal 

conditions for the screen. First, we measured the physical titer of the viral pool by isolating 

viral RNA and performing a RT-qPCR titration (see Materials and Methods). While the 

concentration of virus was high (1.74 x 1010 copies/mL), we sought to determine the 

functional titer, which is typically 100-1000-fold lower than the physical titer. To that end, 

we performed a functional titer of our lentiviral pool, in order to establish the amount of 

virus to infect at a desired multiplicity of infection (MOI) of 0.3 (i.e. 30% of cells infected), 

which is the range typically used to ensure the majority of cells (95%) contain only one 

sgRNA (Figliozzi et al., 2016). Through a series of viral dilutions, we determined the 

physical titer to be ~750-fold higher than the functional titer (Figure 3.4A), and infected 

the cells at a physical titer of MOI = 250 to generate a functional titer of MOI = 0.3. 
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Figure 3.4. Optimization of viral titer, cell count, and gDNA isolation for CRISPRi screen 

(A) Viral titering of CRISPRi lentiviral sgRNA pool. Cells were infected with lentiviral pool at 
physical MOI of 200 or 300, grown for 48 h, and then harvested for FACS of BFP signal. MOI: 
multiplicity of infection. (B) Cell count numbers of dCas9-KRAB-GFP cells infected with CRISPRi 
lentiviral sgRNA pool. Cells were harvested at 1, 2, or 6 days post infection, and counted for cell 
number using the Nexcelom Cellometer Auto 1000. Error bars represent standard deviation of 
the mean. (C) PCR amplification of dCas9 region in dCas9-KRAB-mCherry cells fixed with 2% or 
4% formaldehyde, unfixed, or mouse negative control gDNA. Samples were run on 1% agarose 
gel and visualized. 
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Next, we sought to establish the optimal number of cells to infect per well for the 

screen, based on post-infection viability. We observed that infection of 1,000,000 cells at 

a functional MOI = 0.3 resulted in the highest cell count numbers six days post infection 

(Figure 3.4B). 

 Another potential issue that needed to be addressed prior to the screen was the 

isolation of genomic DNA (gDNA) from fixed, FACS-sorted cells. Given that our screen 

was FACS-based, and we planned to stain for intracellular markers (which requires 

fixation), we wanted to ensure that we could efficiently amplify the sgRNA regions from 

gDNA. Therefore, we used the CRiNCL paper (Liu et al., 2017) from the Weissman lab 

as a guide, and fixed gDNA from dCas9-KRAB-mCherry hESCs with either 2% or 4% 

paraformaldehyde. Following fixation, we isolated gDNA and PCR amplified the dCas9 

region. We observed similar amplification in the fixed vs. non-fixed conditions (Figure 

3.4C), which confirmed our ability to successfully PCR amplify a given region within the 

fixed cell population, and decided to fix the cells with 4% paraformaldehyde prior to 

staining/sorting. 

 The final optimization step involved selecting the pair of antibodies to use for 

assessing proper definitive endoderm differentiation. Given that several markers had 

been used in previous studies (Jiang et al., 2015; Daneshvar et al., 2016), we tested 

various combinations of antibodies in a variety of different conditions to determine the 

optimal set to use. Specifically, we stained undifferentiated uninfected hESCs, and day 5 

definitive endoderm cells infected with either scrambled sgRNA, GATA6 sgRNA, or 

FOXA2 sgRNA, and fixed/stained the cells with four pairs of antibodies: FOXA2-

APC/SOX17-PE, OCT4-PE/FOXA2-APC, SOX17-PE/CXCR4-APC, and FOXA2-
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PE/CXCR4-APC. The combination of FOXA2-APC/SOX17-PE showed the clearest 

distinction between undifferentiated hESCs and definitive endoderm cells (Figure 3.5), as 

well as distinct dual populations in the GATA6 sgRNA sample. We therefore decided to 

proceed with those antibodies for the screen. 

 Upon staining cells infected with sgRNAs, we noticed that after puromycin 

selection, there still remained a portion of cells that were BFP-, despite the sgRNA 

plasmid (pCRISPRia-v2) expressing a BFP reporter gene (Figure 3.6A). We therefore 

sought to determine whether or not to gate for BFP+ cells in the screen, or whether BFP- 

cells might still effectively repress the targeted gene (i.e. whether the BFP- cells simply 

lost BFP expression, or whether they also lost expression of the sgRNA). To this end, we 

infected hESCs with sgRNAs targeting GATA6 or SOX17 (two well-established genes 

required for endoderm differentiation), selected with puromycin, and pushed the cells into 

definitive endoderm differentiation. After five days of differentiation, we fixed and stained 

the cells with FOXA2-APC/SOX17-PE antibodies, and sorted the cells into BFP+ and 

BFP- populations. We observed that the BFP+ populations had significantly higher 

populations of FOXA2/SOX17 double-negative cells compared to BFP- populations 

(Figure 3.6), supporting the need to sort cells for BFP+ expression during the screen. 

 

CRISPRi screen to identify lncRNA loci essential for proper differentiation 

Following optimization of conditions, we performed the CRISPRi differentiation 

screen (see layout/schematic in Figure 3.7). First, we transduced the pooled CRISPRi 

library into undifferentiated dCas9-KRAB-GFP hESCs and selected with puromycin at 48 

h post infection. We calculated library coverage based on MOI (determined by FACS 
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Figure 3.5. Optimization of antibodies for CRISPRi screen 

(A-D) FACS staining of undifferentiated hESCs and definitive endoderm dCas9-KRAB-GFP 
hESCs infected with scrambled sgRNA, GATA6 sgRNA, or FOXA2 sgRNA. Cells were harvested, 
fixed, and stained at day 5 of differentiation. Cells were stained with combinations of different 
antibodies: FOXA2-APC/SOX17-PE (A), OCT4-PE/FOXA2-APC (B), SOX17-PE/CXCR4-APC 
(C), FOXA2-PE/CXCR4-APC (D). 
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Figure 3.6. BFP gating of sgRNA-infected endoderm cells 

(A-C) FACS analysis of day 5 endoderm dCas9-KRAB-GFP cells infected with GATA6 sgRNA. 
Cells were stained with FOXA2-APC and SOX17-PE antibodies, and subsequently sorted for 
BFP+ and BFP- conditions (A). (B) FACS staining of BFP+ sorted cells. (C) FACS staining of 
BFP- sorted cells. (D-F) FACS analysis of day 5 endoderm dCas9-KRAB-GFP cells infected with 
SOX17 sgRNA. Cells were stained with FOXA2-APC and SOX17-PE antibodies, and 
subsequently sorted for BFP+ and BFP- conditions (D). (E) FACS staining of BFP+ sorted cells. 
(F) FACS staining of BFP- sorted cells. 
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Figure 3.7. CRISPRi differentiation screen overview 

Our dCas9-KRAB-GFP line was transduced with sgRNA libraries targeting panel of lncRNAs, 
selected with puromycin and expanded. Following puromycin selection, cells were induced into 
definitive endoderm (DE) differentiation for 5 days, followed by FACS sorting for DE markers. 
DNA isolated from FACS-sorted populations (input hESCs, double-positive day 5 cells, double-
negative day 5 cells) was PCR amplified using primers specific to sgRNAs and sequenced to 
identify enriched sgRNA plasmids in each population. sgRNA enrichment was calculated by 
measuring the log2 ratio of normalized read counts for guides in undifferentiated (double-
negative) cells over differentiated (double-positive) cells. 
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Figure 3.7 (Continued)  
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analysis of BFP+ cells) and survival post infection. Once sufficient coverage of our sgRNA 

library was obtained (Figure 3.8), we isolated cells from this “Day Zero” population to 

assess the overall sgRNA distribution. We then induced definitive endoderm 

differentiation using the STEMdiff Definitive Endoderm Kit (see Materials and Methods). 

After five days, we harvested, fixed, and stained cells for FOXA2 and SOX17 

expression—two markers of definitive endoderm—and used FACS to sort 

FOXA2+/SOX17+ and FOXA2-/SOX17- populations (Figure 3.9A-C). We specifically 

gated for BFP+ and BFP- populations, and only used the BFP+ population for our 

sequence analysis. In order to maximize the odds of obtaining robust hits, our 

FOXA2/SOX17 gating was fairly conservative, collecting only ~60% double-positive and 

~1-2% double-negative cells (Figure 3.9D). 

Finally, we characterized the sgRNA representation in each of these populations 

using targeted sequencing (Figure 3.10A). To ensure reproducibility of our results and 

limit false positives, we performed two independent biological replicates of the screen 

(Figure 3.10B). 

Next, we performed two important filtering steps. First, we required sgRNAs to 

have ≥ 5 counts per million (cpm) in both Day Zero replicates to limit any noise due to 

poor sgRNA representation (Figure 3.10C). Second, we noticed that a subset of sgRNAs 

were present in only one of the two undifferentiated population replicates (Figure 3.10D). 

Thus, to ensure we were assessing sgRNAs that had been robustly captured in both 

biological replicates, we required sgRNAs to have ≥ 1 cpm in both undifferentiated 

replicates. Together, these filtering steps removed noisy and unreliable sgRNAs. 
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Figure 3.8. CRISPRi screen schematic and coverage 

dCas9-KRAB-GFP hESCs (two biological replicates) were infected with pooled sgRNA library, 
expanded, and seeded out for endoderm differentiation. Cells were collected at “Day 0” of 
endoderm differentiation. Five days post differentiation, cells were harvested, fixed, stained, and 
sorted for FOXA2/SOX17 double-positive and double-negative populations. gDNA was 
subsequently isolated from all populations. Regions flanking sgRNA sequences was PCR 
amplified and sequenced to determine enrichment of sgRNAs within each population. MOI: 
multiplicity of infection. DE: definitive endoderm. 
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Figure 3.9. FACS and cell collection results for CRISPRi screen 

(A) FACS staining of undifferentiated dCas9-KRAB-GFP hESCs. Cells were fixed and stained 
with antibodies against FOXA2 and SOX17. (B) FACS analysis of BFP and GFP signal from day 
5 endoderm dCas9-KRAB-GFP cells infected with pooled CRISPRi sgRNA library. Cells were 
stained with FOXA2 and SOX17 antibodies, and subsequently sorted for BFP+ and BFP- 
conditions. (C) FACS staining of BFP+ sorted day 5 endoderm cells from screen. Cells were fixed 
and stained with antibodies against FOXA2 and SOX17. (D) Summary of cell collection numbers 
for biological replicates of CRISPRi screen.  
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Figure 3.10. CRISPRi screen counts, correlation, and cut-offs 

(A) Distribution of sgRNA counts (log10 + 1) across all samples. (B) Heatmap showing the 
Spearman correlation value of sgRNA counts across all samples. (C) Ranking of 3 positive 
controls (FOXA2, SOX17, and GATA6) compared to all other targeted transcripts across various 
Day Zero count replicates, in both replicate 1 (left) and replicate 2 (right). In both cases, positive 
control rankings reach an inflection point at 5 cpm. (D) Scatter plot showing the counts per million 
in the undifferentiated populations for both replicate 1 and replicate 2. Horizontal and vertical lines 
define a cpm of 1 in each replicate. 
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Figure 3.10 (Continued)  
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We then calculated enrichment of these 57,384 filtered sgRNAs in the 

undifferentiated FOXA2-/SOX17- population compared to the differentiated 

FOXA2+/SOX17+ population in each replicate. As expected, sgRNAs targeting positive 

controls had significantly higher enrichment scores than negative control sgRNAs (Figure 

3.11A). While most sgRNA enrichment scores were noisy across replicates (overall 

Pearson r = 0.04), we noticed that sgRNAs with high enrichment scores were well 

correlated (Figure 3.11B, inset Pearson r = 0.70). Thus, although the majority of sgRNAs 

in our screen appear to have targeted transcripts that do not affect differentiation, a subset 

of 1,407 sgRNAs were strongly and reproducibly enriched (≥ 2-fold in each replicate). 

