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Abstract

The ground state naive pluripotency is established in the epiblast of the blastocyst and can

be captured by culturing mouse embryonic stem cells (mESCs) with MEK and GSK3 in-

hibitors (2i). The transcription network that maintains pluripotency has been extensively

studied with the indispensable core factors being Oct4, Sox2 and Nanog, together with

other ancillary factors reinforcing the network. However, how this network is dissolved

at the onset of differentiation is still not fully understood. To identify genes required for

differentiation in an unbiased fashion, I conducted a genome-wide CRISPR-Cas9-mediated

screen in Rex1GFPd2 mESCs. This cell line expresses GFP specifically in the naive state

and rapidly down-regulate upon differentiation. I differentiated mutagenised mESCs for

two days and sorted mutants that kept higher GFP expression. gRNA representation was

subsequently analysed by sequencing. I identified 563 and 8 genes whose mutants showed

delayed and accelerated differentiation, respectively, at a false discovery rate (FDR) cut-

off of 10%. The majority of the previously known genes were identified in my screen,

suggesting faithful representation of genes regulating differentiation. Detailed screening

result analysis revealed a comprehensive picture of pathways involved in the dissolution of

naive pluripotency. Amongst the genes identified are 19 mTORC1 regulators and compo-

nents of the mTORC2 complex. Deficiency in the TSC and GATOR complexes resulted

in mTORC1 upregulation in consistent with previous studies. However, they showed

opposite phenotype during ESC differentiation: TSC complex knockout cells showed de-

layed differentiation, whereas GATOR1 deficiency accelerated differentiation I found that

the pattern of GSK3b phosphorylation is highly correlated with differentiation pheno-

type. I conclude that mTORC1 is involved in pluripotency maintenance and differenti-

ation through cross-talk with the Wnt signalling pathway. My screen has demonstrated

the power of CRISPR-Cas9-mediated screen and provided further insights in biological

pathways involved in regulating differentiation. It would be interesting to explore the

remaining unstudied genes for better understanding of the mechanisms underlying mESC

differentiation.
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Abbreviation

2i 2 inhibitors

AP Alkaline phosphate

Blm Bloom’s syndrome

BMP Bone morphogenetic protein

cDNA complementary DNA

ChIP Chromatin immunoprecipitation

CRISPR Clustered regularly interspaced short palindromic repeats

crRNA CRISPR RNA

CRISPRi CRISPR interference

CRISPRa CRISPR-mediated gene activation

dCas9 nuclease-deficient Cas9

DE score Depletion/Enrichment score

DSB Double stranded break

dsRNA double stranded RNA

DT-A Diphtheria toxin fragment-A

EC Embryonic carcinoma

EGC Embryonic germ cells

ENU N-ethyl-N-nitrosourea

EpiSC Epiblast stem cell

ESC Embryonic stem cell

ESCRT Endosomal sorting complexes required for transport

FACS Fluoresence-activated cell sorting

FBS Fetal bovine serum

FDR False discovery rate

GAP GTPase-activating protein

GATOR Gap activity toward rags

GeCKO CRISPR-Cas9 Knockout

gRNA guide RNA

GSEA Gene set enrichment analysis

HDR Homologous directed repair

HOPS Homotypic fusion and protein sorting

HR Homologous recombination

ICM Inner cell mass

indels Insertion or deletions

iPSC Induced pluripotent stem cell
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KSR Knockout serum replacement

LIF Leukemia inhibitory factor

LncRNA Long non-coding RNA

LTR Long terminal repeat

M15L Knockout DMEM supplemented with 15%FBS and LIF

m6A N6A-methyladenosine

MAGeCK Model-based analysis of genome-wide CRISPR/Cas9 knockout

MMR Mismatch repair

MOI Multiplicity of infection

mTOR Mammalian target of rapamycin

mTORC1/2 mTOR complex 1/2

NGS Next-generation sequencing

NHEJ Non-homologous end joining

NMD Non-sense mediated decay

NuRd Nucleosome remodeling deacetylase

OSN Oct4/Sox2/Nanog

RA Retinoid acid

RIGER RNAi gene enrichment ranking

RNP Ribonucleoproteins

RSA Redundant siRNA activity

PAM Protospacer adjacent motif

PB piggyBac

PGC Primordial germ cells

PRC Polycomb repressive complex

RISC RNA-indicing silencing complex

RNAi RNA interference

RVDs Repeat variable diresidues

SAM synergistic activation mediator

SB Sleeping beauty

siRNA short interfering RNA

shRNA short hairpin RNA

ssODNs single-strand oligodeoxynucleotides

TALEN Transcription activator-like effector nuclease

tracrRNA trans-encoded smallRNA

TKO Toronto knockOut

TSC Tuberous sclerosis complex

XEN Extra-embryonic endoderm

ZFN Zinc finger nuclease
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CHAPTER 1. INTRODUCTION

1.1 Reverse Genetics

Reverse genetics refers to a gene-driven approach, which analyses the phenotypic conse-

quences of directed mutations of a target gene. Emerged in the end of 1980s, reverse

genetics set off since the development of transgenic organisms, where a genotype is de-

signed, constructed in vitro and introduced to the mouse germline. The resulting trans-

genic animals display a phenotype dependent on the location and design of the mutation,

which allows characterisation of a gene and eventual understanding of its underlying biol-

ogy [213]. Since the 1990s, a large number of genes have been cloned and their knockout

animals were generated. After the completion of mouse genome project, high-throughput

reverse genetics became the major approach [151]. In this section, I will describe different

strategies in reverse genetics, from homologous recombination (HR)-mediated modifica-

tions to RNA interference, and finally, the use of programmable nucleases, including zinc

finger nucleases (ZFNs), transcription activator-like effectors nucleases (TALENs) and the

revolutionary clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9

technology.

1.1.1 Gene targeting

Gene targeting, defined as the introduction of site-specific modification into the genome

by HR, has enabled genetic manipulations ranging from simple gene disruptions and point

mutations to insertions and inversions, even conditional knockouts or knockins [32] [284].

The principle of gene targeting was developed in yeast, where DNA fragments with ho-

mology to yeast DNA sequence can integrate into its genome [306]. The first HR-based

mutagenesis in mammalian cells was achieved by Smithies et al. showing successful in-

tegration by HR of a plasmid into the beta-globin locus of human erythroleukaemia cells

[386]. In parallel with Smithies’s work, Capecchi and colleagues independently achieved

HR-mediated repair of a defective neomycin resistant gene in transformed mouse fibroblast

cell lines [415].

Subsequent to the derivation and establishment of mouse embryonic stem cell (ESC) cul-

ture and the demonstration of its germ line transmission capacity [107] [34], the first HR

in mouse ESCs was achieved at the selectable hypoxanthine phosphorybosyl transferase

(Hprt) gene locus [94][414]. The targeting of non-selectable genes such as Int-2 and c-Abl

later also became possible [254][365]. These early experiments have provided a basis for the

generation of genetically modified mice, which became invaluable tools for understanding
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CHAPTER 1. INTRODUCTION

the functions of mammalian genes at the organism level and producing models for human

diseases.

A targeting vector typically consists of three basic portions: a 5’ homology arm, a positive

selectable marker such as neomycin resistance gene (neo) and a 3’ homology arm. Success-

fully targeted cells are positively selected by neomycin (G418) or other antibiotics such

as puromycin or hygromycin depending on the selectable marker used. HR clones can be

further enriched using the negative selection markers, such as the diphtheria toxin frag-

ment A(DT-A) or thymidine kinase(TK), which are placed outside the homology arms. If

the targeting vector is integrated randomly in the genome, the negative selection marker

is also most likely to be retained and exerts toxicity, which will lead to cell death. Site-

specific recombinases such as Cre or FLP are routinely used to remove the selection marker

genes to leave minimal impact at the locus. The expression of these recombinases can be

controlled in a time- and/or tissue- dependent manner using the Tamoxifen-ERT2 system

and tissue specific promoter, respectively, which are particular useful for a detailed study

of genes whose inactivation would be otherwise lethal.

1.1.2 RNA interference (RNAi)

RNAi is defined as the process of suppression of the expression of a target gene via specific

destruction of its mRNA by exogenous or endogenous double stranded RNA (dsRNA)

[100]. Its ability of gene silencing in a sequence-specific manner has made it a powerful

tool for investigating the function of a gene. The RNAi pathway was first discovered by

Fire and Montgomery in 1998 when they injected long dsRNA into Caenorhabditis elegans

and observed specific cytoplasmic degradation of the mRNA molecules containing the same

sequence as the injected dsRNA [114] [280]. The use of long dsRNA was soon proven to

be effective in flies and plants but not in mammalian cells due to a nonspecific interferon

response [379] [389]. Subsequently, it was discovered that the use of 21-28 nucleotide short

interfering RNAs (siRNAs) or short hairpin shRNAs (shRNAs) can prevent the interferon

response and achieve sequence-specific silencing in mammalian cells [102] [43].

To function as a silencing effector, siRNAs need to be processed from longer precursors

by a member of the RNase III family called Dicer, in an ATP-dependent manner [18].

Processed siRNAs are typically 21-23 nucleotides long, which are subsequently loaded

onto a group of Agonaute proteins called RNA-Inducing Silencing Complex (RISC) with

some help from Dicer [149] [103]. The loaded RNA duplex then unwind itself, leaving
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CHAPTER 1. INTRODUCTION

one strand as a guide for target recognition, whereas the other passenger strand gets

discarded [478]. When the siRNA-guided RISC reaches its complementary RNA target,

an endonucleolytic cleavage is induced by the PIWI domain of RISC at the 10th nucleotide

counting from the 5’ end [478]. Following the initial cut, the mRNA target dissociates

from the siRNA, and cellular exonucleases join in to complete the degradation process

[149]. It has been observed that certain imperfect matches between siRNA and mRNAs

can be tolerated, which causes the off-target effect [357].

siRNAs can be chemically synthesised and introduced into mammalian cells directly by

transfection. The transfected siRNAs bypass the dicing step and directly incorporate

into RISC for target mRNA degradation [357]. However, synthesised siRNAs have several

drawbacks such as the expensive chemical synthesis process and low transfection efficiency

in certain cell types. Furthermore, the siRNA molecules are unstable and become diluted

as cell divide, which cannot constitutively sustain stable gene knockdown. To circumvent

these problems, a plasmid-based system was developed, where siRNAs are expressed in

the form of short hairpin RNAs (shRNAs) [43]. Once the expression cassette is introduced

into the cell, shRNA is constitutively transcribed by RNA polymerase III promoter and

forms a stem-loop structure, which is processed by Dicer and other RNAi-related ma-

chineries to into a 20-25 nucleotides double-stranded siRNA [43]. The processed siRNAs

can then be loaded to RISC and carry out target mRNA degradation as described [43].

As an alternative method to plasmid transfection, retro- and lentiviral transduction are

frequently used for shRNA delivery [459] [446] [42]. The transduction efficiency can be op-

timised to a high level, to nearly 100% in some cell types [100]. Furthermore, it was shown

that the shRNA constructs can be designed to be embedded in the context of endogenous

miRNA precursor sequence, improved the knockdown efficiency up to 12-fold higher [88]

[376].

1.1.3 Genome engineering with programmable nucleases

Conventional gene targeting via HR is a powerful approach to achieve gene inactivation and

enable gene function interrogation. However, it is usually a tedious process given that the

efficiency of HR is extremely low in higher eukaryotic cells, which lead to the need for the

labour-intensive and time-consuming selection/screening procedure. A study using a rare-

cutting endonuclease, I-SceI, showed that the gene targeting efficiency increased by more

than 2 orders of magnitude with the expression of endonuclease [337]. This observation

provided the first evidence that HR is stimulated by the introduction of DNA double-

17



CHAPTER 1. INTRODUCTION

stranded break (DSB). From there onwards, targeted genome engineering became widely

adopted, which allows precise and efficient genome editing via inducing a site-specific DSB

followed by generation of desired modifications during subsequent DNA repair.

1.1.3.1 The repair pathways and applications

DNA DSBs are potentially lethal to cells. Generally, they are repaired via one of the

two major mechanisms: non-homologous end joining (NHEJ) or homology directed repair

(HDR). NHEJ-mediated DSB repair involves direct ligation of the broken ends, which is

error-prone, and often results in small insertions or deletions (indels). HDR is a template

dependent pathway, which allows perfect restoration of the broken ends. Thus HDR has

been exploited to achieved genetic modifications such as targeted gene insertion, correction

and point mutation.

Gene disruption

Gene disruption can be achieved by the error-prone repair pathway NHEJ. Indels gener-

ated by NHEJ often give rise to frameshifts in the protein coding region, which result in

premature termination followed by non-sense mediated decay, and the final consequence

of gene knockout.

Gene addition or tag ligation

By co-transfecting a site-specific nuclease with a targeting vector bearing locus-specific

homology arms, the transgene can be efficiently incorporated into the desired site. Alter-

natively, using specific nuclease that generates defined overhangs, large transgenes (up to

200kb) can be inserted into the targeted loci via NHEJ-mediated ligation.

Point mutation or gene correction

Targeting vectors or single-strand oligodeoxynucleotides (ssODNs) can be co-delivered

with programmable nucleases to correct point mutations or introduce single-nucleotide

variations via the HDR-mediated repair pathway. Compared to the use of targeting vector,

ssODNs are much simpler in design and can be synthesised in a few days. Such advance in

technology has greatly enhanced the efficiency of disease modelling, and could potentially

be applied in cell and gene therapy.

Chromosomal rearrangement

Two simultaneous DSBs made on the same chromosome can result in chromosomal dele-

tion, inversion, duplication or other rearrangements. If DSBs are introduced on two dif-

ferent chromosomes, chromosomal translocation can be achieved, which opens up oppor-
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tunities for creating models for genetic defects caused by large chromosomal rearrange-

ments.

1.1.3.2 Programmable nucleases before the CRISPR era

1.1.3.2.1 ZFN

Although the study performed by Rouet et al. with I-SceI demonstrated improved target-

ing efficiency, type II restriction enzymes are not suitable for introducing unique DSBs in

eukaryotic genomes due to their short recognition sites. A novel restriction endonuclease

with longer recognition site, preferably 16-18bp in length, is required for the general use of

gene targeting in eukaryotes. ZFN was the first programmable nuclease that demonstrated

the potential to cleave any arbitrary DNA sequences [197]. It is composed of a DNA bind-

ing domain, which is adapted from the prevalent class of eukaryotic transcription factor

– zinc finger proteins (ZFPs), and a nuclease domain derived from the restriction enzyme

FokI.

The versatility of ZFN arises from its DNA binding module ZFPs, which typically contains

a tandem array of Cys2-His2 fingers [273]. Each zinc finger (ZF) is composed of approxi-

mately 30 amino acid residues folded to a unique ββα structure that is stabilised by a zinc

ion. The crystal structure suggested that ZF binds DNA by inserting its α-helix into the

major groove of the double helix and recognises a 3bp sequence via making contact of the

amino acids within the α-helix and their target 3 nucleotides [312].

This modular structure has made ZFP a suitable component for the design of custom DNA

binding protein. Facilitated by the discovery of a highly conserved linker sequence, re-

searchers were able to generate ZFPs for a specific DNA sequence by identifying individual

ZF modules for each triplet component and link them together. However, it soon became

clear that the recognition of DNA by ZFs is not truly independent or modular, and that

each ZF’s activity is largely influenced by its neighbours [167][447][274]. To circumvent the

constraints of simple modular assembly, strategies to generate context dependence of ZF

modules, such as oligomerized pool engineering (OPEN) and context-dependent assembly

(CoDA), were developed [244][349].

FokI was identified as a desirable subunit for generating programmable nuclease because its

sequence recognition domain and endonuclease domain are structurally separated. This

provides an opportunity for swapping the recognition domain with other DNA-binding

proteins [59]. The FokI nuclease domain must form a dimer to cleave DNA [26], there-
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fore two ZFNs are required to bind adjacent sites with appropriate spacing for efficient

dimerisation. The dimerisation process increased DNA binding stringency, resulting in in-

creased specificity. However, off-target cleavages can still arise from the homodimerisation

of FokI monomers [275] [398]. To increase specificity further, FokI domain was engineered

to cleave only as a heterodimerised pair [275] [398].

ZFN was first applied to Drosophila melanogaster [23][22]. Since then it has been used

to modify endogenous genes in a wide range of organisms such as frog oocytes, mice,

rats, plants, zebrafish and netatodes, as well as cultured cells such as human cancer cell

line, mouse ES cells, human ES cells, and human iPS cells [21][230] [133] [51] [268] [283]

[97] [139] [234] [493]. Furthermore, ZFN has also been applied in the development of

novel therapy. The first clinical trial using ZFN to target the CCR5 gene in T cells from

HIV-infected patients has already been completed in 2014 [407].

1.1.3.2.2 TALEN

After more than a decade of research and development on ZFNs, the discovery of a

simpler modular DNA recognition protein, namely transcription activator-like effectors

(TALEs), provided an alternative platform as a customisable endonuclease for genome

editing. TALEs are naturally occurring proteins from the plant pathogenic bacteria Xan-

thomonas [27]. The ability of this proteins to bind DNA was first discovered in 2007 [336].

The binding process is mediated by an array of highly conserved 33-35 amino acid repeats,

each of which recognises a single base pair in the major groove. The nucleotide specificity

of each repeat is determined by two hypervariable amino acids positioned at 12 and 13,

which are named as repeat variable diresidues (RVDs) [245] [82].

The discovery of TALEs attracted great interests in the field, and its DNA recognition

code was deciphered shortly afterwards [28] [145]. Four different RVD residues NN, NI,

HD and NG are the most widely used for the recognition of G, A, C and T, respectively

[179]. Subsequently, chimeric TALE nucleases (TALENs) were generated by combining

the TALE-based DNA recognition domain and the FokI nuclease domain [74]. Like ZFNs,

TALENs work as pairs with the DNA binding sites designed to locate 12-25bp apart

[74].

The one-to-one correspondence of TALE-DNA binding repeats provided greater design

flexibility than triplet-confined ZFNs, which renders TALENs to be designed to tar-

get almost any given DNA sequences [195]. With a comparable targeting efficiency to
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ZFNs, TALENs seem to be an easier option for non-specialist researchers [348] [333] [157].

However, due to the extensive identical repeats, expression vector construction could be

challenging. To overcome this problem, several strategies have been developed such as

the ‘Golden Gate’ cloning system, high-throughput solid-phase assembly and ligation-

independent cloning techniques [54] [333] [37] [362].

1.1.3.3 CRISPR-Cas systems

1.1.3.3.1 The discovery of CRISPR-Cas systems The CRISPR repeats were first

identified in Escherichia coli in a study of iap enzyme in 1987. Ishino et al. observed an

unusual structure of five highly homologous sequences of 29 nucleotides arranged as direct

repeats with non-repetitive 32 nucleotides interspacing [168]. The biological significance

of such structure remained elusive at the time. Over a decade later, Mojica et al. reported

the wide spread of such short regularly spaced repeats among prokaryotic genomes [278].

Subsequently, Jansen et al. named these short repeats as clustered regularly interspaced

short palindromic repeats (CRISPR) and identified the CRISPR-associated (Cas) genes

[172].

In 2005, three groups independently published results showing the homology of CRISPR

spacers with extrachromosomal elements such as phages and plasmids [279] [324] [29].

This observation, together with the evidence of the correlation between phage resistance

and the CRISPR spacers, suggested that the acquisition of CRISPR elements may be

related to foreign DNA invasion and CRISPR may function as a bacterial adaptive immune

system [279] [29] [247]. This hypothesis was soon proved by Barrangou et al., who have

demonstrated that the removal or addition of particular CRISPR spacers modified the

phage resistance phenotype of the bacteria [12]. The natural mechanism of CRISPR

system as part of the adaptive immunity is shown in Figure 1.1.

1.1.3.3.2 The diversity of CRISPR-Cas systems The CRISPR-Cas system has

been classified into six types based on the configuration of their effector modules [248]

[452] [373]. The six types can be further grouped into two major classes. Type I, III,

and IV are considered as Class 1 system, where the targeted cleavage requires several Cas

proteins and crRNAs to form an effector complex [248] [452]. Type II, V, and VI are

grouped into the Class 2 system, where all functions of the effector complex are carried

out by a single RNA-guided endonuclease, such as Cas9 [248] [452]. The utilisation of a

single-component effector protein makes the Class 2 system a favourable choice to exploit
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in genome editing applications. Among all the subtypes in the class 2 system, Cas9 from

type II has be the most extensively characterised effector and widely utilised as a genome

engineering tool.

Figure 1.1: CRISPR-mediated DNA interference in microbial adaptive immunity. A typical CRISPR locus

comprises a set of Cas9 genes, a unique noncoding RNA called the trans-activating CRISPR RNA (tracrRNA),

and an array of repetitive sequences interspaced by a range of non-repetitive sequences referred as spacers.

Following the invasion of foreign genetic elements from bacteriophages or plasmids, the Cas enzymes acquire new

spacers into the exogenous protospacer sequences and install them into the CRISPR locus within the prokaryotic

genome. The crRNA biogenesis and processing follow distinct pathways in each type of CRISPR system. In type I

and III CRISPR systems, the pre-crRNA transcript is cleaved within the repeats and further processed to produce

matured crRNA before being loaded onto effector proteins complexes for target recognition and degradation. In

type II system, tracrRNA hybridises with the direct repeats which then gets cleaved and processed by RNase III

and other nucleases. The processed crRNA-tracrRNA hybrid forms a complex with Cas9 to degrade DNA

matching its guide RNA sequence. Image is taken and adapted from Hsu et al., 2014 [160].
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1.1.3.3.3 CRISPR-Cas9 system as a genome-editing tool As the CRISPR field

started to attract more interests, researchers soon unraveled more details about the molec-

ular mechanisms of the CRISPR-Cas system. Brouns et al. showed that the spacer se-

quences were transcribed, cleaved by the CRISPR RNA nuclease and act as guide RNAs

[39]. Marraffini et al. demonstrated for the first time that the Cas protein was able to

target DNA directly [255]. Moineau and colleagues showed that the Streptococcus ther-

mophilus CRISPR1/Cas system cleaves plasmid and bacteriophage double-stranded DNA

at specific sites within the proto-spacer squence [129]. Subsequently, more studies were

carried out and in particular, molecular mechanisms of the type II CRISPR system were

extensively characterised. Charpentier and colleagues identified the trans-encoded small

RNA (tracrRNA), which was required for the maturation of CRISPR RNA (crRNA) and

Cas9 loading [81] (Figure 1.3 (B)). Soon afterwards, Siksnys and colleagues published de-

tailed biochemical characterisation of Cas9-mediated cleavages. Most importantly, they

demonstrated that Cas9 can be programmed to a specific target site by changing the se-

quence of the crRNA [130]. Like Siksnys, Doudna and Charpentier’s groups also showed

that the Cas9-crRNA-tracrRNA complex could cleave purified DNA in vitro. They also

demonstrated that Cas9 could be programmed with a custom-designed crRNA to cut at a

target site of their choosing. Furthermore, they showed that both crRNA and tracrRNA

were required for Cas9 to function and the two RNAs could be fused as a single guide

RNA (sgRNA), which has become a widely accepted concept used in genome-editing [176].

Skilsnys, Doudna and Charpentier’s work unleashed the potential of the universal pro-

grammable RNA-guided DNA endonuclease, and is considered profoundly important in

the field of genome editing (Figure 1.2). The final highlight of the adaptation of CRISPR-

Cas9 system as a genome-editing tool is the successful demonstration of targeted genome

cleavage in mammalian cells by Zhang and colleagues [78]. Similar findings were pub-

lished in the same issue of Science by the Church group and in Nature Biotechnology by

the Joung group and the Kim group[250] [164] [71]. Since then, the CRISPR-Cas9 system

has been widely adopted by the scientific community to edit genomes of a wide range of

cells and organisms.
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Figure 1.2: The mechanism of CRISPR-mediated genome engineering. To perform gene-editing, a guide RNA

can be designed and constructed by fusing a crRNA containing the targeting sequence to a tracrRNA that

facilitates DNA cleavage by Cas9. Binding of the PAM sequence and a matching target triggers Cas9 nuclease

activity which allows it to produce a DSB 3bp upstream of the PAM site. DNA DSBs are typically repaired by

NHEJ or HDR. In the error-prone NHEJ pathway, indels are introduced, frequently lead to the disruption of gene

function. In the presence of a donor template, HDR pathway can be initiated to create desired mutations through

homologous recombination, which allows precise gene modification such as gene knock-in and base correction.

Image is taken and adapted from Jiang and Doudna, 2017 [174].
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1.1.3.3.4 Structure and working mechanism of Cas9 The Cas9 is a bilobed en-

zyme consists of the α-helical recognition (REC) lobe and the nuclease (NUC) lobe [177]

[293]. The REC lobe is essential for gRNA and DNA binding, whereas the NUC lobe

is composed of the RuvC-like nuclease domain, HNH nuclease domain and a carboxyl-

terminal domain (CTD) (Figure 1.3 (A)) [177] [293]. Jinek et al. and Gasiunas et al.

have independently showed that the RuvC domain of the Cas9 enzyme cleaves the non-

complementary strand while the HNH domain cleaves the complementary site [176] [130].

The carboxyl-terminal domain is responsible for the interaction with the protospacer ad-

jacent motif (PAM) [293]. It was shown that the Cas9 enzyme adopts an auto-inhibited

confirmation in the absence of gRNA. Upon RNA loading, the two lobes of Cas9 undergo

a conformational rearrangement and form a central channel, which accommodates the

RNA-DNA heteroduplex [177].

Figure 1.3: Overall structure of Streptococcus pyogenes Cas9 and gRNA. (A) Ribbon representation of the

crystal structure of Cas9 protein. The nuclease (NUC) lobe contains the HNH and RuvC nuclease domains as well

as the more variable C-terminal domain (CTD). The REC lobe consists of three alpha-helical domains (Hel-I,

Hel-II, and Hel-III) and no structural similarity was found with other known proteins. (B) Schematic

representation of the sgRNA secondary structure. Grey box denotes the extra repeat?antirepeat region in the

full-length gRNA scaffold. Yellow box indicates the stem loop 3 of sgRNA, which is not essential for Cas9 function

and was truncated in the sgRNA-bound structure. Image is taken and adapted from Jiang and Doudna, 2017 [174].

The PAM sequence plays an important role in target binding. While the exact PAM

sequence is dependent on the bacteria or archea species, 5’ NGG 3’ is the PAM site for the

most widely used Streptococcus pyogenes Cas9 [78] [161]. Biochemical studies showed that

Cas9 uses PAM recognition to identify target sites while scanning large DNA molecules

[391] . Furthermore, competition assay suggested that DNA unwinding and RNA-DNA

heteroduplex formation initiated at the PAM site and proceeded towards the distal 5’ end
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of the target sequence [391]. The crystal structure of the REC lobe also indicated that the

eight PAM-proximal nucleotides in the Cas9-bound gRNA were exposed for base-pairing

with target DNA, which supports the theory that the 8-12nt PAM proximal ‘seed’ region

is critical for target DNA recognition [293] [176] [78] [126] [161] [311] [249].

1.1.3.3.5 Off-target effect Because genome-editing results in permanent alterations

within the genome, the off-target effect of Cas9 nuclease is of paticular concern, especially

for clinical applications. A series of studies have investigated this issue using mismatched

gRNA libraries, in vitro selection and reporter assays to monitor the ratio of off-target

cleavage frequency [126] [161] [311] [80] [72] [249]. Beyond the previous knowledge that

mismatches at the 3’ ‘seed’ region are less tolerated, these studies further demonstrated

that the overall off-target effect depends on the number, position, and distribution of

mismatches within the protospacer sequence [126] [161] [311] [249]. In addition, it was

shown that the ‘NGG’ PAM sequence was not absolutely required, as the ‘NAG’ PAM

can also be tolerated, albeit at a lower frequency. Therefore, it is worth considering

both NGG and NAG PAM sequences in off-target analysis. Several groups have designed

algorithms to select gRNAs with minimal off targets based on these findings [158] [161]

[9] [61]. Furthermore, the amount of Cas9 enzyme expressed in the cell will also affect

the off-target effect. It was reported that high Cas9 concentration increases the chance of

off-targets [126]. To improve specificity, Cas9 was converted into a nickase by mutating

either the HNH or RuvC domain. The double-nicking strategy can then be adopted using

a pair of gRNAs and Cas9 nickase. Such method is based on the hypothesis that two

simultaneous adjacent off-target binding and cleavage is much more unlikely than a single

cleavage. It was shown that Cas9 nickase improved targeting specificity by up to 1500

times compare to wild-type Cas9 [329] [369] [249]. In addition to the usage of double

nickase, shorter gRNA truncated by two or three nucleotides at the distal end could also

reduce off-target activity, potentially due to greater mismatch sensitivity [127].

