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ABSTRACT

Human embryonic stem cells and human induced pluripotent stem cetlefared as
pluripotent in view of their abilityo maintain seHrenewal andlifferentiationto cells of
all three germ layers. So far the mechanismlerlying thecell cycleregulation self
renewal and pluripotency of human pluripotent stem @ksnot fully understoodn
this study, we first screenddr candidateniRNAs whidh might play important roles in
regulating pluripotency and cell cycle by usmgicroarraybased approacimiR-1305
was chosen as a target, as its expression profile changed during human embryonic stem
cell differentiation and cell cycléVe also reveald therole of miR1305 in regulating
differentiation in human embryonic stem cedlswell as cell cycle andpoptosis in
human embryoniand induced pluripotent stem celBur resultgrovide evidencéhat
overexpression of mH305 induce significant human embryonic stem cell
differentiation anddownregulatiorof miR-1305 maintais human embryonic stem cell
pluripotency.Furthermore POLR3Gwas identifiedas adownstream targdbdy which
miR-1305 regulates human embryonic stem cell diffeagion. Together our data
corroborate previous findings indicating an intrinsic link betweaiRNA and

maintenance of pluripotency umanembryonic stem cells.
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Chapter 1. Introduction

1.1 Human Pluripotent Stem Cells
1.1.1 HumanEmbryonic Stem Cells

Human embryonic stem cells (hES cells), which are derived from the inner cell mass
(ICM) of early preimplantatiotfmuman embryos, have two unique properties: unlimited
selfrenewal (ability to divide symmetrically to generate many undifferentiated cells
under proper culture condition) and pluripotency (potential to give rise to any cell type

of the adult organism)~gure1) *%.

Blastocyst
\’ = S Jo ® ma & O
Q Y = g @ Inner Cell Mass
y ‘:'«q_»»
Fertilization = Embryo 'l _
Human embryonic
Kﬁii% stem cells

O

Activation Parthenote

Yol

Ectoderm Mesoderm Endoderm Germline
Brain, Skin Muscle, Blood, Lung, Gut, Liver Sperm, Egg
Bone, Cartilage

Figure 1. Generation of hES cell lines.

hES cellsare derived from the inner cell mass (ICM) of early preimplantation human
embryos. They can maintain sednewal andgenerateall cell typesfrom all three
embryonicgerm layers and the germlif@dapted from Yabut O et #2011)°.

The first hES cell line was derived in 1998 by James A. Thomson at University of
Wisconsin®. Thereafter, many hES cell lines have been produced and charadtedzed
number of independent laboratories In culture, hES cellgrow in colonies;the cells
have ahigh nuclear/cytoplasm ratio and expiessof pluripotency markerssuch as
OCT4(POU4F]), NANOG SOX2, LIN28&nd POLR3G(Polymerase (RNA) Il (DNA
directed)polypeptide G (32kD)et al®**°. The undifferentiated state of hES cells could
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be mainained by culturing hES cells on feeder cells (mouse embryonic fibroblast cells
(MEF), human feeder cells) with hES media which contains bFGF, exivacellular
matrix (ECM like matrigel or vitronectin)n medium which contains both bFGF and
TGl Figure 3 .

Figure 2. The morphology of hES cells cultured under (a) MEF or (b) feeder free
condition.

There are two discrete pluripotent states recently teasediveand primed*’. Naive
pluripotent stem cells, represented by I@krived mouse ES celf$, can efficiently
contribute to chimeric embryos, maintain both X chromosomes in an active state in
female cells, can be cloned with high efficiency, grow as packed dome colonies and
require the growth factor LIF and 2i (dual inhibition of extracellular sigegllated
protein khases ¥ (ERK1/2and glycogen synthase kinase 3 H&€8K3b)) to maintain
pluripotency***°. Primed pluripotent stem cells (such as mouse epiblast stem cells), are
derived from the posgtplantation epiblast of embryo¥he ICM of an embryo will
develop into hypoblast and epiblastHypoblast cells will develop into primitive
endoderm, whilghe epiblast cells arprogenitorsof definitive endoderm, mesoderm

and ectodermThe epiblasstemcells are pluripotent anchn give rise to differentiated
teratomas, and are highly inefficient in repopulating the ICM upon aggregation or
injection into host blastocyst§*®. Theseare characterized by a flattened morphology,
intolerance to passaging as single cells, dagendent on bFGF and TF ctiin
signalling ***8. Although not identical, hES cells share several defining features with
primed mouse epiblast stem cells, such as a flattened morphology, intolerance to

passaging as single cells, dependence on bFGF an/ T@fin signalling***%*,

There are many similarities and differences between mouse and hunwi€EI hey
are both pluripotent stem cells, which can maintain unlimited-reeéwal and
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pluripotercy. Both mouse and human ES cells express pluripotent nsafictd, Sox2,
and Nanog as the foundation of mammalian pluripotené, Mouse ES cellsaare
positive for SSEAL while negative foSSEA3, SSEA4. However hES cellexpress
SSEA3 and SSEA4 but not SSEAL %,

Leukaemianhibitory factor(LIF) andbone morphogenetic protein (BMP) are required
for efficient maintenance ahEScells in culture'®. In contrast, LIF is insufficient to
inhibit the differentiation of hES cellsnsteadFGF and TGFb pathwaysare central

mediators in the maintenance of undifferentiated hE&Cs

Both mouse and human ES cells have short cell cycle cochparé their
differentiationcounterpartsbut the cell cyclef hES cellss longer than mouse ES cells.
Unlike mouse ES cells, hES cells exists both GL&B@/M checkpoint>?°. In mouse
ES cells, theG1/S transition otell cycle is mainly regulated by miB90-295 cluster
and four members of the miB02 cluster while hES cells, cell cycle is regulated by
miR-302/372 cluster, mifL95 and miR92b?’.



Property Ground State Primed State

Embryonic tissue early epiblast egg cylinder or embryonic disc
Culture stem cell rodent ESCs rodent EpiSCs; primate “ESCs”
Blastocyst chimaeras yes no?

Teratomas yes yes

Differentiation bias none variable

Pluripotency factors Oct4, Nanog, Sox2, KlIf2, Kif4 Oct4, Sox2, Nanog

Naive markersP Rex1, NrOb1, Fgf4 absent

Response to Lif/Stat3  self-renewal none

Response to Fgf/lErk  differentiation self-renewal

Clonogenicity high low

XX status XaXa XaXi

Response to 2i self-renewal differentiation/death

a8 Notappliedto primate cells.

b Representative examples.

Table 1. Comparison of Naive and PrimedPluripotent States.
(Adapted fromNicholeset al. 2009,

The conversion of hES cells to raive state is desirable as their features should
facilitate techniques such as genatind and more efficient differentiation. Several
groups have tried to derive thaivestate hES cells by transgene expreséiohor the
use of media containing smatlolecularand growth factoré®**!. Maintenance of these
ground state cells is possible using a combination of b&@FLIF, together with 2i*

“! There remain many challenges in generatisigepluripotency for dl protocol yield
slightly different cellular states. It is still unclear whistateis closest to itsn vivo
counterpartClearlyadditionalresearch on regulatiasf hES cellpluripotencyis neeed

for betterunderstanuhg of thetrue naivestate.

1.1.2 HumanlnducedPluripotent Stem Cells

By screening 24 pluripotency factors, in 2006, TakahashiYardanaka identified a
small number of key factor©O¢t3/4, Sox2, &lyc, andKlf4) that can cause adult skin
fibroblasts to reprogram to a pluripotent state akin to embryonic sterf*¢ellBhese

reprogrammed cells are called induced pluripotent stera GBI6 cells). The iPS cells
also have unlimited setenewal andpluripotency*4(Figure 3). This study opened a

completely newareain thisfield. It is now possible to reprogram differentiated somatic
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cells into pluripotent cells that have the capacity to geeeat the cell type of adult
tissues®. The iPS technology has the potential to ease the controversy and ethical
dilemmas associated with hES cells and to effectively bypass the problem of immune

rejectiorf®.
\'.: Adult Cell
- ‘“ﬁg‘
- Wg@ reprogramming
l factors
E % iPS Cells
Mesoderm Endoderm Ectoderm
{rAiddia uym Mateenal ﬁw) (Extarnal laym)
v 4
;.P» .
BEES GO RS
(anj-n Muscle Tubul-(ell I Smoolh Musche Lun (ell leu-ul( Sklncﬂls Plgmom
of the Kidney (In Guep (Aveniar Cull) Call of Epsdermis Cell
Skeletal Red Blocd Thyroid HNeuron
Muscle Cally Cells gell Cell

Figure 3. Induced Pluripotent Stem (iPS) Cells.

Adult cell could be reprogrammed to the pluripotent state by reprogramming factors.
The iPS cells also have unlimited seknewal and pluripotencyAdapted from
http://liveaction.org/blog/sternell-researckthe-basicstypesof-researckmedicat
statusandethicatdrawbacks).

Thereafter, many other somatic cell typewluding blood, keratinocytes were
reprogrammed into iPS cells by forcing expression of different combination of genes
treating with chemical§™>°. The early delivery methods used for reprogramming were
integrating methods (retrovirus, lentivirus, or Agrus based transposons), which have
the risk of tumour formation®. Later the researchers developed integrdtiea
strategies by employing adenovirus, Sendai virus, plasmids, mRNA, miRNA, and the
proteinbased protocols>®. Among all these neintegration methods, synthetic
MRNA-based protocols have maximum efficiency over the original retrowmeiated
system for delivering reprogramming factots But the stability of RNA and the

induction of innate antiviral defence pathwagsain a barrier to their further clinical
-6-



use >*. For better clinical prospects, small molecules alone have been successfully
employed in the generation of iPS cells, which represents significant progresk in
reprogramming technology. Currently available reprogramming protocols with their
induction efficiency and time frame advantages and disadvanéagesmmarized in
Table2.