We next determined which of the 1,221 transcripts that were targeted by these 

1,407 reproducibly enriched sgRNAs were statistically significant hits. To this end, we 

calculated an enrichment score for each transcript by averaging the enrichment scores of 

its top 3 sgRNAs in each replicate. We then calculated an empirical p-value for each 

transcript by comparing its enrichment score to a null distribution of scrambled sgRNA 

enrichment scores (see Materials and Methods). After correcting for multiple testing, 54 

TSSs (corresponding to 66 lncRNA transcripts, 7 protein-coding positive controls, and 2 

differentially expressed mRNAs) were significantly enriched in the undifferentiated 

population at an FDR of < 0.1 (Figure 3.11C). The top hits included the positive controls 

FOXA2, SOX17, EOMES, GSC, and GATA6 (Figure 3.11D). A list of all significant hits 

from the screen can be found in Table 3.2. 

Collectively, these data show that our genome-wide CRISPRi screen was able to 

reproducibly recapitulate expected biological signal, and suggest that dozens of lncRNA 

loci may be required for proper endoderm differentiation. 
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Figure 3.11. CRISPRi screen enrichment scores 

(A) Distribution of sgRNA enrichments (fold-change of undifferentiated cpms compared to 
differentiated cpms) for scrambled negative control sgRNAs (gray) and positive control targeting 
sgRNAs (green) in both replicates. *p < 0.05, **p < 0.01 by a one-sided Mann Whitney test. (B) 
Scatter plot showing the sgRNA enrichment scores in both replicates for scrambled negative 
control sgRNAs (gray), lncRNA targeting sgRNAs (black), and positive control targeting sgRNAs 
(green). Inset denotes reproducibly enriched sgRNAs (enrichment ≥ 2 in both replicates). (C) Plot 
showing the transcript enrichment score (average of top 3 sgRNAs across replicates) and 
adjusted p-values for each lncRNA transcript (gray) and positive control transcript (green) tested. 
Horizontal line defines an FDR of 0.1. (D) Transcript log2 fold-change between endoderm and 
hESCs, as determined via our RNA-seq (y axis) vs. the transcript enrichment score in the screen 
(x axis). Notable positive control transcripts are outlined; two EOMES transcripts were targeted in 
this screen. 
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Table 3.2. List of all hits from CRISPRi screen. Hits are ranked by enrichment scores, and 
specific isoforms are noted when necessary. 
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Table 3.2 (Continued) 

  

gene name biotype enrichment 
score FDR

SOX17 protein coding 272.7873244 0.000284063
EOMES
isoform#4 protein coding 89.71677849 0.000284063

EOMES
isoform #1 protein coding 78.08458485 0.000284063

CTD-2270L9.4 promoter 
overlap 32.92285642 0.009618981

RP11-120D5.1 promoter 
overlap 18.34844096 0.000284063

RP11-121L10.2 promoter 
overlap 17.80339683 0.001343087

RP11-222K16.2 intergenic 11.83761961 0.000284063

AC068831.3 transcript 
overlap 11.77061602 0.000435032

RP3-508I15.9 promoter 
overlap 11.18922108 0.008483489

PITPNA-AS1 promoter 
overlap 10.073605 0.000987458

FOXA2 protein coding 10.031513 0.000284063

ACVR2B-AS1 promoter 
overlap 8.452320775 0.000435032

LINC01424 promoter 
overlap 6.510816421 0.000284063

PMAIP1 protein coding 5.644576848 0.001273298

FOXD3-AS1
isoform #2

transcript 
overlap 5.319862223 0.047503779

AC007952.4 intergenic 5.20577575 0.026679225

LAMTOR5-AS1 transcript 
overlap 5.129643487 0.001714438

LINC00479 promoter 
overlap 4.961840155 0.026679225

FOXO1 protein coding 4.939257665 0.007276197

GSC protein coding 4.857862063 0.001860712

GATA6 protein coding 4.770641673 0.002763369

RP11-421L21.3 promoter 
overlap 4.507349418 0.006565453

CTC-492K19.4 transcript 
overlap 4.474990837 0.094008229

RP11-705O1.8 promoter 
overlap 4.408890589 0.077879845

RP11-474D1.4 promoter 
overlap 4.402693254 0.076050214

LLNLR-260G6.1 transcript 
overlap 4.379256951 0.008392175

KCTD21-AS1 promoter 
overlap 4.269016982 0.077879845

gene name biotype enrichment 
score FDR

RP3-510D11.2 transcript 
overlap 4.183057782 0.066683667

RP11-414H23.2 intergenic 4.174520669 0.008392175

RP11-685M7.3 promoter 
overlap 4.144442714 0.00591877

RP11-541P9.3 promoter 
overlap 4.127385089 0.012335899

RP11-1C8.4 promoter 
overlap 4.025897961 0.076050214

CTD-3220F14.2 transcript 
overlap 3.98274395 0.094008229

CTD-3075F15.1 promoter 
overlap 3.908216075 0.012595392

RP1-148H17.1 intergenic 3.898443895 0.018789804

MIXL1 protein coding 3.871858372 0.018789804

RP11-23F23.2 intergenic 3.82739621 0.018789804

AC002066.1 transcript 
overlap 3.827182807 0.020688706

PVT1 transcript 
overlap 3.79235887 0.026679225

FOXD3-AS1
isoform #4

transcript 
overlap 3.778208203 0.094008229

SLC16A3 protein coding 3.726567627 0.047503779

RP11-299H22.6 intergenic 3.637825419 0.088203997

RP5-1056L3.1 promoter 
overlap 3.600550198 0.057125864

LINC00511 transcript 
overlap 3.57620292 0.066683667

KB-1440D3.14 gene nearby 3.572189248 0.056242165

LINC00967 intergenic 3.567276496 0.057125864

DIGIT promoter 
overlap 3.561869794 0.048997259

LINC00635 intergenic 3.531763194 0.077879845

RP11-533E19.7 promoter 
overlap 3.531108091 0.077879845

AC011753.5 transcript 
overlap 3.487550487 0.066683667

LINC00969 promoter 
overlap 3.439324048 0.09901237

RP11-346L1.2 gene nearby 3.430200009 0.077879845

CTD-2325A15.5 transcript 
overlap 3.336881787 0.086338182

RP11-57A19.2 promoter 
overlap 3.316087346 0.099628604
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Validation of individual screen hits 

Following our CRISPRi screen, we validated high-confidence hits to confirm the 

reproducibility of our screen phenotypes and assess the knockdown efficiency of 

CRISPRi. To do this, we selected individual sgRNAs present in the screening library, and 

designed multiple new additional sgRNAs to test. We targeted several hits, including both 

mRNA positive control genes and lncRNA candidates. All sgRNAs were cloned and 

subsequently transduced into our dCas9-KRAB-GFP hESC line using the pCRISPRia-v2 

expression vector (Horlbeck et al., 2016). Following puromycin selection, we induced 

infected cells into definitive endoderm for five days, then stained for FOXA2/SOX17 to 

assess differentiation efficiency. In addition, we performed RT-qPCR on BFP+ sorted 

cells to determine knockdown efficiency of each individual sgRNA. 

We observed significant knockdown for the majority of our targets (Figure 3.12A-

B), confirming the efficiency and robustness of our dCas9-KRAB-GFP cell line. As 

expected, sgRNAs targeting mRNA hits (SOX17, FOXA2, EOMES) resulted in severe 

loss-of-differentiation phenotypes (Figure 3.12C), as demonstrated by reduction of 

SOX17 and/or FOXA2 expression at the protein level (via FACS). While knockdown of 

our lncRNA hits resulted in more subtle phenotypes, we observed consistent reduction of 

endoderm markers compared to scrambled sgRNA controls (Figure 3.12D-E). Thus, we 

were able to individually validate several hits resulting from our genome-wide CRISPRi 

screen.  
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Figure 3.12. Validation of mRNA and lncRNA hits from screen 

(A) RT-qPCR expression of targeted mRNA control genes at day 5 of endoderm differentiation. 
***p < 0.001. Error bars represent standard deviation of the mean. (B) RT-qPCR expression of 
targeted lncRNA hits at day 5 of endoderm differentiation. *p < 0.05, **p < 0.01, ***p < 0.001, ns 
= p > 0.05. Error bars represent standard deviation of the mean. (C) FACS staining of targeted 
mRNA control genes at day 5 of endoderm differentiation. (D-E) FACS staining of targeted 
lncRNA hits at day 5 of endoderm differentiation. 
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Common features of lncRNA hits 

After validating the results of the screen, we next sought to determine what 

features, if any, were common to the lncRNA loci that were required for differentiation. 

We found that our lncRNA hits had significantly higher sequence conservation in the TSS 

region than non-hits (Figure 3.13A). We also found that our lncRNA hits were significantly 

closer to transcribed enhancers (as defined by FANTOM5; Andersson et al., 2014) than 

non-hits (Figure 3.13B). Moreover, our hits were significantly more likely to have an 

endoderm cancer-associated GWAS SNP within 5 kb than non-hits (Figure 3.13C). While 

not significant at an alpha of < 0.05, our lncRNA hits also trended toward having longer 

locus lengths (i.e. covered more DNA sequence), longer RNA transcript lengths, and 

more exons than non-hits (Figure 3.13D-F). 