1.1.3.3.6 Applications of CRISPR-Cas9 system The CRISPR-Cas9-mediated genome

editing system has been broadly used in gene function studies, disease modelling and po-

tentially, gene therapy. In addition to DSB-based genome editing, Cas9 nucleases was

engineered into RNA-guided DNA binding protein by mutating the RuvC and HNH nu-

clease domains [326]. This nuclease-deficient Cas9 (dCas9) can be fused with functional

effector domains such as transcriptional activators, suppressors and chromatin modifiers.
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The CRISPR-dCas9-based transcriptional and epigenetic regulators allow both loss-of-

function and gain-of-function perturbations precisely and rapidly without major disrup-

tion of the local genomic architecture, which supplements the wild type CRISPR-Cas9

knockout function. Collectively, wild-type Cas9 and dCas9-mediated transcriptional and

epigenetic regulators form a complete toolbox for comprehensive genomic study from all

directions.

Genome editing

The use of CRISPR-Cas9 platform has greatly accelerated the efficiency of generating

cellular models as well as transgenic organisms. For generating cellular models, Cas9

and gRNAs can be easily introduced into the cell via transient plasmid transfection, viral

transduction, or as ribonucleoproteins (RNPs). For generating transgenic animal models,

it was shown that Cas9 protein and gRNA could be directed injected into fertilised zygotes,

which bypassed the ESC targeting stage and shortened the generation time for mutant mice

to only several weeks[462] [431]. In addition, the multiplexing capability of Cas9 provides

a possibility for studying polygenic diseases, such as diabetes, schizophrenia and heart

disease. Furthermore, many studies have reported using CRISPR-Cas9 system to correct

disease-related mutations in vitro [465] [221] [364] [222] [457]. In 2016, the US National

Institute of Health (NIH) approved the first clinical trial involving the use CRISPR-Cas9

to modify T cells from cancer patients. Although still a long way to reach the clinic,

CRISPR-Cas9 technology holds prominent potential in treating inherit genetic disease,

infectious diseases and cancer.

Transcriptional modulation

It was shown that dCas9 alone can repress gene expression by blocking transcriptional elon-

gation, RNA polymerase binding and transcription factor binding, which is a phenomenon

referred as CRISPR interference (CRISPRi) [326]. However, the knockdown effect by

dCas9 itself is not effective in mammalian cells ( 2-fold) [326]. Gilbert et al. demonstrated

that dCas9 fused to KRAB domain can specifically and stably repress endogenous genes

in human cells [136]. Similarly, Konermann et al. showed that dCas9-SID4X can medi-

ate repression of Sox2 in 293 cells [204]. Although both studies demonstrated effective

dCas9-mediated gene repression, the current CRISPRi needs further improvements as the

knockdown effect is still partial.

Similar to CRISPRi, dCas9 can be fused to transcription activating domains, such as

VP64 and p65AD to create the effect of CRISPR-mediated gene activation (CRISPRa)
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[249] [204] [136] [317]. In addition to direct fusion of dCas9 with activating domains,

gRNAs can be further engineered to include protein-interacting RNA aptamers for the

recruitment of RNA binding proteins fused to functional effectors such as VP64 [477].

These scaffold RNAs can be used as a defined sets to generate synthetic multi-gene tran-

scriptional programs to rewire cell fates or engineer metabolic pathways [477]. To enhance

the efficiency of CRISPRa, Joung and colleagues expressed a dCas9-VP64 fusion protein

and multiple gRNAs and showed dose dependent synergistic activation [243]. Similarly,

Jaenisch and colleagues created the CRISPR-on system with dCas9 fused with VP48 and

showed that the a cluster of 3-4 gRNAs could achieve more efficient gene induction [70].

Alternatively, other groups have developed strategies which exploit the synergy of multiple

transcriptional activators. Chavez et al. generated a tripartite activator, with dCas9 fused

to VP64-p65-Rta, and used to direct neuronal differentiation from iPS cells [62]. Another

example is the synergistic activation mediator (SAM) system, which consists of dCas9-

VP64 and gRNA-MS2, which selectively recruit MCP fused with activating domains of

p65 and HSF1 [205]. Finally, Gilbert et al. and Tanenbaum et al. developed a protein

scaffold called SunTag and applied to recruit multiple copies of VP64 activator modules

to a single activating site [406] [135].

Epigenetic control

Epigenetic modifications are crucial for controlling gene expression. Similar to transcrip-

tional regulation, CRISPR-dCas9 can be used to recruit epigenetic modifiers and reshape

the epigenome at a defined locus. Hilton et al. designed a programmable CRISPR-

dCas9-based acetyltransferase by fusing dCas9 with the catalytic core of acetyltransferase

p300. dCas9-p300 catalysed H3K27 acetylation at its target sites, resulting in specific

transcriptional activation of genes from targeted enhancers [155]. Another study showed

that the dCas9-LSD1 fusion can efficiently suppress the expression of genes controlled by

the targeted enhancers [189]. Thakore et al. demonstrated that dCas9-KRAB is able to

disrupt the activity of targeted enhancer via induction of H3K9me3 [411]. Furthermore,

Liu et al. established a system where targeted DNA demethylation and methylation can

be achieved by dCas9-Tet1 and dCas9-Dnmt3a, respectively. The dCas9 epigenetic effec-

tors allow both loss-of-function and gain-of-function perturbations precisely and rapidly

without major disruption of the local genomic architecture [229].
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1.2 Forward genetics

In contrast to reverse genetics, forward genetics starts with isolation of mutants that

show a particular phenotype and works to identify the causative genetic change. The

most fundamental advantage of forward genetics is the unbiased nature of inquiry, which

requires no hypothesis nor the molecular basis of the biological process to be studied,

making it a powerful approach for new and unexpected discoveries [282].

Long before the post-genomic era, forward genetics was the approach in genetic research as

most of the studies were based on the observations of a particular phenotype. Many genes

were even named after their mutant phenotype. The phenotypes observed at the time

were mostly caused by spontaneous mutations, and the subsequent identification of the

causative genes usually involves positional cloning and mapping [282]. Examples include

the wingless (wg) gene from Drosophila and obese (Ob) gene from mouse [368] [486]. Since

spontaneous mutations arise at a rate insufficient to perform systematic genetic studies,

accelerating the rate of mutagenesis became the pressing need.

Artificial mutagenesis can be achieved by exposing organisms to physical agents such as ir-

radiation, chemical mutagens such as ENU, or biological mutagens such as the transposon

system. These mutagens are able to introduce random mutations in a cell or organism at

high efficiency, providing opportunities to perform loss-of-function genetic screens. A ge-

netic screen is an experimental approach to identify individuals that exhibit the phenotype

of interest in a mutant pool. Driven by genome sequence data, technologies such as RNA

interference (RNAi) and most recently the CRISPR-Cas9 system allow scientists to gener-

ate multiplexed libraries and perform genome-wide screens in a targeted high-throughput

manner, giving genetic screens the unprecedented power to discover novel genetic functions

and biological pathways.

1.2.1 Mutagenesis using chemical and physical agents

1.2.1.1 N-ethyl-N-nitrosourea (ENU)

N-ethyl-N-nitrosourea (ENU) is alkylating agent widely utilised for generating mutations

in the mouse genome[340]. Given that ENU is able to induce nonsense and missense

mutations, it is possible to generate null, hypomorphic and hypermorphic alleles, which

diversifies the consequent phenotypes and widens its application [181]. ENU induces

mutations at a relatively high efficiency. It has been shown that the mutation rate of

ENU is approximately 1 in 1000 in mouse gametes and 1 in 200 in mouse ESCs[156].
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Most of the ENU-induced mutations has been identified in the coding region or intro-

exon boundaries, which makes it great for studying gene functions, but not ideal for the

regulatory regions [193].

1.2.1.2 Irradiation

Ionizing radiation (IR) including X-rays and γ-rays is a powerful mutagen which typ-

ically generates large deletions and complex chromosomal rearrangements such duplica-

tions, translocations and inversions. An X-ray-induced forward mutation study in Chinese

hamster cells performed by Chu provided detailed analysis of the non-linear relationship

between induced mutation rate and the dose of X-ray exposure [75]. It was found that

X-irradiation could generate mutations at a rate of 13 − 50 × 10−5 per locus, which is a

lower yield of mutations than chemical mutagens [339] [334].

Although ENU and irradiation are a powerful tools for genome-wide genetic screens, the

difficulty in identifying the causative point mutation remains the biggest hurdle. The typi-

cal strategy for causative gene identification involves genetic mapping to narrow the region

containing the mutation to a manageable size, followed by DNA sequencing. To perform

genetic mapping, the affected mice need to be out-crossed to a different bred strain and

the resulted F1 progeny are then backcrossed or intercrossed, which can take up to 40

weeks and involves up to hundreds of animals [193] [282]. With the development and pop-

ularisation of next-generation sequencing (NGS) technology, as well as the availability of

ready-made genomic fragments in vectors such as bacterial artificial chromosomes (BACs)

and the complementary DNA (cDNA) library, this process could be simplified and short-

ened to up to two weeks, albeit still highly labour-intensive and resource-dependent [282]

[416].

1.2.2 Insertional mutagenesis

Insertional mutagenesis refers to the method in which an exogenous DNA integrates into

the host genome and causes disruption or alteration of genes nearby the insertion site.

There are mainly two categories of insertional mutagens, namely retroviral vectors and

DNA transposons. Both of the vectors are flexible with the ‘cargo’ they accommodate, and

can be constructed to carry various molecular elements based on the experimental design.

Unlike ENU and irradiation, which have the biggest bottleneck as the identification of

causative mutations, insertional mutagenesis involves integration of a piece of DNA whose

identity is known, which can be used as a molecular tag to identify mutated genes.
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1.2.2.1 Retroviral-mediated mutagenesis

Retroviral insertional mutagenesis is an experimental approach for gene discovery, taking

advantage of the retrovirus life cycle: the proviral DNA integrates into the genome and

results in gene expression alteration. Integration of proviruses can introduce both loss-

of-function and gain-of-function mutations. The former are resulted when the provirus

inserts into exogenic regions, whereas the later are produced when the enhancer element

in the long terminal repeat (LTR) region of the retrovirus drives aberrant gene expres-

sion. There are several limitations to the use of retroviral-mediated mutagenesis. Most

critically, retroviruses exhibit strong preferences for integration sites. It has been shown

that retroviruses have both ‘hot’ and ‘cold’ insertion spots and preferentially target the

5’ end of expressed genes [276] [455]. Additionally, retroviruses carry strong enhancers in

their LTRs that can deregulate genes located hundreds of kbs away, which can complicate

the identification of causative gene [287].

1.2.2.2 DNA transposon-mediated mutagenesis

DNA transposons are mobilised in a non-replicative ‘cut and paste’ manner and has been

developed as a widely used molecular tool for insertional mutagenesis [79]. Among various

categories of DNA transposons, Sleeping beauty (SB) and piggyBac (PB) are more popular

choices as methods of genome editing [200] [383] [171].

SB is a reconstructed DNA transposon from fossil fragments found in the salmon genome.

It exclusively integrates into a TA dinucleotide, which is duplicated upon integration and

flank the transposed element [171] [428]. The SB transposon can be mobilised from either

an exogenous plasmid or a donor site on the chromosome, and every excision made by the

SB transposase leaves a 3 bp ‘footprint’ [240]. PB is a moth-derived transposon system

active in a wide range of organisms. Unlike SB, PB recognises a short TTAA sequence for

insertion and excises the transposon without a footprint, which makes it a more precise and

defining system [122]. Because PB can excise precisely from the donor site, it is especially

useful when a transgene is transiently required, for example, in generating transgene-

free iPSCs [449] [476]. One of the examples of PB-mediated genetic screen was a study

performed by Rad and colleagues, in which PB was applied as a tool for genome-wide

mutagenesis in mice, and many novel cancer genes were uncovered [327]. Both SB and

PB demonstrate a strong tendency of local-hopping, meaning that the excised transposon

preferentially integrates near its original location, which is unfavourable in conducting
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genome-wide genetic screens [240] [99] [116].

1.2.3 The use of Blm-deficient and haploid cell lines in genetic screens

1.2.3.1 Blm-deficient ESC systems

Recessive genetic screens in mammalian systems were hampered by their diploid nature.

Although homozygous mutant organisms could be generated by breeding, there was no

efficient approach to induce homozygous mutations in cultured cells, until the establish-

ment of the Bloom’s syndrome protein (Blm)-deficient ESCs [241]. Bloom syndrome is

a recessive genetic disorder associated with genomic instability and cancer-prone pheno-

types [140]. It has been demonstrated that Blm-deficient cells have increased incidence

of homologous recombination which led to the increased loss of heterozygosity [241] [140].

Performing recessive screen on Blm-deficient genetic background increases the chance of

recovering biallelic mutations. Two groups independently exploited this phenotype and

conducted genetic screens in Blm-deficient ESCs. In one study performed by Yusa et al.,

a tetracycline-induced Blm ESC line was combined with ENU mutagenesis to successfully

identify genes that are involved in the glycosylphosphatidylinositol (GPI)-anchor synthe-

sis [475]. In the other approach, Guo et al. applied the retrovirus gene-trap system in

Blm-deficient ESCs to select genes in the mismatch repairs pathway [144].

1.2.3.2 Haploid cell lines

Another technical advance in overcoming the challenge of recessive screens in eukary-

otic systems is the establishment of haploid cell lines. The first haploid human cell line

(KBM7) was isolated from a chromic myeloid leukaemia patient in 1999, but it was not

until a decade later its use as a tool for genetic screen was showcased [208] [52]. The

mouse haploid ESC lines was generated in 2011 independently by two groups [104] [219].

Analysis revealed that these cells exhibited typical mouse ESC morphology and expressed

pluripotency markers including Oct4, Klf4, Sox2, Nanog and Rex1 [104] [219]. Both of

the studies demonstrated the utility of haploid ESCs for genetic screens. Leeb et al. con-

ducted a pilot screen for mismatch repair genes in the presence of 6-TG using the gene

trap PB transposon vector, and successfully identified Msh2 and Hprt [219]. He and oth-

ers then proceeded to a large-scale genome-wide screen with the haploid mutant library

to study the exit of pluripotency and successfully recovered novel pluripotency regulators

Zfp706 and Pum1 [217]. Elling et al. generated a haploid mutant library with retrovirus

and challenged it with toxin ricin. As a result, they identified multiple genes involved in
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ricin processing pathways, some of which had never been reported before [104]. These

results illustrated the potential of haploid cells for large-scale forward genetic screens.

However, haploid cells are unstable, and cells often undergo auto-diploidization, which

requires regular selection such as cell sorting to maintain the haploid nature of the cell

culture. Additionally, due to the limitation of the derivation process, genetic screens using

haploid cells are only limited to a few cell types.

1.2.4 RNAi-mediated screens

The first large-scale genetic screen using siRNAs in mammalian cells was performed in 2003

to study the mechanism of TRAIL-induced apoptosis. Aza-Blanc et al. transfected 510

siRNAs targeting 510 genes in HeLa cells and used AlamarBlue as a cell viability read out

[7]. The screen has successfully uncovered several modulator of TRAIL-induced apoptosis

including DOBI and MIRSA [7]. Zerial and colleagues performed the first genome-wide

transfected siRNA screen in combination with automated imaging analysis. The authors

discovered a number of kinases involved in endocytosis, suggesting that signalling functions

are built into the machinery of endocytosis [313]. The Bernards group developed the first

large-scale virus-based shRNA library, which contained approximately 23,000 shRNAs

targeting around 8000 human genes. It was used in a pooled infection screen, from which

the authors could identify one known and five new modulators contributing to the p53-

dependent proliferation arrest [16]. One complication about this study was that each of

the individual clone contained several shRNA inserts, which required further analysis to

identify the shRNA responsible for the observed phenotype.

Compared to the methods described previously, RNAi was the first technology that sup-

ports a fully-controlled targeted screen. However, with the classical genetic approaches,

one can plan for gain-of-function screens or identify mutations that are not in the coding

regions, which is limited in RNAi [96]. In addition, large discrepancy were often observed

between the results of a similar RNAi-based screen performed by several groups [35] [206]

[488]. This is probably due to the false-positive hits resulted from the off-target effect of

siRNAs. Therefore, secondary screens are often necessary to identify the true hits, and the

phenotype needs to be verified by a second independent siRNA targeting the same tran-

script. Furthermore, siRNAs almost never completely deplete the target mRNA, which

often results in false negatives [96].
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1.2.5 CRISPR-Cas9-mediated screens

1.2.5.1 The establishment of CRISPR-Cas9 screening technology

Soon after the successful adaptation of CRISPR-Cas9 as a genome editing tool in mam-

malian cells, three groups independently generated genome-wide gRNA libraries and per-

formed functional genetic screens with Cas9 nuclease. The Yusa lab constructed a genome-

wide library with 87,897 gRNAs targeting 19,150 mouse genes and applied the resulted

library in a recessive screens to identify genes that modulate susceptibility to Clostrid-

ium speticum alpha-toxin and 6-TG [202]. As a result, all known essential components of

the GPI-anchor biosynthesis pathway has been identified, together with 13 genes whose

function in alpha-toxin resistance had not been reported. Analysis of the 6-TG resis-

tance screen revealed all known factors including four MMR genes and Hprt. Similarly,

the Zhang group designed a genome-scale CRISPR-Cas9 knockout (GeCKO) library with

64,751 gRNAs targeting 18,080 human genes and successfully identified essential genes in

cancer and pluripotent stem cell lines [366]. The authors also demonstrated the use of

GeCKO library for positive selections, which uncovered both known and novel genes whose

loss conferred resistance to vemurafenib in melanoma cell lines [366]. The Sabatini/Lander

group built a library with 73,151 gRNAs targeting 7114 genes and 100 non-targeting gR-

NAs as control. With this library, they screened for genes that function in the DNA MMR

pathway in the presence of 6TG using the haploid cell line KBM7, and identified genes

encoding four components of the MMR pathway [434]. They also screened for resistance

to etoposide in diploid cell line HL60 and revealed hits including TOP2A as well as CDK6

whose role in this pathway was previously unknown [434]. Those proof-of-principle studies

demonstrated the power of CRISPR-Cas9-mediated genome-wide screens and uncovered

its potential to address a wide-range of biological questions.

Compared to the other mutagenesis methods described earlier in this chapter, the CRISPR-

Cas9 system allows high-throughput gene knockout in a targeted manner with pre-defined

cutting sites. Importantly, the Cas9-mediated mutagenesis exhibited high bi-allelic muta-

tion efficiency, which is essential for its application in the mammalian systems. In addition,

it is straightforward to identify the causative mutations as gRNA itself can serve as a molec-

ular barcode. Direct comparison suggested that the CRISPR-Cas9 system outperformed

RNAi, which is also a reprogrammable, easy-to-perform genome-editing technology [202].

This is probably due to the fact that RNAi can almost never achieve complete suppression

of gene silencing and its off-target effect often complicate the analysis and results in poor
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consistency. Using a set of ‘gold standard’ essential and non-essential genes as targeting

controls, Evers et al. showed that CRISPR outperformed shRNA-based system with lower

noise, better consistency and lower off-target effect [108]. Similarly, Munoz et al showed

that CRISPR-based screens consistently identify more lethal genes than RNAi in cancer

cell lines, indicating lower false-negative rate [285].

1.2.5.2 Screening format

1.2.5.2.1 Arrayed screening

CRISPR-Cas9-mediated screen can be carried out in two formats: arrayed or pooled

format. The choice depends on the experimental aim. Arrayed screening is usually carried

out in multi-well plates with each well containing one or a few gRNAs targeting a single

gene. Two major advantages are associated with arrayed screens. First, the causative

mutation can be easily identified as the constituents of each well are known. Second, given

that each well has a single known genetic perturbation, it allows the investigation of a much

wider range of phenotypes such as high-content imaging [367]. Recently, Metzakopian et

al. generated the first two individually-cloned CRISPR-Cas9 genome-wide arrayed gRNA

libraries with a complexity of 34,332 gRNAs for human and 40,860 gRNAs for mouse

genome, covering 17,166 human and 20,430 mouse genes [272]. These libraries expanded

the toolbox for comprehensive gene editing and offered an opportunity to perform screens

at a single-gene level. However, arrayed screens are labour-intensive and time-consuming,

as reagents have to be prepared individually. Accessibility to automated robotic equipment

is often necessary for plate handling and can be its limitation on wider usage.

1.2.5.2.2 Pooled screening

In contrast to arrayed screens, pooled screening is usually less expensive and do not require

highly automated equipment. Although direct phenotypic assessment is limited for each

gRNA and a more careful experimental design is needed, pooled screening is a powerful

and fast approach for systematically investigating plenty of biological questions. The sim-

plicity and high efficiency of the CRISPR-Cas9 technology make it an ideal system for

pooled functional genomic screen. The in-silico designed gRNA libraries can be chemi-

cally synthesised as a pool of oligonucleotides, which is subsequently cloned into plasmid

vectors, usually lentivirus expressing vectors. A mutant cell library can be generated from

transduction of lentivirus library, followed by the application of selection stress. Mutations

causing the phenotype of interest can be identified by next generation sequencing based
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on the representation of gRNAs.

A pooled genetic screen can be designed for either positive or negative selection of gRNAs.

Positive selection screening identifies genes that are enriched after applying the selection

pressure. It is most commonly used to identify perturbations that confer resistance to a

toxin, inhibitor, drug, or pathogen [367]. For example, in the screen aiming to identify

genes involved in the GPI-anchor biosynthesis pathway, most mutants transduced with

irrelevant gRNAs were depleted from the population due to the susceptibility to alpha-

toxin, whereas cells transduced with gRNAs targeting genes involved in the GPI-anchor

biosynthesis pathway lacked the cellular receptor, and became resistant to alpha-toxin,

thereby getting enriched after selection [202]. Positive selections usually produce clearer

results as the expected hits are few. In contrast, negative selection screening is to identify

genes that are depleted during the selection process. The most typical negative selection

screen is the one to identify essential or fitness genes, that are are required for cell survival

and/or proliferation. After a certain period of cell culture, mutants transduced with

gRNAs targeting essential genes will deplete or ‘drop out’ from the population. Compared

to positive selection screening, negative selection screening is more technically challenging

and require higher screening sensitivity due to the fact that level of depletion can be

limited.

1.2.5.3 Applications of CRISPR-Cas9-mediated screens

The CRISPR-based screening technology has provided a great opportunity for systematic

identification of essential genes. Wang et al. constructed a genome-wide gRNA library

to screen for genes required for proliferation and survival in the near-haploid KBM7 cell

line [433]. The screen results were validated by an orthogonal retroviral gene-trap screen

and benchmarked with functional profiling in yeast. As a result, the authors were able

to uncover a group of uncharacterised essential genes in various cellular pathways [433].

Hart et al. designed and generated a second-generation CRISPR knockout library referred

to as The Toronto KnockOut (TKO) library and applied it to screen for essential genes

in a range of cell lines derived from different parts of the human body [153]. With this

approach, they could identify five-times more fitness genes than previously described in

shRNA screens, and were able to classify the ‘core’ fitness genes and context-specific fitness

genes, which provided insights to the biological differences between cell types [153].

CRISPR-Cas9 loss-of-function screening has also been applied to the non-coding region
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of the genome. Canver et al. developed a screen using tiling gRNA library for saturated

mutagenesis of non-coding elements in situ, which provided insights into the function

and organisation of the BCL11A enhancer [50]. Similar studies have been performed by

others to analyse the regulatory regions of NF1, NF2 and CUL3 loci, POU5F1 locus and

TP53 and ESCR1 transcription binding sites [350] [207] [86]. In addition, the Gersbach

group designed the CRISPR-Cas9-based epigenomic regulatory element screen (CERES),

which utilises the dCas9-KRAB repressor and dCas9-p300 activator to target the DNase

I hypersensitive sites around genes of interest. Both loss- and gain-of-function screens

were conducted for the β-blobin and HER2 loci, which revealed known and previously

unidentified regulatory elements [198]. Similarly, another study performed by Fulco et al.

exploited the CRISPRi library to screen for regulatory elements of MYC and GATA1, and

identified nine distal enhancers that control gene expression and cellular proliferation. Not

limited to the discovery of novel enhancer elements, the CRISPR-based screens were also

utilised to study the function of lncRNA using cell growth as a readout [491] [228]. Zhu

et al. constructed a paired-guide RNA library and uncovered 51 lncRNA that positively

or negatively regulated cell growth [491]. Using a CRISPRi-based gRNA library, Liu et

al. identified approximately 500 functional lncRNAs out of 17,000 screened [228]. These

studies demonstrated the potential of CRISPR-Cas9 screens to unravel the functions of

non-coding genome.

Although the most of the CRISPR-Cas9 screens were performed in in vitro systems, it

has also been applied ex vivo in primary dendritic cells to study regulators of the bacterial

lipopolysaccharide response [310]. Similarly, Chen et al. performed CRISPR-Cas9 screen

in mice to study tumour growth and metastasis [65]. Recently, Manguso et al. performed

an in vivo screen using a library encoding 9872 gRNAs targeting 2368 genes to identify

genes that synergise with or cause resistance to PD-L1 checkpoint blockade [251].

The development of dCas9 opened up alternative options to conventional knockout screens.

The Weissman lab constructed a genome-wide library targeting the transcription regula-

tory regions of approximately 16,000 genes and applied it with a dCas9-KRAB fusion

protein to achieve CRISPR interference (CRISPRi) screens [135]. CRISPRi is not as effi-

cient as CRISPR-Cas9 mediated gene knockout, but it could be a suitable option to screen

for genes that are essential for cell viability. Also, because the CRISPRi-mediated knock-

down effect is reversible if an inducible dCas9 is used, it allows extra on/off control to be

incorporated in screening design [135]. The Weissman library can also be used for CRISPR

activation (CRISPRa) screen when utilised with dCas9-VP64 with the SunTag system for
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signal amplification. Another available version of CRISPRa library was designed by the

Zhang lab, which contains 70,290 gRNAs targeting every coding isoform from the RefSeq

database[205]. In this system, gene activation is mediated by dCas-VP64 combined with

modified gRNA that recruits MS2-p64-HSF1, which is also referred as the Synergistic Ac-

tivation Mediator (SAM) [205]. Both CRISPRa systems have exhibited ability to increase

gene expression, however, the degree of increment depends of the targeted gene. Nonethe-

less, the CRISPRa libraries give researchers the opportunity to perform gain-of-function

screens and study the biological pathways from a different angle.

1.2.5.4 Experimental design of CRISPR-Cas9-mediated screens

1.2.5.4.1 gRNA design

The outcome of a CRISPR-Cas9-based screen is directly determined by the design of the

gRNA library. The key to an effective gRNA library is to maximise the overall on-target

efficacy and minimise any off-target activity. Generally, the basic design process follows a

set of conventional rules. First, gRNAs should designed against the the constitutive coding

exons [202] [366] [434]. Second, all available gRNA candidates should be screened based

on the potential off-target matches in the genome. Any gRNAs having a perfect match of

its seed region elsewhere in the genome should ideally be removed from the library [202]

[366] [434] [176]. Third, gRNAs with very low or high GC content, as well as homopolymer

stretches should be avoided [434].

Wang et al. described some of these early rules and performed additional tests on gRNA

efficacy [434]. By analysing the performance of gRNAs targeting the essential ribosomal

gene sets, they found that gRNAs having pyrimidines at the last four nucleotides were

disfavoured [434]. Consistently, Tzelepis et al. and Hart et al. also observed a strong

bias against uridine at the last few positions of the gRNA, which is due to the premature

termination of transcription by RNA polymerase III [421] [153] [456]. The Root group

took an approach of a tiling library covering all possible gRNAs for a selection of cell

surface markers and used flow cytometry to measure the performance of each gRNA [93]

[92]. In contrast to what has been reported by Vakoc and colleagues that higher knockout

efficiency can be achieved by targeting the functional domains of a protein [370], the Root

lab showed that gRNAs targeting the 90% of the N-terminal protein coding sequences

exhibited similar efficiency, which allowed more gRNA selection flexibility due to expanded

target site window [92]. In addition to target site selection, the Yusa group demonstrated

that a modification of the gRNA scaffold improved its targeting efficiency significantly,
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and incorporated this change in their version 2 gRNA libraries [64][421]. Finally, the

false-negative error due to lack of efficacy can be improved by increasing the number of

gRNAs per gene [305]. However, a library with a larger number of gRNAs require a larger

screening scale, and a balance needs to be considered by taking cost, space and number

of screening conditions into consideration.