Methods Cell Type

Efficiency (%) Advantages

Disadvantages

Fibroblasts, neural stem cells,
Retrovirus stomach cells, liver cells,
keratinocytes, amniotic cells,

~0.001-0.1 Reasonable efficient

Genomic intergration,
incomplete provirus
silencing

Integrating blood cells and adipose cells Geionile litorgration
incomplete provirus

Lentivirus Fibroblasts and keratinocytes ~0.001-0.1 Reasonable efficient

silencing
; ~0.01 Reasonable efficient Labour-intensive
Transposon Fibroblasts screening of excised lines
Adenovirus Fibroblasts and liver cells ~0.0001 No genomic integration ~ Low efficiency
Difficulty in purging cells
Sendai virus CB cells and fibroblasts ~0.001 No genomic integration of replicating virus
) No genomic integration, Short half-life, and
Protein Fibroblasts ~0.001 no DNA-related requirement for large
Non- complications quantities of proteins
integrating muliple application
mRNA Fibroblasts ~1 No genomic integration,  Multiple rounds of
high efficiency transfection
miRNA Stromal cells and i 5 . _—
dermal fibroblasts 0.02-1 No. genomic integration,  possiblity of
efficient subfragments
Episomal Fibroblasts only occasional genomic Occasionla genomic
Plasmids ~0.01-1 integration integration
OSKM+PD0325901 0.1
Combined *+ CHIR99021 Neural stem cells
factors with :
- O+NaB+ PS48+ Keratinocytes
Chemicals A-83-01+PD0325901 0.00004 Increase the efficiency The presense of
retrovirus
O+A-83-01+AMI-5  Fibroblasts 0.02
0.5
0S+ VPA Fibroblasts
Chemical alone Fibrolabsts 0.2 No DNA/RNA related Not determined

complications

CB, core blood; O, OCT4; S, SOX2; K, KLF4; M, C-MYC; VPA, valproic acid.

Table 2. Methods for reprogramming somatic cells taPS cells °>*%*,

Both hES cells andhumaninduced pluripotent sterthiPS) cells share the important
properties of selfenewal and pluripotency, however accumulating repgutgyesthe
difference oftranscriptome®>®, histone code differencéé, DNA methylation®® and
variation of differentiation propensit*’® between hES cells and hiPS celhese

studieshave led tananyquestiors of the equivalenceof these two promising cell types.

Although global gene expression profiles of hES cells and bétS are largely similar,

subtle differences in the expression of mMRNAs and miRNAs have been redtéd
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The reseathers applied genomgide methods to compare hES cells with hiPS cells by
array CGH (uncover subkaryotypic genome alterations); coding RNA profiling
(uncover gene expression changes); miRNA profiling (to determine changes in miRNAS)
and histone modificatio profiling (epigenetic changes). ®eeanalyses found gene
expression that idifferent from hES cells and shared among hiPS cells generated in
different reprogramming experiments, indicatthgthiPS cells should be considered a
unique subtype of pluriggent cell’.

The DNA methylation patterns in hiPS cells are not identical with hES &allee of

the differences appear to be related to the origin of somatic el aepigenetic
memory’>"*. Notably, continuous passagifgor chromatin modifyingdrug treatments

™ could abrogate thepigeneticmemory induced transcriptional differences in murine
iPS cells, indicating the epigenetic memory nafect the differentiation propensity

only transiently. In one recent work, researchers have identified a panel of 82 CpG
methylationsites that can distinguish hiR®lls from hEScells with high accuracy by
comparing a large number of hES cdlts=155) and hiPS tils (n=114) generated in

different lab from different somatic cells by various meth@ds

Despite similaritiedetweerhES cells and hiPS cells at general features ofreptiwal
and pluripotency, reports of variability in the vitro differentiation potential of hiPS
cells with respect to hES cells halvastratedinvestigator in this field. For instanca,
reduced and more variable yield of neural and cardiovascular esleén observed in
hiPS cells®®. In addition, hiPS cell derived early blood proijer and endothelial
cells appear to undergo premature senescénd&’hat underlies these differences in
yield of useful differentiated cell typesssll far fromclear.



1.1.3 Application of hESCells and hiPSCells

hES cells and hiP€&ells share the important properties of setiewal and pluripotency;

that is, they are theoretically capable of generating unlimited amounts of any
differentiated cell in the human body. These unique features have made hES cells and
hiPS cells extremelymportant in basic and applied research. They may serve as
attractive tools for human early development research, disease modelling, drug

screening and cell replacement.

Research into human embryonic development

The early humandevelopment process islktincleardue to limited sources of human
embryos and ethical issuespart from the very early preimplantation stagpeman
embryos are inaccessible for research. One approach to overcome this obstacle is to use
animal models. But despite the similarity between human and mouse, there are still
major differences between species in size, growth and anaforiyhile hES cellsan
recapitulate embryogenesis by expression developmentdjylatedgenes and by
activating molecular pathways as they occuwrivo. Moreover they could be used to

study the function of specific gene on partar developmental events, such as cell

lineagecommitment and differentiation.

Under suspension condition, hES cells tend to aggregate, formspegcaalstructure
termed EBs (embryd bodies). EBsare dynamic structures that undergo extensive
changesWhile the EBsgrow, differentiation take places, resulting in the production of
many different cell types including cells from all three géayers’®. There are some
evidencesshow that thedevelopment oEB correlatewith embryogenesis. Onsuch
example is the studgf the Nodal signalling pathway, which plays a major role in the
determination of embryonic axes (rigeft, dorsalventral, and anterioiposterior) as
well as in mesoderm induction during early gastraratBy comparing the expression
of NODAL and its targets LEFTYA, LEFTYB, PITX2, between early, machd fully
matured hEgeneratedBs, a transient expression pattersobserved. All four genes
are expressed at different time points during differaéotatin keeping with the

conserved pathway as it occurs in émebryo’.



Disease modelling, Drug Screening

Another potential use of hES cells and hiPS cédldor disease modelling amdtug

screening.
There are different approaches for adopting hES cells in models of genetic diseases.

1) Screening hES cells from embryos using preimplantation genetic diagnosis (PGD).
PGD is mainly used to screen embryos from patients with and carriers of diseases that
are caused by highly penetrant and veblaracterized genetic mutations. Embryos
carrying these mutations can be used to derive hES cells, and the ensuing phenotypes
following differentiation are assumed to be similar to those of the affected family
members. This approach has been successfully used to derive hES cells and model
di sorders such as PB¥ntingtonds disease (|

HD is characterized by the degeneration of striatal projection neurons and is caused by
an expansion of CAG repeats in thentingin (HTT) gene that is inherited an
autosomal dominant manner. hES cells were derived from embryos diagnosed with
mutantHTT, and forebrain neurons differentiated from these mutant hES cells showed
greater glutamate sensitivity than healthy contfal&his is he first time that such an

early development event was experimentally assessable for HD and it enables the

dissection of disease mechanisms.

The derivation of hES cells from PGD embryos has been reported for a range of
additional diseases, including FX% Patau, Down, Triple X and Turner syndroniés

as well as cystic fibrosi&. However, only a few diseases are caused by mutations that
can be diagnosed by PGD. Disease without a known genetic cause cannot be obtained in
this way. Furthermore, the derivation of such cells relies on access to embryos and on

parental consent for emim donation.

2) Coculturing differentiated cells derived from hES cells with pathogenic primary
cells. This is another approach to use hES cells for disease modelling. For example, for
modelling amyotrophic lateral sclerosis (ALS), in which astrocyies implicated in
causing motor neuron death, several research groups have generated JuleSveelll

motor neurons that had beenadtured with primary astrocytes with mutant SOD1,
which causes ALS®*®. These motor neurons were found more susceptible to

degeneratiorf*®®. This model was used to assess compounds withopeective
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effects. MK0524, Apocynin and PTGDR2 were identified as putative therapeutic agents
for ALS 7°,

3) Another method involves using gene editing to introduce diseasging mutations

into hES cells from healthy donor&kecent advances in genomegineering with zinc
finger nucleases (ZFN$S, transcriptim activator like effector nucleases (TALENS)

and CRISPR/Cas systeni8®® which can modify the genome with precision will
potentially allow the modification of hES cell genomes more rountinely. One study
recently provided proof of generating mutations in 1fed#nt genes what are linked to
multiple disorders, including dyslipidemia, insulin resistance, hypoglycaemia,
lipodystrophy, motor neuron death, which was sufficient to induce di$easeciated
phenotype§’.