Interestingly, we found that expression levels—both differential expression levels 

between endoderm and hESCs (Figure 3.13G) and mean endoderm expression levels 

(Figure 3.13H)—were not significantly higher in hits compared to non-hits at an alpha of 

< 0.05. Indeed, the majority of lncRNA hits clustered around very low levels of differential 

expression between endoderm and hESCs (Figure 3.13I). Moreover, only a very small 

minority of lncRNAs found to be differentially expressed between endoderm and hESCs 

were significant hits in our CRISPRi screen (Figure 3.13J). Thus, expression profiles are 

not necessarily predictive of lncRNA biological function. Taken together, these data 

suggest that while some features are associated with hits (Table 3.3), loss-of-function 

screens remain pivotal in assessing lncRNA functionality. 
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Figure 3.13. Certain genomic features are associated with lncRNA hits, but not expression 

(A-H) Genomic features of lncRNA hits from our screen vs. lncRNA non-hits. (A) average 
conservation (phastCons score) in the region 100 bp upstream and downstream of the TSS, (B) 
distance to closest FANTOM5 enhancer, (C) % of each with an endoderm cancer associated SNP 
within 5kb, (D) DNA locus length, (E) RNA transcript length, (F) number of exons, (G) absolute 
log2-foldchange between endoderm and hESCs from our RNA-seq, (H) mean endoderm 
expression from our RNA-seq. In all plots except (C), p-value shown is from a one-sided Mann 
Whitney test. In (C), p-value shown is from a one-sided Fisher’s exact test. (I) Scatter plot showing 
the RNA-seq fold-change in expression (y-axis) compared to the screen enrichment scores (x 
axis) for each transcript found to be a significant hit. (J) Volcano plot showing the RNA-seq results 
for all transcripts included in the CRISPRi library, with positive control hits colored green and 
lncRNA hits colored black. Horizontal line depicts an FDR cut-off of 0.05. 
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Figure 3.13 (Continued)  
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Table 3.3. List of variables analyzed across lncRNA hits compared to non-hits, ranked by 
p value. Significant (p < 0.05) features are bolded. 
 

 

	  

Variable Continuous
or discrete p value

Enhancerwithin 5 kb D 4.50E-05

Distance to closest enhancer C 3.70E-04

Conservation score C 1.00E-03

Endo GWAS SNP within 5 kb D 2.00E-03

Endo GWAS SNP within 10 kb D 9.00E-03

Enhancer within 10 kb D 3.70E-02

Endo/hESC enrichment C 8.80E-02

Gene locus length C 9.50E-02

Distance to closest cancer SNP C 1.48E-01

Transcript length C 1.70E-01

Number of exons C 2.24E-01

GWAS SNP within 5 kb D 2.40E-01

Mean endo expression C 2.82E-01

GWAS SNP within 10 kb D 6.64E-01
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Identification of RP11-222K16.2 as a novel lncRNA locus required for endoderm 

differentiation 

Next, we investigated the potential function of our lncRNA loci hits (Figure 3.14), 

specifically focusing on two of the most differentially expressed lncRNAs during early 

development. First, we focused on RP11-222K16.2 (LINC02084), which was the top 

intergenic hit in the screen (Table 3.2) and is highly enriched in definitive endoderm cells 

compared to undifferentiated hESCs. The closest gene to RP11-222K16.2 is EOMES 

(Figure 3.15A), a known regulator of mesendodermal differentiation. Genotype-Tissue 

Expression (GTEx) database (GTEx Consortium, 2013) analysis demonstrated 

significantly correlated expression between RP11-222K16.2 and EOMES across dozens 

of tissues (Figure 3.15B), suggesting potential co-regulation during development. 

Silencing of RP11-222K16.2 with two separate sgRNAs resulted in reduced 

definitive endoderm differentiation (Figure 3.15C), as expected. While the phenotype was 

subtle compared to other validated hits (Figure 3.12E), we noticed that SOX17 levels 

decreased while FOXA2 levels did not significantly change at the protein level. 

Interestingly, RT-qPCR analysis revealed that after five days of differentiation, RP11-

222K16.2 knockdown resulted in significantly reduced expression of mesendoderm 

factors (Figure 3.15D), including EOMES, MIXL1, and GATA6. This suggests that RP11-

222K16.2 may be regulating differentiation when cells are in a mesendodermal state, 

before they have committed to an endoderm fate. Indeed, RP11-222K16.2 demonstrated 

early induction during definitive endoderm differentiation (> 100-fold upregulation by Day 

2), and remained at a relatively high level throughout the subsequent days (Figure 3.15E).  
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Figure 3.14. Expression of lncRNA hits over the course of endoderm differentiation 

RT-qPCR expression timecourse of all lncRNA hits during definitive endoderm differentiation of 
H1 hESCs. Error bars represent standard deviation of the mean. 
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Figure 3.15. RP11-222K16.2 expression and knockdown in hESCs  

(A) Genetic locus of RP11-222K16.2 and EOMES. The TSSs are 10 kb apart. (B) Expression 
correlation between EOMES and RP11-222K16.2 across dozens of tissue types. FPKM values 
are derived from GTEx database (GTEx Consortium, 2013). (C) FACS staining of dCas9-KRAB-
GFP day 5 definitive endoderm cells infected with scrambled or RP11-222K16.2 sgRNAs. Cells 
were stained with SOX17-PE and FOXA2-APC. (D) RT-qPCR expression of RP11-222K16.2 and 
differentiation genes in dCas9-KRAB-GFP day 5 endoderm cells infected with scrambled or 
RP11-222K16.2 sgRNAs. *p < 0.05, ***p < 0.001, ns = p > 0.05. Error bars represent standard 
deviation of the mean. (E) RT-qPCR timecourse expression of RP11-222K16.2 over the course 
of definitive endoderm differentiation. Error bars represent standard deviation of the mean. 
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We have therefore identified the RP11-222K16.2 locus as a potential novel 

regulator of differentiation using our genome-wide CRISPRi screening approach. Further 

experiments need to performed in order to elucidate whether the locus produces a 

functional lncRNA transcript, or whether the phenotype is driven via a DNA element (see 

Discussion). 

 

Characterization of FOXD3-AS1 as a regulator of pluripotency and endoderm 

pathways 

In addition to RP11-222K16.2, we further characterized FOXD3-AS1, another 

significant lncRNA hit in our screen. Surprisingly, FOXD3-AS1 is one of the most highly 

enriched lncRNAs in undifferentiated hESCs, demonstrating significant downregulation 

during endoderm and mesoderm differentiation (Figure 3.16A). Given this unexpected 

expression pattern, we were interested in elucidating the role of FOXD3-AS1 in potentially 

regulating pluripotency and differentiation. 

Because the FOXD3-AS1 promoter overlaps (Figure 3.16B) the promoter of 

FOXD3 (a transcription factor required for self-renewal of stem cells) and strongly 

correlates in expression with FOXD3 (Figure 3.16C), we used multiple shRNAs to 

specifically target the lncRNA. Prior to shRNA treatment, we performed 

nuclear/cytoplasmic fractionation followed by RT-qPCR, to determine the localization of 

FOXD3-AS1. We observed enrichment of the lncRNA in the cytoplasm (Figure 3.16D), 

suggesting that it can be targeted using shRNAs, which localize to the cytoplasm and 

associate with the RISC complex. Therefore, we designed two shRNAs and infected 

undifferentiated H1 hESCs. 
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Figure 3.16. FOXD3-AS1 expression and localization in hESCs 

(A) Transcript per million (tpm) values for FOXD3-AS1 in undifferentiated hESCs, definitive 
endoderm cells, and early mesoderm cells. Data is from RNA-seq from two biological replicates. 
(B) Genetic locus of FOXD3-AS1 and FOXD3. (C) Expression correlation between FOXD3 and 
FOXD3-AS1 across dozens of tissue types. FPKM values are derived from GTEx database (GTEx 
Consortium, 2013). (D) RT-qPCR expression of FOXD3-AS1 and control transcripts following 
nuclear/cytoplasmic fractionation. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent 
standard deviation of the mean.  
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While maintaining hESCs in stem cell media, visible differentiation occurred within 

7-9 days of knockdown, with the majority of cells differentiated within 21 days (Figure 

3.17A). Upon FOXD3-AS1 knockdown (Figure 3.17B), we observed strong upregulation 

of several key endoderm factors (Figure 3.17B), including GATA6, FOXA2, EOMES, and 

CXCR4. Following upregulation of endoderm factors, we observed an eventual loss of 

pluripotency markers (Figure 3.17C). A time course knockdown of FOXD3-AS1 (Figure 

3.17D) showed early induction of EOMES, along with reduction of FOXD3 expression 

within 48 h. Given the early upregulation of endoderm factors, followed by reduction of 

self-renewal genes, we hypothesized that loss of FOXD3-AS1 results in aberrant 

upregulation of endoderm genes, which promotes differentiation and causes a loss of 

pluripotency, ultimately resulting in an inability to differentiate properly into definitive 

endoderm, as demonstrated by our screen. 

Therefore, to determine whether FOXD3-AS1 was required for pluripotency, we 

tested whether FOXD3-AS1 knockdown disrupted differentiation into all three early 

lineages. To this end, we induced definitive endoderm, early mesoderm, or neural 

progenitor cell (ectoderm) differentiation in H1 hESCs following knockdown of FOXD3-

AS1. We observed significant reduction in properly differentiated cells in each lineage 

using two different shRNAs (Figure 3.18A-C), supporting the hypothesis that loss of 

FOXD3-AS1 results in dysregulation of pluripotency pathways required for early 

embryogenesis. 

Following knockdown experiments, we cloned and overexpressed the 

predominant isoform of FOXD3-AS1 in undifferentiated hESCs, and observed reduced 

expression of several known endoderm factors (Figure 3.19A-B), consistent with the role  
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Figure 3.17. Knockdown of FOXD3-AS1 causes loss of pluripotency and upregulation of 
endoderm markers 
 
(A) Phase-contrast images of H1 hESCs infected with FOXD3-AS1 shRNAs. Images were taken 
21 days post infection. (B) RT-qPCR expression of FOXD3-AS1 and pluripotency/differentiation 
genes 21 days post infection of H1 hESCs with FOXD3-AS1 shRNAs. *p < 0.05, **p < 0.01, ***p 
< 0.001. Error bars represent standard deviation of the mean. (C) RT-qPCR expression of 
pluripotency marker genes 18 days post infection of H1 hESCs with FOXD3-AS1 shRNA. ***p < 
0.001. Error bars represent standard deviation of the mean. (D) RT-qPCR expression timecourse 
during FOXD3-AS1 shRNA infection of H1 hESCs. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars 
represent standard deviation of the mean. 
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Figure 3.18. FOXD3-AS1 knockdown disrupts differentiation into every germ layer 

FACS staining of day 5 definitive endoderm cells (A), day 5 early mesoderm cells (B), or day 12 
neural progenitor cells (C) infected with scrambled shRNA or FOXD3-AS1 shRNAs. Cells were 
fixed and stained with antibodies against FOXA2 and SOX17 (A), VIM and CD49e (B), or NES 
and PAX6 (C). 
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Figure 3.19. FOXD3-AS1 overexpression 

(A-B) RT-qPCR expression of FOXD3-AS1 (A) and endoderm/mesoderm genes (B) 9 days post 
infection of H1 hESCs with FOXD3-AS1 isoform #5 expression vector. *p < 0.05, **p < 0.01, ***p 
< 0.001, ns = p > 0.05. Error bars represent standard deviation of the mean. (C-D) RT-qPCR 
expression of FOXD3-AS1 (C) and endoderm/mesoderm genes (D) in H1 day 5 endoderm cells 
infected with FOXD3-AS1 isoform #5 expression vector. *p < 0.05, **p < 0.01, ns = p > 0.05. Error 
bars represent standard deviation of the mean. EV = empty vector. OE = overexpression. 
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of FOXD3-AS1 in repressing endoderm factors in the undifferentiated state. However, 

when we induced definitive endoderm differentiation upon FOXD3-AS1 overexpression, 

there was only slight repression of EOMES and GATA6 by day 5 of differentiation, while 

the other endoderm factors remained expressed at normal levels (Figure 3.19C-D). 