The off-target effect of gRNAs are predicted based on the position, number and nucleotide

identity of potential mismatches. Although analysis in the early proof-of-principle screen-

ing studies demonstrated low off-target activity at predicted sites [202] [366] [434], the

recent unbiased DBS prediction revealed unexpected potential off-target activity [125]

[418]. Furthermore, a series of ChIP-seq of dCas9 coupled with various gRNAs showed a

large number of off-targets binding events [211] [456]. Though such analysis is not feasible

for a large-scale gRNA library, it indicates that there is a room for further improvement

of gRNA specificity in library design. Potential measures include paying attention to al-

ternative PAM sites, gRNA modification and utilisation of the double-nicking approaches.

Although off-target activity is deeply concerned in clinical applications, it is unlikely to af-

fect the performance of a genetic screen, due to the fact that any false-positive hits can be

identified by comparing to the phenotype of other gRNAs targeting the same gene.

1.2.5.4.2 Cas9 and gRNA delivery

Almost all the published CRISPR-Cas9-based screens to date have unanimously used

lentivirus to deliver gRNA libraries. The idea has been adapted from the delivery of

shRNAs libraries in RNAi-based screens. The reason of its popularity is mainly because

they can stably integrate into the host genome. The virus titre at transduction needs to

be carefully titrated to achieve a reasonably low multiplicity of infection (MOI) is achieved

at transduction, so that the majority of transduced cells have been infected with one virus

particle.

There are mainly two strategies to generate Cas9-expressing cell line: the first is to deliver

Cas9 and gRNA in a single virus as demonstrated by Shalem et al. [366], and the second

is to establish a stable Cas9-expressing cell line by knockin or viral transduction. Several

evidence suggested that the prior-generation of Cas9-expressing cell line is advantageous

because a clonal cell line with high Cas9 activity can be selected. Tzelepis et al. showed

that subcloned Cas9-expressing HT29 cell line exhibited higher efficiency of mutagenesis

[421]. Similar phenomena has been observed in Huh7.5, HeLa, 293T and HT1080 cell

lines [490]. Such improvement in efficiency is especially important for negative selection
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screens where higher screening sensitivity is required. However, it might not be applicable

in primary cells, where the one-vector approach or Cas9-transgenic mouse can be used

[322].

1.2.5.4.3 Gene identification and data analysis

At the end of a pooled CRISPR-Cas9 screen, cell pellets are collected from both treated and

control samples, and genomic DNA is extracted from them. The lentiviral integrant, which

contains gRNA sequence, will be amplified by PCR and analysed by Illumina sequencing.

The necessary sequencing depth is largely dependent on the design of the screen and

resulted final cell number to be sequenced. In the case of a positive selection screen, often

only a small number of cells are collected at the end of the selection process, hence only a

few million reads will be enough. In contrast, negative selection screens, where the change

of gRNA representation can be subtle and cell population at the end of the screen is usually

large, require much deeper sequencing depth. Typically the Illumina HiSeq platform is

used with 30-40 million reads for a population up to 100 million cells.

Following sequencing, statistical analysis needs to be performed to determine the signifi-

cance of any changes between control and experimental samples at the gRNA-level, as well

as gene-level. A range of algorithms designed for differential RNA-Seq expression analysis

or shRNA screens were employed to analyse CRISPR-Cas9 screening data. Shalem et

al. used the RNAi Gene Enrichment Ranking (RIGER) algorithm, which examined the

positions of the gRNAs targeting the same gene and assessed whether the set was skewed

towards the top of the list based on Kolmogorov-Smirnov statistic. An enrichment score

was calculated based on this algorithm followed by a permutation test [239] [366]. The Wei

group adopted an R package called DESeq2 to perform the statistical analysis of gRNA

abundance, where gRNAs were ranked by the average fold changes [490]. Although algo-

rithms for differential expression analysis such as DESeq2, edgeR and baySeq can be used

to evaluate the statistical significance of hits in the CRISPR/Cas9-based screens, they

can only perform the analysis at the gRNA level. Algorithms for shRNA screens such

as RIGER and Redundant siRNA Activity (RSA) are also not ideal [225]. Followed the

need of a computational algorithm suitable for CRISPR/Cas9-mediated screens, the Liu

group developed an algorithm called Model-based Analysis of Genome-wide CRISPR/Cas9

Knockout (MAGeCK) [225].

In MAGeCK, read counts from all the conditions were normalised by the median ratio

method, followed by the use of a negative binomial (NB) model to estimate the statistical
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significance between the treatment and control samples [225]. The gRNAs are ranked

based on P -value calculated from the NB model and a modified robust ranking aggrega-

tion (α-RRA) algorithm is used to evaluate the statistical significance at the gene level

[225]. Specifically, the α-RRA ranks a gene by comparing the skew of its gRNA sets to the

uniform null model and calculates the false discovery rate (FDR) from an empirical per-

mutation test using the Benjamini-Hochberg procedure [225]. The authors demonstrated

more robust and sensitive CRISPR-Cas9 screening data analysis using MAGeCK com-

pared to the other existing algorithms [225]. The reason is probably because MAGeCK

has considered the fact that not all gRNAs targeting the same gene are working equally

well and the α-RRA algorithm can remove the gRNAs with low targeting efficiency, which

is more likely to produce more accurate gene level analysis.
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1.3 Embryonic stem cells (ESCs)

1.3.1 Early development of mouse embryo

The mouse embryonic development begins in a fertilised egg packed within the protective

glycoprotein layer called zona pellucida. The fertilised egg, also known as zygote, is

capable of generating all embryonic and extraembryonic lineages. Such ability is defined

as totipotency. The first five cell cycles of the embryonic development, which is referred

to as the cleavage divisions, occurs without increase in total cell mass. Cells generated

from cleavage divisions are called blastomeres. Blastomeres retain both embryonic and

extraembryonic potential until the late eight-cell stage, when cell polarity is established

and compaction takes place to form morula. During compaction, the spacial location of

each individual cell is instructive for their subsequent lineage differentiation. Cells located

on the outside develop into the first extraembyonic lineage called trophectoderm, which

is essential for implantation and will subsequently differentiate into placenta. In contrast,

the inner cells of a morula are biased toward forming the inner cell mass (ICM).

Specification of the trophoblast lineage appears to be mediated primarily by the Hippo

signalling pathway, which conveys positional information into lineage-specific gene expres-

sion. In an early embryo, the Hippo pathway is active in the inner cells, where Yap1

is phosphorylated by Lats1/2 and degraded. As a consequence, Yap1 is unavailable to

act as a co-activator for the key trophectoderm transcription factor Tead4, resulting in

failure to activate the trophectodermal programme. On the contrary, in the outer cells,

where Lats1/2 is inactive,Yap1 pairs with Tead4 and upregulates Cdx2, Gata3 and eome-

sodermin, which collectively drive commitment to the trophoblast lineage. In line with

this model, Lorthongpanich et al. showed that knockdown of LATS kinases by injecting

siRNA into mouse zygotes caused lineage misspecification and resulted in the generation

of a TE-like lineage in the morula [236]. Once upregulated, the expression of Cdx2 and

Eomes is maintained by Elf5 through a positive feedback loop to reinforce the commit-

ment to the trophoblast lineage [288]. Despite both being important for trophectoderm

(TE) specification, Cdx2 and Eomes seem to play different roles. It was shown that Cdx2-

deficient blastocysts failed to repress Oct4 and Nanog in the outer cells, which led to

the failure of the segregation of ICM and TE, whereas Eomes mutant blastocysts could

implant and showed normal Cdx2 and Oct4 expression [394] [430]. These observations

suggested that Cdx2 is the earlier TE inducer in morula and Eomes is required for further

TE differentiation at the blastocyst stage.
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Coincident with the specification of the TE, the establishment of ICM is under the influence

of the upregulated Oct4. In the absence of Oct4, inner cells fail to develop into mature

ICM but rather divert into TE [289]. Oct4 acts cooperatively with Sox2 to regulate the

expression of several pluripotent genes, including Fgf4 and Nanog [13] [33]. It was shown

that Sox2 -null embryo was able to develop normal ICM, but fail to maintain an epiblast

or further differentiation [6].

After the segregation of trophoblast and ICM, the trophoblast pumps fluid into the blas-

tocyst to form a cavity known as the blastocoel. At this stage, the ICM start being

partitioned into the epiblast and primitive endoderm as a consequence of differential gene

expression. This specification is first observed when Nanog and Gata6 begin to express in

a mutually exclusive manner. Cells expressing primitive endoderm markers such as Gata6,

Gata4, Sox17 and Pdgfr αgradually move away from Nanog-positive cells, and eventually

form a morphologically distinguishable epithelium layer adjacent to the cavity. This pro-

cess is regulated by the FGF signalling pathway as embryos deficient of Grb2, Fgf4 or Fgfr2

fail to form the primitive endoderm [63] [69][291]. At the same time, Nanog-expressing

cells remain restricted to the inner space between the trophectoderm and primitive endo-

derm and develop into the pluripotent epiblast. These pluripotent cells are thought to be

in the ‘ground state’, which is characterised by their unrestricted differentiation capacity

and flexibility to the formation of all embryonic lineages [258].

1.3.2 Derivation of mouse ESCs

ESCs are characterised by its ability to sustain self-renewal and remain as undifferentiated

for an extended period of time in culture. When injected into adult mice, ESCs give rise to

multi-differentiated terotocarcinoma. Their full differentiation potential was revealed by

blastocysts injection, which yields chimeric mice with high contribution from the injected

ESCs to all tissues, including functional colonisation of the germ line [34]. Competence

of germline transmission suggests that ESCs can be exploited as a vehicle for introducing

genetic modifications into mice [335]. The fact that ESCs are permissive to multiple

rounds of sophisticated genetic manipulation and their ability of clonal expansion enables

isolation of mutants with desired genetic modification. These groundbreaking discoveries

led to the creation of transgenic mice, which became an immensely powerful technology

for basic research and the development of new therapies.
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Figure 1.4: Lineage segregation in mouse blastocyst. (A) At E2.5, the eight blastomeres retain both embryonic

and extraembryonic potential, which is reflected by the overlapping expression of Cdx2 and Oct4. At the

blastocyst stage, Oct4 is expressed exclusively in the inner blastomeres, which leads to the formation of inner cell

mass (ICM). As the early trophectoderm (TE) inducer, Cdx2 is exclusively expressed in the outer blastomeres.

(B) At E3.5, the ICM shows mosaic ’salt and pepper’ expression of Nanog and GATA6. GATA6-positive cells are

subsequently sorted to the distal surface of the ICM, where they give rise to the primitive endoderm.

Nanog-positive cells exclusively give rise to the pluripotent epiblast. Image taken and adapted from Arnold and

Robertson, 2009 [4].

It was a challenge to derive ESCs directly from the embryo until Martin and Evans inde-

pendently succeeded in isolation and maintenance of pluripotent cell lines [107] [260]. The

original derivation of mouse ESCs involved explanting blastocysts or isolated ICMs on a

layer of mitotically inactivated fibroblasts called ‘feeders’, in medium containing fetal calf

serum. This method was developed empirically from the early research on embryonal carci-

noma(EC) cells. Smith et al. later demonstrated the ability of leukaemia inhibitory factor

(LIF) in replacing feeder cells both in derivation and long-term culture. The derivation

process in serum-containing culture is inefficient as the emergence of ESCs only happens

after dissociation and replating of the primary outgrowth. With the advent of 2 inhibitors

(2i), namely GSK3 inhibitor CHIR99021 and and MEK inhibitorPD032590, the derivation

process became more efficient [290].
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It has been well-established that mouse ESCs are originated from the mid-blastocyst-stage

at embryonic day E4.5. However, it has been shown that ESCs can also be derived from

early-blastocyst-stage at E3.5 or even from eight-cell-stage blastomeres, suggesting that

ESCs may represent a very early developmental stage. Attempts to derive pluripotent

cell lines from implanted mouse embryos had not been successful for a long time until a

different pluripotent cell type was established from the postimplantation-epiblast using

a different culture condition [38] [410]. These cells are referred to as epiblast stem cells

(EpiSCs). Unlike ESCs, EpiSCs do not rely on LIF or 2i to maintain pluripotency, instead

require FGF and activin. EpiSCs exhibit some pluripotency features such as expression of

Oct4, the ability to differentiate in vitro and form teratocarcinomas, but they cannot con-

tribute effectively to blastocyst chimeras. Gene expression analysis revealed that EpiSCs

exhibit relative low expression of ICM-specific genes such as Rex1, Sox2 and Nanog, but

upregulation of late epiblast markers such as Fgf5, Brachyury and Sox17 [410] [38]. These

evidence indicated that EpiSCs represent a more advanced state of pluripotency, which is

called primed pluripotency

In addition to ESCs and EpiSCs, which have been derived from the epiblasts of the blas-

tocyst, other stem cell lines have been established from other lineages of the early embryo.

Examples include embryonic germ (EG) cells which can be derived from primordial germ

cells (PGCs) in embryos between E8.5 and E11.5, permanent trophoblast stem cell lines

from early post-implantation trophoblasts and extra-embryonic endoderm (XEN) cell lines

from the primitive endoderm lineage [265] [331] [405] [209]. The establishment of these

cell lines has provided powerful models for the dissection of the molecular mechanism

underlying lineage specification in early embryonic development.

1.3.3 Regulation of the pluripotency state

Pluripotency is defined as a capacity of a cell to give rise to all the specialised cell types

of an adult organism. The derivation of ESCs made it possible to capture pluripotency

indefinitely in vitro, and provided an extraordinary tool to investigate the molecular mech-

anisms that govern pluripotency. Accumulating evidence suggested that the ESC identity

is sustained through integrated actions of multiple extrinsic signalling pathways with in-

trinsic transcription regulatory network, reinforced by epigenetic modifiers.
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1.3.3.1 Extrinsic signalling pathways

The ability of ESCs to retain pluripotency is stabilised by the continuous input of extrin-

sic cues. Such requirement is owing to the auto-inductive stimulus, in particular FGF,

which promotes the exit from pluripotency. Multiple extrinsic factors need to be fed into

the system to counterbalance the self-inductive differentiation signals and reinforce the

pluripotent network (Figure 5.1).

Figure 1.5: Extrinsic signalling pathways that regulate pluripotency. Filled arrows represent activation of target

activity and bars indicate inhibition. Solid lines indicate a direct or known downstream target, whereas a dashed

line shows an indirect or inferred effect. BMP4 signalling functions via phosphorylating Smads to activate Id

genes. LIF signalling affects many pathways but its positive effect on pluripotency is primarily via JAK-mediated

phosphorylation of STAT3, which activates Tcfp2l1 and Klf4. Canonical WNT signalling inhibits GSK3 activity

leading to stabilisation of ?-catenin, which in turn abrogates TCF3-mediated repression of pluripotency genes

including Esrrb. CHIRON closely mimics WNT signaling by inhibiting GSK3. FGF signalling activates the

MAPK pathway which promotes the transition to ?a primed? state. Two inhibitors (2i), CHIRON and PD03,

stabilise naive pluripotency through inhibiting GSK3 and MAPK pathway respectively. Image taken and adapted

from Hackett and Surani, 2014 [147]

1.3.3.1.1 LIF-mediated signalling pathway

The discovery of LIF was driven by the urge to demystify the function of feeder cells.

Through screening of a range of feeder cell types, medium collected from Buffalo rat liver

cells was found to effectively suppress differentiation and sustain propagation of ESCs in

the absence of feeders [382]. Further analysis of this medium led to the identification

of the effective factor, LIF [381] [445]. LIF is able to replace feeders in both derivation

and long-term culture of mouse ESCs. It is likely that feeder cells provide extra support

other than LIF as ESCs cultured in serum and LIF in the absence of feeders demonstrate

slightly larger heterogeneity and more differentiated cells. However, LIF is the major
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functional component of feeders given that LIF knockout fibroblasts were unable to sustain

undifferentiated ESCs growth [392].

LIF signals through binding to a heterodimeric receptor consists of gp130 and Lifr [131].

Both gp130 and Lifr are constitutively associated with tyrosine kinases from the JAK fam-

ily [444]. These kinases become activated upon binding of LIF. There are four members

of JAK family, among them, Jak1 was demonstrated to be the primary downstream effec-

tor of of Lifr [388] [105]. Activated Jak1 initiates a cascade of tyrosine phosphorylation

that stimulates three distinct signalling pathways: the JAK/STAT, PI(3)-kinase, MAPK

pathways[388] [413] [302]. These pathways contribute to self-renewal, survival as well as

differentiation [292].

The Stat proteins are a family of transcription factors, among which Stat3 is the crucial

functional effector following stimulation by LIF. Stat3 is activated via phosphorylation

by Jak1, which allows it to form a signalling competent dimer and translocates into the

nuclease. It was shown that Stat3 is required for ESC maintenance. Over-expression of a

dominant-negative Stat3 construct in ESCs led to abrogated self-renewal and differentia-

tion, whereas over-expression of Stat3 is sufficient to sustain LIF-independent self-renewal

[295] [264]. Molecular studies revealed that Stat3 promotes pluripotency via upregulat-

ing pluripotency genes such as Klf4, c-Myc, Gbx2 and Tfcp2l1 [148] [53] [297] [399] [466]

[257]. Additionally, ChIP-Seq analysis revealed that STAT3 shares many common target

site with Nanog, Oct4 and Sox2, indicating that JAK/STAT3 pathway directly feeds into

the core pluripotency transcription network [68].

Activation of PI(3)-kinase pathway following LIF stimulation is driven by the association

between Jak1 and the p85 subunit of PI(3)-kinase. It has been demonstrated that inhibi-

tion of PI(3)-kinase pathway in ESCs resulted in spontaneous differentiation, even in the

presence of LIF. Furthermore, ESCs expressing an active form of Akt could be maintained

in an undifferentiated state without LIF, indicating that constitutively active PI(3)-kinase

signalling is sufficient for ESC maintenance [439].

Interestingly, in parallel to JAK/STAT and PI(3)-kinase pathway, LIF activates MAPK

pathways via recruiting Shp2, which induces stimulation towards differentiation [47] [361].

It was demonstrated that Socs3 null ESCs, which showed hyperactive MAPK pathway

as a result of non-competition of binding to the receptors, were inclined to differentiate

into primitive endoderm in the presence of LIF [401]. And this phenotype can be reversed

by inhibition of Mek [118]. These observations suggests LIF induces competing pathways
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and the self-renewal signal downstream of LIF is under a fine balance between positive

and negative pluripotency regulatory pathways.

1.3.3.1.2 TGF-β-mediated pathway

The TGF-β family comprises a broad range of proteins including TGF-β, nodal, activins,

Growth Differentiation Factors (GDFs), and Bone Morphogenetic Proteins (BMPs) [261].

Signalling mediated by TGF-β ligands is transduced through two types of transmembrane

kinases, the type I and type II receptors. In the canonical TGF-β pathway, upon ligand

binding, type II receptors phosphorylate type I receptors, which in turn phosphorylate

and activate the downstream effector Smads. Smad1, Smad5 and Smad8 are activated

by BMP receptors, whereas Smad2 and Smad3 are activated by TGF-β/nodal/activins

receptors. These receptor-activated Smads form trimers with the common Smad, Smad4,

and translocate into the nucleus, where they interact with other transcription factors,

co-activators or co-repressors to regulate the expression of target genes [343].

Bmp4 signalling plays an important role in mouse ESC maintenance through upregulation

of the Id proteins, which are transcription factors inhibit neuronal differentiation [469].

It was shown that Bmp4 can substitute serum in ESC maintenance in the presence of

LIF, indicating that Bmp4 might be the functional component of serum [469]. However,

Bmp4 is known to promote mesoderm, endoderm and trophoblast differentiation [286]

[315] [342] [424] [460], and LIF can block mesoderm and endoderm differentiation but

not neural differentiation [470]. These evidence led to the proposal of a mechanism that

LIF and Bmp4 act cooperatively in supporting pluripotency status by each suppressing

differentiation towards specific fates. Because of this counterbalancing effect, ESCs in

serum/LIF condition exist in an unstable environment with competing signals, which is

reflected by the pluripotency heterogeneity.

The TGF-β/activin signalling comprises another branch of canonical TGF-β pathway,

which was shown to be essential for pluripotency maintenance in human ESCs and mouse

EpiSCs via Smad2/3-mediated Nanog activation [423]. However, activation of TGF-

β/activin signalling induces differentiation of mouse ESCs in the absence of LIF.

1.3.3.1.3 FGF/MAPK pathway

Fgf signalling is activated via binding of Fgf to the receptor tyrosine kinase Fgfr, which

leads to the formation of a complex between Fgfr, Frs2α, Shp2, and Grb2. The complex

formation facilitates the activation of the phosphorylation cascade through Ras-Raf-Mek-
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Erk. Originally considered as a autocrine self-renewal signal, it was later confirmed that

Fgf4 acts to stimulate ESCs towards lineage specification. Evidence include that Fgf -

deficient ESCs were severely compromised in neural and mesodermal differentiation [443].

Although formation of the Fgfr-Frs2α-Grb2 can also activates PI(3)-kinase pathway via

Gab1, Mek1/2 was identified as the downstream effector of the Fgf4 signal based on the

fact that the phenotype of Fgf4 -null ESCs can be reproduced using Mek1/2 inhibitor [214]

[47] [390]. Furthermore, Kunath et al. demonstrated that Erk2 -null ESCs fail to commit

differentiation and retain expression of pluripotency markers Oct4, Nanog and Rex1 [210].

Consistent with the observations in vitro, Mek inhibitor treated embryos failed to form

blastocysts and generated enlarged epiblast [291]. Similar phenotype can be observed in

Grb2 -deficient embryos [63].

These discoveries led to the hypothesis that blocking Fgf/Mapk pathway facilitates main-

tenance of pluripotency. As predicted, it was shown that either of the Fgfr inhibitor

SU5402 or MEK1/2 inhibitor PD184352 could replace the requirement for serum/BMP

and support long-term ESC maintenance [471]. However, inhibition of FGF/ERK pathway

is not sufficient to maintain ESC self-renewal without LIF.

Despite the widely use of Mek inhibitor in ESC maintenance, its molecular mechanism

remained unclear, until a study performed by Yeo et al. suggested that ERK2 drives

differentiation through phosphorylation and destabilisation of Klf2. It was demonstrated

that over-expression of Klf2 can replace Mek inhibition which allows stable culture under

Gsk3 inhibition alone [467]. In addition, Tee et al. showed that Erk2 directly modulate

chromatin features required for developmental gene expression via regulating PRC2 and

RNAPII [409]. Notably, ESCs express Fgf4 under the regulation of Oct4 and Sox2. This

indicates that the transcription factors essential for the establishment and maintenance of

pluripotency also function as differentiation promoters [473].

1.3.3.1.4 Wnt signalling pathway

In the absence of Wnt, Apc, Axin and GSK3 form a complex that phosphorylates β-

catenin in coordination with Ck1α, which marks it for ubiquitination and proteolysis [76].

In the presence of Wnt, Frizzled receptor forms a complex with Lrp5/6, which triggers

the displacement of GSK3 from the destruction complex, allowing β-catenin to accumulate

and translocate into the nucleus where it interacts with co-activators to drive transcription

of target genes [451] [454].
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A positive effect of Wnt signalling in promoting self-renewal was demonstrated by two

studies focusing on the knockout phenotype of Apc and Gsk3 in ESCs. Kielman et al.

showed that constitutive activation of Wnt signalling via Apc mutation affected the differ-

entiation potential of ESCs both in vitro and in teratomas [192]. Doble et al. generated

the Gsk3 DKO cell line, in which both Gsk3α and Gsk3β were inactivated. The DKO

cell line, which has elevated β-catenin, demonstrated severe defects in differentiation [91].

Notably, in both studies, the severity of the phenotype exhibited a dose-dependent man-

ner which correlated to the Apc mutation or Gsk3 functional alleles. Furthermore, Sato

et al. showed that the addition of a GSK3 inhibitor BIO could facilitate maintenance of

ESC and resulted in sustained expression of Oct4, Rex1 and Nanog [352]. Ogawa et al.

demonstrated that supplementation of Wnt3a helped to maintain ESC self-renewal in the

presence of LIF [301]. These evidence converged to the deduction that elevated β-catenin

promotes ESC self-renewal and results in differentiation defects, which was confirmed by

Wray et al. by showing that the absence of β-catenin eliminated the self-renewal response

to Gsk3 inhibition [450]. They also showed that the responsiveness could be restored

by truncated β-catenin lacking a transactivation domain [450]. This indicates that the

transcriptional activation function is not required for β-catenin to confer differentiation

resistance. Instead, it was found that the role of β-catenin in pluripotency arises through

direct interaction with the transcription repressor Tcf3 (gene name Tcf7l1 ) [450]. Chip-

Seq data revealed that Tcf3 shares binding site with Oct4 and Sox2 [109], and acts a

repressor to antagonise their function [269]. Other key pluripotency factors repressed by

Tcf3 include Esrrb, Klf2 and Nanog [77] [316] [142] [450]. Interaction between β-catenin

and Tcf3 abrogate its repressive effect on pluripotent genes and stabilises pluripotency

programme [374] [453]. It has been shown that Tcf7l1 -null ESCs exhibit enhanced self-

renewal and differentiation defects[468] [142]. Tcf7l1 -null embryos develop normally until

profound defects was observed in axial patterning during implantation, which highlighted

the prominent role of Tcf3 as a regulator for differentiation [270].

It was shown that the stimulation Wnt signalling facilitates ESC maintenance; however,

activation of Wnt signalling alone is insufficient to maintain long-term ESC self-renewal

[471] [301]. Remarkably, the combination of GSK3 inhibitor (CHIR9902) with the Fgfr

inhibitor (SU5402) and Mek1/2 inhibitor (PD184352) could effectively maintain ESCs for

an extended period of time even in the absence of LIF [471]. This system was referred to

as ‘3i’, which evolved to ‘2i’ with the substitution of the SU5402 and PD184352 to a more

potent and specific Mek inhibitor PD0325901.
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1.3.3.1.5 Serum/LIF culture and 2i culture

Conventional condition (serum/LIF) is chemically undefined and often activate multiple

conflicting pathways. As a result, it promotes a considerable degree of morphological,

transcriptional and functional heterogeneity among cells [147]. This heterogeneity is re-

flected on the expression of a range of pluripotency-associated transcription factors, such

as Nanog, Rex1, Esrrb, Stella, Klf4, Tbx3 and Hex [57] [417] [154] [426] [49] [297]. Func-

tional distinction was observed between cells with different expression levels of some of

these factors. For example, cells with low Nanog expression exhibit moderate expression

of primitive endoderm markers such as Gata4 and Hex1, and epiblast marker Fgf5 [49]

[377] [186]. Similarly, Rex1-low cells were shown to have poor ability to form chimeras

following blastocyst injection [417]. These observations indicate the existence of two dis-

tinct sub-populations in ESCs cultured in serum/LIF: naive pluripotent cells, and primed

cells. The later is associated with expression of lineage markers and poor performance in

pluripotency assays. Notably, purification of the primed cells by cell sorting and replating

assay showed that these two subpopulations are interchangeable, and the transcriptional

and functional differences exist in in a dynamic equilibrium [451] [57]. Overall it sug-

gested that ESCs in serum/LIF condition is maintained in a metastable naive pluripotent

state, with a small proportion of cells cycling in and out of the ‘primed’, pluripotent state

[147].

The development of 2i condition allowed maintenance of ESCs in stabilised naive state,

characterised by its relatively spherical colony morphology with defined borders and lack

of differentiating cells. 2i-cultured ESCs exhibit a homogeneous transcriptional and epi-

genetic state with uniform expression of Nanog and Rex1 [471]. Transcriptome and epige-

nomic analysis showed that the 2i-cultured ES cells exhibit a profile comparable to that

of E4.5 epiblast, which probably explains its higher chimera contribution [30][203]. This

more robust naive pluripotency status in 2i condition is probably owing to the complete

insulation of differentiation signals. It was thus proposed that ESCs in 2i represent the

in vitro ‘ground state’, meaning a homogenous population with the potential to form all

embryonic lineages unbiasedly [471]. The in vitro ground state is the most optimised state

of naive pluripotency to date and the closest model to the pre-implantation epiblast [147].

However, a recent study reported that prolonged MEK1/2 suppression resulted irreversible

epigenetic changes that compromise the developmental potential of ESCs [73].
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1.3.3.2 Transcription factor network

1.3.3.2.1 Core pluripotency factors

Oct4

Oct4, also known as Oct3, is a member of the POU transcription factor family encoded

by the Pou5f1 gene. Oct4 regulates gene expression by binding to the octamer motif

ATGCAAAT within the promoter or enhancer region and was the first factor identified

as a master transcription factor in pluripotency and lineage specification regulation [363]

[220] [303].