One promising potential of reprogramming is #imlity of generation patient specific

iPS cells. These diseaspecific iPS cells can then be differentiated into specific cell
types. This is very helpful to study the initiation and progression of diseast® stndy

how therapeutic interventions widuaffect the disease cells. Recently, hiPS cells have
been applied to study cardiac disease (e.g. long QT syndrome), neurodegenerative
disease (e.g. Alzheimer disease), attterdisorders’®*. This application is especially
useful for somaliseases that weextremely difficult to generate animal models. hiPS
cells can represent the corresponding disease and alemtification of drug targets

and understanding of effects of treatm@gure 4)

Recently, Lee and colleagues successfully derived hiPS cells from patient with familial
dysautonomia, a rare genetic disorder of the peripheral nesystem®. Investigators
produced central and peripheral neural precursors and subsequently found three disease
related phenotypes, thus providing evidence that diseteted cell types could reflect
disease pathogenesis vitro. After screening with multiple ecopounds, they showed

that the disease phenotype could be partially normalized by a plant hekinetie °°.

This study demonstrated how iPS cells can model the disease and facilitate the
discoveryof drug This platform could use to generate predictive tests to determine

differences in the clinical manifestation of the disoidegure4).
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Figure 4. hiPS cells derivation, differentiation and application.

Patient somatic cellscan be reprogrammed intdPS cells. After inducing
differentiationin vitro, hiPS cells can be useddmsease modellinglrug screening and
discoveryandtesting cellular toxic responséadapted fromMilena Bellin et al, 201p
90

Cell Replacement

The most important potential of hES and hiPS cells is they could be used clinically to
develop replacement celfer transplantation medicine for diseases caused by loss of
cel | function or | oss of one or sever al
diabetes, heart failuré§®,

hES cells can be maintained indefinitely under defined conditions and when required ,
can be differentiated into all types of cells, such as retina pigment epithelium (RPE)

cells *°.

Using hES celblerived RPE,Lu and colleggues have demonstrated
photoreceptorescue in the Royal College of Surgeons (R€&'®. The first use of

hES cellderived RPE cells in human patients was described by Schgrartp in one

pati ent wi t h St ar gadahoth@swithmdaycAMD. dnitial eegulsst r o p
show no significant improvement in visual function (Because of the loss of
photoreceptor cells is at an advanced stage, the likelihood of recovery of vision in this
population is low), but do suggest a good safetfile *°>. A number of clinical trials

investigating the safety of ESRPE are now underway or planned. The use of hES cell
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derived cells transplantation not only entails ethical obstacles, but also carries a risk of

immune rejection.

The difficulties associatedith hES cells can be overcome with the use of hiPS cells.
Patient specific iPS cells can be differentiated into any type of cells, which are

genetically identical to theatientandwill not be immunogeni¢Figure 4)%.

Hanna, Jaenisch and colleagues repaired the genetic defects in iPS cells derived from a
humanized mouse model sickle cell anaemia. Directed differentiation of the repaired

iPS cells into haematopoietic progenitors followed by transplantation the cells to the
mice, led to the rescue of the disease phenotype. The iPS cell derived haematopoietic

progenitors could stable engraft and correct the disease phenStype

I n another | andmark study about transpl al
derived dopaminergic neurons from iPS cells and implant them into the rat brain. The
celscanincti onally integrate and i mprove th
disease. This work is the evidence of therapeutic value of pluripotent stem cells-for cell

replacement therapy®.

The study of transplantation of hiRerived RPE sheet in human with exudative-age
related macular degeneration is underway in Japan. The first patient receiving
transplantation was in September 2014isT& the first human clinical trial to use iPS
derived cells. The outcomes of this trial are anxiously awaited.

These promising applications of hES cells and hiPS bellgopened exciting avenues

for regenerative medicine, disease modelling and drugestrg. To harshness these
potentials, we need to further understand the fundamental mechanisms of hES/hiPS
cells seltrenewal, pluripotency and reprogramming in order to manipulate the process

and improve the quality, efficiency, accuracy and consistehggnerating target cells.
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1.1.4 Regulation oPluripotency in Human Pluripotent Cells

Human pluripotent stem cells (hES cells and hiPS cells) maintain pluripotency through
regulating the extracellular signal pathwasnd intracellular transcription factors
(Figures 5-7) %

BMP2, BMP4, BMP7

Noggin =—— | —GDF3

"SMADT, SMADS, SMADS’

E) —f
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Figure 5. Extrinsic signals that affect selfrenewal, differentiation and viability of
hES cells.

Signalling mediated by TGB family, such as TG , activin and n
differentiation factors (GDFs, including myostatin) and BM&siverges mainly on
NANOG, which maintains ES cells in an undifferentiated state with the ability to self
renew, FGF2, PDGF, IGF2 and ERBB2 asdso involved in maintaining hESell
maintenane (FromMartin F. Pera & Patrick P. L. Tam2010)%*,

Extracellular signal pathway

The main extracellular signal pathways involved in regulating hES selftrenewal
include transforming growth factdr ( BGHE receptor tys) osi n.
mediated by growth factofé.

TGF-b f amil y

The TGFb f aintludeythe TGl pr ot ei ns, activin, nod:
factors (GDFs) and BMPs, all of which are involved in maintaining the-sedinstate®”.
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TGF/Activin/Nodal signal via typéreceptorsALK -4,-5 and-7 to activate downstream
SMADs, whereas BMP/GDS5ignallingactivates SMADs via ALKL,-2,-3 and-6.

The nodal and activin mediated signalling pathway activates the transcription factors
SMAD2 and SMAD3, whiclcantranslocate into nuclear and regulate various targets,
like NANOG ?*%* SMAD2 and SMAD3canbind to the promoter region of NANOG
and activate its expression, while SMAD1, 5, 8, which are activated by BMPs, inhibit
NANOG expression'®. Activin and nodal have been shown to suppress the
differentiation of hES cells. Blockade the activity of this pathway induces repaid hES
cells differentiation *®. Consistent with thidinding, hES cells express receptors for
nodal and a coeceptor for nodal (TDGF1). Interestingly, hES cells also express the
nodal antagonists LEFTY1 and LEFTY2, as well nodal itséff°°. In culture, LEFTY1

or LEFTY2 might modulate the level of Nodabediatedsignalling in hES cells

indicatingthatthis pathway is precisely regulated by interauadl external factors.

The BMPs mediated pathway activates the SMAD1, SMAD5 and SMADS8. When the
cells are treated with BMP pathway activator, they will differentiate to various cell
types. Antagonizinghe BMP pathway will enhance hES cell sedhewal ordrive ES

cell to neural cell faté'®**2 Activation of Activin/ Nodal SMAD2, 3 signalling or
FGF2mediate signalling suppresses BMP4 expression in hES, qakvening
spontaneous differentiatidf

Anot her T G,Ftiie GBFes,ndowdd maintain hES cells seliewal through
supporting the pluripotency marker expression and blocking -BiBiated induction

of differentiation'*?

In summary, the balance between ActiiNodal SMAD2, 3 pathways and BMPs
SMAD1, 5, 8 pathways is important for maintenance the hES cellsesefval®>'*

Various studies havehownthat TGFb signalling could synergize with several other
extracellularsignalling proteins, for exampleFGF2 or WNTs to promote stem cell
maintenanceSi mi | ar | vy, TGF b can interact with

differentiation (e.g. endoderm)>'*.

RTK signalling mediated by growth factors

RTK signalling mediated by fibroblast growth factordEGF), sphinigosinel-phsphate
(S1P) and platelet derived growth factor (PDGF)aiso important for hES cell e

renewal
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FGF2 was the first factor found to be crucial for the maintenance of hES cells. Many
chemically defined media incorporate this factor to enhance hES cell gt@&hcells
express receptors for FGFs and produce F&f2avhich activates signalling thrgh

the RTKs ERK1 and ERK2 in these celishibition of this pathway resudtin cell
differentiation *#*°. How bFGFmediated signalling interacts with the network of
pluripotency factors stilfemainsunclear. For cell culture, activating ActivifNodal

signalling together with FGF2 could maintain hé&islong term selrenewal*'*%!,

S1P (sphinigosiné-phsphatg a bioactive lysophospholipid, has been implicated in a
diverserange of biological processes, including cell growth, differentiation, migration
and apoptosis in many different cell typ€& PDGF has also been implicated in the
prevention of apoptosis’’. PDGF canactivate sphingosine kinase, an enzyme
responsible for the conversion of sphingosine to $®¥Pphosphorylation When
cultured in the presence of S1P and PDGF together, hES cellsh@avathe ability to
retain their pluripotency and undifferentiated stat the absence of @wlture or serum

122 indicating a role for lysophospholipsignallingin the mainteance of stem cells.

WNT signalling

WNT signalling has an extensivele in controlling animal eévelopment, including
embryonic induction, the generation of cell polarity and cell fate proce$¥&s.
Canonical WNT signalling involves the binding of WNT ligands to the Frizzled
receptors. This activates Dishevelled, whictlisplaces GSK-3b from the
Axin/adenomatous polyposis coli (APC) complex, preventing ubigoigdiated
degradation ob-catenin.b-catenin accumulates at@nslocats into the nucleus where
it associates with T celfactorlymphoid enhancer (TCF/LEF) proteins to activate

transcription of WNT targets

Howeverthe role of WNT signallingin pluripotent cellsn vitro, has beelifficult to
decipherbecausef conflicting reports. Some studies suggest roles for VgNgmalling

and inhibition of GSK8 in hES cells maintenanc¢é®. WNT signallingactivation by 6
bromoindirubin3éoxime (BIO), a specific pharmacological inhibitor of GSK
maintainsthe undifferentiated phenotype of hES cells and sustains expression of the
pluripotent statespecific transcription factors OCT4, REXand NANOG'?. Whereas
others found WNTsignalling could stimulate hES call proliferation, but also
differentiation. They found thé-cateninmediated transcriptional activation in the

canonical WNT pathway was minimal in undifferentiated hES cells, but greatly
-16



upregulatedduring differentiation'?”. Therefore, the function of WNSignalling in

regulating hES cells pluripotency is inconclusive.
PI3K signalling

Thephosphoinositide-kinase (PI3K) family are lipid kinases that form thobgessesl|(
II, and Ill). The activated PI3Kacts as intracellular second messengers recruiting
pleckstrinrhomology (PH) domain containing proteins, such as AKY PI3K
signalling can switch TGHB/SMAD activity between praelfrenewal ad pro

differentiation through regulating ERK and GSiktateninsignalling®?°.