Therefore, while FOXD3-AS1 can repress endoderm factors in an undifferentiated state, 

overexpression is not sufficient to disrupt definitive endoderm differentiation. 

Taken together, these experiments support FOXD3-AS1 as a novel pluripotency 

factor required for pluripotency via repression of endoderm pathways in an 

undifferentiated state. Thus, our screen revealed lncRNA loci involved in two distinct but 

related developmental processes: differentiation (RP11-222K16.2) and pluripotency 

(FOXD3-AS1). 
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Chapter 4 – Discussion 
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Establishment of CRISPRi/CRISPRa hESC lines 

Here, we report the first described set of hESC cell lines that can maintain dCas9-

KRAB or dCas9-VP64 expression (and successfully modulate target gene expression) 

throughout the course of differentiation into each primary germ layer (Figure 2.7, 2.8, 2.9). 

Previous studies have described hESCs stably expressing Cas9 or dCas9 in an 

undifferentiated state (Kearns et al. 2014; Li et al., 2019), and a few recent reports have 

described effective dCas9-KRAB CRISPRi systems during hESC/iPSC differentiation into 

single specific lineages (Mandegar et al., 2016; Liu et al., 2018; Genga et al., 2019). 

However, there has yet to be a CRISPRi or CRISPRa hESC line reported to successfully 

repress or activate target genes, respectively, during differentiation into all three primary 

germ layers. In Chapter 2, we demonstrate stable expression of dCas9-KRAB (Figure 2.7 

and 2.9) or dCas9-VP64 (Figure 2.8) via Western blot and FACS, and observed robust 

repression or activation of targeted genes using RT-qPCR and FACS staining. Our lines 

had similar efficiencies targeting coding genes vs. non-coding genes, which was not 

surprising due to their common gene loci features (Zhang et al., 2014). 

Transient expression of canonical Cas9 is sufficient for inducing a single cut or 

modification to the target locus, whereas CRISPRi/CRISPRa require constant 

engagement of dCas9-KRAB/VP64 proximal to the TSS region. Therefore, we sought to 

test a variety of methods for stable dCas9 expression in hESCs: transient transfection, 

lentiviral transduction, and stable genomic integration using TALEN (Figure 2.3). We 

found that while transient transfection using FuGENE HD resulted in robust Cas9 

expression in a population of cells (Figure 2.4), dCas9 expression and knockdown 

efficiency was not stable in undifferentiated or differentiated cells (Figure 2.5). However, 
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introducing dCas9 via lentiviral vectors (Figure 2.6) or using TALEN (Figure 2.9A) resulted 

in stable dCas9 lines that could modulate target gene expression in endoderm, 

mesoderm, and ectoderm lineages. Therefore, our results suggest that genomic 

integration is necessary for stable dCas9 expression and activity in hESCs. 

These isogenic cell lines can be used for CRISPRi screens, as we have shown in 

this work, as well as CRISPRa screens. Although we focus on definitive endoderm 

differentiation in this study, we also show that these cell lines maintain dCas9 expression 

throughout mesoderm and ectoderm differentiation. Thus, the methodology described 

can be adapted to discover novel regulators (both coding and non-coding) of 

differentiation into any early lineage. In particular, the dox-inducible nature of the dCas9-

KRAB-mCherry hESC line (Figure 2.9) can be utilized for testing the dynamics of gene 

expression at precise time points during differentiation. 

Despite the promise of these lines, more experiments need to be done to confirm 

stable dCas9 expression during downstream developmental lineages. For example, 

determining whether dCas9-KRAB/VP64 remains expressed during further differentiation 

of definitive endoderm into pancreatic progenitors, and eventually into mature alpha and 

beta islet cells. Furthermore, while we observed no defects in self-renewal or pluripotency 

of our lentiviral-produced lines, determining the precise location of genomic integration of 

the dCas9-KRAB/VP64-GFP cassettes would provide context regarding whether specific 

genes were disrupted. 

The cell lines we have engineered are available to the scientific community upon 

request, and we hope they can serve as useful tools in elucidating the role of genes during 

hESC development and differentiation. 
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CRISPRi screen reveals lncRNA loci required for endoderm differentiation 

In Chapter 3, we describe the first differentiation screen targeting lncRNA loci in 

the context of hESC differentiation. Previous studies of lncRNAs during differentiation 

relied on methods like RNA-seq (Jiang et al., 2015), ChIP-seq (Daneshvar et al., 2016) 

or microarray expression data (Ng et al., 2012) to identify lncRNA genes highly enriched 

in specific lineages. While these studies have revealed developmentally relevant 

lncRNAs, an unbiased genome-wide approach had yet to be described. In this study, we 

designed, optimized, and executed a CRISPRi screen aimed at targeting all expressed 

lncRNA loci, regardless of their expression changes during differentiation. 

Our CRISPRi screen reproducibly identified known endoderm factors as top hits, 

including FOXA2 and SOX17, as well as EOMES, GATA6, and GSC (Figure 3.11D). 

Moreover, we identified 66 lncRNA transcripts, including the previously reported 

endoderm regulator DIGIT (Daneshvar et al., 2016). Upon validation of individual hits, we 

observed more subtle phenotypes (i.e. only slightly reduced FOXA2/SOX17 expression) 

for some hits (Figure 3.12D) compared to other hits (Figure 3.12E). This suggests that 

our screen was able to identify both robust modulators of endoderm differentiation, as 

well as weaker lncRNA loci hits. 

We used a conservative approach to identify hits: as we performed two completely 

independent biological replicates of the screen, we required hits to show enrichment in 

both replicates. This strategy filtered out many lncRNAs that were only enriched in a 

single replicate of the screen (Figure 3.10D). Further work is required to determine 

whether these lncRNAs were false negatives (i.e. lncRNAs that truly regulate 

differentiation that were missed in one replicate) or false positives (i.e. lncRNAs that were 
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enriched in one replicate due to noise). We speculate that many transcripts fall into the 

former category, as lncRNAs are known to often exert quite subtle effects on gene 

expression (Ransohoff et al., 2018), and the large-scale nature of a pooled screen can 

cause true hits to drop out. For example, the intergenic lncRNA DEANR1 (LINC00261) 

did not come out as a hit in our screen, despite being previously described as required 

for definitive endoderm differentiation (Jiang et al., 2015). Nevertheless, using our 

approach, we still identified several positive control genes as hits, and generated a list of 

dozens of lncRNA loci that are likely required for proper endoderm differentiation (Table 

3.2). 

As with all genome-wide screens, there are several caveats in this study that 

should be addressed. First, our screen readout only used the expression of two endoderm 

factors (FOXA2 and SOX17), which may not fully represent proper definitive endoderm 

differentiation. For example, knockdown of RP11-222K16.2 resulted in reduced SOX17 

protein levels, while FOXA2 levels did not change (Figure 3.15C). However, further 

analysis of RP11-222K16.2 revealed that several other endoderm factors were 

repressed, including GATA6 and EOMES (Figure 3.15D). Therefore, there may exist non-

hits from our screen that are required for expression of GATA6, EOMES, and other factors 

during endoderm differentiation.  

Along those lines, there may also be hits from our screen that reduce FOXA2 

and/or SOX17 expression, but otherwise differentiate normally into definitive endoderm 

cells. One experiment to further elucidate the role of our lncRNA hits would be to perform 

a similar CRISPRi screen, but induce the cells past definitive endoderm and into further 

downstream lineages. This is especially relevant given the applicability of stem cells in 
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regenerative medicine, and could help reveal factors required for differentiation into more 

therapeutically relevant cell types. 

Another potential caveat of the screen was the conservative nature of our gating 

(Figure 3.9C), where we only collected the top 60% of double-positive cells and 1-2% of 

the double-negative population (Figure 3.9D). This may have resulted in less robust hits 

dropping out of the screen (i.e. hits that only had slightly reduced FOXA2/SOX17 

expression). 

Furthermore, our infection coverage dropped to 239x for replicate one and 348x 

for replicate two (Figure 3.8), which was lower than our desired coverage of 1000x, which 

would have been ideal to ensure sufficient sgRNA distribution. However, the ~300x 

infection coverage is similar to other genome-wide CRISPR screens (Liu et al., 2017; Sarr 

et al., 2019), and our screen yielded several positive control hits despite using stringent 

cut-offs. Maintaining a minimum coverage of 1000x throughout the course of the screen 

may have revealed additional hits that did not meet the cut-off thresholds. 

 

Analysis of CRISPRi screen lncRNA hits 

Of all the lncRNA transcript hits, only 12 of them were intergenic, and a further two 

had a protein-coding gene nearby (but not near the TSS) (Figure 4.1A). Thus, the vast 

majority of lncRNA hits identified here were either physically overlapping a protein-coding 

gene or extremely close to a protein-coding gene promoter; this proximity makes it likely 

that some sgRNAs in our screen were also affecting expression of the protein-coding 

genes proximal to these lncRNAs. However, there is precedence for this class of lncRNAs 

to play bona fide roles in early development. Indeed, divergent lncRNAs (which are 
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included in our “promoter overlap” biotype) have been found to play particularly important 

roles in pluripotency and differentiation (Luo et al., 2016). Therefore, while the resolution 

of our CRISPRi screen precludes us from inferring lncRNA-based mechanisms of action 

for these genes, future work focusing on these regions may reveal novel lncRNA-based 

biology. In addition, analysis of our “promoter overlap” lncRNA hits revealed that only 7 

out of 25 overlapped with known regulators of hESC differentiation (Figure 4.1B), 

providing a high confidence list of potential protein-coding genes primed for further 

investigation. 