Oct4 is absolutely essential for embryogenesis as Oct4 -deficient embryos failed to develop

ICM and die at the time of implantation [289]. The detection of Oct4 was made at as

early as the zygote stage, which is believed to be inherited from the oocyte [479]. Zygotic

Oct4 expression can be detected at 4- or 8- cell stage in blastomeres until blastocyst

formation. After the first lineage specification takes place, cells in the ICM retain Oct4

expression whereas cells in the trophoblast have little or no Oct4 expression [307] [318].

Upon implantation, transient up-regulation of Oct4 induces the formation of primitive

endoderm, while in the epiblast, Oct4 expression remains uniformly and continuously

high [307] [318]. During gastrulation, Oct4 expression is down-regulated and eventually

confined to primordial germ cells. In cell culture systems, Oct4 is highly expressed in

ESCs, ECs, and embryonic germ cells. Its expression is down-regulated upon induction of

differentiation [307] [190] [318].

The critical role of Oct4 in pluripotency maintenance was uncovered by Niwa et al. For

this, an inducible Oct4-expression system was established wherein Oct4 level can be mod-

ulated by the addition of tetracycline. Using this system, Niwa et al. demonstrated that a

two-fold increase in Oct4 expression led to primitive endoderm differentiation, whereas re-

pression of Oct4 caused dedifferentiation to trophectoderm [296]. Therefore, Oct4 expres-

sion needs to be tightly regulated in ESCs. It was shown that the Oct4 positive regulators

include Esrrb and Sall4, whereas Tcf3, Gcnf and Cdk2 mediate its negative regulation

[485] [483] [353] [84] [404] [281]. In addition to its crucial function in the maintenance

of pluripotency, Oct4 plays a role in regulating early cell fate. As mentioned previously

in this Chapter that expression of the autocrine differentiation signal Fgf4 was under the

regulation of Oct4. It was shown that Oct4 formed a complex with Cdx2, which resulted

in a reciprocal inhibition mechanism with mutually exclusive expression and facilitated

the segregation of pluripotent stem cells and trophectoderm [298]. Similarly, others have
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shown that sustained Oct4 expression induced specific lineage commitment in dependent

on the condition. For instance, Shimozaki et al. reported that Oct4 upregulation in ESCs

accelerated neurogenesis under serum-free culture condition [372]. Additionally, transient

increase in Oct4 expression led to cardiac commitment [480]. Finally, Oct4 was found to

play an important role in the reprogramming of somatic cells into induced pluripotent stem

cells (iPSCs). As one of the groundbreaking works in the stem cell field, Takahashi and

Yamanaka screened 24 factors and found that four transcription factors Oct4, Sox2, Klf4

and c-Myc were sufficient to reprogram fibroblast cells to pluripotent cells [400].

Among all pluripotency regulators, Oct4 was found to be central to the machinery. Most

importantly, Oct4 acts as a fundamental coordinator that recruits factors with various

functions to establish gene regulation programmes. Several mass spectrometry studies

were performed and identified a large number of Oct4 interaction partners from fami-

lies such as transcription factors, epigenetic modifiers, transcriptional coactivators and

components of signalling pathways [425] [106] [89] [309]. In particular several chromatin

remodelling complexes such as NuRD, SWI/SNF and LSD1 were found to interact with

Oct4. The correlation of LSD1 and Oct4 was confirmed by Whyte et al., showing that

LSD1 mediated pluripotency-related gene silencing during differentiation and this function

was through recruitment by Oct4 [442]. Although many of the other proposed correlations

found in these mass spectrometry analysis need to be validated, they demonstrated the

prominent role of Oct4 in pluripotency regulatory network.

Sox2

The most well-known partner of Oct4 is Sox2, which is also considered as one of the core

pluripotency factors. Sox2 belongs to the Sry high mobility group (HMG) box (Sox) su-

perfamily, which interact with DNA via the HMG domain with a consensus sequence. Like

Oct4, Sox2 is also required for early embryogenesis. Homozygous Sox2 mutant embryos

die shortly after implantation, due to failure of the epiblast formation [6]. Sox2 is highly

expressed in mouse ESCs. Sox2 -null ES cells differentiated primarily to trophoectoderm-

like cells, similar to Oct4-null ES cells [262]. Notably, forced expression of Oct4 in Sox2 -

deficient ESCs could rescue their the phenotypes, suggesting that the role of Sox2 in

pluripotency maintenance is to sustain Oct4 expression [262]. Masui et al. also showed

that Sox2 positively regulated the expression of Oct4 by promoting the expression of

Oct4 positive regulators such as Nr5a2 and repressing Oct4 negative regulators such as

Nr2f2 [262]. Oct4 and Sox2 bind DNA cooperatively and act synergistically on many

pluripotency-related genes [1] [2]. Compared to Oct4, Sox2 is more widely expressed in
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the developing embryo, from epiblast to trophectoderm as well as later in the neuroec-

toderm [6] [191]. Sox2 has been reported to be in charge of neural differentiation by

repressing other lineage regulators such as brachyury [436] [487].

Nanog

Another key regulator that contributes to the core pluripotency circuit is Nanog. Nanog

is a homeodomain-containing transcription factor whose role in pluripotency was first de-

scribed by two groups independently in 2003. Chambers et al. discovered Nanog from a

functional screen using an ESC cDNA library and found that forced expression of Nanog

from transgene is sufficient to maintain ESC pluripotency with elevated Oct4 level inde-

pendent of LIF [56]. In the same issue, Mitsui et al. reported the identification of Nanog

by digital differential display comparing the expressed sequence tag libraries from ESCs

and somatic tissues [277].

Deletion of Nanog results in preimplantation lethality, indicating its indispensability in

early mouse embryo development. Nanog-null embryos failed to develop epiblast, instead

cells either committed to trophoblast differentiation or progress to apoptosis [375] [277]

[289].The expression of Nanog in ICM follows a ‘salt-and-pepper’ pattern mutually ex-

clusive with Gata6-expressing cells, which was shown to be essential for the formation of

primitive endoderm and epiblast via potentiating Gata6 expression and providing support

from a functional epiblast [375]. By the late blastocyst stage, Nanog expression become

restricted to epiblast compartment, where it is uniformly expressed [375]. It was observed

that Nanog expression in conventional ESC culture is heterogeneous. To investigate this

phenomena, Chambers et al. generated heterozygous and null Nanog cell lines [57]. A

reduction of self-renewal ability was observed in relation to the dosage of Nanog [57].

Surprisingly, it was observed that Nanog-null cells maintained the ability for self-renewal,

albeit prone to differentiation [57]. Subsequent studies showed that Nanog-null cells were

able to contribute to three germ laters. These findings suggested that Nanog mainly

function in stabilising pluripotency by counteracting alternative gene expression states

[57].

Like Oct4 and Sox2, Nanog has been shown to interact with a large number of protein

partners ranging from transcription factors, chromatin modifiers and signalling pathway

components, indicating its critical role as a core pluripotency regulator. Unlike Sox2 which

is closely associated with Oct4, global mapping of Oct4 and Nanog binding sites showed

only partial co-occupancy of Nanog and Oct4. In addition, transcriptome analysis after
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shRNA knockdown of either Oct4 and Nanog showed distinct gene expression profile [232]

[294]. It was thus proposed that Nanog has a complementary and partially overlapping

gene regulation activities to Oct4/Sox2 [258].

The Oct4/Sox2/Nanog triumvrate

Oct4, Sox2 and Nanog crossly regulate each other, forming an interconnected auto-regulatory

and feedforward circuitry known as the Oct4/Sox2/Nanog (OSN) triumvrate [33]. They

function cooperatively to activate the expression of genes required to maintain pluripo-

tency, and at the same time repress genes involved in lineage specification [472] [33]. The

ability of OSN to positively or negatively regulate gene expression is based on the inter-

action with other transcription factors and epigenetic machineries. Chen et al. demon-

strated that the OSN collaboratively activate gene expression via binding to the enhancer

site [68]. Most of these binding sites are occupied with coactivator p300 and mediator

[68] [24] [182]. Furthermore, Yuan et al. showed that Oct4 recruits Setdb1, which cataly-

ses the repressive histone modification H3K9me3 at genes associated with trophectoderm

differentiation, such as Cdx2 and Tcfap2a [474]. Similar findings have been reported by

the Young lab [24]. Additionally, Liang et al. showed that Nanog and Oct4 associate

with specific repressor protein from the NuRD complex, namely Hdac1/2 and Mta1/2,

to form a complex and co-occupy Nanog target genes for developmental gene repression

[226]. Importantly, pluripotency signalling pathways are wired into the OSN circuitry to

deliver exogenous information to the genome in the form of activate transcription factors

[472]. The OSN binding sites are correlated with the binding of Stat3, Tcf3 and Smad1,

which are the effectors of LIF/STAT3, Wnt and BPM4 signalling pathways. Loss of Oct4

leads to a loss of co-binding of these transcription factors, indicating that these pathways

regulate pluripotency by directly deliver signals to the core regulatory circuitry [68] [232]

[77] [472].

1.3.3.2.2 Ancillary pluripotency regulators

Further to the core pluripotency circuitry established by the OSN triumvrate, ESCs also

express a repertoire of ‘ancillary’ pluripotency regulators that are individually dispens-

able but collectively reinforce naive pluripotency. A large-scale RNAi screen performed

by Ivanova et al. identified several ancillary pluripotency factors including Esrrb, Tbx3,

Tcl1 and Dppa4 [170]. Among them Esrrb appears to play an especially crucial effect,

probably because it interacts with Oct4 and is directly up-regulated by Nanog [111] [485] .

Esrrb over-expression showed an enhanced self-renewal phenotype and ESC pluripotency
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can be sustained without LIF [111]. During development, Esrrb is required in placenta

formation but not the embryo [242], indicating that its role in pluripotency can be sub-

stituted by alternative pathways. Consistently, it was shown that Esrrb knockout ESCs

can be isolated and propagated in serum/LIF with sustained Oct4 expression [111]. It

was also reported that Esrrb is the principal target of Tcf3 and forced expression of Esrrb

render ESCs propagation without GSK3 inhibitor [259]. Furthermore, Esrrb is dispens-

able in the presence of LIF, confirming the functional compensation by LIF/STAT3 [259].

Tbx3 is shown to be regulated by the PI3K/Akt pathway downstream of LIF [297], while

Klf4 is found to be a direct target of Stat3 [148]. Forced expression of Tbx3 and Klf4

is sufficient to maintain self-renewal of ESCs in LIF-free condition [297]. A study per-

formed by Martello et al. identified another ancillary factor Tfcp2l1, which is another

non-compensable downstream target of STAT3 [257]. Other ancillary factors include but

not limited to Tcf3, Klf2, Sall4, Prdm14, Pum1 and Zfp706. These factors are expressed

uniformly in 2i but heregenously in serum.

1.3.3.3 Epigenetic regulation

1.3.3.3.1 DNA methylation

Methylation at CpG dinucleotide is a repressive epigenetic modification at the level of

DNA [385] . Once established, DNA methylation (5mC) is stably maintained by DNA

methyltransferase 1 (DNMT1) and propagated through cell division. It was found that

during early development, 5mC is dynamically erased, resulting in a globally hypomethy-

lated state in the ICM [384][380]. It was proposed that the global hypomethylation is to

remove epigenetic barriers and facilitate pluripotency acquisition [147].

There are mainly two possible mechanisms of DNA demethylation: the replication-independent

active DNA demethylation and the replication-dependent passive DNA demethylation

[438]. As an effector involved in the active DNA demethylation, the activation-induced

cytidine deaminase (AID) has been shown to demethylate the promoters of Oct4 and

Nanog during human fibroblast reprogramming [20] [323]. However, controversial findings

have been reported in certain mouse ESC lines [120]. The passive DNA demethylation

pathway involves oxidation of 5mC to 5-hydroxy-methylcytosine (5hmC), 5-formylcytosine

(5fC) and 5-carboxylcytosine (5caC) by the ten-eleven translocation (TET) family of en-

zymes [223]. Tet1 and Tet2 are highly expressed in mouse ESCs and are down-regulated

upon differentiation [169] [201]. It was demonstrated that the rate and extent of DNA

demethylation was compromised in Tet1 and Tet2 deficient ESCs [112]. Furthermore, si-
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lencing of Tet1 resulted in downregulation of pluripotency genes such as Nanog, Esrrb and

Klf4 [169] [123] [201].

As the mouse embryonic development proceeds, DNA methylation is reestablished by

Dnmt3a and Dnmt3b. Embryos with mutant Dnmt3b was normal in early developmental

stages but was defective in later stages [304]. Furthermore, it was shown that Dnmt-

deficient ESCs exhibited normal self-renewal ability but lost differentiation potential [67]

[419] [266]. Collectively, it suggests that DNA methylation is important for lineage speci-

fication but not ESC maintenance.

Recent studies demonstrated that ESCs cultured in 2i/LIF exhibited global hypomethyla-

tion which is comparable with the ICM, whereas ESCs in serum/LIF accumulated a much

higher level (approximately 3-fold) of DNA methylation, which resembles the hyperme-

thylated state of the postimplation epiblast [113] [146]. Interestingly, the Nanog/Rex1-

positive cells in serum/LIF also retain high global 5mC, indicating they may not be at the

ground state, which is consistent with the heterogeneity and primed feature of serum/LIF

cultured cells [113]. The difference in DNA methylation between serum/LIF and 2i/LIF

indicates profound effect of exogeneic signalling pathways on the epigenetic landscape in

ESC maintenance.

1.3.3.3.2 Bivalent domains

The developmental promoters in pluripotent stem cells are featured by the co-presence of

activating modification H3K4me3 and the repressive modification H3K27me3, which is a

phenomenon known as bivalency [458] [8] [308]. These conflicting marks are commonly

observed in pluripotent stem cells but very rarely in somatic cells [17] [267]. The biva-

lent signature is thought to keep lineage-specific genes silenced yet maintaining a poised

state so that they can be rapidly reactivated in response to differentiation cues [438].

The H3K27 methylation is catalysed by Polycomb repressive complex 2 (PRC2), which

is composed of Ezh2, Eed and Suz12. It has been shown that the polycomb complexes

are dispensable for ESC self renewal, but simultaneous knockout of PRC1 and PRC2

ESCs failed to differentiate into three germ layers, suggesting that the repressive epige-

netic modifications are primarily function in the initiation of differentiation rather than

pluripotency maintenance [55] [218]. Notably, cells cultured in 2i/LIF exhibited decreased

H3K27 modifications on bivalent domains compared to cells in serum/LIF. It was thought

that this could be a an effect of Erk inhibition since Erk is required for the activity of

Eed [409]. The methylation of H3K4 is mediated by the Trxthorax group (TrxG) complex
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such as Wdr5. It was shown that Wdr5 physically interact with Oct4 and genome-wide

protein localisation analysis revealed overlapping gene regulatory functions between Oct4

and Wdr5 [3]. Additionally, depletion of Wdr5 resulted down regulation of Oct4 target

genes and resulted in loss of self renewal [3]. It has been widely accepted that the bivalant

histone modifications are the unique feature of pluripotent stem cells that keeps genes in

an inducible state and increases robustness at the same time. However, some evidence

suggested that bivalency may be functionally dispensable[83] [429] [147]. Thus more work

needs to be done to directly probe the function of bivalent domains in development.

1.3.3.3.3 Heterochromatin organisation

Higher order of chromatin remodelling has been shown as an important machinery that

facilitates coordinated action on gene expression. H3K9 methylation marks constitutive

heterochromatin in pericentric and telomeric regions. Immunostaining of hetrochromatin

protein1 (HP1) and H3K9me3 revealed a hyperdynamic and less compartmentalised struc-

ture in ESCs, indicating of chromatin reorganisation during differentiation [271]. This rel-

atively diffused hetorochromatin structure is a functionally important hallmark of pluripo-

tent stem cells, which helps to maintain plasticity and establish higher-order chromatin

structure upon differentiation. It was shown that Oct4 regulates H3K9 methylation via up-

regulating Jmjd1a and Jmjd2c, which encode H3K9me2/3 demethylases [233]. Depletion

of Jmjd1a and Jmjd2c resulted in down regulation of pluripotency genes and differentia-

tion of ESCs [233].

The maintenance of pluripotency has been extensively studied over the past decades.

However, up until now, there is still a lack of knowledge on the exact mechanism of the

initial transition towards differentiation. With the advent of the CRISPR-Cas9 technology,

I sought to perform a genome-wide knockout screen to study the exit of pluripotency

in a comprehensive in-depth manner. In order to do that, specific investigation steps

were undertaken. First, careful preparation and optimisation was conducted to establish

the screening conditions. Second, the genome-wide CRISPR-Cas9-mediated screen was

performed and result was analysed. Finally, the role of mTORC1-related pathways in the

regulation of pluripotency and differentiation was investigated.
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2.1 Cell Culture

2.1.1 Materials

2.1.1.1 Cell lines

Cells Source

Rex1:GFPd2 reporter cell line Mouse E14 with expression of a destabilised
GFP (GFPd2) driven by the endogenous Rex1
promoter [450]

Cas9-expressing JM8 cell line Generated by Koike-Yusa et al. [202]

HEK293FT Human embryonic kidney cells obtained from
Invitrogen

2.1.1.2 Media components, inhibitors and other reagents used in cell cul-

ture

Components Supplier Catalog No.

Knockout DMEM Life Technologies 10829018

DMEM Life Technologies 21969

Fetal Bovine Serum (FBS) Life Technologies 10500064

GlutaMax (100X) Life Technologies 35050061

Non-essential Amino Acids (100X) Life Technologies 11140035

β-Mercaptoethanol Sigma-Aldrich M6250

NDiff 227 Clontech Y40002

Knockout Serum Replacement (KSR) Life Technologies 10828

20% Bovine Serum Albumin (BSA) Life Technologies 15260037

Penicillian-Streptomycin (100X) Life Technologies 5140122

PD0325901 Selleck Chemicals S1036

CHIR99021 Selleck Chemicals S1263

Leukemia inhibitory factor (LIF) Millipore ESG1107

G418, Geneticin Invitrogen 10131027

Rapamycin Sigma Aldrich R8781

Dimethyl Sulfoxide (DMSO) Sigma Aldrich 276855

Phosphate Buffered Saline (PBS) Sigma-Aldrich 806544
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2.1.1.3 Dissociation agents

Components Supplier Catalog No.

Trypsin- 0.25% EDTA Life Technologies 25200056

Accutase Millipore SCR005

2.1.1.4 Other chemicals and kits

Components Supplier Catalog No.

Leukocyte Alkaline Phosphatase kit Sigma-Aldrich 86R-1KT

Paraformaldehyde (PFA) Sigma-Aldrich 158127

Mytomycin C Sigma-Aldrich 50-07-7

Polybrene Sigma-Aldrich 86R-1KT

Lipofectamin LTX Invitrogen 15338100

2.1.1.5 Media

Media Components

Serum/LIF condition

KnockOut DMEM supplemented with:
15%FBS
1 x GlutaMax
1 x NEAA
0.1mM β-mercaptoethanol
1000 U/mL LIF

2i/LIF condition

NDiff 227 supplemented with:
5%BSA
1%KSR
1 x NEAA
0.1mM β-mercaptoethanol
1 μM PD0325901
3 μM CHIR99021
1000 U/mL LIF

Medium for feeder cells

KnockOut DMEM supplemented with:
10%FBS
1 x GlutaMax
1 x NEAA
0.1mM β-mercaptoethanol

Medium for HEK293FT (D10)
DMEM supplemented with:
10%FBS
1 x GlutaMax
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2.1.2 Methods

2.1.2.1 Routine culture and maintenance mESCs

ESCs cultured under serum/LIF condition were routinely passaged on mitotic-inactivated

feeder layer everyday at a split ratio of 1:2-1:3. Trypsin-0.25% EDTA was used followed

by mechanistic dissociation to achieve single cell suspension before replating. Feeder cells

were prepared by treating MEF with 15 μg/mL mitomycin C for 3 hours. Feeder cells

were plated one day before passaging.

ESCs cultured in 2i/LIF were passaged every two or three days on 0.1% gelatin coated

plastics at a split ratio of 1:8-1:10 dependng on confluency. Accutase was used as a dissoci-

ation agent. Medium was replenished everyday. For freezing, mESCs were harvested and

resuspended in freezing medium (90% culture medium, 10%DMSO) and stored overning

at -80 ◦ C before transfer into liquid nitrogen for long-term storage.

2.1.2.2 Differentiation condition

ESCs were detached with Accutase and plated at a density of 10,000/cm2 in N2B27

medium on 0.1% gelatin coated plates in the absence of LIF or 2i to allow differentiation.

Medium was changed every day.

2.1.2.3 Transfection of mESCs

Lipofection

Lipofection was conducted using the Lipofectamine LTX Reagent as per manufacturer’s

protocol. For 4 x 105 ESCs, the DNA transfection complex was prepared as follows:

2 μg kit-purified DNA and 2 μPLUS reagent were mixed with 500 μL OptiMEM and

incubated at room temperature for 5 minutes. LipofectamineLTX reagent (6 μL) was

added and further incubated for 30 minutes. The DNA transfection complex was mixed

with cell suspension and plated on MEF in serum/LIF. Medium was replenished after 3

hours.

Electroporation

A suspension of 10 x 107 ESCs were mixed with 25 μg DNA in 800 μL PBS. The mixture

was transferred to a 0.4 cm gap cuvette (Biorad) and electroporated at 240 V, 500 μF

using the Gene Pulser Xcell Electroporation systems (Biorad). The electroporated cells

were plated on feeders in serum/LIF at a density of approximately 50,000 cells per cm2.
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Selective drugs were added about 16 to18 hours later. Medium was replenished every day.

Colonies were picked and genotyped about 6 to 8 days later.

2.1.2.4 Lentivirus production and transduction

Lentifivus production

HEK293FT cells were plated the day before transfection at a density to achieve 70-80%

confluency at the time of transfection. To produce virus from one 10-cm cell culture dish,

5.4 μg lentiviral transfer vector, 5.4 μg psPax2, 1.2 μg pMG2.G and 12 μL PLUS reagent

were mixed in 3 mL Opti-MEM and incubated for 5 minutes at room temperature. 36

μL Lipofectamine LTX was added to the mixture and further incubated for 30 minutes at

room temperature. At the end of the incubation, D10 was replaced with 5 mL OptiMEM

from the dish culturing HEK293FT cells before DNA/Lipofectamine complex was added

to the cells. The cells were incubated with the DNA/Lipofectamine complex for 6 - 8

hours, after which medium was replaced with 10 mL D10. The amount of reagents were

scaled up or down accordingly depending on the amount of virus to be produced. Two

days after transfection, viral supernatant was collected with a syringe and filtered through

a 0.45 μm filter cartridge. The filtered viral supernatant was aliquoted and stored at -80

◦ C.

Lentivirus transduction

0.5 x 106 ESCs were resuspended in 500 μL diluted viral supernatant supplemented with

polybrene at a final concentration of 4 μg/mL. The ESC-lentivirus suspension was incu-

bated at 37 ◦ C for 30 minutes before being plated in serum/LIF on feeders. Medium was

changed the next day. The amount of reagents was scaled up or down depending on the

amount of cells to be transduced.

2.1.2.5 Genetic manipulation of cell lines

Cas9 knockin

The Rosa26 Cas9 targeting vector (Figure 3.2) was linearised with PacI and introduced

into the Rex:GFPd2 cells by electroporation. Transfected cells were selected in 180 mM

G418 for 8 days, after which single colonies were picked and expanded. Genomic PCR

was performed using LongAmp Taq DNA polymerase (NEB) with the following primers:

Forward primer: TCGCATTGTCTGAGTAGGTGTCATTCTA

Reverse primer: CTAACAAAACGTCTCAACTTCAAGGTGA
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Generation of stable knockout cell lines

Several stable knockout mESC lines were generated using paired gRNAs to delete one

′critical′ exon, which is defined as an exon that is common to all transcripts and creates

a frame-shift mutation when deleted.. Cas9-expressing Rex1GFPd2 cells were transfected

with 2 plasmids encoding gRNA#1 (1 μg) , gRNA#2 (1 μg). gRNA sequence as shown

in Table:2.1. Three days after transfection, BFP-positive cells were sorted and plated

in serum/LIF on MEF at a density of 1000 cells per 10cm dish. Single colonies were

picked and genotyped after 6 to 8 days. PCR genotyping primer sequence as shown in

Table:2.2.

Table 2.1: gRNA pairs used to generate stable knockout cell lines

Gene gRNA1 gRNA2

Tcf7l1 GCTCCCAAAGAGCGGTGGTG TGAAAGGAGCCACCGGTGAG

Apc ACAAGCTAATACATATTGCC GACAGTGCAGCTTTTAGATT

Tsc1 GGCGACATCAGGCTCAGCAC GCAGCCATGTGTATGCGGGA

Tsc2 AAAAGGTGCTGCAGTTCACG TCCAAGCTTAATGCATTAGG

Nprl2 CCGGACCCAACGTCCACTGA GTGTGAGGCTTTAGTTGGGT

Depdc5 CACAGGGCACCCCATCATGT ACAAAACATGCTCGTCTCTA

Rraga GTCGCCACGGACTGGGCCTG CTGATAGACGATGCTGGACC

Rictor TGCTTGTCTATGCACAATTT TAACAATTTAAGTCCGAGCT

Table 2.2: PCR genotyping primers

Gene Forward primer Reverse primer

Tcf7l1 AGCCATTTTGACGTCTGTCC CCGAGAGCTCCTGTCAGAAC

Apc CGTCAGTGCAGTGTTCCTTC AGTCTGAAGTCAGCCCAGGA

Tsc1 GGGGATAGGGATAGGGGTCT ATGAACTGCAGGGTTTCTGG

Tsc2 GACAGGAGGCAAGCAGAAAC GCTAGAGAAGGGCAGGGAGT

Nprl2 CAAAGTAGACCACTGGGTGGA AGAAGAAGCTGATTGGCTGC

Depdc5 ACTCTCAGGGAAAAGGCAGA TGCTTTTGCAAGTCAAGTCG

Rraga TGGTCTGCTCTCGCTAGCTC TTTGCCCAGATTATTGAGGC

Rictor ACGGTGGGACAGAAACTCAG TCAAGCAGTTTCAGTGCCAC

2.1.2.6 Commitment assay

ESCs were plated under differentiation condition for 26-28 hours before being detached

and replated in N2B27 supplemented 2i/LIF at a density of approximately 20,000 cells

per well of a 12-well plate. Uncommitted ESCs were allowed to expand for 6-8 days before

AP staining was performed. Medium was replenished every day.
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2.1.2.7 Flow cytometry and cell sorting

Flow cytometric analysis was performed to analyse Rex1-GFP expression. ESCs were

dissociated into single cells by trypsin and resuspended in 1% (V/V) BSA in PBS followed

by filtration through a 35 μm cell strainer to remove any cell clumps. Filtered cells were

immediately brought for analysis using the LSR Fortessa instrument (Becton Dickinson).

Data was analysed using FlowJo.

For transduction efficiency measurements, harvested ESCs were fixed with 4% (V/V) PFA

for 20 minutes. The fixed cells were washed twice with PBS before being resuspended in

1% BSA and analysed on the LSR Fortessa instrument.

To perform fluorescent activated cell sorting (FACS), harvested ESCs were filtered and

resuspended in culture medium to a final density of approximately 5 x 106 per ml and

left on ice until sorting. The sorted cells were either pelleted down and stored at -80◦

C for DNA/RNA extraction, or plated in culture medium supplement with Penicillin-

Streptomycin for further analysis.
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2.2 Molecular Biology

2.2.1 Materials

2.2.1.1 Molecular chemicals and Kits

Reagents Supplier Catalog No.

1 kb DNA ladder NEB N3232S

100 bp DNA ladder NEB N3231S

Ampicillin Sigma Aldrich 59349

DH5α competent cells Invitrogen 18263012

LongAmp Taq DNA polymerase NEB M0323S

Q5 Hot Start High-Fidelity 2XMaster Mix NEB M0494S

10x Ligation buffer NEB M0202S

T4 Ligase NEB M0202S

T4 PNK NEB M0201

Proteinase K Roche 03115879001

DNeasy Blood and Tissue Kit Qiagen 69504

Blood and Cell Culture DNA Midi Kit Qiagen 13343

Blood and Cell Culture DNA Maxi Kit Qiagen 13362

QIAprep Spin Miniprep Kit Qiagen 27104

QIAquick PCR Purification Kit Qiagen 28104

RNeasy Mini Kit Qiagen 74104

Agencourt AMPure XP beads Beckman A63881

DynaMag-96 Side Magnet Invitrogen 12331D
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2.2.1.2 Immunoblotting

Reagents Supplier Catalog No.