Singh et al. 2012 found that blockage of PI8ignallinginduced the expression of
mesendoderm marker genes suckases GoosecoicandMIXL1. While simultaneous
blockage of TGB/SMAD signalling abolishedthe induction of these mesoendoderm
genes. As TGB/SMAD signallingis required for hES cell maintenance, these results
suggeste that robust PI3K activity collaborateWiGH)/SMAD to maintain hES cell
seltrenewal, while weak PI3K activity switches the function of DEMAD to

promote differentiation’”® (Figure6).

The authorgproposed a model for maintenance of hES celtregléwal. In this model,
activated PI3Ksignalling couldsuppress MEK/ERK activity, leading to high GSK3
activity and low b-catenin activity; the lowb-catenin activitydoes not allow the
moderate level of TA®¥SMAD activity to initiate mesendoderm gene expression and

thereby maintains hES cells in their selhewal staté?®°.
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hESC Self-Renewal

Heregulin, IGF-1 Activin A

v

PI3K/AKt
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Figure 6. Heregulin and IGF-1 via PI3K/Akt and Activin via Smad2/3 Cooperate
to Maintain Self-Renewal of hEScells

Red indicates the activated state of signalinglecules, whereas blue indicates the
repressive state. The dashed line indicates the regulation with unclear mechanisms.
(From Yeguang Chen et al. 201'2°

-18



Intracellular transcription factor

hES cells have a subset of transcription factors specifigstemnesy among which
OCT4 NANOG SOX2are considered to be the key factors that constitute the core

pluripotencycircuitry.

OCT4, also known as OCT3, a class V POU dorcaimaining transcription factor,

was identified as essential for both early embryo development and pluripotency
maintenance in ES celf§***X. OCT4 is highly expressed hES cells and its expression
diminishes when these celtiifferentiate and lose pluripotent¥. The precise level of
OCT4 is important for ES cell fate determination. Loss of OCT4 causes inappropriate
differentiation of ES cells into trophectoderm, whereas overexpression of OCT4 results
in differentiation into primitive endoderm and mesodéfii®®. OCT4 regulates a broad
range of targegenes including-GF4 REX1, SOX2 and CDX2, through binding to
enhancers carrying the octansax motif (OCFSOX enhancer), for synergistic

activation with SOX23"13°,

SOX2 is an HMGbox transcriptiorfactor that is detected in pluripotent stem lineages
and the nervous systéfn Inactivate Sox2 in vivo results in early embryo lethality due

to the failure of ICM maintenancdé®. SOX2 can form a complex with OCT4 protein to
occupy OCTFSOX enhancer to regulate target gene expression.-8&X@X enhancer
could be found in the regulator region of most of the genes that are specifically

expressed in pluripotent stem cells, such as QGDX2, NANOG, FGF4 and FBX15
141-143

NANOG is a NK2family homeoboxcontaining transcription factor that is specifically
expressed in pluripotent ES cell§***® In hES cells, Activin/TGFb signalling
stimulated expression of NANOG, which in turn prevent H@ficed neuroectoderm
differertiation 1°. Downregulation of NANOG leads to a significant dowegulation

of OCT4 and loss of ES cedurface antigens and thiéferentiatiort. Conversely, hES
cells overexpressing NANOG can be ntained in the undifferentiated state over
several passages in a feeflee system, without the requirement for conditioned

medium**6.

Many studies have demonstrated the importanc®©fT4 SOX2and NANOGas the
core regulators irregulation ofhES cell pluripotency*®***"!48 Besidesregulating

pluripotency these genes also control specific cell fates in hES cells. Previous study
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showed thatOCT4 regulates, and interacts withhe BMP4 pathway to specify
developmental fates. High levels ©CT4enable selfenewal in the absence of BMP4
but specify mesendoderm in the presence of BMP4. Low level®@f4 induce
embryonic ectoderm differentiation in the absence of BMP4 but specify extraembryonic
lineages in the presence of BMPANANOG represse embryonic ectoderm
differentiation but has little effect on other lineages, whei®@x2and SOX3are
redundant and repress mesendoderm differentidtion

In addition, OCT4, SOX2 and NANOG physically interact with each other and
coordinately regulate target genes in some cases, as their binding sites are often in close
proximity to one anothet. OCT4, SOX2 and NANOG gether occupy a minimum of

353 of hES cell genes. Half of the promoter regions occupied by OCT4 and SOX2, and
more than 90% of these sites were also occupied by NANOG. OCT4 , SOX2, NANOG
are also bound to their own promoters, thus forming an interconnagteckgulation

loop to maintain the ES cell identifyOCT4 maintains NANOG expression by directly
binding to the NANOG promoter when present at asteldy levk but represses it
when GCT4 is above the normal leveAnd OCT4 represses its own promoter also
when OCT4 level rises too high, thus exerting a negative feedback regulation loop to
limit its own expression. This negative feedback loop keeps the expres<dCT4 at a
steady level, thus maintaining the ES cell propefi®s* (Figure 3.
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Figure 7. Expanded transcriptional regulatory network showing target hubs of
multiple factors within the protein interaction network.

(From Kim et al. 20084°

Besides the core transcription factdP©LR3Gis anovel new identified pluripotency
marker which is expressed in undifferentiated hES cells, hiPS cells and early mouse
blastocytes®. It plays an important role to maintain pluripotency of hES cells, as
decreased levels 8fOLR3Gresults in loss of pluripotency and pronmsdtifferentiation

of hES cells, while overexpression ®OLR3G resuls in increased resistance to
differentiation.OCT4andNANOGcould regulate the level #OLR3Gthrough binding

at its promoter region The detail regulatory mechanismPOLR3Gremains unknown.
Further studies that focus on finditige downstream targets and upstream regulators of
the POLR3Gin hES cells and hiPS cells would be helpful fotabetterto understand

the regulatory network of sefenewal and pluripotency in hES cells and hiPS cells.
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1.2 Cell Cycle
1.2.1 Introduction of Cell Cycle

The cell cycle is an important event that leads to cell division and duplication. The basic
function of the cell cycle is to duplicate genetic information and equal segregation of
copied DNA between two daughter celfé. The cell cycle includes four different
phasesG1, S, G2 and M phase. G1, S and G2 phases are also called inteFdnase (

8). Interphase is an important part of cell cy@eringthis stage theells grow, prepare
nutrients and duplicaties DNA for mitosis. M phase is the short acronym for mitosis

phase. During M phase cello6s d¥vision in:

Figure 8. Schematic representation of the cell cycle.
(From Murtala B.Abubakaret al, 2012)

G1 phase

The G1 phase of the cell cycle encompasses the time from the end of the previous
mitosis until the next DNA replication. During this phase, ¢blts synthesize many of

the proteins and enzymes which are required for DNA duplication in S phagells

in G1 phase are very sensitive, during which the cell fate is often decided. The length of
G1 is highly variable between different cell types. G1 checkpoint is located at late G1

phase is also for dsl make decision for whether divide, delay division, or enter a

resting stage>®.
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S phase

The S phase is a period between G1 and G2 phase in the cell cycle. The major event
occurring during this phase is DNA replication, resulting in doubling of DN®wnt.
Another important event in this phase is the detection and repair of DNA daMage

This is achieved through activation of special signalling pathways, involving DNA
dama@ sensors (ATR) and effectors (Chk1) which detect the damage and cause a stop

in DNA replication and stabilize the DNA polymerase complex to fix the DNA damage
158159

G2 Phase

The G2 phase is the last interphase before the mitosis. In this phase, cells synthesise
proteins which are necessary for mitosis. Microtubules, which are required for mitosis,
are also synthesized in G2 phase. But in some cell types, sugknapusat the
embryonic stagé®’andsome cancer¥®’, G2 phase is not necessary: they can directly

enter mitosis.
M phase

The M phase is the stage duyiwhich the cells separate into two daughter cells. The M
phase can also be divided into several sequentially parts hamely prophase, metaphase,
anaphase, telophase and cytokinesis. During the M phapajrs

of chromosomesondense and attachfibresthat pull thesister chromatids opposite

sides of the celt®?. Then the cell starts cytokinesis immediately by dividing itself into

two equal cells which share the cefingponents. The mitosis is also a very important

part of the cell cycle as mistakes during this stage are likely to lead to cell apoptosis or

initiation of cancer®.
1.2.2 CellCycle Regulation

Cell cycle regulation is very important for deciding cell fate and as such it needs to be
precisely regulated. Two main regulators ell cycle are cyclins and cychdependent
kinases (Cdks) along with other cell cycle positive and negative regulators act to control

the cell cycle process?
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Cyclins

The first cyclin was discovered By. Timothy Huntin 1982'%% They were initially
named cyclins because their expression changes in a repeatable and specific pattern
(cycled) during the cell cycle. The basic function of cyclins is toletg the cell cycle

by activating cyclindependent kinases (Cdks) through profaiotein interactions.