While we found some features associated with lncRNA hits, notably enhancer 

proximity, conservation, and proximity to endoderm-associated GWAS SNPs, most 

features examined were not significantly different between hits and non-hits (Table 3.3). 

Importantly, we also saw that expression levels (Figure 3.13H) and differential expression 

levels (Figure 3.13G) were not predictive of functional lncRNAs, and that the vast majority 

of differentially expressed lncRNAs were not hits in the screen (Figure 3.13J). While 

defining these common features among hits is informative, it is merely a starting point for 

deeper analysis that needs to be performed. For example, the proximity of our hits to 

enhancers could be due to some lncRNA loci functioning as DNA elements such as 

enhancer RNAs (eRNAs). This is a recently discovered class of non-coding RNAs that 

activate nearby genes via the act of transcription, but don’t necessarily have functional 

ncRNA transcripts (Natoli and Andrau, 2012). Enhancer reporter assays, alternative 

knockdown methods (e.g. shRNAs), and knock-ins of polyA termination cassettes are all 

examples of assays that could help elucidate whether the lncRNA hits are functional RNA 

transcripts, functional DNA elements, or both. 
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Figure 4.1. Analysis of CRISPRi screen hits 

(A) Biotype summary of mRNA and lncRNA hits. (B) List of promoter overlap lncRNA hits with 
their corresponding overlapping genes. 
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RP11-222K16.2 is a novel lncRNA loci essential for proper endoderm differentiation 

Analysis of two top hits identified in our screen—RP11-222K16.2 and FOXD3-

AS1—revealed two highly differentially expressed lncRNAs that are required for 

differentiation and pluripotency, respectively. RP11-222K16.2 is specifically enriched in 

definitive endoderm, correlates with EOMES expression (Figure 3.15B), and is required 

for proper definitive endoderm differentiation (Figure 3.15C). Silencing (via CRISPRi) of 

the RP11-222K16.2 locus resulted in repression of mesendodermal factors (Figure 

3.15D). Taken together with its early expression during definitive endoderm differentiation 

(Figure 3.15E), our data suggests that RP11-222K16.2 may specifically regulate 

mesendodermal pathways. 

However, further work should focus on disentangling the mechanism of action for 

RP11-222K16.2, especially in regard to whether the RNA product itself is functional, or 

whether the locus harbors functional DNA elements (Goff and Rinn, 2015). For example, 

due to its proximity to EOMES (Figure 3.15A), we speculate that RP11-222K16.2 may be 

acting in cis as an eRNA. ChIP-seq of enhancer markers (e.g. H3K27ac, H3K4me) and 

enhancer reporter assays will help answer this question. Furthermore, assays like FISH 

(fluorescence in situ hybridization) and shRNA knockdown experiments can help reveal 

the localization and functionality, respectively, of the lncRNA transcript. 

Finally, Chromatin Isolation by RNA Purification (ChIRP)-MS pulldown should be 

performed to identify protein-binding partners of the lncRNA. Specifically, the assay 

consists of an IP-pulldown of a lncRNA target using a synthesized complementary 

biotinylated RNA probe, followed by mass spectrometry to identify proteins that interact 

specifically with the lncRNA transcript. While we are confident that the genomic locus of 
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RP11-222K16.2 is important for endoderm differentiation, these additional assays will 

reveal whether the lncRNA itself is functional. 

 

FOXD3-AS1 is a lncRNA required for pluripotency and regulates endoderm 

pathways 

FOXD3-AS1 is also significantly differentially expressed between hESCs and 

endoderm, but surprisingly, it is upregulated ~300-fold in hESCs compared to endoderm 

(Figure 3.16A). Our data show that FOXD3-AS1 is required for pluripotency by acting as 

a repressor of endoderm factors in the undifferentiated hESC state. We speculate that 

repression of FOXD3-AS1 at the incorrect developmental time point results in aberrant 

expression of endoderm factors, which disrupts the pluripotent state of hESCs. 

Subsequent downregulation of stemness factors (OCT4, NANOG, SOX2) leads to loss of 

pluripotency, which ultimately results in improper differentiation into endoderm, as well as 

other lineages (Figure 4.2). 

Despite having promoter overlap with the known pluripotency regulator FOXD3, 

shRNAs targeting the FOXD3-AS1 transcript mimicked the sgRNA phenotypes observed 

in the screen (Figure 3.18A), pointing towards an RNA-based mechanism of action. 

However, further analysis should be performed to determine the specific mechanism by 

which FOXD3-AS1 acts. One paper described FOXD3-AS1 acting as a microRNA sponge 

for miR-150 (Zhang et al., 2017), which targets FOXD3. Given its cytoplasmic localization 

in hESCs (Figure 3.16D), it is plausible that FOXD3-AS1 could be sponging miRNAs and 

de-repressing genes like FOXD3. Furthermore, rescue experiments overexpressing 

FOXD3 during FOXD3-AS1 knockdown could reveal whether FOXD3-AS1 is specifically 
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acting via regulation of FOXD3. Our timecourse knockdown experiments support this 

hypothesis, as targeted repression of FOXD3-AS1 resulted in reduced expression of 

FOXD3 (Figure 3.17D). 

 

 

 

Figure 4.2. Model of FOXD3-AS1 as a regulator of pluripotency 

Knockdown of FOXD3-AS1 results in an upregulation of endoderm factors, followed by 
downregulation of stemness factors, and differentiation into an undefined endoderm lineage. 
Those cells are then unable to properly differentiate into any of the three primary germ layers.  
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Summary 

Taken together, our CRISPRi and CRISPRa cell lines can serve as a resource for 

interrogating specific genes in any of the three primary germ layers, identifying and 

elucidating the role of both coding and non-coding genes in development. In addition, the 

genome-wide screen described herein underscores the importance of performing large-

scale screens to characterize functional lncRNA loci. Given that expression of lncRNAs 

did not correlate with hit status, loss-of-function screens are paramount to characterizing 

the vast non-coding transcriptome and its role in development and differentiation. 

Furthermore, the identification of RP11-222K16.2 and FOXD3-AS1 suggests that 

functional screens can elucidate novel lncRNAs and/or lncRNA loci that act at distinct 

developmental time points and, likely, through distinct mechanisms of action. Additional 

downstream analysis of hits via orthogonal methods (e.g. shRNAs) will help determine 

which sgRNAs are disrupting proximal functional elements (e.g. enhancer RNAs) and 

which lncRNAs are truly functional (at the RNA level) in regulating differentiation. Indeed, 

follow-up studies will further add to the growing catalog of functional lncRNAs, deepening 

our understanding of the non-coding genome and its role in human development. 
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Chapter 5 – Materials and Methods 
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H1 hESC cell culture 

We acquired H1 (WA01) hESCs from the University of Wisconsin (WiCell). We cultured 

H1 cells in mTeSR1 media (STEMCELL Technologies) on Matrigel-coated plates and 

changed media daily. We passaged the cells every 5-7 days, using Gentle Cell 

Dissociation Reagent (GCDR) or ReLeSR (STEMCELL Technologies). ROCK inhibitor 

(Y-27632) was used at a concentration of 10 µM during single-cell seeding. During 

maintenance of undifferentiated hESCs, differentiated cells were manually scraped to 

maintain a homogenous undifferentiated population. 

 

Generation of dCas9-KRAB/VP64 stable hESCs 

To generate dCas9-KRAB-GFP and dCas9-VP64-GFP cell lines, we infected H1 hESCs 

with lentivirus containing dCas9-KRAB or dCas9-VP64 fused to GFP (via a T2A peptide 

cleavage linker). We obtained the dCas9-VP64-GFP construct from Addgene (#61422), 

and generated the dCas9-KRAB-GFP construct by cloning the KRAB cassette into the 

BamHI and NheI sites of the dCas9-VP64-GFP plasmid. Following infection, we sorted 

cells for GFP and plated sparsely (20,000 cells/well in 6-well plates) with 10 µM ROCK 

inhibitor (Y-27632) to obtain single-cell-derived isogenic colonies. Clones were tracked 

daily, picked manually using a P200 pipette tip, expanded, and tested for dCas9 

expression via Western blot using a Cas9 antibody (CST; mouse mAb #14697). To 

generate the dox-inducible dCas9-KRAB-mCherry cell line, we nucleofected H1 hESCs 

with the pAAVS1-NDi-CRISPRi (Gen1) vector (Mandegar et al., 2016) along with AAVS1 

TALEN pair plasmids (Mandegar et al., 2016). Following nucleofection, cells were 

selected for using 25 µg/mL Geneticin (Life Technologies), then seeded out and 
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expanded using the same methods described above. dCas9-KRAB expression was 

induced by adding 2 µg/mL doxycycline to the mTeSR1 media. 

 

Endoderm, mesoderm, and ectoderm lineage induction 

We used the STEMdiff Definitive Endoderm kit, STEMdiff Early Mesoderm kit, and SMADi 

Neural Induction kit to induce endoderm, mesoderm, and ectoderm differentiation, 

respectively. All kits are from STEMCELL Technologies, and differentiation was induced 

following the manufacturer’s protocol. 

 

RT-qPCR 

We isolated RNA using the Direct-zol Miniprep RNA kit (Zymo) with the DNase treatment 

step. RNA was quantified and reverse transcribed using oligo(dT)20 primers and the 

SuperScript IV kit (ThermoFisher). RT-qPCR was performed on the LightCycler 480 II 

instrument (Roche). Reactions were performed in triplicate, and gene expression was 

normalized to RPL19. Error bars represent standard deviation of the mean. P values were 

calculated using a student’s T test. A list of primers used in this study can be found in the 

Key Resources Table (see below). 

 

Viral production and titering 

Lentivirus was produced by transfecting HEK293T cells with 5 µg transfer plasmid + 4 µg 

psPAX2 + 1 µg VSVG using TransIT-Lenti Transfection Reagent (Mirus Bio). 48 hours 

post transfection, virus-containing media was harvested, filtered through a 0.45 µm filter, 

and concentrated using Lenti-X Concentrator (Clontech). For physical lentiviral titering, 
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RNA was first isolated using the NucleoSpin RNA Virus Isolation Kit (Macherey-Nagel), 

then RNA concentration was measured using the Lenti-X qRT-PCR Titration Kit 

(Clontech). All viral infections were performed using Polybrene at a final concentration of 

8 µg/mL. 

 

Nuclear/cytoplasmic fractionation 

We performed nuclear/cytoplasmic fractionation using the PARIS Kit (ThermoFisher). 

Following RNA isolation, samples were treated with TURBO DNase (ThermoFisher), and 

fractionation efficiency was measured by running RNA on a 1% agarose gel and 

observing ribosomal RNA (rRNA) bands exclusively in the cytoplasm. 

 

Flow cytometry and staining 

hESCs and differentiated cells were harvested for staining or flow cytometry using GCDR. 