RIPA buffer Sigma-Aldrich R0268

Protease Inhibitor Cocktail Sigma-Aldrich P8340

Phophatase Inhibitor Cocktail Sigma-Aldrich P5726

Bradford protein assay Bio-Rad 5000006

Colour Prestained Protein Standard (11-245 kDa) NEB P7712

NuPAGE MOPS SDS Running Buffer (20X) Invitrogen NP0001

NuPAGE Transfer Buffer (20X) Invitrogen NP00061

BSA lyophilized powder Sigma-Aldrich A9647

Nonfat dry milk blotting-grade blocker Bio-Rad 1706404

NuPAGE Sample Reducing Agent (10X) Invitrogen NP0009

NuPAGE LDS Sample Buffer (4X) Invitrogen NP0007

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 10-well Invitrogen NP0321

NuPAGE Novex 4-12% Bis-Tris Protein Gels, 12-well Invitrogen NP0322

Pierce TBS Buffer (20X) Thermo Scientific 28358

Tween 20 Sigma-Aldrich 90050-64-5

Thick Blot Paper Bio-Rad 1703932

Amersham ECL start Wester Blotting Detection
Reagent

GE Healthcare RPN3244

Amersham Hypercassette GE Healthcare RPN11642

Amersham Hyperfilm ECL GE Healthcare 28906837

Amersham Hybond P 0.45 PVDF GE Healthcare 10600023

Cell scraper Corning 734-1537

Mini Trans-Blot Electrophoretic Transfer Cell Bio-Rad 1703930

XCekk SureLock Mini-Cell Electrophoresis System Thermo Fisher EI0002
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Antigen Supplier Source Dilution

Akt-pThr308 Cell Signaling-9275 Rabbit/Polyclonal 1:1000

Akt-pSer473 Cell Signaling-9271 Rabbit/Polyclonal 1:1000

Akt Cell Signaling-9272 Rabbit/Polyclonal 1:1000

S6K-pThr389 Cell Signaling-9205 Rabbit/Polyclonal 1:1000

S6K Cell Signaling-9202 Rabbit/Polyclonal 1:1000

S6-pSer235/236 Cell Signaling-2211 Rabbit/Polyclonal 1:1000

S6 Cell Signaling-2217 Rabbit/Monoclonal 1:1000

GSK3β-pSer9 Cell Signaling-5558 Rabbit/Monoclonal 1:1000

GSK3β Santa Cruz-9166 Rabbit/Polyclonal 1:1000

PRAS40-pThr246 Cell Signaling-13175 Rabbit/Monoclonal 1:1000

PRAS40 Cell Signaling-2691 Rabbit/Monoclonal 1:1000

β-Actin Sigma-Aldrich-A2228 Mouse/Monoclonal 1:1000

Rabbit IgG-HRP GE Healthcare-NA934 Donkey 1:1000

Mouse IgG-HRP GE Healthcare-NA931 Donkey 1:1000
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2.2.2 Methods

2.2.2.1 Isolation of nucleic acids

Plasmid DNA was obtained using the QIAprep Spin Miniprep Kit. Genomic DNA was

obtained from mESCs collected from cell sorting or direct trypsinisation. DNeasy Blood

and Tissue kit was used when cell number was less than 5 million. Blood and Cell Culture

DNA Midi kit was used when cell number was in between 5 million and 20 million. Blood

and Cell Culture DNA Maxi kit was used when cell number was above 20 million. RNA

was extracted using the RNeasy Mini Kit.

2.2.2.2 gRNA cloning

gRNA expression vector (Figure 4.1 (A)) was linearised with BbsI and purified from gel.

1 pmol each of top and bottom strand oligo were mixed with 1 μL of 10X T4 ligation

buffer, 0.5 μL of T4 PNK and dH2O to achieve a total volume of 10 μL. Reaction was

performed in a thermal cycler with the following conditions: 37 ◦ C for 30 minutes followed

by 95 ◦ C for 5 minutes, after which temperature was set to ramp down to 25 ◦ C at 0.1

◦ C/second. 14.2 fmol annealed ds-oligo was ligated with 3.7 fmol linearised vector by

mixing with 1 μL T4 ligase and 1 μL 10X ligase buffer in a total volume of 10 μL. The

ligation mixture was incubated at 16 ◦ C for 4-16 hours. Ligated plasmid was introduced

into DH5 chemical competent cells following standard bacteria transformation protocol.

Bulk plasmid was prepared by inoculating 2 mL of 2X YT media (50 μg/mL Amp) and

shaking overnight at 37 ◦ C. Plasmid DNA was purified with Miniprep kit. To prepare

single clone, transformed bacteria was plated on LB Amp plates followed by expanding in

liquid culture. Plasmid sequence was checked by capillary sequencing.

2.2.2.3 Lysate PCR

Approximately 5,000 cells were collected per PCR tube and washed twice with PBS. 25

μL water was added to the cell pellet and heated for 10 minutes at 90 ◦ C for cell lysis.

5 μL proteinase K was added to each well and reaction was carried out at 55 ◦ C for 60

minutes. The enzyme was heat inactivated at 95 ◦ C for 10 minutes. PCR was carried

out using 10 μL cell lysate in a 50 μL PCR reaction with LongAmp Taq DNA polymerase

following the manufacturer’s protocol.
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2.2.2.4 Illumina library preparation

At the end of the screen, gRNAs were amplified from lentivirally transduced cells using

the following primers:

Forward primer: ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGTGGAAAG-

GACGAAACA; Reverse primer: TCGGCATTCCTGCTGAACCGCTCTTCCGATCTC-

TAAAGCGCATGCTCCAGAC. The following reaction mix was set up:

Reagent Volume per reaction

2x Q5 HS HF 25 μL

Primer mix (10 μM each) 1 μL

Genomic DNA 2 μg

dH2O up to 50 μL

To cover the complexity of the gRNA library, approximately 72 μg genomic DNA was

analysed for the control samples. All the genomic DNA was analysed for sorted Rex1-

GFP positive cells. The PCR reaction was set to run with the following programme:

Cycle number Denature Annealing Extension

1 98 ◦ C, 30 seconds

2-26 98 ◦ C, 30 seconds 61 ◦ C, 15 seconds 72 ◦ C, 20 seconds

27 72 ◦ C, 2 minutes

The PCR end product was purified using QIagen’s PCR purification kit and used for

second round PCR.

Reagent Volume per reaction

2x KAPA HiFi HotStart ReadyMix 25 μL

Primer mix (5 μM each) 2 μL

First round PCR product 1 ng

dH2O 18 μL

Cycle number Denature Annealing Extension

1 98 ◦ C, 30 seconds

2-9 98 ◦ C, 10 seconds 66 ◦ C, 15 seconds 72 ◦ C, 20 seconds

10 72 ◦ C, 5 minutes

The end PCR product was purified using SPRI beads and transferred for Illumina se-

quencing.
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2.2.2.5 Western blotting

ESCs were lysed on tissue culture plate directly by adding RIPA buffer supplemented

with phosphatase inhibitor (1:100) and protease inhibitor (1:1000). Protein was purified

from cell debris via centrifugation at 15000 rpm for 15 minutes at 4 ◦ C. Total protein

content was quantified using Bradford Protein Assay (BioRad). Protein standard was

prepared by diluting BSA to a range of 0.05 to 0.25 mg/mL. 10 μL protein standard

and sample solution was added into duplicate wells of a 96-well clear flat-bottom plate.

200 μL Bradford protein assay dye reagent was added into each well. The mixture was

incubated for at least 5 minutes before measuring the absorbance at 595 nm. The protein

concentration was calculated based on the standard curve obtained from the readings of

protein standards. The quantified protein samples were diluted with 4X sample buffer

supplemented with reducing agent before being heat denaturation. The denatured protein

samples were resolved at 180 V for 1 hour through a 4-12% Bis-Tris gel in SDS running

buffer, then subsequently being transferred onto a PVDF membrane at 90 V for 1 hour at

4 ◦ C using the wet transfer method. Blots were blocked for 30 minutes in either 5% BSA

or milk in TBS buffer plus 0.1% Tween 20 (TBS-T). Blots were probed in diluted primary

antibody overnight at 4 ◦ C followed by three times washing in with TBS-T. Membranes

were then probed with appropriate horse radish peroxidase (HRP)-conjugated secondary

antibody for 1 hour at room temperature. Membranes were washed three times in TBS-T

before the addition of ECL substrate and exposure onto the X-ray film.
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2.3 Bioinformatics analysis

2.3.0.1 RNA-Seq analysis

The extracted RNA was sequenced on Illumina HiSeq2500 by 75-bp paired-ended sequenc-

ing. Sequencing data was analysed using Kallisto with the mouse RefSeq transcriptome as

a reference [36]. Differential gene expression analysis was performed using DESeq2.

2.3.0.2 gRNA sequencing result analysis

The number of reads for each gRNA was counted with an in house scripted written by

Yilong Li. The enrichment and depletion of gRNAs and genes were analysed by MAGeCK

[225].

2.3.0.3 Gene Set Enrichment Analysis (GSEA) analysis

The GSEA analysis was performed using the online algorithm ‘GSEAPreranked’ devel-

oped and maintained by the Broad Institute

(http://software.broadinstitute.org/cancer/software/genepattern/modules/docs/GSEAPreranked/1)

[395]. Screening hits were pre-ranked according to the Depletion/Enrichment (DE) score,

which was computed as: log10 (Depletion P value) + [- log10 (Enrichment P value)]. The

‘Mitochondrion morphogenesis’ and ‘Oxidative phosphorylation’ gene sets were down-

loaded from the Molecular Signatures Database (MSigDB). The ‘Betschinger’ gene set

contains all the validated genes from a published siRNA-based screen [19].
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3.1 Introduction

Care must be taken with the design of a genome-wide screen to ensure the ultimate

success of the endeavour. A successful screen must be robust and reproducible, with

maximal sensitivity and minimal false-positives. Some of the major considerations are

whether an assay needs to be used to measure the desired parameters, which marker to

choose for that assay and whether the selected marker is truly indicative of that process.

To monitor the very early stages of differentiation, I adopted the Rex1:GFPd2 reporter

cell line kindly provided by the Smith lab. Two characteristics of the Rex1 gene render

it a desirable pluripotency marker. Firstly, as demonstrated by Masui et al., the Rex1

function is dispensable for both the development of a mouse embryo and the maintenance

of ESCs[263]. Secondly, Rex1 expression is tightly restricted to the naive pluripotency

compartment and is rapidly downregulated at the onset of differentiation [417], therefore

providing an accurate biological focus and faithful pluripotency readout. Loss of Rex1

expression leads to loss of clonogenicity under 2i/LIF conditions, indicating the irreversible

exit of pluripotency [30] [185]. Notably, the downregulation of other naive pluripotency

markers such as Nanog, Klf2 and Tfcp2l1 upon differentiation is earlier than that of Rex1,

but self-renewal capacity is retained as long as Rex1 is expressed [185]. The Smith group

then generated the Rex1:GFPd2 reporter cell line, in which destabilised GFP with a half-

life of 2 hours is expressed under the control Rex1 promoter [450]. This reporter cell line

enables almost real time monitoring of differentiation, hence providing great convenience

in the fractionation of ESCs based on its naive pluripotency state by flow cytometry and

further downstream analysis.

Screening parameters need to be designed to maximise the difference in gRNA abundance

between treated and control samples. One of the crucial parameters is the time of exam-

ining, at which it is ideal to achieve a balance between assessing mutants with modest

phenotypes and discarding a large number of outliers. In the context of a differentiation

screen, conditions such as differentiation duration and FACS cut-off are crucial to success.

Given the substantial complexity of the genome-wide gRNA library, it is challenging to

maintain a sufficient coverage of gRNA representation during the screen. Therefore, a

relatively simple differentiation protocol is favourable, especially when handling a large

number of cells. A monolayer neuroectodermal differentiation method has been used in

previous genetic screens to identify pluripotency regulators [469] [142] [217] [19], in which

ESCs were induced to differentiate following LIF and inhibitors withdrawal. The same
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can be applied in the CRISPR-Cas9 based screen and mutant candidates can be easily

identified based on the persistence of Rex1GFP expression. Last but not least, it is note-

worthy that there is natural variation between each cell as well as between each screen.

Such variation is unavoidable and difficult to eliminate, but measures can be taken to keep

it in an acceptable range. For example, it is worth checking the Cas9 activity to make sure

it is uniformly active in the chosen cell line, so that the phenotype linked to a gRNA will

not be masked by inactive Cas9. Including biological replicates will also help to reduce

stochastic noise. Feasibility and cost needs to be taken into account when choosing the

numbers of replicates.

In this chapter, I describe the preparation work for the genome-wide CRISPR-Cas9 knock-

out screen, including analysis of culture and differentiation conditions, generation of con-

stitutive Cas9-expressing Rex1:GFPd2 cell line, as well as proof-of-principle studies which

target well-studied pluripotency-regulating genes, namely Tcf7l1 and Apc. My aim was

to optimise the screening conditions to achieve the highest possible sensitivity and robust-

ness.

3.2 Results

3.2.1 Analysis of self-renewal and differentiation conditions

Establishing the pre-screening culture condition is important to achieve a successful differ-

entiation screen. It is preferable to maintain ESCs as a relatively homogeneous population

to minimise any biases prior differentiation. I first examined the Rex1GFP expression in

serum/LIF and 2i/LIF culture, with or without feeder layer (Figure 3.1). Consistent with

previous findings, Rex1 expression was homogeneous in 2i/LIF but rather heterogeneous

in serum/LIF. Notably, ESCs cultured in serum/LIF without feeders were inclined to lose

Rex1 expression, indicating a less stable pluripotency status. It is thus likely that feeders

play additional roles in promoting self-renewal beyond contributing LIF. As expected, the

presence of feeders did not make a difference in Rex1 expression in 2i/LIF. As 2i effec-

tively insulates any differentiation signals, so that the pluripotency status is rather stable

without any further support. The heterogenous ESC population became homogeneous

after two days of culture in 2i/LIF, suggesting that the Rex1 -negative primed cells can be

either reversed to naive pluripotency or eliminated from the population, and that the two

culture conditions are convertible. In observing the above, I decided to maintain ESCs in

2i/LIF before screening to achieve a feeder-free homogeneous population prior induction
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of differentiation.

Figure 3.1: Analysis of Rex1GFP profile under maintenance conditions. (A) Comparison of Rex1GFP profile

under different maintenance conditions. ESCs were cultured under serum/LIF condition on feeders (Day 0), and

were subsequently split into four maintenance conditions: serum/LIF with or without feeders, and 2i/LIF with or

without feeders. The Rex1GFP profiles of cells in each condition were measured everyday for four days. Blue -

Rex1:GFPd2 cells; Red - GFP negative control, wild type ESC line E14.
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Following 2i withdrawal, the pluripotency network collapsed quickly, which was reflected

by the rapid down regulation of Rex1 expression (Figure3.2 (A)). The most drastic tran-

sition occurred in the first three days, during which the majority of the cells lost Rex1

expression. Taking the large complexity of the library into consideration, I then checked

cell growth during differentiation to plan the scale of the screen and to ensure there was

sufficient coverage of the gRNA representation and enough cells at the end of the screen

for the extraction of genomic DNA. Cell number increased throughout the differentiation

period until a plateau was reached on day five, indicating a healthy differentiation occurred

in these conditions (Figure3.2 (B)).

Figure 3.2: Analysis of Rex1GFP profile under differentiation conditions. (A) Rex1GFP expression after 2i

withdrawal. The removal of 2i relieved ESCs from the shield of differentiation cues, which initiated spontaneous

differentiation. ESCs were maintained in N2B27 with supplements but without 2i (described in Chapter 2).

Rex1GFP expression profile was measured everyday for seven days. Blue - Rex1:GFPd2 cells; Red - GFP negative

control, wild type ESC line E14. (B) ESC growth curve after 2i withdrawal. ESCs were plated on gelatin in

N2B27 without LIF at a density of 10,000 cells per cm2. Cells were detached everyday for enumeration. Cell

number per cm2 was calculated.
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3.2.2 Establishment of Cas9 expression in Rex1:GFPd2 cell line

In order to perform the CRISPR-Cas9-based mutagenesis in the Rex1:GFPd2 cell line, I

performed homologous recombination-mediated Cas9 knockin at the Rosa26 locus using

the previously published targeting vector [202] (Figure3.3 (A)). G418-resistant colonies

were picked and further expanded for genotyping. Out of 24 colonies analysed, 13 showed

correct PCR bands (Figure3.3 (B)).

Figure 3.3: Cas9 knockin. (A) Schematic diagram showing the targeting scheme at the Rosa26 locus. EF1α:

elongation factor-1αpromoter; hCas9: human codon-optimised SpCas9; IRES: internal ribosomal entry site; neo:

neomycin resistant gene; DTA: diptheria toxin A. Arrows indicate PCR primers. (B) PCR genotyping results.

PCR bands were compared to a 1kb DNA ladder (NEB). Clones with successful knockin will produce a 3.8kb PCR

product, which were labeled with asterisk.

To investigate whether Cas9 was functional in these clones, I carried out a reporter assay

developed in the lab using a lentiviral vector expressing BFP, GFP, and gRNA targeting

the GFP sequence (Figure3.4 (A)). An ‘empty’ vector, which expresses BFP and GFP but

not the gRNA sequence, was included in the assay as a negative control. Transduced cells

should be double positive when the ‘empty’ vector is used, regardless of its Cas9 function.

When the vector containing gRNA targeting GFP is introduced, only BFP can be detected

in Cas9-active cells, whereas both BFP and GFP will be detected in Cas9-inactive cells

(Figure3.4 (B)). Two clones were analysed for Cas9 function, in which fluorescent signal

was exclusively detected in the BFP quadrant, indicating positive Cas9 activity in both

clones. Clone 9, which has more consistent colony morphology, was selected for further
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studies (Figure3.4 (C)).

Figure 3.4: Cas9 function assay (A) Lentiviral vector for Cas9 function reporter assay. CMV: CMV promoter;

RU5: 5′ long terminal repeat; U6: U6 promoter; gGFP: gRNA targeting GFP coding sequence; Empty: The

original BbsI cloning site; scaffold: gRNA scaffold; PGK: mouse phosphoglycerate kinase 1 promoter; BFP: blue

fluorescent protein; GFP: green fluorescent protein; 2A, Thosea asigna virus 2A peptides; W: Woodchuck Hepatitis

Virus posttranscriptional regulatory element; ∆U3RU5: self-inactivating 3′ long terminal repeat. Empty gRNA

vector doesn’t express gRNA but expresses BFP and GFP. gGFP vector expresses gRNA targeting GFP, as well

as BFP and GFP. (B) The expected fluorescent expression pattern. If Cas9 nuclease was inactive, cells transduced

with empty and gGFP vectors would be GFP/BFP double positive. If Cas9 was functional, cells transduced with

empty vector would be double positive, whilst cells transduced with gGFP vector will express BFP only. (C) The

Cas9 function of two knockin clones were analysed. Culture medium was added to mock infection instead of virus

supernatant. Positive Cas9 activity was observed in both clones.
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3.2.3 Proof of principle studies

With the establishment of the constitutive Cas9-expressing Rex1:GFPd2 cell line, I moved

on to design a screening strategy which includes testing differentiation and duration con-

ditions. To achieve that, two well-studied genes were selected as positive control genes,

namely Tcf7l1 (Tcf3) and Apc. Tcf3 acts as a pluripotency repressor and Apc is a subunit

of the β-catenin degradation complex downstream of Wnt. Knocking out Tcf7l1 and Apc

relieves the suppression of pluripotency genes, therefore cells were expected to exhibit

enhanced self-renewal and delayed differentiation phenotype.

I first sought to generate stable knockout cell lines by deleting a ‘critical exon’, which

is defined as a common exon expressed in all transcript variants and when deleted, cre-

ates a frame-shift mutation. Deletion was achieved by introducing DSBs on both sides

of the critical exon by the CRISPR-Cas9 system. Knockout clones were identified by

PCR genotyping (Figure3.5 (A) (C)). The selected clones were assessed under two condi-

tions: serum-based and N2B27-based differentiation conditions. As expected, under both

differentiation conditions, Tcf7l1 knockout and Apc knockout showed impeded differenti-

ation phenotype, reflected by their delayed downregulation of Rex1 expression (Figure3.5

(B) (D)). It appears that N2B27-based differentiation induced a more rapid decrease in

Rex1GFP expression compared to serum-based differentiation, especially in Tcf7l1 knock-

out. This is probably due to the distinct differentiation mechanisms. In serum-based

condition, ESCs differentiate via a mixed routes towards mesoderm, endoderm and tro-

phectoderm, whereas in N2B27 without 2i/LIF, ESCs mainly differentiate towards neu-

roectoderm. N2B27-mediated differentiation has been adopted in large-scale RNAi- and

transposon-mediated genetic screens, which can be used as reference for CRISPR-Cas9-

mediated screen [19] [217]. It will also be interesting to cross compare different screening

methods. For these reasons I decided to focus on N2B27-mediated differentiation.
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Figure 3.5: Positive control study with stable knockout clones. (A) Schematic diagram of critical exon deletion

at the Tcl7l1 locus and genotyping results. Black arrows indicate PCR genotyping primers. Red arrows indicate

gRNA cutting sites. Asterisk indicate knockout clones. Wildtype PCR product was 585bp. Knockout PCR

product was 341bp. (B) Tcl7l1 knockout clone Rex1GFP expression profile during serum-based differentiation

(left) and neuroectoderm differentiation (right). Serum-based differentiation was carried out by LIF withdrawal

from serum/LIF maintenance condition. Neuroectoderm differentiation was carried out by 2i/LIF withdrawal from

N2B27. Rex1GFP expression was analysed everyday for three days. Blue - Tcl7l1/Apc knockout Rex1:GFP cells;

Red - wt Rex1:GFP cells. (C) Schematic diagram of critical exon deletion at Apc locus and genotyping result.

Black arrows indicate PCR genotyping primers. Red arrows indicate gRNA cutting sites. Asterisk indicate

knockout clones. Wild type PCR product was 584bp. Knockout PCR product was 406bp. (D) Apc knockout clone

Rex1GFP expression profile during serum-based differentiation (left) and neuroectoderm differentiation (right).

Serum-based differentiation was carried out by LIF withdrawal from serum/LIF maintenance condition.

Neuroectoderm differentiation was carried out by 2i/LIF withdrawal from N2B27. Rex1GFP expression was

analysed everyday for three days. Blue - Tcl7l1/Apc knockout Rex1:GFP cells; Red - wt Rex1:GFP cells.
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In the actual screening setting, lentivirus is used as a vehicle to deliver the gRNA library

and the phenotype generated by each gRNA is assessed as a mixed population with indels

of various sizes. To recapitulate this, I transduced ESCs with lentivirus expressing gRNAs

targeting the critical exon of Tcf7l1 and Apc individually (Figure3.6 (A) (B)), followed by

differentiation in N2B27 without 2i. The resulted phenotype was compared to that of the

cells transduced with gRNA-negative lentivirus. Consistent with the phenotype of pure

knockouts, a clear difference in Rex1GFP expression was observed between Tcf7l1/Apc

targeted cells and the empty control, on differentiation day 2 and day 3 (Figure3.6 (C)). I

reasoned that day 3 is the optimal time to harvest cells for gRNA representation analysis.

Because vast majority of wild type cells were Rex-GFP negative on day 3, which produces

a clear contrast with cells showing delayed differentiation, and a cleaner background will

be obtained.

3.2.4 A Preliminary screen

Once the screening principle was verified by knockout of Tcf7l1 and Apc via lentivirally

expressed gRNAs in Rex1:GFPd2 Rosa26:Cas9 cells, I then sought to perform a prelimi-

nary screen in order to study the scale-up effect and further optimise screening conditions.

Due to the reform of the manufacturing company Stem Cell Inc at the time, there was a

long delay in purchasing the the basal media N2B27. Therefore, I carried out the prelim-

inary screen based on serum differentiation. Although the mechanisms of differentiation

differ, the fundamental principle and design of the screen remain the same.

The Rex1:GFPd2 Rosa26:Cas9 cells were transduced with the genome-wide lentiviral

gRNA library. The transduced cells were sorted according to BFP expression two days

after infection, followed by three days of expansion before plating in serum-containing

medium without LIF for differentiation. Differentiation medium was replenished on day

two. After three days LIF withdrawal, cells retaining Rex1GFP expression were collected

by FACS and subsequently pelleted for genomic DNA extraction. The gRNA sequences

were amplified by PCR from genomic DNA and sent for sequencing with the Illumina

Hiseq platform. A technical replicate was carried out in parallel. Sequenced gRNAs were

mapped to the library and counted, and statistical analysis was performed by the compu-

tational algorithm MAGeCK.
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Figure 3.6: Positive control study with single-gRNA knockouts. (A) Schematic diagram of gRNAs targeting the

critical exon of Tcf7l1 and Apc. Red arrows indicate gRNA cutting sites. The gRNA sequence is included in

Chapter2 section 2.1.2.4. (B) Lentiviral vector for single gRNA knockout. CMV: CMV promoter; RU5: 5′ long

terminal repeat; U6: U6 promoter; gRNA: gRNA targeting Tcl7l1 and Apc; PGK: mouse phosphoglycerate kinase

1 promoter; Puro: puromycin resistant gene; BFP: blue fluorescent protein; 2A, Thosea asigna virus 2A peptides;

W: Woodchuck Hepatitis Virus posttranscriptional regulatory element; ∆U3RU5: self-inactivating 3′ long terminal

repeat. (C) Tcl7l1 and Apc knockout differentiation profiles. Differentiation was induced by 2i and LIF removal.

Rex1GFP expression was analysed everyday for three days. Blue - Tcl7l1/Apc knockout Rex1:GFP cells; Red - wt

Rex1:GFP cells.
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Once the screening principle was verified by knockout of Tcf7l1 and Apc via lentivirally

expressed gRNAs in Rex1:GFPd2 Rosa26:Cas9 cells, I then sought to perform a prelimi-

nary screen in order to study the scale-up effect and further optimise screening conditions.

Due to the reform of the manufacturing company Stem Cell Inc at the time, there was a

long delay in purchasing the the basal media N2B27. Therefore, I carried out the prelim-

inary screen based on serum differentiation. Although the mechanisms of differentiation

differ, the fundamental principle and design of the screen remain the same.

The Rex1:GFPd2 Rosa26:Cas9 cells were transduced with the genome-wide lentiviral

gRNA library (Figure3.7 (B)). The transduced cells were sorted according to BFP ex-

pression two days after infection, followed by three days of expansion before plating in

serum-containing medium without LIF for differentiation. Differentiation medium was

replenished on day two. After three days LIF withdrawal, cells retaining Rex1GFP ex-

pression were collected by FACS and subsequently pelleted for genomic DNA extraction.

The gRNA sequences were amplified by PCR from genomic DNA and sent for sequenc-

ing with the Illumina Hiseq platform. A technical replicate was carried out in parallel.

Sequenced gRNAs were mapped to the library and counted, and statistical analysis was

performed by the computational algorithm MAGeCK.

A Quantile-Quantile (Q-Q) plot was generated using the gene level P -values calculated by

MAGeCK (Figure3.7 (B)). The distribution of data points followed a curved pattern with

an increasing slope that diverged from the expected P -value distribution, suggesting that

a large number of genes showed statistical significance. Such distribution was expected

based on the results of similar screens done in the past. The exit of pluripotency screen

performed by Betschinger et al. has identified 70 genes that passed stringent Z score

cut-off [19]. Two of other similar screens carried out by Yang et al. and Leeb et al.

have revealed 272 and 113 hits with high confidence [217] [464]. Although only part of

these candidate lists was validated, it suggests that there are many genes involved in the

process of differentiation initiation. Therefore, a highly skewed P -value distribution with

a large group of genes showing some degree of statistical significance would be expected.

As mentioned previously, the FGF/ERK pathway and WNT/GSK3 pathway play crucial

roles in the exit from pluripotency. Reassuringly, the preliminary screen identified mutants

from both pathways such as Fgfr1, Mapk1 from the FGF/ERK pathway, and Tcf7l1,

Crebbp and Ctbp1 from the WNT/GSK3 pathway (Figure3.7 (C)). The recovered hits

also include genes that were identified and validated from previous screens, such as Flcn,

Tsc2, and Hira. Screening candidates that passed the statistical cut-off were analysed
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for enrichment of Gene Ontology (GO) terms. The results demonstrated a significant

enrichment in terms related to embryo development and regulation of gene expression,

which corroborated the hyperactive transcription status of the transition period from

pluripotency to differentiation (Figure3.7 (D)).

3.3 Discussion and Conclusion

This chapter has described the preparation work and proof-of-principle studies for the

set-up of the genome-wide CRISPR-Cas9-based exit of pluripotency screen. In verifying

the knockout phenotype of Tcf7l1 and Apc in the Rex1:GFPd2 Rosa26:Cas9 cell line, I

was ready to perform the screen.