Based on their expression profiles, the cyclins can be divided into four classes, G1/S
cyclins, S cyclins, G2 cyclins and M cyclinsifferent type of cyclins may bind with
different Cdks during the cell cycléor example, cyclin D/Cdk 4/6, cyclin E/Cdk 2 and
cyclin A/Cdk 2(Figure?9).

F 3
m Cyclin A
CyclinB

E

2

=

c

= -

§ Cyclin D

=4

(=]

J

G, Phase S Phase G, Phase Mitosis

Figure 9. Expression of human cyclins through thecell cycle

The concentrations of cyclin proteins aciye throughout the cell cycleFrom
https://en.wikipedia.org/wiki/Cyclidependent_kinase _comp)ex

Cdks

Cdksis the acronym for cyclidependent kinases. Cdks promote the cell cycle through
binding with cyclind®>2 However, they can play additional roles in transcriptional
regulation, mMRNA processing, DNA damage and cell cgtleckpoint activation as

well as cell differentiation (Tablg) *°°.

The Cdks have negligible kinase activity without the cycliswhen a Cdk associate
with a cyclin to form thecyclin-Cdk complex, its kinase activity can then are activated.
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However, only cyclin binding is not sufficient to fully activate Cdks. The inhibitory
phosphate groups are also need to be removed by Cdc25 phosptatasesddition,
the active sites of Cdkseed to be phosphorylated by cyclin activating kinase (CAK) to

enable full kinase activity.

Cdk1 CyclinB M phase None. ~E2.5. G2/M arrest

Reduced size, imparted

) G1 phase arrest;
neural progenitor cell . .
G1/S differentiation
Cdk2 CyclinE . proliferation. Viable, but
transition to
both males & females .
extraembryonic

sterile.
S phase; G2
Cdk2 Cyclin A
phase
No defects. Viable,
Cdk3 CyclinC GO0 phase :
fertile.
Reduced size, insulin Induce
deficient diabetes. differentiation;
Cdk4 Cyclin D1,2,3 G1 phase :
Viable, but both male & reduce
female infertile. proliferation

Severe neurological
Cdk5 p35 Transcription defects. Died
immediately after birth.
Induce
defective proliferation of dMfferentistion;

Cdk6 Cyclin D1,2,3 G1 phase . reduce
some haematopoietic

Slight anaemia and

proliferation
cells
CDK-
activating
Cdk7 CyclinH X
kinase;

transcription

Cdk8 CyclinC Transcription

Table 3. Cyclins and Cdks function in human and consequences of deletion in mice.
(Adapted fromGopinathan Let al 2011)%*,
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Cyclin and Cdks interaction

The interaction between cyclins and Cdks is to form a heterodimer in which the cyclins
provide the regulatory subunits, whilst Cdks provide the catalytic subunitbolit

cyclins, the Cdks only have negligible kinase activity as the active site of Cdk is
blocked by a flexible loop. Binding of Cdks to cyclins causes a structural change which
promotes the ATP binding to some amino acid site, Cdks can be activated b}’ CAK

The active cyclinCdk complex is able to phosphorylate their specific target proteins to
lead the <cell 6s entry into next cel | cy
performed in human fibroblast cells by Ohtsubo showing that overexpression of cyclin

D or cyclin E in early G1 phase cause premature S phase'®&hsyggesting that thes

cyclins at least partially regulate the G1/S phase entry.

Cdks are constitutively expressed during the cell cycle; however cyclins are expressed
in specific time of the cell cycle. This cyclic expression pattern is regulated by various
signalling pathwwgs. Different types of cyclhCdk complex have different functions in
each cell phas€? For example, cyclin E can bind to Cdk2, to form the cyclin E / Cdk2
complex, which will promote the G1/@ansition Table 4) **°. Cyclin B can bind to

Cdkl and this active complex is able to initiate the G2/M transitidn

Cdk2 lengthening G1 phase, increased differentiation, decreased proliferation

Cdk2/cyclin E lengthening G1 phase, increased differentiation, decreased proliferation

Cyclin D1 lengthening G1 phase, increased differentiation, decreased proliferation
Cyclin D2 lengthening G1 phase, increased differentiation, decreased proliferation
Cyclin D3 decreased proliferation

Cdkd/cyclin D1 lengthening G1 phase, increased differentiation, decreased proliferation

Cdk4/6 decreased proliferation

Table 4. Phenotype in mouse ES cells with downregulating G1 phase component.
(Adapted from Momciilovic et al. 20112

Cell cycle inhibitors

Cell cycle inhibitors also play an important role in cell cycle regulation. These are

classified in two families: cip/kip family (CDK interacting protein/Kinase inhibitory
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protein) and the INK4 (Inhibitor of Kinase 4). Members of these two families are also

known as tumour suppressors, as they play a role in prevention of tumour forfffation

The cip/kip family includes p21, p27 and p57. These genes can arrest the cell cycle by
inactivaing relevant cyclin/Cdk complex. Cyclin D/Cdi&} cyclin E/Cdk2 and cyclin
B/Cdkl1 are all regulated by cip/kip family. The INK4 proteins include pl6INK4a,
p15INK4b, p18INK4c and p19INK4d. These proteins only bind with Cdk4 and Cdk6 to
inhibit their activit'™.

1.2.3 G1 to STransition

G1/S transition is regulating expression and phosphorylation of G1/S specific Cdk,
cyclins and Rb gene family. The activity of Cdks is largely depending on binding with
Cyclins, which are regulating by many internal and external sigRalssphorylation of

Rb by Cdks is a key point of progress of G1 to S transifibn

Significance of the G1/S transition

Many studies show that the G1 phase of t
to differentiate, proliferate, apoptosis, become quiesmeenter into senescent?.

The length of G1 phase is vedjfferent between somatic cells and murine embryonic

stem cells'’% Cell cycle has been proved to be much shorter in embryonic stem cells
(8~10 h) compared to somatic ¢el(murine fibroblasts, 22~25H§%'"%. Many studies

have shown that lengthening of G1 can cause fffierehtiation of embryonic, neural

and hematopoietic stem celi€’®. These modelar e based on fAthe c
i.e., G1 length, may be a limiting factor for cell fate change to occur because
differentiation factors require time in order to trigger a physiaclagil re¥’ponse
Previous studyalso showed G1 phase cells maive ES cells appeared to be more
susceptible to differentiatioll”. Recent study alsoncoveredmechanisms bjiow G1

phase controtell fate choice Endoderm indudbn is only possible in early Gihase

when the cyclin Dexpression levels low, allowing Smad2/3 to bind and to activate
endoderm genesndlate G1 cells only receptive for neuroectoderm initiatt6tin

view of the above findings, it is very important to understand mechanisms of G1 to S
transition in detail in embryonic stem cells and how this impacts the maintenance of

pluripotency.
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1.2.4 Regulation of the G1/S B&nsition in Somatic @lls

There are several specific cyclin/Cdk complexes involved in G1 to S transition, and
these are cyclin D/Cdk4, cyclin D/Cdk6, cyclin E/Cdk2 and cyclin A/Cdk2

In differentiated mammalian cells, G1 to S transition is regulated by three main

pahways, retinoblastoma (Rb) pathwayMgc pathway and p53 pathwd¥Figure D)
152171

Growth Factor

e —
f release

L ,G_!F,ros} ;evs{éjbin”_’ T

Figure 10. Simplified schematic representations of the key molecular pathways
controlling G1 to S phase transition in somatic cells (A) and inlBS celk (B).

In proliferating cells, Rb phosphorylation by cyclin/Cabmplexes releases E2F, which
then induces genes that mediate S phase entry. Arrows indicate stimulatory
modifications, blocked lines show inhibitory modificationp.and +p indicate removal

and addition of phosphorylation respectivéfyomNeganova eal, 2008)*"*.
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Retinoblastoma (Rb) is a negative regulator of the cell cycle and a positive regulator of
cellular differentiation. G1 to S progression is regulated by hypophosphorylated Rb
genes (Rb1/p105, Rb2/p107, Rb3/p130), which inhibit the expression of genesdequ
for entry into S phase by sequestering EZFIn somatic cells, at the midte G1 phase,
cyclin D/Cdk4Cdk6 complex phosphorylates Rb protein leading to partial release of
the E2F gene, which in turn activates the transcription of cyclin E and Cdc25A. The
cyclin E binds to Cdk2 and further pgphorylates Rb completely, allowing the cell to
pass through the restriction point entry the S ph¥se

The eMyc pathway, which stimulates directly the expression of cyclin E and the
Cdc25a gene, maintain cyclinE/Cdk2 activity by sequestering p21 and p@mpf-
Overexpression of-Myc in growing cells leads to reduced growth factor requirements
and a shortened G1 phase, while reducélyc expression causes lengthening of the

cell cycle’®?