Cells were washed twice with 500 µL cold FBS stain buffer (BD #554656), fixed in 250 

µL Cytofix fixation buffer (BD #554655) for 15 min at 4oC, and washed twice with 500 µL 

cold FBS stain buffer. Cells were then stained (if necessary) with extracellular antibody 

markers for 30 min in the dark at 4oC, washed twice with 500 µL cold FBS stain buffer. 

For subsequent intracellular staining, cells were washed twice with 500 µL cold 1X 

permeabilization buffer (BioLegend #421002), resuspended in 100 µL cold 1X 

permeabilization buffer, and incubated with intracellular antibody markers for 30 min in 

the dark at 4oC. Prior to flow cytometry analysis, stained cells were washed twice with 

500 µL cold 1X permeabilization buffer, and resuspended in 500 µL cold FBS stain buffer. 

A list of antibodies used in this study can be found in the Key Resource Table (see below). 
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Cells were analyzed using the FACSymphony (BD), and sorted/analyzed using the 

FACSAria (BD). 

 

LncRNA categorization 

We downloaded the lncRNA annotation file from GENCODE v25 (Frankish et al., 2018). 

We then removed any lncRNAs found to have a conserved open reading frame longer 

than 100 amino acids via phyloCSF (Lin et al., 2011), thus assuring that we were 

analyzing bona fide non-coding RNAs. Finally, we classified lncRNAs into the following 

categories: (1) intergenic, defined as lncRNAs whose gene starts and ends were both > 

1000 bp away from an annotated protein-coding gene, (2) promoter-overlapping, defined 

as lncRNAs whose gene starts were within 1000 bp of a protein-coding gene start, (3) 

transcript-overlapping, defined as lncRNAs whose transcripts overlapped a protein-

coding transcript (given they were not promoter-overlapping), and (4) gene nearby, 

defined as lncRNAs that did not physically overlap any protein-coding genes, but had a 

protein-coding gene start or gene end within 1000 bp of its gene start or gene end. 

 

RNA-seq analysis 

We isolated RNA from each lineage (two replicates each) using the Direct-zol Miniprep 

RNA kit (Zymo) with DNase treatment. We synthesized cDNA and performed Illumina 

paired end 75bp sequencing. We used the cutadapt program to trim adaptors and low-

quality bases off of RNA-seq reads (Martin, 2011). We then used kallisto (Bray et al., 

2016) to pseudo-align and quantify reads to the GENCODE v25 transcriptome (in hg19 

assembly coordinates). As DIGIT was not included in GENCODE v25, we manually 
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added the transcript sequence that was described in Daneshvar et al., 2016. After reads 

were mapped, we performed differential expression analysis of transcripts using sleuth 

(Pimentel et al., 2017). We separately tested for differential expression between hESCs 

and definitive endoderm and hESCs and early mesoderm using likelihood ratio tests. For 

gene-level quantifications, we summed all transcript counts for a given gene. 

 

Gene ontology enrichment analysis 

Gene ontology (GO) enrichment analysis was obtained from the Gene Ontology 

Consortium (Ashburner et al., 2000; Gene Ontology Consortium, 2019), using the 

PANTHER Classification System (pantherdb.org). Significantly enriched pathways were 

determined using Fisher’s Exact test with the Bonferroni correction for multiple testing. 

 

Tissue-specificity calculation 

We calculated tissue-specificity across the three lineages (hESCs, endoderm, and 

mesoderm) using the tau metric (Kryuchkova-Mostacci and Robinson-Rechavi, 2017), 

which has been shown to be robust to biases arising from low expression. Tau is 

calculated as follows: 

𝜏 =
(1 − 𝑥'	)*

+,-

𝑛 − 1
; 𝑥' =

𝑥+
max
-3+3*

(𝑥+)
 

where xi is the expression of a transcript in lineage i and n is the number of total lineages 

(here, 3). Thus, tau calculates the average difference between the expression of a 

transcript in a given lineage and its maximal expression across all lineages, meaning 

“ubiquitous” transcripts will have tau values close to zero while “lineage-specific” 

transcripts will have tau values close to one. 
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TSS assignment 

To assign TSSs to transcripts, we relied on the FANTOM5 CAGE-associated 

transcriptome (FANTOM-CAT) annotations (Hon et al., 2017), which sought to accurately 

define the 5’ ends of human lncRNAs. If the transcript was explicitly assigned a TSS in 

FANTOM-CAT, as was the case for 46% of transcripts, we used the FANTOM-CAT 

assigned TSS. Otherwise, if the transcript was within 400 bp of an annotated CAGE TSS 

on the same strand, which was the case for an additional 26% of transcripts, we assigned 

the transcript the closest same-stranded CAGE TSS. For all other transcripts (28%), we 

used the GENCODE-annotated 5’ end of the transcript as the TSS. 

 

CRISPRi library design 

We included all 12,611 lncRNA transcripts expressed at ≥ 0.1 tpm in either hESCs, 

endoderm, or mesoderm. We also included a set of 24 literature-curated positive control 

transcripts that had been previously shown to be required for endoderm differentiation 

and 261 other highly differentially-expressed protein-coding genes. We used the GPP 

sgRNA Designer tool to design sgRNAs targeting the TSSs of the included transcripts 

(after re-assigning TSSs by the rules above) (Doench et al., 2014; Doench et al., 2016). 

We assigned the top 10 sgRNAs to each TSS according to the ranking rules used by the 

GPP tool, which, briefly, prioritizes sgRNAs by distance to the TSS, a lack of off-targets, 

and predicted site chromatin accessibility (Doench et al., 2016). To create negative 

control sgRNAs, we randomly sampled 500 of our designed sgRNAs and scrambled each 

one 10 times, making sure to eliminate any that we were able to BLAT to the human 
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genome (parameters used: -stepSize=5 -minScore=0 -minIdentity=0) for a total of 5000 

scrambled sgRNAs. Finally, as some transcripts had the same TSS, or very close TSSs, 

we consolidated any duplicate sgRNAs in the library. All told, our CRISPRi library 

contained 111,801 unique sgRNAs. 

 

CRISPRi library cloning 

The sgRNA library was synthesized by Twist Biosciences. We then amplified the library 

using emulsion PCR and cloned it into the pCRISPRia-v2 vector as previously described 

(Horlbeck et al., 2016). We then packaged the library into lentivirus in HEK293T cells, 

also as previously described (Horlbeck et al., 2016). 

 

CRISPRi endoderm differentiation screen 

To perform the screen, we infected dCas9-KRAB-GFP cells with the lentivirally-packaged 

sgRNA library at an MOI < 0.3 and selected in 1 µg/mL puromycin. We then used the 

STEMdiff Definitive Endoderm kit (STEMCELL Technologies) to induce differentiation, 

according to the manufacturer’s instructions. We isolated a sample of “Day Zero” cells to 

assess initial representation of sgRNAs. Five days post-differentiation induction, we 

harvested and stained cells for FOXA2 and SOX17, two markers of definitive endoderm. 

Specifically, we stained batches of 5 million cells with 20 µL FOXA2-APC (Miltenyi Biotec 

#130-107-774) and 4 µL SOX17-PE (Miltenyi Biotec #130-111-032). We used FACS to 

sort populations into undifferentiated (FOXA2/SOX17 double-negative) and differentiated 

(FOXA2/SOX17 double-positive) populations. We additionally sorted each population by 

BFP expression, as BFP was indicative of effective CRISPRi repression. For all 
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populations, we isolated DNA from all cells using QIAamp columns (Qiagen), following 

the manufacturer’s instructions and adding a de-crosslinking step (resuspended cells in 

180 µL Buffer ATL and 20 µL proteinase K, incubated at 56oC for 1 h, then 90oC for 1 h, 

then proceeded with standard QIAamp protocol). Following DNA isolation, we PCR 

amplified the sgRNA region as previously described (Horlbeck et al., 2016). We prepared 

sequencing libraries as previously described (Liu et al., 2017), and performed high-

throughput Illumina single end 50bp DNA sequencing to assess sgRNA counts. We 

performed two separate biological replicates of the entire screen. 

 

CRISPRi screen analysis 

First, we filtered sgRNAs to those that had ≥ 5 cpm in both Day Zero replicates and ≥ 1 

cpm in both undifferentiated replicates. We then focused on a subset of 1,221 transcripts 

that had at least 1 reproducibly enriched sgRNA (≥ 2-fold in each replicate) that passed 

these filters. We focused on this small subset of transcripts because we noticed that the 

vast majority of our sgRNAs had uncorrelated enrichment scores across replicates 

(Figure 3.11B), and so we sought to minimize unnecessary statistical testing of unlikely 

hits. We calculated an enrichment score per transcript by taking the average of the top 3 

filtered sgRNAs (ranked by enrichment) in each replicate—requiring that the transcript 

had at least 3 sgRNAs that met the aforementioned filters. If the transcript met these 

requirements, we then calculated an empirical p-value based on the null distribution of 

enrichment scores for the 500 groups of 10 scrambled sgRNAs in each replicate. We 

combined the empirical p-values from the two replicates using Stouffer’s method and 
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corrected them for multiple testing using the Benjamini-Hochberg procedure. To calculate 

an overall FDR, we required that transcripts had p-values in both replicates.  

 

Feature analysis 

We calculated the following metrics for every transcript in our library: (1) distance from 

the TSS to the closest FANTOM5-annotated enhancer (active in any tissue) (Andersson 

et al., 2014), (2) mean sequence conservation of the 200bp region surrounding the TSS 

using the PhastCons 46-way sequence alignment (Siepel et al., 2005), (3) locus length 

(i.e. genomic distance from the TSS to the 3’ end of the transcript, which includes introns) 

using GENCODE v25 annotations, (4) RNA transcript length (i.e., length of the 

transcribed and spliced transcript) using GENCODE v25 annotations, and (5) number of 

exons using GENCODE v25 annotations. 