The proof-of-principle studies have provided valuable insights into screening design. The

rapid downregulation of Rex1 expression suggests that the dissolution of pluripotency

takes place very soon after inhibitor withdrawal. To capture this fast-happening event, I

reasoned that it is better to terminate the screen on day two or day three of differentiation.

The Rex1GFP flow profile of Tcf7l1 and Apc knockouts also suggests that the most

drastic difference between knockout and wild type control occurs on day 2 or day 3. A few

screens conducted by other groups have adopted the strategy of several rounds of replating

and enrichment, which may not be necessary for CRISPR-Cas9-mediated screen. Given

the high efficiency of gRNA and its convenience in mutant identification, the CRISPR-

Cas9-mediated screen is highly sensitive to detect subtle changes in gRNA representation.

Furthermore, because the gRNA counts are available which allows statistical analysis, the

assessment of a specific phenotype is no longer ‘black and white’, but can be evaluated in

a quantitative way. Another concern over several rounds of prolonged enrichment is the

depletion of fitness genes or essential genes, which are required for ESC survival but may

also be involved in pluripotency regulation. Therefore, I decided to perform a screen as a

short-course one-round of differentiation, after which cells showing differentiation defects

will be collected and sequenced.
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Figure 3.7: Preliminary screen result analysis. (A) RNA library expression vector. CMV: CMV promoter; RU5:

5′ long terminal repeat; U6: U6 promoter; gRNA library: gRNA sequence from the mouse V2 library; scaffold:

gRNA scaffold; PGK: mouse phosphoglycerate kinase 1 promoter; Puro: puromycin resistant gene; BFP: blue

fluorescent protein; 2A, Thosea asigna virus 2A peptides; W: Woodchuck Hepatitis Virus posttranscriptional

regulatory element; ∆U3RU5: self-inactivating 3′ long terminal repeat. (B) Gene-level P-values Quantile-Quantile

(Q-Q) plot. Gene level P-values were calculated by the published algorithm MAGeCK. The P-values were sorted

in ascending order, and then plotted versus quantiles calculated from a theoretical distribution. A 95% confidence

interval was used. A 45-degree reference line (red) was also plotted. Points would fall along the reference line if the

observed P-values were randomly distributed. The Q-Q plot was generated using the gglot2 package from software

R. (C) Gene-level false discovery rate (FDR). The FDR values were calculated by MAGeCK. X-axes represents

genes ranked in alphabetical order. Y-axes represents -log(FDR). Genes with FDR < 0.1 were labelled red. (D)

Gene ontology term analysis of statistically significant hits. Cutoff was defined as FDR < 0.1. The analysis was

performed using the online GO analysis algorithm PANTHER (http://pantherdb.org/).
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The preliminary screen reassured screening strategy, helped to study the scale-up effect

and provided material for a data analysis run-through. An important parameter to be

decided is the statistical cut-off, which is essential to reduce the number of false positives

and restrict the scale of subsequent validation. Setting the cut-off at P -value < 0.05

resulted in 1095 significant candidates, which is likely to include high proportion of false

positives, and were obviously impractical for further validation purposes. Also, because the

screening results were generated from a genome-wide study, where thousands of hypothesis

tests were conducted simultaneously, small P -values may occur by chance. It is thus more

accurate to use the false discovery rate (FDR) to control false positives. To set a decent

threshold, the enrichment fold change in the control experiment can be used as a reference,

where Tcf7l1 and Apc KO cells were enriched in the Rex1GFP positive population by 4.9

times and 4.3 times respectively after three days of differentiation. Assuming the selection

criteria were based on FDR < 0.1, the shortlist of potential candidate genes were reduced

to 64. Mast2, the candidate gene at the cut off point, has an average of 1.8 times and

3.9 times enrichment in each replicate at the gRNA level, which is slightly lower compare

to the enrichment effect in the positive control. However, Tcf7l1 and Apc are genes with

relatively strong phenotypes. Therefore, to reduce the chance of having false negatives,

the cut-off should be selected to allow the test to pick up potential candidates with weaker

phenotypes. Hence, FDR < 0.1 would be an appropriate threshold to start with.
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4.1 Introduction

Several large-scale RNAi-based or transposon-based loss-of-function screens have been car-

ried out in mouse ESCs to identify genes required for maintenance of pluripotency and

initiation of differentiation. Consistent with prior knowledge, these screens recovered core

pluripotency genes such as Oct4, Sox2 and Nanog, as well as components from the WNT

and FGF/MAPK signalling pathways. Beyond these well-studied pathways, a number

of other candidate effectors were also identified and several have been validated and in-

vestigated in detail. For example, the RNA binding protein Pum1 was identified in a

piggyBac-mediated haploid ESC screen [217]. It was shown that Pum1 binds to the 3’

untranslated regions of mRNA for major naive pluripotency factors such as Esrrb, Klf2,

Tbx3 and Tfcp2l1. In the absence of Pum1, those factors were upregulated and showed

sustained expression upon 2i withdrawal, suggesting that Pum1 may act as a circuit lim-

iter that potentially constrains the self-renewal machinery. Tumour suppressor Folliculin,

along with its interaction partners Fnip1 and Fnip2, were identified in an siRNA screen

[19]. It was demonstrated that Folliculin and Fnip1/Fnip2 drive differentiation by restrict-

ing nuclear localisation of the bHLH transcription factor Tfe3. Other candidates recovered

include mediator-cohesin complexes, Paf1 complex, protein kinase C, the SWI/SNF chro-

matin remodeling complex. For reference, I have compiled a table of previously published

pluripotency-related screens in mouse ESCs (Table:4.1).

Despite these intriguing findings, screens mentioned above were based on siRNA knock-

down or piggyBac-mediated insertional mutations, and hence were limited by the intrinsic

technical defects of mutagenesis methods. For instance, large-scale mutagenesis mediated

by the transposon-based gene trap system is a relatively random process, meaning that the

experimenters have no control over the integration sites and genes to be knocked out. Such

characteristics render the discovery process a partial ‘black box’, which is unfavourable

to investigators. Furthermore, there is an unavoidable bias in the probability of knocking

out different genes, given the vast range of the sizes of each gene in the genome. Similarly,

RNAi-based screening is often haunted by off-target effects and incomplete knockdown

penetrance, which is likely to result in poor reproducibility. For example, similar studies

performed by Hu et al. and Ding et al. showed little consistency, despite using the same

cell line and selection marker [162] [90]. Out of 149 and 186 candidate genes (Zscore > 2)

found by each screen, only five were overlapping. Additionally, contradictory results were

observed between siRNA screens. For instance, 14% showed the opposite phenotype in
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the screen conducted by Ding et al [90] [19].

The development of CRISPR-Cas9 genome-wide library provides an opportunity to study

the exit of pluripotency in an unprecedented depth given its high knockout efficiency and

accuracy. In this chapter, I describe the screen I performed using a genome-wide gRNA

library to dissect the dissolution of the naive pluripotency program. I also describe the

screening results, as well as pathways recovered in the screen.
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CHAPTER 4. SCREENING RESULT AND PATHWAY ANALYSIS

4.2 Results

4.2.1 Screening Strategy and Result Analysis

To produce a library of mutagenised ESCs, I transduced the Cas9-expressing Rex1:GFPd2

cells with the genome-wide Mouse V2 lentiviral gRNA library generated in the lab (Fig-

ure 4.1(A)(B)). The library comprises 90,230 gRNAs targeting a total of 18,424 genes

[421]. Compared to the previous version of the mouse gRNA library, the performance of

the V2 library has been improved by removing gRNAs with disfavoured nucleotide com-

position and using an optimised gRNA scaffold [421]. These improvements have largely

increased the gene knockout efficiency and overall screening sensitivity, therefore laying

the groundwork for a successful robust screen. To ensure a sufficient coverage of gRNA

library complexity, approximately 32 million cells were used in transduction. The amount

of library virus used was carefully titrated to achieve transduction efficiency between 25%

to 30%. Virus infection events follow Poisson distribution, by achieving 25% to 30% trans-

duction efficiency, the majority of the transduced cells were infected by one viral particle.

This led to a total of about 8 million transduced cells, which corresponds to approximately

90X gRNA library coverage. The transduced cells were collected via cell sorting two days

after infection, followed by four days of expansion under 2i/LIF condition. For induction

of differentiation, the expanded cells were plated in N2B27 medium at a density of 1×104

per cm2 without LIF or 2i for 48 hours before being lifted for cell sorting. These condi-

tion are highly permissive for differentiation induced by autocrine signals. As shown in

Chapter 3, the majority of the cells were differentiated and lost Rex1 expression after 48

hours upon 2i removal. Cells with persistent Rex1 expression after 48 hours were potential

mutants, whose differentiation has been interrupted by gene pertubation. Approximately

2-3 million Rex1GFP positive cells were collected from FACS sorting, followed by genomic

DNA extraction. About 20 million unsorted cells were collected as a control. The screen

was performed in four biological replicates.
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Figure 4.1: Screening Strategy and Result Analysis. (A) gRNA library expression vector. CMV: CMV promoter;

RU5: 5′ long terminal repeat; U6: U6 promoter; gRNA library: gRNA sequence from the mouse V2 library;

scaffold: gRNA scaffold; PGK: mouse phosphoglycerate kinase 1 promoter; Puro: puromycin resistant gene; BFP:

blue fluorescent protein; 2A, Thosea asigna virus 2A peptides; W: Woodchuck Hepatitis Virus posttranscriptional

regulatory element; ∆U3RU5: self-inactivating 3′ long terminal repeat. (B) Outline of the screening strategy. (C)

Scatter plot comparing the gRNA abundance in Rex1GFP positive population and in unsorted control. gRNA

counts were median-normalised by the MAGeCK algorithm. The mean value was taken from four biological

replicates. (D) Overall summary of the screening results. Genes were ranked by DE (Depletion/Enrichment) score.

The DE score was computed by taking the sum of the log10 (Depletion P value) and the negative log10

(Enrichment P value)

.
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Genomic DNA from both sorted and control samples was extracted. gRNA sequences

was amplified by PCR and sent for deep sequencing. The gRNA abundance was anal-

ysed using the statistical algorithm MAGeCK [225]. Figure 4.1(C) demonstrated a direct

comparison of gRNA representation between control and Rex1-GFP positive populations.

As expected, the majority of the gRNAs showed good concordance between two datasets.

A group of gRNAs were over-represented in the Rex1GFP positive population, meaning

those knockouts exhibited a delayed differentiation phenotype. Among them there were

the two positive control genes Tcf7l1 and Apc. Noticeably, two gRNAs targeting Apc did

not show the expected phenotype. Nonetheless, Apc came up as a significant candidate

at gene level. This observation suggested the potential existence of false negatives due to

the presence of nonefunctional gRNAs. Such errors could be controlled to a certain extent

by including multiple gRNAs and applying suitable statistical analysis. To summarise

the screening results, genes were ranked by Depletion/Enrichment (DE) score, which was

computed as: log10 (Depletion P value) + [- log10 (Enrichment P value)] (Figure 4.1(D)).

By applying a 10% false discovery rate (FDR) cut-off, 563 genes, whose mutant showed

delayed differentiation, could be identified. Much fewer genes (12 genes) could be identi-

fied from the depletion side of the screen, even with a more relaxed FDR cut-off. This is

probably because a much higher sensitivity is required for the detection of dropouts in a

population. The gRNA scatter plot also revealed that a number of gRNAs were depleted

by about four to eight fold in the Rex1GFP population (Figure 4.1(C)). However, because

the read counts for those gRNAs were relatively low, the variance between each gRNA is

inevitably enlarged, and therefore less likely to be calculated as statistically significant.

This can be improved by optimising the design of the screen by changing the timeline in

particular when to collect for cell sorting, or by choosing another selection marker gene

such as Sox1 or Fgf5.

4.2.2 Screening Result Validation

The identification of Tcf7l1 and Apc confirmed the reliability of the screening results. For

further validation, I carried out a Gene Set Enrichment Analysis (GSEA) using a set of

genes whose knockdown has been shown to delay differentiation in a study performed by

Betschinger et al. [19]. Genes present in the gRNA library were pre-ranked according to

DE score. The siRNA validated gene set was highly skewed towards the enrichment side,

indicating high consistency with the screening result (Figure 4.2(A)). In addition, it was

observed that large numbers of gRNAs enriched in the Rex1GFP positive population were
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targeting genes that were already expressed in the naive pluripotent state (fragments per

kilobase of transcript per million mapped reads [FPKM]>0.5) (Figure 4.2(B)). This ob-

servation suggested that naive pluripotency is actively constrained by an ongoing network

in the cell and the initiation of differentiation is triggered mainly by the dismantling of

the pluripotency network rather than the induction of lineage specific genes.

Figure 4.2: Screening Result Validation. (A) Gene Set Enrichment Analysis (GSEA) comparing the screening

result with a validated gene list [19]. The validated gene set includes Apc, Hgs, Mapksp1, Tcf7l1, Flcn, Tsc2,

Kras, Zfp281, L3mbtl3, Trp53, Rnf2, Josd1, Hand1, Ctbp2, Sox2, Relt, Smg1, Ewsr1, Klhl23, E2f4, Upf1, Csde1,

Trrap, Raf1, Taf6I, Arid1a, Nedd8 and Nf2 [19]. (B) Comparison between gene expression and statistical

significance of enrichment.
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4.2.3 Pathways Analysis

4.2.3.1 Signalling pathways

As discussed in the first chapter, abundant evidence has indicated that autocrine FGF-

mediated ERK activation is one of the key triggers for mouse ESC differentiation. Indeed,

the screen identified almost all the key elements of the FGF/MAPK pathway, ranging

from Fgf4, Fgf receptor 1, docking/scaffold proteins such as Frs2 and Grb2, tyrosine phos-

phatase Shp2, Ras and Raf. Components that could not be identified in the screen were

probably due to the presence of functionally redundant isoforms, for instance MEK1 and

MEK2; which are encoded by Map2k1 and Map2k2, respectively. Remarkably, pathways

indirectly related to the FGF/MAPK pathway, such as the heparan sulphate biosynthesis

pathway, have also been identified. It has been reported that heparan sulfate is required

for the stable expression of Fgfr on the cell surface, binding of Fgf to Ffgr as well as its

internalisation [325] [227]. Cells defective in heparan sulfate synthesis will have reduced

Fgf signalling transduction, thus are deficient in response to differentiation cues.

Several key genes downstream of Wnt, which is another pathway implicated in self-renewal

and differentiation, were identified in the screen. Examples include subunits of the degra-

dation complex as well as its functional effector Tcf3. Last but not least, the screen

revealed a profound role of mTORC1 in the regulation of pluripotency and differentia-

tion, as knockout of many key components of the mTORC1-centred pathways led to an

aberrant differentiation phenotype. Interestingly, opposite phenotypes were observed dur-

ing differentiation from knockouts of TSC1/2 and GATOR1 complexes, although both

function as mTORC1 inhibitors. To uncover the unknown mechanisms behind mTORC1-

centred pluripotency regulation, I decided to focus on TSC1/2 and GATOR1 for further

investigation, which will be discussed in the following chapters.
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Figure 4.3: Cellular pathways underpinning the initiation of differentiation. Pathways were manually curated

according to statistically significant screening hits. Green-coloured label: Knockouts that exhibited delayed

differentiation phenotype; Red-coloured label: knockouts that differentiate in an accelerated fashion. Genes in red

rectangles may have functional redundancy in the genome. Mitochondria-related genes were not illustrated in the

diagram.
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4.2.3.2 mRNA related pathways

The mRNA post-transcriptional modification and degradation appeared to be another

important module that regulates the resolution of naive pluripotency. Pathways enriched

included the mRNA nonsense-mediated decay (NMD), m6A mRNA methylation, dead-

enylation and decapping, alternative splicing, as well as the microRNA pathway.

Some of them have been reported in the literature in relation to ESC maintenance and

differentiation, such as pathways regulating mRNA stability and degradation. Wang and

colleagues have shown that depleting major NMD factors compromises differentiation and

proposed the role of NMD as a licensing pathway for ESC differentiation [224]. Recently,

Geula et al. identified Mettl3, an N6A-methyladenosine (m6A) transferase, as a regula-

tor which facilitates the termination of naive pluripotency [132]. Consistent with Geula’s

finding, Mettl3 appeared to be one of the top hits in the screen, together with Mettl14,

Wtap and 1110037F02Rik, which collectively form a complex with Mettl3 and mediates

the m6A deposition on nuclear RNA. Among the top hits, there were several components

from the CCR4-NOT complex. As a multi-functional complex, it is involved in transcrip-

tion regulation, protein modification, and deadenylation of mRNA. Although it has been

demonstrated that CCR4-NOT positively regulates planarian stem cell differentiation,

the molecular mechanism of its role in mouse ESCs remains to be investigated. Given the

above, it was not surprising to identify the mRNA decapping associated genes, which also

regulates the mRNA stability, and work cooperatively with pathways such as NMD.

mRNA splicing serves as another important regulatory step that contributes to the func-

tional repertoire of different cell types and ESC differentiation [256]. Ng and colleagues

have identified the spliceosome-associated factor SON as a regulator of pluripotency in

hESCs [237]. Lu et al. also demonstrated that the splicing factor SFRS2 stabilises pluripo-

tency by regulating alternative splicing of the methyl-CpG binding protein MDB2 [238].

Pcbp, also known as heterogeneous ribonucleoproteins (hnRNPs), are RNA binding pro-

teins that were reported to serve as splice enhancers in erythrocyte differentiation [173].

An in vivo study conducted by Ghanem et al. confirmed that Pcbp1 and Pcbp2 are in-

dependently important for murine embryogenesis and fetal survival, though the molecular

mechanism remains unclear [134]. Several genes encoding heterogeneous ribonucleoprotein

particles, which are important for mRNA splicing and maturation, appeared in the screen

to have a relatively mild effect on the delay of differentiation. However, elucidating the

detailed mechanism of their function requires further mechanistic investigation.
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4.2.3.3 Chromatin modifiers

The chromatin environment and epigenetic landscape are essential for the correct preser-

vation of ESC identity, as well as lineage specification during the transition towards dif-

ferentiation. Screening identified a number of chromatin modifiers, which confirmed the

prominent role of epigenetic regulation in embryonic development. One of the most well-

studied epigenetic regulators in ESCs is the Polycomb group proteins (PcG), which can

be further divided into two major classes, namely Polycomb repressive complex 1 (PRC1)

and Polycomb repressive complex 2 (PRC2) [266]. The core PRC2 complex contains Eed,

Suz12 and the histone methytransferase Ezh1/2 – all were identified in the screen, although

Ezh2 demonstrated a slightly higher FDR value. A number of PRC2 interaction partners

was also identified, including Jarid2, Hira and Nipp1. Conversely, only Pcgf1 from canon-

ical PRC1 was significantly enriched in the Rex1GFP positive population. Knockout of

Ring1B showed moderate phenotype but did not pass the threshold of 10% FDR. Instead,

non-canonical PRC1 partners such as Kdm2b and L3mbtl2 were identified from the screen.

Interestingly, knockout of Cbx7 was significantly depleted, indicating an accelerated dif-

ferentiation profile. This evidence suggests that canonical and non-canonical PRC1 might

play different roles in the dissolution of pluripotency. Moreover, validation of screening

result as well as further molecular investigation is required to draw solid conclusions.

Another renowned category of pluripotency-related epigenetic regulators is the HDAC1-

and HDAC2-containing complexes, which carry out chromatin-mediated transcription re-

pression via histone deacetylation or other chromatin-modifying depending on its subunits.

The most well-studied HDAC1/2-containing complexes are SIN3, NuRD, LSD1 and CoR-

EST, which were all present in the screening output. Notably, almost all of the NuRD

complex subunits were identified in the screen. Consistent with the screening result, it

has been reported that the deletion of Mbd3, an essential subunit, which maintains the

integrity of NuRD, led to an aberrantly stabilised pluripotency status in ESCs and failure

in lineage committment [183]. Reynolds et al. also demonstrated that loss of Mbd3 results

in upregulation of pluripotency related genes such as Zfp42, Tbx3, Klf4 and Klf5 [332].

Collectively, the findings above suggested that the MBD3/NuRD complex deacelylates

histone lysine residues at pluripotency genes and contribute to the formation of a differen-

tiation permissive status. Similarly, it has been reported that LSD1, a histone H3K4/K9

demethylase, is required for the repression of pluripotency genes by decommisioning ESC-

specific enhancers [442].
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In addition to PcGs and HDAC1/2-containing complexes, a set of other chromatin regu-

latory proteins have arisen from the screen. For example, the SAGA complex is a highly

conserved multisubunit complex, which mainly acts as a co-activator [66]. Genes identified

in the screen cover almost all of its functional multisubunits, such as the histone acetyl-

transferase (Tada2b and Supt7l), transcription factor (Taf6l) and histone deubiquitinases

(Eny2 and Usp22 ). Although it has been reported that Usp22 regulates several pluripo-

tency factors, including c-Myc and Sox2 [484] [397], the function of other SAGA subunits

remain unclear. It has also been demonstrated that the chromatin remodeling complex

esBAF is required for the repression of Nanog and other pluripotency-related genes upon

differentiation [360]. Consistent with this finding, four of the esBAF subunits were iden-

tified from the screen. Another nucleosome remodelling complex, NURF, was found to

negatively regulate differentiation. One of its component, Bptf, has been reported to be

essential for the activation of genes required for the development of three germ layers.

Three subunits of the histone acetyltransferase NuA4 complex, namely Trrap, Ing3 and

Mrgbp, were ranked within the top range of the enriched genes in the Rex1GFP-positive

population. An RNAi screen revealed that certain subunits of HAT including Trrap are

involved in the maintenance of ESC identity [110]. Sawan et al. also reported that Tr-

rap is essential for ESC self-renewal and differentiation restriction [356]. However, in my

screen, Trrap knockout showed endured expression of Rex1 upon differentiation, indicat-

ing a more persistent pluripotency network and self-renewal ability. Such discrepancy

might be explained by the difference in the assessment of pluripotency, or the technologies

used, although validation and further investigation needs to be carried out for a better

understanding. The role of other NuA4 complex subunits ING3 and MRGBP has not

been well-studied in the stem cell context.
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4.2.3.4 Transcription factors and other transcriptional regulatory proteins

In addition to chromatin modifiers, the screen also identified transcription factors and

other transcriptional regulatory proteins. Among them were well-studied differentiation

initiation regulators such as Oct4, Otx2 and Zfp281. Oct4 was previously implicated in

early differentiation because cells with reduced Oct4 expression exhibited enhanced self-

renewal and delayed differentiation kinetics [328] [188]. This has been validated with

single gRNA-mediated knockout ESCs as shown in Figure 4.4. Otx2 was reported to

recruit Oct4 to enhancers that are associated with genes induced during differentiation

[463] [45]. Zfp281 was identified as a repressor, which down-regulates expression of many

pluripotency genes including Nanog. Therefore, deletion of Zfp281 resulted in stabilised

pluripotency status and compromised differentiation. In addition, Tgif1 and Nr0b1 were

also reported to counterbalance the activities of core pluripotency factors [216] [396].

Figure 4.4: Rex1GFP differentiation profile of Oct4 knockout mESCs. ESCs were transduced with lentivirus

expressing gRNAs targeting Oct4. Differentiation was induced by 2i/LIF removal. Rex1GFP was measured at 29

hours differentiation. Blue - Rex1:GFP cells transduced with gRNAs targeting indicated genes; Red - Rex1:GFP

cells transduced with gRNA free vectors.

Several genes that have not been studied in ESCs demonstrated relatively strong delayed

differentiation phenotype during the screen. For instance, Cdk8 and Med12, which encode

subunits of the Cdk8 mediator complex, were both identified as significantly enriched genes

from the screen. Cdk8 has been reported as part of the canonical Wnt/β-catenin pathway

that drives colon tumorigenesis and transformation[115] [199]. However, β-catenin regu-

lates transcription rather differently in colon cancer cells and ESCs. In the proposed model

in colon cancer cells, Cdk8 positively regulates the expression of β-catenin-driven down-

stream targets, which cannot explain its knockout phenotype observed in ESCs. Therefore,

there is likely to be an unknown molecular mechanism behind the Cdk8 mediator com-

plex’s role in regulating pluripotency that worth further investigation. Examples of other

understudied genes include Gadd45gip1, which is negatively regulated by NAC1 [175], and
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Zfp161, which is a transcription activator/repressor. Both of them showed high statisti-

cal confidence but have not been previously related to pluripotency and differentiation.

Bend3 was another gene showing a strong knockout phenotype. As it has been reported

to actively recruit NuRD complex to hypomethylated DNA regions [344], its knockout

phenotype could be the consequence of insufficient downregulation of pluripotency genes,

in line with that of the Mbd3 knockout. Finally, there were genes whose knockout gener-

ated a relatively weak phenotype, albeit statistically significant. Examples of those genes

include Foxi3 and Foxd3 in the Forkhead box transcription factor family, Hinfp, Ddx5 and

Tfdp1. Those genes might be directly or indirectly involved in pluripotency regulation,

the mechanisms may be worth exploring but at low priority.

4.2.3.5 Mitochondria-related pathways

Remarkably, about half of the candidate genes enriched in the Rex1GFP positive pop-

ulation were mitochondria-related. For instance, almost all (more than 90%) of the mi-

tochondrial ribosomal protein (MRP) genes, have an FDR value less than 0.2, indicat-

ing the indispensable requirement of an integrate healthy mitochondria population in the

early differentiation stage. Similarly, GSEA revealed enriched distribution of mitochondria

morphogenesis genes as well as oxidative phosphorylation genes, further confirming the

functional importance of mitochondria and its related pathways (Figure 4.5 (A)(B)).

To validate the above, I selected two top mitochondria-related hits, namely Slc25a51 and

Ndufa2, for further analysis. Slc25a51 is a carrier protein located in the inner membrane

of the mitochondria, while the Ndufa2 protein is a subunit of the NADH dehydrogenase,

whose knockout interrupts the electron transport chain. To investigate their function in

pluripotency and differentiation, I used two gRNAs, which target two different exons, for

each gene. Consistent with the screening result, the RexGFP expression profile of Slc25a51

and Ndufa2 knockout clearly demonstrated a delayed differentiation pattern compared to

that of the empty vector infected ESCs (Figure 4.5 (C)). However, as GFP degradation

is an ATP-dependent process, the Rex1GFP flow profile might not be faithfully reflective

to the pluripotency state of the cell with defective mitochondria function. To rule out

such possibility, I performed colony forming assay with cells transduced with lentivirus

expressing gRNA targeting Slc25a51 and Ndufa2. Twenty four hours after 2i withdrawal,

single cells were plated into 2i/LIF at clonal density, allowed to proliferate for seven

days, and stained by alkaline phosphatase. The number of colonies obtained represents

the proportion of naive pluripotent cells in the culture after 24 hours, as 2i/LIF is a
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highly selective culture condition in which cells that have exited naive pluripotency fail to

proliferate and subsequently die. Consistent with the Rex1GFP flow profile, Slc25a51 and

Ndufa2 knockout ESCs generated significantly more AP positive colonies compared to cells

infected with a control virus, confirming that the phenotype observed was truly biologically

related rather than a result of lagging GFP degradation (Figure 4.5 (D)). Notably, the

average colony size of mitochondria-related knockouts is much smaller, suggesting growth

defects caused by deficiency in energy supply. These results indicate that mitochondria

play an important role in the initiation of differentiation.

4.2.3.6 Endocytosis and vesicle trafficking

Interestingly, genes related to the endocytosis and vesicle trafficking pathway appeared

to stand out from the screening candidates. The function of those genes in relation to

pluripotency and differentiation has not been well studied so far. However, existing ev-

idence suggests that the endosomal trafficking pathway indirectly regulates embryonic

development as part of the signalling transduction cascade, particularly the FGF/MAPK

pathway. Upon binding to Fgf, the activated Fgfrs undergo clathrin mediated endocytosis

and subsequent trafficking to a series of intracellular compartments [25]. The signalling

cascade persists along the endocytic pathway until the internalised FGFR complex are

sorted into the degradative compartment, where proteolysis takes place and signal trans-

duction is terminated. The endosomal trafficking pathway controls the intensity, duration

and specificity of the signalling pathways. Therefore, any related defects compromise ap-

proprate FGF/MAPK signalling and result in persistent expression of pluripotency factors

such as Rex1 [5] [98].

In addition, it was reported that the endocytic pathway, especially the late endosome

is essential for mTORC1 signalling, due to the fact that the interaction and binding of

mTORC1 with its activator Rheb occurs on late endosomes [117]. The screen identified a

group of candidates required for the early/late endosome conversion with relatively high

confidence, such as Rab7 and subunits of the HOPS complex. This observation hints

that the endocytic pathway could be involved in differentiation regulation through the

mTORC1 signalling. Future work is required to interrogate this hypothesis and investigate

the underlying molecular mechanism.
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Figure 4.5: Validation of genes in mitochondria-related pathways. (A) and (B) Gene Set Enrichment Analysis

using predefined datasets: mitochondria morphogenesis gene set (A) and oxidative phosphorylation gene set (B).