Tumor suppressor protein, p53 is inactivated by its negative regulator mdm2 in normal
cell. Many types of cellular stresses caasgvation of p53, disassociation from mdm2
and translocation to the nucletfd p53 can induce cell cycle arrest through regulating
many target genes, including p21 and B@xenable either arrest of cell stop cycle and
activation of DNA repair pathways or in cases where damage is too extensive activation

of apoptosis to eliminate the damaged cells from the popuf&fion

1.2.5 G1/S transition in Mouse ES Cells

Mouse ES cells have a very short cell cycle-{81h) and G is much shorter (2 h)
compared to somatic ceft&’. This cell cycle strategy is one of the key factors enabling
the rapid proliferation of mouse ES cells and minimizing the differentiation events
during G1 phase. To enable such short Gasp, Rb proteins are hyperphosphorylated
and inactive througbut the cell cycle of murine ES celWithout Rb, E2F is
constitutively activated resulting in E2F target genesstitutively active throughout
the cell cycle®®.

In mouse ES cells, cyclin D expression is very low and Cdk4 kinase activity is almost
undetectable®®*®® Cyclin E/Cdk2 shows cell cycle independent activity and cyclin
A/CdK2 is constitutively active. Only Cdkl and Cyclin B1 are regulated in acyeli
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dependent mannéf®. Initiation of EScell differentiation results in acquisition of cell

cycle features that are common in somatic ¢éligurel1).

Growth Factors

N\ p53 OFF

G2/M
checkpoint ON ?

Figure 11. A simplified presentation of the fluctuation of expression of cyclins and
Cdks involved in G1 to S progression in mouse ES cells

Expression of cyclin D, cyclin E and cyclin A is not dependent on the cell cycle
progression in murine ES csllHyperphosphorylated Rb is present at all cell cycle
stages and the only cyclin that demonstratelscyele periodicity in mouse ES cslis
cyclin B1 at G2 stage of the cell cycle (not shown). Although it is clear that R point
doesnot operate in murine E&celk, the existence of a functional S point and G2/M is
not clear. Recent investigations suggest that although the nsfotidle checkpoint,
which helps to maintain chromosomal integrity during all cell divisions, functions in
human and mouse E&lls, it does not initiate apoptosis as it does in somatic cells.
(Adapted FronNeganova and Lako 20y8*

1.2.6 G1/STransition in hES Cells and hiPS Caddl|

hES cells andhiPS cells display also a very short G1 phase similarly to murine ES cells
187 In hES cells and hiP&lis, cell cycle duration i$5-16 h and G1 phase accounts for
about 20% of the cell cycl¥® However, unlike mouse ES cells, Cyclins and CDKs
show cell cycle dependent manner expression (FigBreThe expression of Cdk4 is
higher than Cdk6 irhES cells and human iPSCs compared with mouse ES cells.
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Furthermore, the expression of cell cycle inhibitors, INK and Cip/Kip family is almost

undetectablé’.

Mouse ES cells

Human ES cells

Cyclin D1 Almost undetectable High in G,

Cyclin D2 Very low High in G,

Cyclin D3 High G,

Cdk4 Almost undetectable High activity in G,

Cdk6 High G,

Cyclin E Constitutively expressed G,-S

Cyclin A Constitutively expressed S-G

Cdk2 Constitutively active Active in §

Cyclin B/Cdk1 Cell cycle dependent — G, Cell cycle dependent — G»
p21 Undetectable Very low

Figure 12. Comparison of expression and activity of cell cycle controllers imouse
and hES cells.

(From Momciilovic et al. 20113

1.2.7 G1/SCheckpoint

Cel | ar e an i

monitors and regulators of cell cycl®®®. The mainrole of checkpoint is to assess

cycle checkpoints mportant
DNA damage and ensue the necessary response (this being cell cycle arrest or apoptosis)
ther DNA el i Ml nati

The cells cannot entry next phase until checkpoint requirements have been completed.

to enabl e ei repair or

The G1/S checkpoint is the first point located at the end of G1 phase. The main function
of this checkpoint is to assess genome stability prior to DNA duplication in S.phase
Two key regulators of G1/S checkpoint are and two PIKK (Phosphatidylinositol 3
kinaserelated kinase) family members, ATM (atax@angiectasia mutated) and ATR
(ATM and Rad 3related)'®>. DNA damage caused hignizing radiation leads to
activation of ATM, which in turn causes phosphorylation and activation of Chk2
(Figure 13) Activated Chk2 phosphorylates p53 at Ser20The phosphorylation of
Ser20 blocks the interaction between p53 and mdm2, thus releasirfgopb&hdm2,

and increasing the p53 protein leg€igure 13)'%2

ATM or ATR can also phosphorylate the Serl5 residue of p53 following UV irradiation

and stalling of DNA replication fork$”’. The phosphorylation of Ser15 will enhance
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subsequent phosphorylation of p53 at Sérf8The phosphorylation at these two sites

activates p53 and reduces its interaction of p53 with mdigRire 13)*

ATM is also able to phosphorylate the mdm2 directly at Ser395. The phosphorylation of
mdm2 at Ser395 affects its shuttling activity’. As consequence, the p53/mdm2
complex cannot be normally exported out of the nucleus for proteosomal degradation in

the cytoplasm, resulting in p53 stabilizatioh

Activated p53 leads to upregulation of its target genes. One of the key targets is p21,
whose activation results in inhibition of the cyclin E/Cdk2 activity and stalling of G1 to

S phase progressidt.

Several studies showedouse ES celllck of a functional DNA damage induced G1/S
cell cycle arrest®®?% and defect on expression of checkpoint protéfi8’’. Unlike
mouse ES cells, hES cellsve been shown to be cafeabf executing G1/S checkpoint
activation in response to DNA dama®**® Previous study in our group showed
downregulation of CDK2 triggers the G1 checkpointough the aivation of the
ATM-CHK2-p53p21 pathwayFigure 13Y%
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Figure 13. ATM/ATR -dependentsignalling through the G1checkpoint.

Cells that have incurred DNA doubkdtrand breaks (dsbs) during G1 phase activate p53
primarily via an ATMdependent pathway. In cells that express both ATM and ATR,
the activation of p53 is reinforced and maintaingd\B R (pathway indicated by dotted
lines). ATM regulates p53 accumulation by indirect pathways involving the -Chk2
mediated phosphorylation of Ser 20 on p53, by promoting casein Witkegndent
phosphorylation of Ser 18 (not shown), and by directly phoggpating MDM2 on Ser
395. ATR may influence Ser 20 phosphorylation through activation of CRkam(
Robert T.Abraham) **°,

1.2.8 The Cell Cycleand the Regulation of Pluripotency

Rapid cell cycling is the feature of hES cells and hiPS o&lhort G1 phase has been
considered as means of pluripotency maintenance that limits the window of opportunity
during which a cell can be responsive to differentidfitfi*. During differentiation, the

G1 phase is prolonged. Interestingly, lengthening G1 phase by manipulating cell cycle
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regulators is sufficient to induce differentiation, implying that G1 lengthening is a cause
rather than a consequence of differentiation and that a short G1 phase is crucial for ES
cell selfrenewal and pluripotency. Recent studies have revealed thaficspetiicycle
components could regulate the pluripotefifty Use of the CDK inhibitor rescovitine in

hES cell culture prompted G1/8rrest, accumulation of hypbosphorylated Rb,
smaller hES celtolonies and the dowregulation of the pluripotency mark@&CT4%%,
Specific knockdown of CDK2 using siRNA induced cell arrest in G1 and differentiation

of hES cells to extr@mbryonic lineage®.

Furthermore, atudy revealed a rolef p27<™" the negative regulator of CDK2, in self
renewal of hES cellgifferentiation®’. Cell cycle components coulaso regulate the
differentiation capacity through controlling the differentiation signals. One recent study
addressed the variation of differentiation capacity duringptiogression of hES cell
cycle. They found that the hES cells in early G1 could oniyitiate
endoderm/mesoderm differentiation, whereas the hES cells in later G1 could only
initiate the neuroectoderm. On the other hand, cells in G2/M phases of the cell cycle
responded poorly to differentiation sigridfs The results confirm that induction of
differentiation on hES cells occurs during the G1 phase and also the hES cells in early
and late G1 might have a different capacity of differentiation. Knockdown of Cyclin Ds
in hES cells systematically dimish pluripotency and neuroectoderm marker expression.
Whereas hES cells with overexpressing Cyclin Ds maintainedresedfval and
pluripotency, but showed an increase in neuroectoderm marker expression and have a
limited capacity to differentiate into meso/endoderth These mechanisms are
governed by the Cyclin ®which canregulate the differentiation signalling such as the
TGFb/SMAD pathway’®

Recent studies have shown that transcription factors @@h, SOX2 and NANOG
regulate pluripotency by transcriptional regulation of cell cycle ge@€&sl4, SOX2

and NANOG have been found to bind to promoters of reéweell cycde regulatory
genes,including CDC25A CDK1, CDK6 8. NANOG was shown to directly regulate
CDK6 and CDK25A at the transcriptional level and by this mechamism to regulate G1
progression and S phase entry in hES é&lsVice versa, cell cycle regulatory proteins
can regulate expression of core pluripotency regulators oneif target genes. For
instance, Geminin, a negative regulator of prereplication complex assembly,

antagonizes the chromatin remodelling protein Brgl to maintain expression of Oct4,
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Sox2 and Nanog. In the absence of Geminin, Brgl represses expressidd, @@
and Nanog, and ES cells differentidle

In addition, core pluripotency factors indirectly regulate cell cycle through miRNAs.
Pluripotency factors Oct4, Sox2 ahnogcan bind the promoter region of thaR-

302 cluster in hES8ells, howeveronly Oct4 and Sox2 are requiréat expression of the
miR-302 cluste*%!, Further study showed miB02 regulates cyclib1 in hES cells,
which indicate the link between pluripotent factors with cell cgtleThe miR17-92
family is regulated by Mycthis family target cell cycle regulators include E2F, cyclins
and Rb family**?