 

GWAS 

We downloaded the list of GWAS (Genome-wide association study) Catalog (all 

associations, v.1.0.2) from https://www.ebi.ac.uk/gwas/docs/file-downloads (Buniello et 

al., 2019). We then found the hg19 coordinates for each SNP using the 1000Genomes 

annotation (The 1000 Genomes Project Consortium, 2015). In addition to looking at all 

GWAS SNPs, we also focused specifically on SNPs associated with cancers of tissues 

that arise from the endoderm lineage. We then determined whether or not a given 

transcript had a SNP within 5 kb of its entire gene body (within the area 5 kb upstream of 

the TSS and 5 kb downstream of the transcript end). 
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Data and Software Availability 

The accession number for the data reported in this thesis is NCBI GEO: GSE137584. All 

of the code to reproduce analysis is available at the following link: 

https://github.com/kmattioli/2019__lncRNA_CRISPRi 

 

Key Resources Table 

REAGENT or 
RESOURCE SOURCE IDENTIFIER 

Antibodies   
Mouse 
monoclonal 
anti-Cas9 

Cell Signaling 
Technology Cat #14697; RRID:AB_2750916 

Rabbit 
monoclonal 
anti-GAPDH 

Cell Signaling 
Technology Cat #2118; RRID:AB_561053 

Recombinant 
monoclonal 
anti-SOX17-
PE 

Miltenyi 
Biotec Cat #130-111-148; RRID:AB_2653492 

Recombinant 
monoclonal 
anti-FOXA2-
APC 

Miltenyi 
Biotec Cat #130-107-827; RRID:AB_2651758 

Recombinant 
monoclonal 
anti-FOXA2-
PE 

Miltenyi 
Biotec Cat #130-107-773, RRID:AB_2651757 

Recombinant 
monoclonal 
anti-OCT3/4-
PE 

Miltenyi 
Biotec Cat #130-105-606, RRID:AB_2653084 

Recombinant 
monoclonal 
anti-Vimentin-
PE 

Miltenyi 
Biotec Cat #130-106-369; RRID:AB_2654272 

Recombinant 
monoclonal 
anti-CD49e-
APC 

Miltenyi 
Biotec Cat #130-110-591; RRID:AB_2658525 
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Sheep 
polyclonal anti-
PAX6-PE 

R&D Systems Cat #IC8150P 

Mouse 
monoclonal 
anti-NES-APC 

R&D Systems Cat #IC1259A; RRID:AB_442286 

Chemicals   
Puromycin 
dihydrochloride Sigma Aldrich Cat #P8833 

G418 Sulfate ThermoFisher Cat #10131027 
Matrigel hESC-
Qualified 
Matrix, LDEV-
free 

Corning Cat #354277 

Rock Inhibitor 
Y-27632 

STEMCELL 
Technologies Cat #72304 

Commercial 
Assays   

STEMdiff 
Definitive 
Endoderm Kit 

STEMCELL 
Technologies Cat #05110 

STEMdiff 
Mesoderm 
Induction 
Medium 

STEMCELL 
Technologies Cat #05221 

STEMdiff 
SMADi Neural 
Induction Kit 

STEMCELL 
Technologies Cat #08581 

Cell Lines   
WA01 (H1) 
human 
embryonic 
stem cells 

WiCell Cat #WAe001-A 

HEK293T ATCC Cat #CRL-3216; RRID:CVCL_0063 
Recombinant 
DNA   

dCas9-KRAB-
GFP This thesis N/A 

dCas9-VP64-
GFP Addgene Cat #61422 

pCRISPRia-v2 Addgene Cat #84832 
pAAVS1-NDi-
CRISPRi 
(Gen1) 

Addgene Cat #73497 
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AAVS1 TALEN 
F 

Mandegar et 
al., 2016 N/A 

AAVS1 TALEN 
R 

Mandegar et 
al., 2016 N/A 

Empty 
expression 
vector 

This thesis N/A 

FOXD3-AS1 
isoform #5 
expression 
vector 

This thesis N/A 

Deposited 
Data   

RNA-seq 
expression 
counts 

This thesis  

CRISPRi 
sgRNA library This thesis  

CRISPRi 
screen 
enrichment 
counts 

This thesis  

Software and 
Algorithms   

Cutadapt 
(v1.4.1) Martin 2011 https://cutadapt.readthedocs.io/en/stable/ 

 
Trim Galore 
(v0.4.0) Martin 2011 https://github.com/FelixKrueger/TrimGalore 

 
Kallisto 
(v0.45.1) 

Bray et al., 
2016 

https://pachterlab.github.io/kallisto/about 
 

Sleuth 
(v0.30.0) 

Pimentel et 
al., 2017 

https://pachterlab.github.io/sleuth/about 
 

R (v3.5.2) R Core Team https://www.r-project.org/  
Broad GPP 
sgRNA 
designer 

Doench et al., 
2016 

https://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design 
 

Python (v3.6.3) 
Python 
Software 
Foundation 

http://python.org 
 

Panther (GO) Thomas et 
al., 2003 

http://pantherdb.org 
 

Bedtools 
(v2.26.0) 

Quinlan and 
Hall, 2010 

https://bedtools.readthedocs.io/en/latest/ 
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CRISPRi 
screen 
analysis 

This thesis https://github.com/kmattioli/2019__lncRNA_CRISPRi 
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Oligonucleotides 