Screening hits were pre-ranked according to the Depletion/Enrichment (DE) score, which was computed as: log10

(Depletion P value) + [- log10 (Enrichment P value)]. The gene sets were downloaded from the Molecular

Signatures Database (MSigDB). The GSEA analysis was performed using the online algorithm ′GSEAPreranked′

developed and maintained by the Broad Institute. (C) Rex1GFP differentiation profile of mitochondria-related

gene knockouts. Differentiation was induced by 2i/LIF removal. Rex1GFP was measured at 29 hours

differentiation. Blue - Rex1:GFP cells transduced with gRNAs targeting indicated genes; Red - Rex1:GFP cells

transduced with gRNA free vectors. (D) Commitment assay after mitochondria-related gene knockout. Cells were

kept in N2B27 medium before being replated in N2B27 supplemented with 2i/LIF. Alkaline phosphatase (AP)

staining was used to visualise ESC colonies one week after replating.
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4.2.4 Discussion and Conclusion

4.2.4.1 Functional genomics with CRISPR-Cas9

The developmental progression from naive pluripotency entails complex regulation mech-

anisms. Given the success of a few large-scale screens, a group of proteins have been

implicated in the exit of pluripotency, among which some have been investigated in detail.

However, those identified factors were often analysed as individual cases. For a better

understanding of this complicated transition process, we need a comprehensive dissection

of cellular pathways in an unbiased manner. The results described in this Chapter have

demonstrated the utility of CRISPR-Cas9 genome-wide screen in addressing this need and

identify molecular drivers and facilitators of the transition from pluripotency to differen-

tiation.

By applying a statistical cut-off of FDR <0.1, 563 genes whose mutants produced a delayed

differentiation phenotype could be identified. Among were well-studied genes and path-

ways such as the FGF/MAPK pathway, Wnt signalling pathway, /NuRD complex and

OTX2. Such observation demonstrated great consistency with prior knowledge, which

provided confidence in the screening results and confirmed the powerfulness of CRISPR-

Cas9-mediated genetic screening. It is noteworthy that Oct4 came up in the screen as a

factor that controls the dismantling of pluripotency and lineage commitment. This has

been been confirmed and investigated in detail by two independent studies conducted

by Karwacki-Neisius et al. and Radzisheuskaya et al., but was missed in all the previ-

ous screens [188] [328]. Being able to capture Oct4, CRISPR-Cas9-mediated screen has

demonstrated unprecedented sensitivity. In addition to the identification of genes whose

knockout hampered the priming and competence of differentiation, the screen could also

detect genes whose knockout tipped the balance towards differentiation. In other words,

with carefully optimised screening design, one can assess whether a perturbation facilitates

or inhibits a biological process and look at the objective from two opposite angles. The

candidates from the enriched and depleted ends should reassure and compensate for each

other, thus facilitating the development of a complete perspective.
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4.2.4.2 Integration of the regulatory network

The screen generated a panoramic picture of pathways involved in the dissolution of naive

pluripotency. As discussed previously, each pathway plays an important role in safeguard-

ing the ability to exit pluripotency. This intricate pathway map indicated that instead of

working independently, these pathways intercalate with each other and exist in a dynamic

equilibrium. Any disturbance to this equilibrium will cause the balance to collapse and

results in hampered pluripotency or aberrant differentiation phenotype. In particular, it

was noticed that the initiation of differentiation is predominantly under the control of the

repression machineries in the cell, which govern the shut-down of the pluripotency network

prior to any lineage specification process.

LIF/inhibitor removal results in loss of positive pluripotency input, upon which the repres-

sive functions of various regulators dominate, downregulating the expression of pluripo-

tency genes. Perhaps the most immediate repression comes from the transcription repres-

sors that directly counterbalance and restrict the activities of pluripotency factors. Ex-

amples from the screening result include Zfp281, Tgif1, Nr0b1 and the most well-studied

transcription factor, Tcf3. Being the main downstream effector of WNT signalling in ESC

differentiation, Tcf3 co-localises with Oct4 and directly represses Klf4, Nanog and Esrrb

[316] [468] [259]. Another layer of repression effect comes from the epigenetic machineries,

such as PcGs, LSD1 and NuRD, which act to repress pluripotency gene expression via

histone deacetylation, deposition of repressive histone modifications such as H3K27me3

and H2AK119ub, permissive histone methylation removal, as well as histone remodelling.

Finally, the dissolution of pluripotency is safeguarded by post-transcriptional regulation.

Cells deficient in mRNA decay and stability regulation are resilient to differentiation,

probably because the pluripotency-related transcripts need to be degraded rapidly for dif-

ferentiation to take place. These pathways co-exist and cross-regulate each other, in order

to cooperatively achieve the dismantling of pluripotency.
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4.2.4.3 Metabolic regulation

It has been reported in mice and humans that there is a reduction in mitochondrial respira-

tion when ESCs transit from naive to primed pluripotency [489] [143] [402]. In particular,

mouse ESCs are metabolically bivalent with both glycolysis and mitochondrial respiration

in place, whereas primed cells, such as EpiSC or human ESC as well as epiblast in the

post-implantation embryo, have low mitochondrial respiratory capacity, despite having a

more developed mitochondrial content [489]. Kallan et al. have recently reported an over-

all decrease in transcripts encoding components of mitochondrial respiratory complexes

after 25 hours differentiation [184]. These studies demonstrate that oxidative phosphory-

lation is rather trivial in regards to energy production in primed pluripotent stem cells.

However, despite this, healthy mitochondria seem to be required for cells to be able to

enter the differentiation stage as mouse ESCs with malfunctioning mitochondria failed to

differentiate at a normal pace. Therefore, it can be postulated that mitochondria biosyn-

thesis and maturation is one of the prerequisites of the initiation of differentiation, even

though they remain dormant in the next stage of development.

Notably, screening results revealed that several genes from the glycolysis pathway also

showed a delayed differentiation phenotype when knocked out, indicating the indispens-

able role of glycolysis in the early developmental transition. Given that glycolysis is an-

other major energy generation pathway and serves as one of the initial steps in oxidative

phosphorylation, this leads us to the hypothesis that the dismantling of the pluripotency

network as well as the changes in the transcriptome and methylome at the onset of differen-

tiation creates an energy barrier which a cell needs to overcome to complete the transition.

Furthermore, it has been reported that metabolism integrates with genetic and epigenetic

programs to regulate stem cell function and fate [482]. For instance, acetyl-CoA generated

by fatty acid metabolism, glycolysis and in mitochondria can be transported to the nu-

cleus for histone acetylation [440] [48]. Therefore, undisrupted energy supply is a crucial

requirement for the initiation of differentiation. Further investigation is worth carrying

out to understand the mechanism of how metabolic state affects ESC identity, function

and lineage determination.
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5.1 Introduction

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase discovered in the

1990s as the direct target of rapamycin-FKBP12 complex in mammals [40] [341]. It is a

crucial signalling node that integrates both intracellular and extracellular signals to regu-

late various cellular processes such as cell metabolism, growth, proliferation and survival.

The mTOR protein functions in two distinct complexes, mTOR complex 1 (mTORC1)

and mTOR complex 2 (mTORC2) [141]. mTORC1 comprises five components: mTOR,

Raptor, mLST8, PRAS40 and Deptor [194] [196] [150] (Figure 5.1). It has been shown that

Raptor facilitates the recruitment downstream targets to mTORC1 [300] [359]. PRAS40

and Deptor physically associate with mTORC1 and negatively regulate its kinase activ-

ity [319] [347]. Upon activation, mTORC1 directly phosphorylates Deptor and PRAS40,

resulting in reduced physical association and full activation of mTORC1. mLST8 acts to

stabilise the kinase activation loop of mTORC1, although genetic studies suggested that

it may be dispensable for mTORC1 activity [461] [124]. mTORC2 is made of six compo-

nents, some of them are common to mTORC1, such as mTOR, mLST8 and Deptor [124].

The mTORC2-specific subunits are mSIN1, Rictor and Protor1 [124] (Figure 5.1). Unlike

the dispensable role in mTORC1, mLST8 is functionally essential for mTORC2 [124]. Ric-

tor and mSIN1 stabilise each other and establish the structural foundation of mTORC2

[215]. Similar to its role in mTORC1, Deptor negatively regulates mTORC2 activity

[319]. mTORC2 is characterised for its insensitivity to rapamycin treatment; however,

it was demonstrated that prolonged rapamycin treatment abrogates mTORC2 signalling

[212] [351]. Compared to mTORC1, mTORC2-related biology is less characterised.

Figure 5.1: Structure of mTORC1 and mTORC2. mTORC1 consists of three core components: mTOR, Raptor

and mLST8. It also contains two inhibitory subunits PRAS40 and Deptor. Like mTORC1, mTORC2 also contains

mTOR, Deptor and mLST8. Components unique to mTORC2 are Rictor, mSin1 and Protor1.
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mTORC1 is a central regulator for cell growth and metabolism. It positively regulates cell

proliferation by promoting anabolic processes such as protein and lipid biosynthesis [215].

S6K1 and 4EBP1 are two of its key downstream effectors [215]. 4EBP inhibits translation

through binding eIL4E to prevent the formation of eIL4F. mTORC1 phosphorylates 4EBP,

which leads to its dissociation from eIL4E, allowing the cap-dependent translation to take

place [44] [138]. mTORC1 also directly phosphorylates and activates S6K1, which in turn

phosphorylates and activates several substrates that promotes ribosome synthesis, such

as S6 and eIF4B [95] [159]. Furthermore, activated S6K promotes lipid and nucleotides

synthesis via phosphorylating and activating Srebp and Cad, respectively [320] [15]. In

addition to activating anabolic pathways, mTORC1 suppresses protein catabolism, such

as autophagy [215]. mTORC1 was shown to phosphorylate Ulk1, which prevents it to

form the autophagy driver complex with Atg13, Fip2000 and Atg101 [196]. Furthermore, a

recent study demonstrated that mTORC1 regulates protein turnover by inhibiting protein

ubiquitination or reducing the amount of proteasomal chaperones by inhibition of Erk5

[338].

mTORC1 integrates major metabolism related signals such as growth factors, amino acids,

oxygen and energy levels to regulate downstream processes [215]. Growth factors activate

mTORC1 mainly via stimulating PI(3)K-Akt pathway. Binding of insulin or other growth

factors such as Igf-1 and Egf to the their cell surface receptors promotes the tyrosine kinase

activity of the receptors and leads to the recruitment of Irs1 [152]. Irs1 in turn activates

PI(3)K and produces PtdIns(3,4,5)P3. A key downstream effector of PtdIns(3,4,5)P3 is

Akt, which is recruited to the cell membrane and activated by Pdk1 [152]. Once acti-

vated, Akt moves to the cytoplasm, where it phosphorylates and inhibits the tuberous

sclerosis complex (TSC) [165] [253]. TSC is a heterotrimeric complex comprising Tsc1,

Tsc2 and Tbc1d7 [87]. It functions as a GTPase-activating protein (GAP) for the small

Ras-related GTPase (Rheb), which directly interacts with mTORC1 and stimulates its

activity via unknown mechanism [408] [235]. Notably, S6k1, activated by mTORC1, phos-

phorylates Irs1 and attenuates signal transduction from receptor to PI(3)K [252]. This

S6K1-dependent negative feedback loop has been shown to be deregulated in many dis-

eases including cancer and metabolic diseases [252]. The TSC complex is also involved in

response to changes in energy status and oxygen levels. Under energy deficit condition,

AMPK, a major energy sensor, is activated and positively regulates Tsc2, which leads to

the reduction of mTORC1 activity [166]. In response to hypoxia, Redd1 is activated and

negatively regulates mTORC1 by disrupting the association of Tsc2 and 14-3-3 protein
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[41] [85].

Figure 5.2: Structure of mTOR regulating complexes and mechanistic target of mTORC1 amino acid sensing

pathway. (A) Under amino acid deprived condition, Ragulator complex and V-ATPase remain in an inhibitory

state. GATOR1 complex exerts GTPase-activating protein (GAP) activity towatds RagA, keeping as inactive

from recruiting mTORC1 to the lysosomal membrane. TSC complex is translocated to the lysosmal surface where

it inhibits Rheb through its GAP activity. (B) Upon amino acid stimulation, Ragulator and V-ATPase undergo

conformational changes. Together with folliculin, Ragulator and V-ATPase catalyse the activation of Rags

complex, which recruits mTORC1 to the lysosomal membrane where it interacts with Rheb. Akt phosphorylation

of TSC2 drives the TSC complex off the lysosomal surface, allowing Rheb to activate mTORC1. Image taken and

adapted from Bar-Peled and Sabatini, 2014 [11].

The amount of amino acids is another strong signal that regulates the mTORC1 pathway

(Figure 5.2). It was shown that the activation of mTORC1 by amino acids is independent

of TSC complex, as S6K1 phosphorylation is protected from amino acid withdrawal in

Tsc2-knockdown cells [299]. Amino acid sensing by mTORC1 largely relies on the het-

erodimeric Rag GTPases, which consist of RagA or RagB with RagC or RagD [194] [346].

The Rags complex is located on the lysosomal membrane through association with the

Regulator complex, which comprises five subunits from Lamtor1 to Lamtor5 [345] [346].

Amino acid stimulation activates the Rags complex, which allows it to recruit mTORC1

to the lysosomal surface via binding of Raptor. Once recruited to the lysosomal surface,

mTORC1 interacts with Rheb and becomes activated [346]. It was shown that mTORC1

senses cytosolic and lysosomal amino acids through different mechanisms. Lysosomal

amino acids activate mTORC1 through transporter SLC38A9, which interacts with the

Rag-Ragulator-v-ATPase complex and promotes the activation of the Rag complex [180]
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[330] [432]. Cytosolic amino acids signal to mTORC1 through GATOR1 and GATOR2

complexes [10]. GATOR1 is a GAP for RagA/B and acts as an indirect inhibitor of

mTORC1 [10]. GAPTOR2 positively regulates of mTORC1 via inhibiting GATOR1 [314].

Recently, a complex named KICSTOR was identified as another negative regulator that

binds and recruits GATOR1 to the lysosomal membrane [448]. Sestrin2 has been identi-

fied as the primary leucine sensor for mTORC1. In the absence of leucine, Sestrin2 binds

and inhibits GATOR2, which activates GATOR1, leading to mTORC1 downregulation.

Another amino acid sensor is CASTOR1 (Cellular Arginine Sensor for mTORC1) [358].

Similar to Sestrin2, CASTOR1 binds and inhibits GATOR2 in the absence of arginine

and dissociates upon arginine binding to enable the activation of mTORC1 [60].

mTOR deregulation is associated with a range of human diseases, such as cancer, obesity,

neurodegeneration and type 2 diabetes. Although it has been shown that mTOR pathway

is required in pluripotency and development, its exact function remains largely undefined.

Recently, Bulut-Karslioglu et al. showed that inhibition of mTOR induces reversible

pausing of mouse blastocyst development and allows prolonged culture ex vivo, indicating

that mTOR regulates developmental timing at the peri-implantation stage [46]. Sabatini

and colleagues reported that abrogation of mTORC1, by genetic loss of Rag GTPase, leads

to embryonic lethality, indicating the essentiality of mTORC1 in embryonic development

[101]. From a large-scale siRNA screen, Betschinger et al. found that knockdown of the

mTOR regulators Folliculin (Flcn) and Tsc2 resulted in delayed differentiation [19]. The

authors also showed that Folliculin, together with its binding partners Fnip1 and Fnip2

drives differentiation by regulating the subcellular location of the transcription factor Tfe3.

Genome-wide location and functional analysis showed that Tfe3 promotes the pluripotency

circuitry through up-regulation of Esrrb.

Consistent with Betschinger’s siRNA screening result, Flcn and Tsc2 were identified in

the CRISPR-Cas9 genome-wide screen as statistically significant genes whose loss im-

peded differentiation initiation. Additionally, a number of other mTORC1/2 regulators

were found to be essential for the onset of differentiation, including RagA and RagC from

the Rags complex, Wdr24 from GATOR2 complex and all the 5 subunits of Regulator

complex. Furthermore, many of the negative regulators or components of the mTORC1/2

complexes were identified as genes whose loss accelerate mESC differentiation. This in-

clude Nprl2 and Depdc5 from GATOR1 complex, Itfg2 from KISCTOR complex, and

Mlst8, which is a common component of mTORC1/2 complex. Sestrin2 and Rictor were

also detected, albeit at a less significant level. One of the surprising findings from the
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screen is that knockouts of mTORC1 regulators from amino acid sensing and growth fac-

tor stimulation pathways led to opposite outcomes on ESC differentiation. From the amino

acid sensing aspect, mTORC1 upregulation accelerated ESC differentiation, as seen in the

phenotype of GATOR1 knockout. In contrast, knockout of TSC complex, the key factor

mediating the growth factor stimulation pathway, resulted in delayed differentiation pheno-

type. These results suggested unknown mechanisms in relation to mTORC1/2-mediated

pluripotency and differentiation regulation. The following experiments in this Chapter

aimed to investigate the molecular mechanisms underlying mTORC1/2-mediated pluripo-

tency/differentiation regulation. Firstly, I verified the knockout phenotypes of GATOR1

and TSC complexes. Secondly, I compared the knockout effect of GATOR1 and TSC

complexes on upstream regulators and downstream effectors of mTORC1. And finally, I

analysed the transcriptomic changes of GATOR1 and TSC knockouts.
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5.2 Results

5.2.1 Generation of knockout cell lines and phenotype validation

To decipher the role of mTORC1 in pluripotency and differentiation regulation, I de-

cided to focus on the two mTORC1 inhibitory complexes: GATOR1 complex and TSC

complex, whose knockouts exhibited completely different phenotypes upon differentiation

from my screen. I first generated knockout ESC lines for GATOR1 components Nprl2

and Depdc5, which is directly inhibited by GATOR1, as well as the TSC complex sub-

units Tsc1 and Tsc2 (Figure 5.3). Same targeting strategy was applied as discussed in

Chapter 3, whereTcf7l1 and Apc knockouts were described. The knockout cell lines were

subsequently assessed for differentiation ability by plating in N2B27 for 27 hours followed

by flow cytometry analysis. As shown in Figure 5.4 (A), phenotypes observed in each

knockout cell lines agreed with screening results: Nprl2 and Depdc5 knockout cell lines

lost Rex1GFP expression faster than parental cell line, whereas Tsc1 and Tsc2 knock-

out cell lines retained greater RexGFP positive population. For further validation, the

Rex1GFPd2 cells were transduced with lentivirus expressing gRNAs targeting Nprl2 and

Tsc2, and plated in differentiation condition. As shown in Figure 5.4 (B), the observed

single gRNA knockout phenotypes were consistent with stable knockout cell lines. To

assess the differentiation progress at the cellular level, I replated cells at a low density into

2i/LIF medium after 28-hours differentiation in N2B27, and cultured them for a week be-

fore AP staining. As shown in Figure 5.4 (C), the number of AP-positive colonies was well

correlated with the Rex1-GFP profiles. Thus, the screening results were confirmed with

individually targeted knockout clones. Before any further investigation, it was important

to make sure that the knockout phenotypes were not specific to the genetic background

of E14 cells, which is the parental cell line which Rex1GFPd2 cell line was established

from. To test that, I performed commitment assay using the Cas9-expressing JM8 cells

transduced with gRNAs targeting Tsc2. As shown in Figure 5.4 (D), Tsc2 knockout

JM8 cells exhibited significantly more colonies compared to wild type, suggesting that the

phenotype of delayed differentiation was not related to genetic background.
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Figure 5.3: Generation of stable KO cell lines for mTORC1 regulating genes. (A) to (D) Schematic targeting

strategy and genotyping results for Tsc2, Tsc1, Nprl2 and Depdc5 KO cell lines. Two gRNAs were designed to

flank a critical exon and transfected into Rex1:GFPd2 cell line. A critical exon was defined as a common exon

expressed in all transcript variants and when deleted, creates a frame-shift mutation. Transfected cells were plated

in clonal density and single cell colonies were picked and genotyped by PCR. Black arrows indicate PCR

genotyping primers. Red arrows indicate gRNA cutting sites. gRNA and PCR primer sequences are listed in

Chapter 2 Table:2.1 and Table:2.2. Asterisk indicates KO clones. Red asterisk indicates KO clones used in

analysis. Roman numbers indicate exon numbers.
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Figure 5.4: mTOR-related gene knockout phenotype validation. (A) Rex1GFP differentiation profile of indicated

stable knockout ESC clones (knockout strategy shown in (Figure 5.1). Differentiation was induced by 2i and LIF

removal. Rex1GFP was measured at 27 hours differentiation. Blue - knockout Rex1:GFP clones; Red - wt

Rex1:GFP cells. (B) Rex1GFP differentiation profile of cells expressed with gRNAs targeting indicated genes.

Differentiation was induced by 2i and LIF removal. Rex1GFP was measured at 27 hours differentiation. Blue

-Rex1:GFP cells transduced with indicated gRNAs; Red -Rex1:GFP cells transduced with empty vector. (C)

Commitment assay of stable knockout clones. Cells were kept in N2B27 medium before being replated in N2B27

supplemented with 2i/LIF. Alkaline phosphatase (AP) staining was used to visualise ESC colonies one week after

replating. (D) Commitment assay using Cas9-expressing JM8 cells. Cells were transduced with Lentiviral vectors

expressing indicated gRNAs.
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5.2.2 Disruption of GATOR1 complex induces mTORC1-activated neg-

ative feedback loop

As discussed previously, mESCs cultured in serum/LIF condition exhibit heterogeneous

expression of naive pluripotency markers. These two subpopulations exist in a dynamic

equilibrium and can be re-established in a few passages after purifying either population

by cell sorting [57]. To investigate the self-renewal ability of GATOR1 knockout cells, I

sorted Rex1-GFP positive population and plated them back to serum/LIF and monitored

the percentage of GFP positive population for six days. As shown in Figure 5.5 (A), wild

type cells gradually lost GFP positive population for about four days until a plateau was

reached at around 75%. Tcf7l1 knockout cells hardly lost any GFP positive population:

around 90% cells were expressing Rex1at day six, indicating its enhanced self-renewal abil-

ity. In contrast, both Nprl2 and Depdc5 knockout clones lost Rex1-GFP expression at a

much faster rate than wild type cells, and plateaued at around 40% to 50% at day six, which

is significantly lower than wild type cells. Strikingly, GATOR1 knockout cells struggled to

retain GFP positive population even in 2i/LIF condition. They lost 5-10% of GFP-positive

cells in 6 days, whilst wild type and Tcf7l1 knockout cells retained high GFP-positive frac-

tion. Furthermore, the Rex-GFP negative population of GATOR1-deficient cells failed to

re-establish the GFP-positive naive pluripotent cells under serum/LIF condition, whereas

GFP-negative wild type and Tcf7l1 knockout cells could re-acquire Rex1 expression to ap-

proximately 30% and 50%, respectively, in four days (Figure 5.5 (B)). These observations

indicate compromised self-renewal ability in GATOR1 knockout cells.

I next analysed the knockout effect of Nprl2 and Tsc2 on other key regulators upstream

and downstream of mTORC1 by focusing on their phosphorylation status (Figure 5.5 (C)).

In line with previous findings, Nprl2 and Tsc2 knockout cells exhibited higher phosphory-

lation of S6K and S6, indicating increased mTORC1 activity [165] [10]. It is known that

activation of mTORC1 induces negative feedback loop through phosphorylation of Irs1 by

activated S6K, which results in reduced signal transduction from receptor to Akt [252].

This is well-correlated with the phenotype of Nprl2 knockout, where phosphorylation of

Akt on S473 is considerably weaker compared to that in wild type, suggesting down-

regulated Akt activity as expected. Surprisingly, Tsc2 knockout cells exhibited strongly

up-regulation of phosphorylation at S473, indicating higher Akt activity. I then moved

on to analyse the downstream targets of Akt such as GSK3 and PRAS40. Consistent

with Akt S473 phsophorylation, PRAS40 was highly phosphorylated in Tsc2 knockout

cells, but Nprl2 knockout cells showed no obvious difference from wild type cells. The
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phosphorylation pattern of GSK3 in each knockout cell line is well correlated with Akt

phosphorylation pattern, as well as the observed differentiation phenotypes (Figure 5.5

(D)). Because GSK3 is an important node of the Wnt signalling pathway in regulating

pluripotency and differentiation, I hypothesised that the opposite differentiation pheno-

types of GATOR1 knockout and TSC knockout cells were caused by the difference in

GSK3 regulation.

For further investigation of the GSK3 involvement in Nprl2 knockout phenotype, Nprl2

knockout cells were plated in ’1i’ condition (N2B27 with Mek inhibitor PD0325901 and

LIF) supplemented with serially diluted GSK3 inhibitor CHIR99021 (Figure 5.5 (E)) (This

experiment was performed by Kosuke Yusa). In the complete absence of CHIR99021, wild

type cells retained around 80% Rex1-GFP positive population, whereas Nprl2 knockout

cells has only approximately 45% Rex1-GFP positive cells. Furthermore, Nprl2 knockouts

appeared to be more responsive to the changes of CHIR99021 concentration and more

dependent on CHIR99021 to maintain Rex1-GFP expression, in line with the elevated

Gsk3 activity indicated by western blot. Since it was speculated that the elevation of Gsk3

activity in Nprl2 knockout cells is most likely through the negative feedback mechanism

by hyperactive mTORC1 and the resulted negative feedback loop, inhibition of mTORC1

would reverse the phenotype. Indeed, as shown in Figure 5.5 (F) and (G), treating Nprl2

knockout cells with 20nM rapamycin restored the ability of pluripotency maintenance in

1i/LIF (This experiment was performed by Kosuke Yusa), and rescued the accelerated

differentiation phenotype.
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Figure 5.5: GATOR1 KO phenotype is resulted from activated GSK3. (A) Rex1-GFP positive population of

GATOR1 key component (Nprl2 and Depdc5 ) KO cells was sorted and maintained for six days in serum/LIF and

2i/LIF conditions. Rex1-GFP expression was monitored by flow cytometry every day. (B) Rex1-GFP negative

population of Nprl2 and Depdc5 KO cells were plated in serum/LIF. Rex1-GFP expression was monitored by flow

cytometry every day for four days. (C) WT, Nprl2 KO and Tsc2 KO cell lines were starved in basal medium for 2

hours and stimulated with N2B27 for 10 minutes. Cell lysate was probed with indicated antibodies. (D)

Quantification of Gsk3 phosphorylation shown in (C). (E) Nprl2 KO and WT cells were plated in

N2B27+PD0325901+LIF supplemented with serially diluted GSK3 inhibitor concentration. The percentage of

Rex1-GFP positive population was measured by flow cytometry. (F) Rapamycin treatment of Nprl2 KO cells in

N2B27+PD0325901+LIF. The percentage of Rex1-GFP positive population was measured by flow cytometry. (G)

Rapamycin treatment rescued accelerated differentiation phenotype of Nprl2 KO. Differentiation was induced by

2i/LIF withdrawal from N2B27. 20 nM rapamycin was added when cells were plated for differentiation. Rex1GFP

expression was analysed after 27 hrs.
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5.2.3 Tsc2 knockout demonstrated unconventional cross-talk between

mTOR and PI(3)K-Akt pathways

As mentioned in the previous section, Tsc2 knockout mESC cells showed unconventional

Akt phosphorylation pattern, namely upregulation of S473 phosphorylation (Figure 5.5

(C)). This observation suggests that, despite up-regulated mTORC1 activity, the S6K-

mediated negative feedback loop does not seem to be operational: Akt activity was

substantially up-regulated as shown by hyper-phosphorylated GSK3 and PRAS40 was

observed. To investigate the role of hyperactivated Akt in Tsc2 knockout mESCs, I gen-

erated Rictor knockout and Tsc2\Rictor double knockout mESC lines (Figure 5.6 (A)).

Rictor is an essential component of mTORC2, which has been identified as the kinase

that phosphorylates Akt at S473 and fully activates Akt. In my screen, Rictor was iden-

tified as a significant hit whose knockout was depleted from the Rex1-GFP population,

indicating that Rictor knockout accelerates differentiation. Consistent with the screening

results, Rictor knockout ESCs demonstrated accelerated differentiation phenotype (Figure

5.6 (B)). However, Tsc2\Rictor double knockout cells exhibited Rex1-GFP profile similar

to Tsc2 knockout, indicating that hyperactive Akt was not the causative factor for the

delayed differentiation phenotype of Tsc2 knockout.