Another intrinsic link between pluripotency and cell cycle has been proposed to be
MYC. MYC has many roles in normal proliferative control and cell fate determination
in ES cells.c-MYC upregulates expression of several-pat-renewal miRNAs, miR

141, miR200 and miR42923%'* represses lineage determinants, such as the endoderm
master regulator gene GATAG in hES céfl§ and supports cell cycle and rapid G1
progression by directly upregulating cyclins and CDIKdg &ndirectly downregulating

negative cell cycle regulatof®

1.2.9 The Cell Cycle duringReprogramming

hiPS cells exhibit the unique cell cycle program of pluripotent cells, similar with hES
cells. While partially reprogrammed cells exhibit a cell cycle profile that is intermediate
between fibroblasts and pluripotent céllsThe formation of iPS cells furtheupport

the essential role of specific cell cycle regulation in pluripotency and reprograrhming

It is generally observed that older or more slowly dividing cells are more difficult to

reprogramme 29421,

In addition, the fibroblasts which were permeabilizadd
incubated in meiotic Xenopus egg extract (high CDK1 activity), but not interphase egg

extract (low CDK1 activity) were much easier to be reprogrammed by the four factors
216

In 2011,Ruiz et al. found that induction of cell proliferation through ectopic expression
of cyclin D1, cyclin D2 and cyclin E2 promotes formation of hiPS cells; while cell
cycle arrest through ectopic expression of p15, p16, or p21 inhibits cell reprogramming
204 The Ink4/Arf tumour suppressor locus encodes three potent inhibitors of
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proliferation,namely p16, pl15, and ARF. This locus is epigenetically silenced in hES
cells, hiPS cells and upon reprogrammilmg4/Arf deficient MEFs reprogramme with a
15-fold higher efficiency than wildype MEF$*". Such conclusions are consistent with
the previous study demonstratitige (53 tumour suppressor pathwayaiso a barrier to
reprogramming™® By usingshort hairpinRNA against the p53r p53target gene

p21°P* hothallowed increased reprogramming efficierity

Also ES cell miRNAs, including mii802b and miR372, have been found to enhance
the efficiency of reprogrammiiy. By targeting multiple inhibitors of CDK2 activity,
mMiRNAs mediate rapid progression through G1 phase and promote the unique cell cycle

program of pluripotent cells in reprogrammed é&fls

These studiekighlightedthe role of the celtycle inthe somatic cell reprogramming

processthe higher proliferation rate is required for cell reprogramming.
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1.3 MicroRNA
1.3.1 MicroRNA Biogenesis

MicroRNAs (miRNAs) are 225 nucleotides, endogenous rooding RNAsS. The first
mMiRNA was discovered in 1993 by Rosalind Lee, Rhonda Feinbaum, and Victor
Ambros while studying the function of the gehe-14 during the development of
Caenorhabditis elegans They di s c ov eld erdteint ekpaessionfivtad e
regulated by a short RNA product encoded bylithé g e n*®€.&ince then, more than
700 miRNAs have been identified, while 1000 miRNAs are predicted to play role in

gene regulation in human ceffs.

More than half of mammalian miRNAs are located in introns of host gene as well as
long noncoding transcripté?>. However, some miRNAs can also be found in the exons.

Most of the miRNAs located in intron region are expressed in the same tissues as their

host gené?®. For example, in human andzafish, miR126 is located in an intron of
the EGFL7 gene. The expressions of miR6 andEGFL7 are observed in endothelial
cellsof the heart and blood vesséts

The generation of mature miRNAs usually needs a series of cleavage processing. First,

the primiRNA, which has a cap structure (7MGpppG) and a polyadenylation tail
(AAAAA), is transcribed in nucleus by RNA polymerasé’l Then the prmiRNA is
cleaved in the nucleus by th®Naselllenzyme Drosha and its RNA binding partner
Dgcr8 22?28 This cleavage generates a-B® nucleotides preniRNA with a short
hairpin. The praniRNA is transported to the cytoplasm by Exportin 5 tiglo a Ran
GTP dependent mann&”?. In the cytoplasm, the pmiRNA is cleaved by another
Rnaselllenzyme Dicer and its partner TRBP to generate the mature miRNA ddplex
This duplex is loaded with Ago2 into a protein compteded RNA induced silencing
complex (RISC) In this complex, the miRNA can regulate its target mRNAs through
mediating the mRNAargetcleavage, translational repressiomtRNA deadenylation.

The interaction between miRNAs and their targets is largely dependent on the seed

sequence, which located 2-8 position at the five prime untranslated regions (5'UTR)
of miIRNA and three prime untranslated regions (3'UTR) of target mRRI/Recently,

many studies show that miRNA can also regulate target miRNA expression through
binding to the coding region or the 5’'UTR of the mR{¥&#gure 14).
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The miRNA generation includes the primary miRNA transcript-fpiRNA) by RNA
polymerase Il or Il and cleavage of the-priRNA by the microprocessor complex
Drosha DGCRS8 (Risha) in the nucleu3he premiRNA, is exported from the nucleus
by Exportin5i RanGTP. In the cytoplasm, the RNase Dicer in complex with the
doublestranded RNAbinding protein TRBP cleaves the preRNA hairpin to its
mature length. The mature miRNA is loaded together with Argonaute jAgogins
into the RNAinduced silencing complex (RISC) to silence target mRNAs through
mRNA2\3g4:Ieavage, translational repression or deadenyléfidapted from Winter et al.
2009)“.

1.3.2 miRNA Function

The function of miRNAs has been studied for many years. It was first found that the
binding of MIRNA to its target mMRNA can repress the translation process. For example,
the let-7 miRNA of C. eleganscan represdin-41 mRNA translation, andin-4 can
repress linl4 protein synthesis. Initial studies suggest that these repressions do n
affect mMRNA degradatioff®.

In contrast, recent studies have shown that miRNAs can also regulate mRNA
degradation, mainly through deadenylatfdif*®. Two genomewide studies involving

overexpression or knockdowns of various miRNAs in HeLa cells and mouse neutrophils
-38



revealed that both target protein level and mRNA level were downregui3ited

These results suggest that the mRNA degradation is likely to be a critical mechanism
used for reducing protein expression levels by miRNAs in mammadts &ecent
studies have also revealed that miRNAs may bind to promoter regfans have the
potential to activate genexpressioi>". In human genome, more than 1000 miRNAs
had been found*’ however the number of mRNAs is typically estimated at about
30000. Thus,one miRNA may regulate hundreds of target mRNAS Through
regulating target genesd® mMRNA | evel and
almost every biological process, includiagvariety of developmentaphysiological
processes and play key functions in the cell differentiaticablée 5). In addtion to

these important biological process, miRNAs also involved in different cellular activities,
such asinsulin secretion®*? neurotransmitter synthesf$® immune response®*,
circadian rhythnf*®, andviral replication®*®. Recent genomwide analyses have also

identifiedmiRNAs canregulate oncogenic ®umor suppressor pathwa3/$2*,
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~ Species  mIiRNA
lin-4 lin-14, lin-28 Early developmental timing
let-7 Im";;,gzl'jé adsa = Late developmental timing
miR-273 Die-1 Left/right neuronal asymmetry
miR-7 Notch targets Notch signalling
miR-14 Drice Programmed cell fjeaﬂ\ and fat
metabolism
miR-196 Hoxb8 Developmental patterning
miR-181 Hematopoietic lineage differentiation
Cardiomyocyte differentiation and
miR-1 Handz2 proliferation
miR-375 Mipn Insulin secretion
AU-rich element-mediated mRNA
miR-16 Several instability
miR-32 Retrovirus PFV -1 Anitviral defense
miR-143 Erk5 Adipocyte differentiation
MR- ccNET,CCNDT,CCND3,
151161195 conpa,cpC25A,CONET, e
! WEE1, E2F3, CCND1, yge; Siso-
424/497 CCND3,CCND2, CDC25A
miR- FZD10, DVL1, CCND1,
15/16/1195 PAFAH1B1,PPP2R5C,
/ FZD6,CCND3,DVL3, Wnt pathway
MAPK9, PRKCI ,CCND2,
424/497 WNT7A, FOSL1,WNT2B
SMAD5,ROCK2,SMURF2
THBS2, ROCK1, SMAD?2,
FKBP1A,NODAL,PPP2R
miR-135 1B,INHBA,TGFBR1,ACV TGF beta signalling
R1B,BMPR1A,SP1,RPS6
KB1,BMPR2,RUNX2,
RBX1, SKI
CCNE1,CCND1,CDC25A,
miR-17-  gu1AD3,CCNG2RBL1,RP
5p/20193. A5 WEE1,E2F1,CCND2, )
miR-  cDKN1A,MCM3,CDC25A F MEIE L
1 06’51 9d RB 1,52F3, C CND1,
CCNE2
E2F6,TP53,PRIM2,
CDKN1A,CDC25A,RB1,
1et-7I98  ccnp2,conD1,CoND2, S
CCND2

Table 5. Biological functions of miRNAs in animals, disease and canc&t*".



1.3.3 TheRole of miRNAs inRegulating Self-renewal

MIiRNA expression has been examined in mouse ES cells and human ES cells by
comparing undifferentiated ES cells to their différaéted counterparts. Those
experiments revealed that ES cells seem to be characterized by a unique miRNAs

signature®™?