NAME SEQUENCE (5’ to 3’) 
Primers used for RT-qPCR 
RPL19 F TCGATGCCGGAAAAACAC 
RPL19 R TGAACACATTCCCCTTCACC 
SOX17 F TGAACGCTTTCATGGTGTG 
SOX17 R TTGTGCAGGTCTGGATTCTG 
FOXA2 F CCATCAACAACCTCATGTCC 
FOXA2 R CCTTGAGGTCCATTTTGTGG 
LNCPRESS1 F GAAGGACCCAGGAGACATGA 
LNCPRESS1 R CCCCACCTCTTTTCCTCATT 
RP11-267L5.1 F CCTGTTCTTTGCTCCCTGAG 
RP11-267L5.1 R CTTGGTCCAGTTGCCAGATT 
RP11-297M9.1 F ATGCCTAGTGCTGCTTTGGT 
RP11-297M9.1 R ATACTGCTCTGTGCCCTGGT 
RP11-568A7.4 F ACAAGGTTCCTGACCTGTGC 
RP11-568A7.4 R GTTAATTCAGCCTCGGTCCA 
RP11-1144P22.1 F ACCTCCCTTGGGAGATCAAT 
RP11-1144P22.1 R TACAGCAAGCAGGTGGTCAA 
ESRG F CAAACGCCTGAACTGTAGCA 
ESRG R CAGCCAGTAAGCCAAGAAGG 
FOXD3-AS1 F CTCACCAGAGGAAGGAGCAC 
FOXD3-AS1 R AGGCCAAGGAAAGAGGAGAT 
LINC00678 F CGGACACACATGAAATTTGG 
LINC00678 R CACAATCCCAGGAGCTGATT 
RP11-132A1.4 F TTCACACTTGCAGCAGATCC 
RP11-132A1.4 F CTTTTTCACGTTTCCCGTGT 
LINC00261 F ACATTTGGTAGCCCGTGGAG 
LINC00261 R TCTTCCCCGGAGAACTAGCA 
HOTAIRM1 F AAGATGAACTGGCGAGAGGA 
HOTAIRM1 R CAATGACAACGCGATGTTTC 
PAX6-AS1 F CTCTGTTGCAGTGGTCCTCA 
PAX6-AS1 R TCACATGGCCAGTTCACAAT 
EOMES F ACAAATACCAACCCCGACTG 
EOMES R TTGAGGGCTCATTCAAGTCC 
GATA6 F ATTGTCCTGTGCCAACTGTC 
GATA6 R AGTCCACAAGCATTGCACAC 
MIXL1 F TTCTCCCCTCTTCCAGGTATG 
MIXL1 R TGGAAGGATTTCCCACTCTG 
CXCR4 F GGTGGTCTATGTTGGCGTCT 
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CXCR4 R TGGAGTGTGACAGCTTGGAG 
T F AAGTACGTGAACGGGGAATG 
T R TGGTGAGCTTGACTTTGCTG 
FOXD3 F TCTGCGAGTTCATCAGCAAC 
FOXD3 R GGGTCCAGGGTCCAGTAGTT 
NANOG F AACAATCAGGCCTGGAACAG 
NANOG R GAGAATTTGGCTGGAACTGC 
OCT4 F AGAGGATTTTGAGGCTGCTG 
OCT4 R TAGCCTGGGGTACCAAAATG 
SOX2 F AGAACCCCAAGATGCACAAC 
SOX2 R CGTCTCCGACAAAAGTTTCC 
LINC00479 F TAGAATGTGACCGTGCTTGG 
LINC00479 R TGAAAGGACACCAGTCATGC 
DIGIT F CATGCTCCAGGGCAGATACT 
DIGIT R TGGCATCTTTGCAAGAACAG 
RP11-222K16.2 F GGAGGAGGAATTCTGGAACC 
RP11-222K16.2 R CCGTTTTCCACTGGTGTTCT 
RP11-541P9.3 F TTGGCTGTACCATCAAGCAG 
RP11-541P9.3 R ATCTTTCAGCCAGCACCATC 
LINC00969 F GGTGGAAGTGAGACCGAAATAG 
LINC00969 R TCCCAAGACAGCAAAGGTTC 
AC002066.1 F ACAGCCAACAAGGAAACAGG 
AC002066.1 R AAGTGCGAGGGAAGAATCTG 
ACVR2B-AS1 F TTGGCTCTTATTGCCCTCAC 
ACVR2B-AS1 R AAACTTAGCTGGGCATGGTG 
CTD-3220F14.2 F CGGATTCTCGGTCTGTCTTC 
CTD-3220F14.2 R TGGGACAGGAGAATCGTTTG 
RP3-508I15.9 F CAGCCACAAGAAACCAACAC 
RP3-508I15.9 R TGAAGGCATTCCAGGAAGAG 
LINC00967 F TCTTTGATGAGCACCACCTG 
LINC00967 R ATCCTCTGCATCCACAAAGC 
AC011753.5 F TCACTGCAACCTCCATTTCC 
AC011753.5 R GCAATCTCAGCTATTGCAACC 
KB-1440D3.14 F TGAGCATCTGCAGAATGGAG 
KB-1440D3.14 R TCTTGGACATGTCAGCCATC 
LLNLR-260G6.1 F AAATCAGCGCAGGAATGC 
LLNLR-260G6.1 R AGCTGCCTGGTCTTTGTCTC 
CTC-492K19.4 F CCCGAACATTGAACTCTTCC 
CTC-492K19.4 R TCGATTCCACTTGGGTCTTC 
RP11-705O1.8 F CTGAGGTATGGCAAACATGG 
RP11-705O1.8 R GGGTTCAAACCATTCTCCTG 
RP11-121L10.2 F CAACATGACGAAACCCTGTC 
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RP11-121L10.2 R TCAGCTCATTGCAACCTCTG 
RP11-346L1.2 F AATCAGGGGCTTGAGAAAGG 
RP11-346L1.2 R TGTTCCCCAACAGTCAGATG 
LINC00635 F TGGGACACAGAATCACTTGC 
LINC00635 R CAGAAGGCCTCCATTCAAAC 
RP11-685M7.3 F TGATCTTGGCTCACTGCAAC 
RP11-685M7.3 R AACATGGTGAAACCCCCATC 
CTD-2325A15.5 F GGGATAGATGAGATTGCTCAGG 
CTD-2325A15.5 R TCCTCCCACATTCTTCCTTG 
RP11-23F23.2 F AACCTGGGGATTTGGTCTTC 
RP11-23F23.2 R CAAGGATCAACACCTTGGAG 
RP11-414H23.2 F GGATGGTCTCAAACTCTTGACC 
RP11-414H23.2 R AGTTTCCAGCTTGGATGCAC 
RP1-148H17.1 F TCAATGGGAACATCCTGTCC 
RP1-148H17.1 R TTGGCTGAGTCGAACTTGTG 
CTD-2270L9.4 F TCACCTCTTGGATGAACAGC 
CTD-2270L9.4 R CGTGAAGGAGTGGATCAATG 
AC068831.3 F TAAAGGTTTGGCGAGGAGTG 
AC068831.3 R TCCGTGGAAGGTAAAAGCTG 
RP11-1C8.4 F GGTGAAAGGAGCAAGAATCG 
RP11-1C8.4 R TAGAGTGAGCGCCAAAAAGG 
LAMTOR5-AS1 F GAGCAGAGCGCAAAGATTTC 
LAMTOR5-AS1 R AGGCATCAGAGGATTTGTCC 
RP5-1056L3.1 F TGACAGTTTCCTAGGCGTCAC 
RP5-1056L3.1 R GATTTCCAGGGCCAATGTC 
RP11-299H22.6 F CAAAGATGACCCAAGGACAG 
RP11-299H22.6 R TCAGACCTCGTCCAATTAGTCC 
LINC01424 F ATGGCTCATGCCTGTAATCC 
LINC01424 R GAAGGGCATGGACACAAATC 
KCTD21-AS1 F TGGAGAAGCCAGGATTGTTG 
KCTD21-AS1 R TGCACATGCCATTCTCTAGC 
RP11-421L21.3 F TGTAACTGAGATGGGCAAGC 
RP11-421L21.3 R TGGGTCCAGAAAGAAGTTGC 
PITPNA-AS1 F ATCCTGCCCTGGTAAAATGG 
PITPNA-AS1 R TGGAGTCCAGTTTGGTGATG 
RP11-533E19.7 F TGGAGAAGACCCAAGTTTCG 
RP11-533E19.7 R AAGTTCTCTCTCTGGCCATCAC 
CTD-3075F15.1 F TAGGGGTCACCTGATGAATG 
CTD-3075F15.1 R TTACTCCAGCCCAAATACCC 
RP11-57A19.2 F ATGGGCAACATGGTAAGACC 
RP11-57A19.2 R TCACTGCAGCCTTGACTTTG 
RP11-474D1.4 F CCAAACGAACATGCTACAGG 
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RP11-474D1.4 R ATGATACAGCCACGCGATAC 
RP11-120D5.1 F ATGCTTGGCTGTCTGAAACC 
RP11-120D5.1 R CTTTCCAGTTCCAGCTGATG 
AC007952.4 F TGATTCCGAAGTCCAGGTTC 
AC007952.4 R CGTTTCCCCCTTGTTTACAG 
SLNCR1 F GAAAGAGGATGGGAAGGACTG 
SLNCR1 R ATCAAATCCAGAGCTCCTGC 
RP3-510D11.2 F AAACGAAAGGGCGGATTC 
RP3-510D11.2 R ATCTGGGTAGCATTCGCTTC 
PVT1 F AGCCAGTCTTGGTGCTCTGT 
PVT1 R AGTGAACTCCTCAGCCTCCA 
Primers used for Sanger 
sequencing  
pCRISPRia-v2-seq-F2 CATGATAGGCTTGGATTTC 
Expression-vector-seq-R1 CAGAGGTTGATTATCGGAATTC 
CRISPRi sgRNA sequences used for individual validation (only targeted region 
shown) 
scrambled sgRNA GCGCGACCGGTCCGTGCTCC 
OCT4 sgRNA #1 GGTGAAATGAGGGCTTGCGA 
FOXA2 sgRNA #1 TGCATAGTAGCTGCTCCAGT 
FOXA2 sgRNA #5 CAGGCCAGCGCCCCGCGGTA 
VIM sgRNA #1 GAGGCGAACGAGGGCGCGGT 
NES sgRNA #1 GAAGAGAAAAGAGACCGACG 
LNCPRESS1 sgRNA #1 CCAGGACCACAGGCTCAAGA 
RP11-267L5.1 sgRNA #1 TAGCTCACACAACGCCTGTT 
RP11-297M9.1 sgRNA #1 GGTGCGGTGACTCGTATCGG 
RP11-568A7.4 sgRNA #1 AGAAAGGGAGCCCGGAAACC 
RP11-1144P22.1 sgRNA #1 TTTGTCATGGAGCAAAGAAC 
ESRG sgRNA #1 CAGGCTTTGTGTGAGCAACG 
FOXD3-AS1 sgRNA #1 ACTGTGCGCCAGCATCCCCG 
LINC00678 sgRNA #1 AGGACCCCCGATCCGAGTCA 
RP11-132A1.4 sgRNA #1 CATCTTGAGCCTGTAGTCCT 
LINC00261 sgRNA #1 GGCGCGCTCCCTACCTGCGG 
HOTAIRM1 sgRNA #1 ACTGCGCGTCACCTAGACGG 
PAX6-AS1 sgRNA #1 GCTCCAGGGAGAGGAACCCG 
SOX17 sgRNA #4 GCTGTAGACCAGACCGCGAC 
EOMES sgRNA #1 TTTGCAAAGCATGCAGTTAG 
RP3-508I15.9 sgRNA #1 GAAGCCCCGACGCCCGGATA 
RP11-23F23.2 sgRNA #6 CTCGGTTCAATGAGGGCCCC 
PVT1 sgRNA #9 CCCGAGCCCGCCCGGCCCGC 
RP11-120D5.1 sgRNA #1 GGGAAGGTTGTCTGCTCCAG 
RP11-120D5.1 sgRNA #2 ATAGTAGAGCTCTTCACTCT 
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ACVR2B-AS1 sgRNA #6 TAGCCCGAACTCCGACCCTG 
ACVR2B-AS1 sgRNA #8 TAGAGGCGCCCCTGCGATGG 
RP11-222K16.2 sgRNA #1 TGTCTTGAAAAGAATGTCGG 
RP11-222K16.2 sgRNA #2 GAGCTGTCGAAATCTCCGCG 
GATA6 sgRNA #1 CAGGCGCGGAGAGAAGCCGA 
CRISPRa sgRNA sequences used for individual validation (only targeted region 
shown) 
scrambled sgRNA ACACGATTACTATTCGTGTA 
FOXA2 sgRNA #1 CTCTCGCGCTCCCTCTCCCT 
OCT4 sgRNA #1 GAAGGATGTTTGCCTAATGG 
shRNA sequences (only targeted region shown) 
scrambled shRNA CCTAAGGTTAAGTCGCCCTCG 
FOXD3-AS1 shRNA #1 GGAGGAGTTCCGAGAGGAAAT 
FOXD3-AS1 shRNA #2 TCTGATTCCCTCAGTCTGTTT 
RP11-222K16.2 shRNA #1 GGCGAATGGGAAAGGAAAGAT 
RP11-222K16.2 shRNA #2 GCAGGTTTAATTCGGAAAGAA 
Primers for ePCR amplification 
Forward TCACAACTACACCAGAAGCCAC 
Reverse TCTTCGTCAAAGTGTTGCCAGC 
Primers/adapters for ePCR library 
Forward: 
STARR2seqLib-F18 (with 
barcode index) 

CAAGCAGAAGACGGCATACGAGATGCGGACG
TGACTGGAGTTCAGACGTGTGCTCTTCCGATC
TCACAACTACACCAGAAG 

Forward: 
STARR2seqLib-F25 (with 
barcode index) 

CAAGCAGAAGACGGCATACGAGATATCAGTGT
GACTGGAGTTCAGACGTGTGCTCTTCCGATCT
CACAACTACACCAGAAG 

Reverse: 
STARR2seqLib-R 

AATGATACGGCGACCACCGAGATCTACACTCT
TTCCCTACACGACGCTCTTCCGATCTTCGTCAA
AGTGTTGC 

Primers/adapters for experimental (DNA) libraries (Weissman lab; 
https://weissmanlab.ucsf.edu/CRISPR/CRISPR.html) 
Set-A Reverse Common (3’ 
Primer) 
CrisprLib_SetA_Common 

CAAGCAGAAGACGGCATACGAGATCGACTCG
GTGCCACTTTTTC 

Set-A Forward Indexed (5’ 
Primer) 
CrisprLib_SetA_F6 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACGC
CAATGCACAAAAGGAAACTCACCCT 

Set-A Forward Indexed (5’ 
Primer) 
CrisprLib_SetA_F12 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACCT
TGTAGCACAAAAGGAAACTCACCCT 

Set-A Forward Indexed (5’ 
Primer) 
CrisprLib_SetA_F14 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACAG
TTCCGCACAAAAGGAAACTCACCCT 
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Set-A Forward Indexed (5’ 
Primer) 
CrisprLib_SetA_F18 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACGT
CCGCGCACAAAAGGAAACTCACCCT 

Set-A Forward Indexed (5’ 
Primer) 
CrisprLib_SetA_F25 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACAC
TGATGCACAAAAGGAAACTCACCCT 

Set-B Forward Common (5’ 
Primer) 
CrisprLib_SetB_Common 

CAAGCAGAAGACGGCATACGAGATGCACAAAA
GGAAACTCACCCT 

Set-B Reverse Indexed (3’ 
Primer) 
CrisprLib_SetB_IDX1 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACAT
CACGCGACTCGGTGCCACTTTTTC 

Set-B Reverse Indexed (3’ 
Primer) 
CrisprLib_SetB_IDX2 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACCG
ATGTCGACTCGGTGCCACTTTTTC 

Set-B Reverse Indexed (3’ 
Primer) 
CrisprLib_SetB_IDX9 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACGA
TCAGCGACTCGGTGCCACTTTTTC 

Set-B Reverse Indexed (3’ 
Primer) 
CrisprLib_SetB_IDX10 

AATGATACGGCGACCACCGAGATCTACACGAT
CGGAAGAGCACACGTCTGAACTCCAGTCACTA
GCTTCGACTCGGTGCCACTTTTTC 

Custom sequencing Read1 primers (Weissman lab; 
https://weissmanlab.ucsf.edu/CRISPR/CRISPR.html) 
Set-A Custom Sequencing 
Primer (Read1) 
(5’ Sequencing Primer) 
CrisprLib_SetA_Read1 

GTGTGTTTTGAGACTATAAGTATCCCTTGGAGA
ACCACCTTGTTG 

Set-B Custom Sequencing 
Primer (Read1) 
(3’ Sequencing Primer) 
CrisprLib_SetB_Read1 

CCACTTTTTCAAGTTGATAACGGACTAGCCTTA
TTTAAACTTGCTATGCTGT 
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