To further dissect the molecular functions of mTORC2 and Akt, I analysed the phos-

phorylation status of the key components of Akt-mTOR pathway in Rictor knockout,

Tsc2 knockout and Tsc2\Rictor double knockout. As shown in Figure 5.6 (C), loss of

mTORC2 activity did not affect the up-regulated mTORC1 activity in Tsc2 knockout

background as indicated by highly phosphorylated S6K and S6 in Tsc2\Rictor double

knockout cells. Deletion of Rictor completely abolished Akt phosphorylation at S473 in

both Rictor knockout and Tsc2\Rictor double knockout. Not much change was observed

on Akt phosphorylation at T308. An Akt kinase assay was performed by Jason Yu in the

lab using GSK3a as the substrate and showed that Akt activity in Tsc2\Rictor double

knockout cells was almost abolished (Figure 5.6 (D)). However, interestingly, two Akt

downstream targets PRAS40 and GSK3 retained high levels of phosphorylation in double

knockout ESCs comparable to that of the Tsc2 knockout cells, which indicates that the

phosphorylation of PRAS40 and GSK3 in Tsc2\Rictor double knockout background is

resulted from some unknown kinases other than Akt.
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Figure 5.6: The unconventional cross-talk between mTOR and PI(3)K-Akt pahtways in Tsc2 KO. (A)

Schematic targeting strategy and genotyping results of Rictor KO. Rictor KO was generated using WT and Tsc2

KO cells. Two gRNAs were designed to flank a critical exon and transfected into Rex1:GFPd2 cell line.

Transfected cells were plated in clonal density and single cell colonies were picked and genotyped by PCR. Black

arrows indicate PCR genotyping primers. Red arrows indicate gRNA cutting sites. gRNA and PCR primer

sequences are listed in Chapter 2 Table:2.1 and Table:2.2. Asterisk indicate KO clones. Red asterisk indicates KO

clones used in analysis. Roman numbers indicate exon numbers.(B) Rex1-GFP profile of Rictor KO, Tsc2 KO

and Tsc2\Rictor double KO after 27 hours differentiation in N2B27. Blue - indicated KO cells; Red - wt

Rex1:GFP cells.(C) Immunoblotting result of WT, Rictor KO, Tsc2 KO and Tsc2\Rictor double KO. Cell lysate

was probed with indicated antibodies. (D) Akt kinase assay using GSK3a as a substrate (Performed by Jason Yu).

(E) Rapamycin treatment rescued the impeded differentiation phenotypes of Tsc2 KO and Tsc2\Rictor double

KO. Differentiation was induced by 2i/LIF withdrawal from N2B27. 20 nM rapamycin was added when cells were

plated for differentiation. Rex1GFP expression was analysed after 27 hrs. Red - wt rapamycin non-treated

Rex1:GFP cells; Blue - indicated KO rapamycin non-treated; Yellow - indicated KO rapamycin treated.
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Given that depletion of Tsc2 strongly activates mTORC1 activity, one of the possibilities

is that the kinase responsible for GSK3 phosphorylation lies downstream of the hyper-

activated mTORC1. In order to test this possibility, I treated cells with rapamycin and

analysed Rex1GFP profiles at 27 hours differentiation. As shown in Figure 5.6 (E), de-

layed differentiation phenotype in Tsc2 knockout and Tsc2\Rictor double knockout ESCs

was completely rescued by rapamycin treatment. And these knockout cells exhibited dif-

ferentiation profiles comparable to that of the wild type cells.

5.2.4 Transcriptional changes in Nprl2 and Tsc2 knockouts

To further explore the downstream effect of Nprl2 knockout and Tsc2 knockout, I per-

formed RNA-seq analysis and examined the global expression differences between these

two genotypes. As these knockout cells exhibit different levels of heterogeneity of naive

pluripotent cells, I purified Rex1-GFP positive populations from Nprl2, Tsc2 knockout

and wild type ESCs by cell sorting and performed differential gene expression analysis

(Figure 5.7 (A)). At the cutoff threshold at adjusted P -value less than 0.1, the analysis

revealed 204 up-regulated genes and 308 down-regulated genes in Nprl2 knockout naive

ESCs. Tsc2 knockout naive ESCs exhibited substantially more differentially expressed

genes: 1280 genes were up-regulated and 1390 genes were down-regulated. Surprisingly,

despite the fact that only Rex1-GFP positive population was analysed, genes associated

with naive pluripotency such as Klf4, Tbx3, Esrrb and Tfcp2l1 were down-regulated in

Nprl2 knockout and upregulated in Tsc2 knockout, whereas genes in relation to primed

pluripotency such as Lefty1 and Dnmt3b were found to be up-regulated in Nprl2 knockout

and down-regulated in Tsc2 knockout.

To further analyse the pluripotency status of each knockout, I used curated panels of

markers for general, naive and primed pluripotency[184], and examined their expression

level in the RNA-Seq datasets (Figure 5.7 (B)). It was found that general pluripotency

markers were expressed at a similar level across the three genotypes. Naive pluripotency

markers were up-regulated in Tsc2 knockout and primed pluripotency markers, which

are associated with post-implantation epiblast, were down-regulated in Tsc2 knockout,

strongly indicating a more stabilised naive pluripotency status in Tsc2 knockout than wild

type. Complete opposite expression pattern was observed in Nprl2 knockout, indicating

that cells existed in a more primed pluripotency state despite Rex1-GFP expression. This

finding indicates that although Nprl2 and Tsc2 both function as mTORC1 inhibitors, the

alteration of these two genes resulted in completely different outcomes in pluripotency-
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related gene expression.

Figure 5.7: Transcriptional changes in Nprl2 and Tsc2 knockouts. (A) Global gene expression changes in

Rex1-GFP positive populations of Nprl2 and Tsc2 knockout ESCs measured by RNA-Seq. FC: Fold change.

Black dots represent differentially expressed genes. Several pluripotency/differentiation related genes were

highlighted in red as examples. (B) Expression of selected general, naive and primed pluripotency markers from

two independent replicates of wild type, Nprl2 knockout and Tsc2 knockout ESCs. Scale bar represents Log2 fold

change compared to the mean TMP value of wild type replicates.
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To dissect the differences in Nprl2 and Tsc2 knockout gene expression profiles, I divided

the differentially expressed genes into four categories (Figure 5.8 (A)) and performed

pathway enrichment analysis. As shown in Figure 5.8 (B), the analysis revealed that highly

up-regulated genes in both genotypes were associated with metabolic processes such as

amino acid metabolic process and organonitrogen metabolic process, probably as a result of

stimulated mTORC1 activity. Genes that were commonly down-regulated were associated

with regulation of cell cycle, notably, negative regulation of cell cycle. I postulated that

constitutive active mTORC1 promotes cell proliferation thus inhibits genes that negatively

regulates cell cycle. Genes that were up-regulated in Nprl2 knockout but down-regulated

in Tsc2 knockout were associated with developmental process, which highly agrees with

its accelerated differentiation phenotype. Pathways enriched from genes that were up-

regulated in Tsc2 knockout but down-regulated in Nprl2 knockout include ’Response to

oxygen containing compound’, which is in line with the fact that TSC complex is involved

in oxygen sensing. Interestingly, transcription-related pathway was also enriched from

genes that were uniquely up-regulated in Tsc2 knockout ESCs, which indicates that Tsc2

might be involved in transcription regulation. Whether this is through mTORC1 inhibition

remain to be tested.
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Figure 5.8: Pathway analysis of differentially expressed gene sets. (A) Differentially expressed genes were

grouped into four categories: up-regulated in Nprl2 knockout but down-regulated in Tsc2 knockout (i),

up-regulated in both genotypes (ii), up-regulated in Tsc2 knockout but down-regulated in Nprl2 knockout (iii),

down-regulated in both genotypes (iv). (B) Enriched pathways of differentially expressed gene sets in each

category.

125



CHAPTER 5. THE ROLE OF MTOR-RELATED PATHWAYS IN
PLURIPOTENCY/DIFFERENTIATION REGULATION

5.3 Discussion and conclusion

The discovery of many regulators on the mTOR axis in relation to the exit from pluripo-

tency is unprecedented, owing to the power of CRISPR-Cas9-mediated screen and the

recent advance in knowledge on mTOR pathway. Although the role of mTOR and its re-

lated proteins in development has been studied previously [46] [19] [101], its exact function

and the mechanism of interaction with its upstream regulators and downstream targets to

make an impact on pluripotency and differentiation regulation remain a mystery. Inter-

estingly, the screen hits covered a broad range of pathways upstream mTORC1, including

growth factor stimulation, amino acid sensing and oxygen level regulation. It is notewor-

thy that almost all the major complexes involved in amino acid sensing were recovered and

the outcome of each knockout correlated very well with its role in the pathway. Through

studying the knockout phenotype of GATOR1 components, I demonstrated that the amino

acid sensing-related mTORC1 regulators are involved in pluripotency regulation via influ-

encing the Gsk3 activity by Akt (summarised in Figure 5.9).

Figure 5.9: Summary of major relevant signalling components upstream and downstream of mTORC1 and

mTORC2. mTORC1 regulation by amino acid sensing is operated via the GATOR complexes: GATOR1

negatively regulates mTORC1, whereas GATOR2 functions as a positive regulator of mTORC1 from its inhibition

of GATOR1. Knocking out key components (Nprl2 and Depdc5) of GATOR1 complex confers delayed

differentiation in mESCs. This is due to the increased phosphorylation of S6K resulted from mTORC1 activation,

which creates a negative feedback loop to down-regulate Akt via IRS-PI3K-PDK1. The weakened Akt leads to

reduced Gsk3 phosphorylation, which impairs the pluripotency status through destabilised downstream β-catenin.

Knocking out TSC1/2 complex, which is another major inhibitor of mTORC1, also showed increased

phosphorylation of S6K. However, conventional negative feedback loop was not operating as shown by increased

Akt activity. The up-regulated Akt does not contribute to the delayed differentiation in Tsc2 knockout mESCs as

knocking out Rictor (key component of mTORC2, which phosphorylates Akt and is responsible for its full

activation) in Tsc2 deficient mESCs did not rescue the phenotype. There are evidence suggesting S6K rather than

Akt phosphorylates and inactivates Gsk3 in MEFs [481], but wether this is the case in mESCs remains to be tested.
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Gsk3 is a key negative regulator of the canonical Wnt pathway by phosphorylating and

promoting degradation of β-catenin. As discussed in Chapter 1, for naive pluripotency

maintenance, the major role of β-catenin is to abrogate the transcriptional repressor func-

tion of Tcf7l1. Gsk3 inhibition thus positively contributes to sustaining naive pluripotency

and suppressing differentiation. Figure 5.5 (E) and (F) clearly indicates that Nprl2 knock-

out mESCs have an elevated Gsk3 activity and thus are more dependent on Gsk3 inhibition

to maintain Rex1GFP expression. The delayed differentiation phenotype could be rescued

by rapamycin (Figure 5.5 (G)), which indicates an operative negative feedback loop in

Nprl2 knockout ESCs from hyperactive S6K to Akt via IRS.

One of the striking findings from the screen was that Tsc2 knockout cells demonstrated

strong delayed exit of pluripotency which is opposite of Nprl2 knockout despite both

act as mTORC1 inhibitors. This is probably also due to hyper-phosphorylated Gsk3

as shown in Figure 5.5 (C). Although there must be distinct mechanisms in the control

of pluripotency regulation underlying the opposite phenotype between Tsc2 and Nprl2

knockout ESCs . Additionally, phosphorylation analysis revealed unexpected Akt activity

in Tsc2 knockout. Firstly, Akt appeared to be up-regulated compared to wild type cells

evidenced by the hyper-phosphorylated downstream targets Pras40 and the result of Akt

kinase assay Figure 5.6 (C) (D), which is contradicting the established knowledge in cancer

cells that activated mTORC1 induces negative feedback loop and down-regulates Akt

[252]. Furthermore, Huang et al. demonstrated that TSC complex physically interacts

and activates mTORC2, which is required for the phosphorylation of Akt at S473. Mouse

embryonic fibroblast cells deficient of Tsc2 lack of Akt S473 phosphorylation, which is in

sharp contrast with what we observed in mouse ESCs [163] (Figure 5.6 (C)). These findings

raised a possibility that the stabilised pluripotency status is resulted from upregulated Akt.

However, Tsc2\Rictor double knockout did not rescue the phenotype observed in Tsc2

knockout Figure 5.6 (D), suggesting that Akt is not involved in regulating Gsk3 in Tsc2

knockout cells and that Gsk3 is rather regulated by other kinases. Given that rapamycin

could rescue the phenotype caused by Tsc2 knockout, the kinase that phosphorylates

Gsk3 is most likely downstream of mTORC1. It has been described that in Tsc2 knockout

MEFs, S6K rather than Akt phosphorylates and inactivates Gsk3, which might also be

the case in mouse ESCs [481]. To test this, S6k inhibitor or gRNAs targeting S6k could

be used in Tsc2 knockout ESCs.
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This thesis describes the use of CRISPR-Cas9-based genome-wide knockout library to

study the transition from pluripotency to differentiation in mouse embryonic stem cells.

It encompasses three major sections of work. The fist part focused on the preparation

work and proof-of-principle studies, including generation of constitutive Cas9 expressing

Rex1:GFPd2 cell line and analysis of the differentiation profiles of Tcf7l1 and Apc knockout

mESCs. These studies established screening foundations and provided valuable insights

into screening design optimisation. The second part describes a detailed analysis of the

screening result. Recovery of several well-studied pathways and factors confirmed that

the screen was effective in identifying drivers of commitment. The discovery of previously

unknown pathways and pluripotency regulators suggested the powerfulness and sensitivity

of the screen. The final section focused on the mechanistic studies of mTOR-related

pathway in regulation of pluripotency and differentiation. Through detailed dissection of

the knockout phenotypes of Nprl2 and Tsc2, I demonstrated that GATOR1 and TSC2

complexes regulate pluripotency via distinct routes, albeit both function as mTORC1

inhibitors.

6.1 The immeasurable potential of CRISPR-Cas9-mediated

genetic screen in stem cell biology

Since the establishment of ESC cultures more than three decades ago, studies have revealed

a number of genetic and epigenetic machineries regulating pluripotency and differentiation.

However, the mechanism behind the transition from pluripotency to differentiation has

not been fully understood. This is partly due to the lack of scalable and high-throughput

genetic methodology that allows comprehensive investigation of genes causing a specific

phenotype. So far stem cell research has been typically carried out with resource-intensive

hypothesis-driven approaches. The hypothesis-free forward genetics approach has been

applied in yeast, Drosophila and Caenorhabditis elegans and provided deep insights into

diverse biological processes [119] [178] [387]. A few large-scale screens were performed in

stem cells (summarised in Table:4.1), but being limited by the technology available at the

time, they were shown to be inefficient and lack of power.

The advent of CRISPR-Cas9 technology provided unprecedented opportunities to per-

form genetic screens and investigate genetic pathways underlying cellular processes in

mammalian cells. The results described in this thesis demonstrated immense power and

remarkable sensitivity in identifying genes involved in the regulation of differentiation
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initiation. The CRISPR-Cas9-mediated screen is a step forward from RNAi-mediated

screens and insertion-mediated screens in regard to knockout efficiency, off-target effect

and simplicity in identifying causative mutations. It is also advantageous in offering the

opportunity for a truly unbiased genome-wide comprehensive analysis of a particular bio-

logical process.

Most recently published CRISPR-Cas9 screens in mammalian cell culture used cell growth

as a model [422] [153] [435]. Unlike those, the screen describe in this thesis used FACS-

based reporter gene expression as a readout for positive selection. This mode of genetic

screening is relatively less explored, possibly due to the difficulties in maintaining library

complexity during cell sorting. To overcome such technical challenges, a series of optimi-

sation experiments were performed for the best outcome of large-scale cell sorting. Under

optimised conditions (described in Chapter 2), I could collect at least 5x106 cells per repli-

cate for downstream genomic DNA extraction and gRNA amplification. This achieves 50X

coverage per gRNA, which is approximately half of the coverage in negative-selected cancer

cell growth studies.

Furthermore, as shown in Chapter 4 and 5, by carefully choosing screening parameters,

one can possibly uncover both enriched and depleted gRNAs from a screen and identify

both positive and negative regulators of the process. Additionally, as the phenotype is

assessed based on the gRNA abundance in control and treated samples, statistical anal-

ysis can be performed to quantitatively evaluate the phenotype caused by the knockout

of a particular gene. The statistical significant value obtained from the screen is to some

extent reflecting the level of association of a specific gene to the biological process, which

provides a useful guidance for investigators to narrow down the candidate list and set up

priorities for further investigation. The screening result described in this thesis demon-

strated high sensitivity, which is well exemplified by uncovering genes whose mutation

caused loss of Rex1-GFP expression. Although the screening conditions were optimised

for positive selection to capture genes whose loss lead to sustained Rex1-GFP expres-

sion, 12 genes could be identified from negative enrichment with a more relaxed cut-off

of FDR=25%. Even so, Rictor, which was ranked at 37 in the negative selection with an

FDR of 51%, could be validated by a separate experiment in knockout mESCs (Figure

5.6). This indicates that, due to higher noise in negative selection, some genes failed to

pass the statistical cutoff can still be meaningful and worth further investigation. Another

gene Sesn2, encoding Sestrin2, is known to function as a leucine sensor whose loss results

in continuous mTORC1 upregulation. Sesn2 was ranked 46 in the negative selection with
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an FDR of 0.61. Although it did not pass the statistical cutoff, the phenotype of Sesn2

might be true, subject to further validation experiments. Re-designing the screen with

optimised conditions for negative enrichment could be worthwhile to uncover the biology

of mechanisms facilitates the initiation of differentiation.

The success of CRISPR-Cas9 genome-wide screen in unraveling genes involved in the exit

of pluripotency using mouse ESCs demonstrated its potential in stem cell biology and

opened up several lines of research work that could be performed in the near future. One

of the apparent projects is to apply the same screen in human ESCs. Although mouse

ESCs remain as invaluable materials in developmental biology, it is an imperfect model

for studying human embryonic development [121]. Recent studies have developed several

strategies to establish and maintain human ESCs in the naive state by over-expression of

certain transcription factors or chemically manipulate the culture system [58] [128] [403]

[437] [412]. CRISPR-Cas9-based genetic screening could facilitate the identification of

genes that are required to safeguard human naive pluripotency state, as well as genes that

drive the exit from pluripotency.

The discovery of iPSCs has provided a revolutionary platform for human disease modelling,

stem cell-based therapy and drug discovery. Great progress has been made since its birth a

decade ago. However, several important issues remain to be addressed: the current repro-

gramming process occurs stochastically with low efficiency and the resulted reprogrammed

cells often exhibit variations in differentiation potential [371]. CRISPR-Cas9-based genetic

screening could open a new avenue for understanding the reprogramming mechanism and

basic biology of iPSCs to develop methods that facilitate the efficient generation of stan-

dardised human iPSCs. Another challenge for the research and therapeutic applications

of iPSCs and ESCs is to differentiate them into specific cell types. Recent studies have

been successful in discovering the key events during cell fate decisions; however, the cur-

rently available differentiation methods often result in heterogeneous population with low

efficiency in derivation of desired cell types [427] [231] [31]. CRISPR-Cas9-based genetic

screening holds great potential in understanding the genetic and molecular control that

dictates the specification to distinct cellular identities, which facilitates the development of

better strategies for directed differentiation of pluripotent cell to a specific cell type.
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6.2 The complex regulatory network that drives dissolution

of pluripotency

The screening result described in this thesis demonstrated a panoramic picture of cellular

pathways that facilitate progression out of naive pluripotency. These include known signal

transduction pathways such as Wnt, FGF/MAPK and PI3K pathways. The screenings

hits also include processes that are indirectly involved in signal transductions such as

the heparan sulphate biosynthesis pathway and endocytosis. As a positive regulator of

the binding of Fgf and Fgfr, deficiency in heparan sulphate biosynthesis results in reduced

FGF/MAPK signalling therefore negatively regulating the onset of differentiation. The en-

dosomal trafficking pathway controls the intensity, duration and specificity of the signalling

pathways. Of various vesicle trafficking and endocytosis complexes were identified, all 6

genes that compose the HOPS complex demonstrated noticeable differentiation defects.

Other published pluripotency regulating pathways that were enriched in the screen include

mRNA degradation and miRNA biogenesis pathways. To be specific, genes involved in

mRNA decapping, deadenylation, nonsense-mediated decay and m6A mRNA methylation

appeared to be significant in the screen, which is consistent with published studies [224]

[132] [14]. miRNAs are also known to regulate differentiation [187] [378]. The screen

has identified genes involved in miRNA biogenesis such as Dicer1 and Drosha, as well as

the miRNA nuclear exporter Xpo5. The effect of transcriptional regulatory proteins and

chromatin modifiers on regulation of pluripotency and differentiation has been extensively

studied. A large number of them has been captured in the screens, such as Otx2, Zfp281,

polycomb repressive complexes and HDAC1/2 containing complexes. Interestingly, the

screen has identified Pou5f1 (protein: Oct4) as a gene required for differentiation. As a

well-established core pluripotency gene, this finding seems somewhat contradicting. How-

ever, it has has been shown recently that the effect of Oct4 is sensitive to its protein level

and ESCs with heterozygous Oc4 expression exhibited enhanced self-renewal and delayed

differentiation kinetics [328] [188]. As CRISPR-Cas9 is a DSB-based technology which

generates various alleles, there are probably a subpopulation of heterozygously edited

cells in the mutant library which demonstrated delayed differentiation phenotype, while

homozygous Pou5f1 knockout ESCs were depleted from the population.

The screen has not only identified the majority of the pluripotency and differentiation reg-

ulators, but also revealed a large number of previously unknown factors, which broadened

the landscape of factors regulating ESC identify and differentiation. This dataset provides
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an important resource for the scientific community and raised several interesting biological

questions for further investigation, such as the role of SAGA complex and NuA4 complex,

which are highly conserved chromatin regulatory complexes whose function in the stem

cell context has not been well-studied. Also, compare to genetic and epigenetic regula-

tions, the role of metabolism in pluripotent stem cells is ill defined. Nearly half of the

563 screening hits were nucleus-encoded mitochondrial genes, indicating the the functional

importance of mitochondria and oxidative phosphorylation in the transition from naive

to primed pluripotency. However, it was widely accepted that primed pluripotent cells

mainly rely on glycolysis as the source of energy, and mitochondria respiration is reduced

compare to naive pluripotent cells [489] [402] [184]. It is therefore a mystery whether

ATP production is directly taking part in regulating the exit of naive pluripotency, and

if so, what is the underlying molecular mechanism. Another possible explanation is that

metabolism pathways integrate with genetic and epigenetic programs to regulate stem

cell function and fate. Certain byproduct or intermediate product of metabolism such as

acetyl-CoA can be transported into the nucleus for epigenetic modification. The screen

revealed a crucial role of the under-appreciated metabolic pathways in pluripotency and

differentiation, whose exact function and mechanism require further investigation. An-

other interesting module that worth further study is the ESCRT machinery and HOPS

complex.Although likely to be involved in sustaining external signal transmission such as

FGF-MAPK pathway, in the last few years, studies have revealed that late endosome and

lysosome function not only in protein sorting and degradation, but also act as a platform

for mTORC1 signalling pathway[355] [393]. It was also shown that the level of amino

acids inside the lysosome lumen directly modulates mTORC1 activity [492]. It might be

worth investigating any additional roles of the ESCRT and HOPS complexes.

Collectively, these pathways demonstrated strong interconnectivity and formed a function-

ally interdependent network. The dissolution of pluripotency is dependent on differenti-

ation cues, which transmit into the cell via signalling cascades. One of the downstream

effects of differentiation input is the repression of naive pluripotency network, which is

achieved cooperatively by transcription repressors and chromatin modifiers. To ensure a

rapid response to differentiation signals, the mRNA modification and degradation path-

ways are activated, which promotes the down-regulation of pluripotent transcripts. As the

naive pluripotency network is dismantled, the cells initiate a new transcription programme

which resembles the early post implantation epiblast. This transition process is supported

by metabolic pathways, possibly through providing energy and intermediate metabolites
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required for the function of genetic and epigenetic pathways.

6.3 The prominent role of mTOR and its related proteins

in pluripotency and differentiation regulation

This thesis highlighted the power of CRISPR-Cas9 mediated genetic screen in identifying

novel pathways underlying biological processes in stem cells. Among the novel pathways I

focused on showing the pivotal role of the mTOR-centred pathway in controlling the exit

of pluripotency. mTOR regulators were overrepresented in the candidate list: there were

19 mTORC1 regulators and 2 components of mTORC2. This was especially true among

the negative selection gene hits, where 5 of the top 10 significant genes are mTOR related.

Surprisingly, deficiency in TSC complex and GATOR1 complex resulted in opposite phe-

notypes during ESC differentiation despite both function to inhibit mTORC1 activities.

Through knocking out two GATOR1 components (Nprl2 and Depdc5), I demonstrated

that mTORC1 activation by loss of mTORC1 negative regulators increases Gsk3 activity

and destabilise naive pluripotency. I have also demonstrated through Rictor knockout

mESCs that mTORC2 deficiency causes reduction of Akt activity and consequently in-

creases Gsk3 activity, thereby destabilising naive pluripotency.

Conversely, mTORC1 upregulation by TSC complex deficiency resulted in the opposite

phenotype, that is, delayed differentiation. Data in this thesis showed that Tsc2 loss in

mESCs led a unique phosphorylation pattern: Akt in Tsc2 knockout exhibited higher ac-

tivity evidenced by the hyper-phosphorylated downstream targets Pras40 and the result

of Akt kinase assay. This is contradicting the established knowledge in cancer cells that

activated mTORC1 induces negative feedback loop and down-regulates Akt[252]. Knock-

out of Rictor in Tsc2 knockout cells demonstrated that high Akt activity and this was due

to ectopically activated mTORC2. However, the activated Akt in Tsc2 KO mESCs does

not play a major role in Gsk3 phosphorylation nor phenotypic outcome. It is still unclear

why activated Akt does not phosphorylate its conventional target, Gsk3, and what the

molecular basis of this phosphorylation rewiring is. S6K activation due to Nprl2 deficiency

does not result in phosphorylation on Gsk3. As Tsc2 physically interact with the β-catenin

degradation complex [246], TSC complex might serve as a molecular scaffold and recruit

Akt to phosphorylate Gsk3. Upon loss of Tsc2, the β-catenin degradation complex is no

longer attached to this platform and Gsk3 can now be accessed and phosphorylated by

S6K. It would be interesting to further investigate these hypotheses.
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Several mTORC1 regulators including Folliculin and Tsc2 have been identified as drivers

of commitment in a siRNA-mediated screen, and a model has been proposed in which

Folliculin acts downstream of mTOR and drives differentiation by restricting nuclear lo-

calisation [19]. This model was limited by the scarcity of knowledge of the biological

function of Folliculin at the time. It was found later that the Folliculin-Fnip2 complex

acts as a GAP for RagC/D that stimulates mTORC1 activity in the presence of amino

acids [420] [321]. This agrees with GATOR1 phenotype which inhibits mTORC1 via act-

ing as a GAP for RagA/B. Although there was a link between Folliculin-Fnip2 complex

to the subcellular location of Tfe3, it is not clear how Folliculin-Fnip2 caused the nuclear

exclusion of Tfe3 and how does mTORC1 involved this process. Therefore more work

is to be done to unravel the detailed molecular mechanisms of mTOR-related pathways.

Several questions were raised in this thesis, one of which is whether mTORC1 is directly

involved in exit of pluripotency. Although many mTORC1 regulators were identified in

the screen, knockout of mTORC1 itself does not seem to alter the differentiation profile

given that none of its essential components exhibited any phenotype in the screen. Fur-

thermore, it was observed that treating wild type cells with rapamycin did not affects their

differentiation progress [19]. However, rapamycin treatment could rescue the aberrant dif-

ferentiation phenotype of Tsc2 knockout and Nprl2 knockout. For further investigation,

it may be worth adopting other perturbation approaches other than rapamycin such as

conditional knockout or knockdown. It has also been reported two point mutations on

mTOR confer constitutive activation of mTOR signalling even under starvation condi-

tions [354]. These activated mutants could be helpful to reveal the role of mTOR by

direct comparison with Nprl2 knockout and Tsc2 knockout. Another interesting finding

that would be interesting to follow up is how Tsc2 knockout resulted in mTORC2 acti-

vation and unconventional Akt regulation in mouse ESCs. It is hypothesised that TSC

complex plays additional roles other than mTORC1 inhibitor. A promising approach is to

perform CRISPR-Cas9-mediated genome-wide screen with Tsc2 knockout ESCs.
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Calista K L Ng, Ralf Jauch, Matthias Wilmanns, and Hans R Schöler. A unique
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