The fact that many miRNAs have the same seed sequence and that ensiidfecan

target multiple mRNAs make difficult to study their function individually. Remove of

all miRNAs can be achieved by deleting the genes encoding the enzymes involved in
the processing of miRNAs. Deletion of proteins in the miRNA biogenesis, such as
Dgcr8 and Dicer, in mouse ES cells results in the loss of miRNA in cells. These global
mMiRNA- knockout cells provide a valuable tool for studying thection of miRNAs.
Individual miRNAs can then be reintroduced as mimics to assess their functions. Mouse
ES cells with Dgcr8 or Dicer proliferate slowevith a slight cell accumulation at G1,
couldn't silence the setenewal when induced to differentiation, indicating the
important roles of miRNA in controlling the seinewal and differentiatioA>32>*
Knockdown of Dicer or Drosha in hES cells also dramatically attenuates cell division
and results in the formation of stem cells with high levels of stem cell factors,

correlating with delayed differentiatiér”.

By screening the miRNAs which could enhampeeliferation in Dgcr8 knockout mouse

ES cells, miR290/371 clustewasdetermined as ES cell specific cejicle regulating
miRNAs, which can increase proliferation in the mutant ES cells and reduce cells
accumulated in G1 pha$e®. The miR290-295 cluster is regulated by Oct4 in mouse
ES cells, andalso binds to the pnmoter region ofOct4 Sox2 Nanogand Tcf3 %7,
suggesting a regulatory loop between pluripotency factors aned280R95 cluster.
Overexressionof miR-290 promotes G¥transition in mouse ES cellsy regulating
p21, Rbl2, and LatsZand preventgaly differentiation by directlytargeting two cell

cycle regulating genes, Weel and PBXF.

hES cell enriched miRNAs can be categorized in four major groups: miRNA from the
mMiR-302 cluster, miRNAs from the miR7 family, miRNAs from the miR871-373
cluster, and miRNAs &ém chromosome 19 miRNA cluster. More additional families
have been found enriched in hES cells by recent studies, such d3thahd miR200

52 The promoter region of most of those miRNAs can be regulated by OCT4, SOX2,
and NANOG®’. These groups of miRNAs are important for maintenance of hES cell in
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and undifferentiated state. Such #se miR302 family, which include miR
302a/a*/b/b*/c/c*/d and miR867, is highly expressed in hES cells dnlS cells®”®.

The transcription factor©®CT4 NANOGand SOX2are required for the transcription
regulation of miR302 through binding to itsromoter?’°. Conversely, miR302 367 is
required for the expression of these pluripotency factors forming an autoregulatory
positive loop in pluripotet cells The miR302 alsopromotesG1/S transition by
inhibiting cyclinD1 and inhibition of miR302 induce pluripotent hES cells accumulate

in G1 phasé®®

1.3.4 TheRole of miRNAs in Reprogramming

The iPScells were first generated from mouse fibroblasts by overexpression of four
Yamanaka factorsDCT4, SOX2KLF4 and c-MYC ***3. Except Yamanaka factors,
other methodshave also been investigated to generating &8s, includingusing
mMiRNAs. Previous study showed overexpression -20R 3P, miR294 and miR295

with OCT4, SOX2 and KLFZan generate iPSells . The same group also
demonstrated that miB02 and miR372 family transfe&dwith Yamanaka factors can
enhance reprogramming efficiency’®. Overexpression of miR-302/367 can
reprogramme mouse and human cells without other factarsTransfected a
combination of MR-200¢ MiR-302 family and miR369 family can reprogranmouse
somatic cellandhuman somatic cell® pluripotency’®",

Downregulation osomemiRNAs also contribute to increase reprogramming efficiency.
Knockdown miR21 and miR29A in MEFs enhances reprogramming efficiermy
reducing expression of P5%% miR-34 is a target of p53 during reprogramming.
Knockdown of miR34 in MEF promoted iPS@eneration without affecting self
renewal or differentiatiof®® These resultindicate the important roles ofiiRNAS in

regulating reprogramming of somatic cells into iEe8s.

Recent studiebave also demonstrated the potent@é of miRNAs as regulators of
transdifferentiation. miR-124 combined withMYT1L and BRN2 was sifficient to
directly reprogramadult human primary dermal fibbasts (mesoderm) to functional
neurons (ectoderm) in the absence of other cell tf{fesniRNA havebeen used to
improve the directeprogramming efficiency of fibrobd#s into cardiomyocytes. Recent
studyindicated that transient transfectiohmiR-1, miR-133a, miR208a, and miFR199
could induce mousdibroblastsreprogrammingnto cardiomyocytes, botimn vitro and

in vivo2®®.

-42



1.3.5 The Role of miRNAs inRegulating ESCell Differentiation

Recent studies have shown that some miRNAs promote the transition fremenssifal
to differentiation by either directly suppressing geliewal state or stabilizing the

differentiated staté®®,

In mouse ES cells miR34, miR296, andmiR-470 inducedifferentiation by directly
targeting thepluripotency genesQct4, Nanog, and Sox2"*® miR-200c, miR203,
and mR-183were found to repress Sox2 and Kifa

In hES cells, miRL45 is significantly upregulated during differentiation and directly
suppresses seténewal by targetinddCT4, SOX2and KLF4 2"°. miR-145 itself is
repressed byYDCT4in hEScells by a negative feedbattop ?’°. Let-7 is repressed in
ES cells but rapidly upredated during differentiation. The introduction of-letinto
Dgcr8knockout ES cells successfully silences their-sstiewal and pluripotendy® It
also been reported thahockdownof the let-7 family can promotes reprograming

efficiency?’*,

As shown in Figurel5, miRNAs also have functions in regulate lineagecific

differentiation.
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Figure 15. miRNAs are capable of regulating proliferation and differentiation in
various somatic stem cells.

Selected miRNAs can regulate lineagpeecific cellsdifferentiation(Adapted fromOng
et al2015)%,

1.3.6 miRNAsRegulatethe G1/S Transitionn Mouse ES cells

Mouse ES cells have a high setihewal capacity. The cycling time of mouse ES cells

is ~10 h, while in differentiated cells is more than 18h. ES cells have a very short G1
phase (~2 h) and more than 50% of the celisimS phase of the cell cyd®. This has

been attributed to high activity of constitutively active cyclin E/Cdk2 complex
throughout the celtycle **°. The high activity of Cdk2dads to rapid proliferation and
avoids the differentiation of mouse ES cells during G1 phase. Studies in Dicecr@ Dg
knockout models indicate an important role for miRNAs in regulation of cell cycle.
Knockdown of Dicer or Dgcr8 in murine ES cells results in negation of miRNA
generation ability®* Furthermore, murine ES cells show reduced proliferation,
impaired differentiatiorf>*?"2 and cell accumulation in G1 phase of the cell cycle, thus

suggesting that miRNAs magylay an important role in G1/S transition in murine ES
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cells. To understand miRNAs function in ES cells, the miRNA mimics, were
individually transfected into the Dgcr8 knockout celtd Several of those miRAs

rescued the Dgcr8 knockout phenotype. These miRNAs include280Rcluster, miR

302 cluster and a group of mi RNASs wi t h
including miR20, miR93, and miR1062"

In wild type ES cells, th expression level of the miB90 cluster is the highe$t’. The
miR-290 cluster includes miR91a3p, miR291b3p, MiR294 and miR295 2°6274
Transfection of these miRNAs individually can fully rescue the G1 phase arrest and
promote cell proliferation thus demonstrating that these miRNAs play a role in
regulating G1/S transitiof(>.

The group of miRNAs, which are enriched in ES cells and can regulate cell cycle, are
named asESCC miRNAs for Embryonc Stem cellspecific Cell Cycle regulating
miRNAs ?*°. It has been found that the ESCC miRNAs can regulate cyclin E/Cdk2 by

suppressing cell cycle inhibitors such as p211RRbI2 and Lats3°%?"%,

1.3.7 miRNAsRegulateCell Cycle in hESCells

hES cells proliferate quickly, and similarlyt@aouseES cell are characterized by a short
G1 phase. Similarly, miRNAs also play roles in regulatnid cells cell cycle. For
example, the miRB02 cluster can promote G1/S transition HES cells**°. miR-302
cluster is abundant imES cells and decreases dramatically during the ES cell
differentiation. Inhibition of the miRB02 cluster increases percentage of cells in G1
phase of cell cycle, down regulates pluripotency maker SSEAd decreases the
number of Oct4 positive clones. The mBR2 cluster promotes hES cells entry S phase
by repressing CyclinD1/Cdi4°®.

Knockdown of DICER or DROSHA in hES cells results in reduced generation of
miRNAs, cell accumulation nainly in G1 phase but also G2/8". The G1 related
phenotype is rescued by overexpression of -8R which is thought to regulate the
cyclin E/Cdk2 pathway in G1/S transition by inhibiting the cell cycle inhibitor
CDKN1A (p21) ?”". In addition, miR92bregulate theCdk2Cyclin D complexin G1/S
transition by inhibiting the cell cycle inhibit@DKN2B (p57)?’®. The G2/M phenotype
can be rescued by overexpression of +h# which regulates WEE1 kinase, a known
inhibitor of cyclin B/Cdk1 proven to be necessary for G2/M transition (Figaye&">.
This miR-195/WEE1 pathway may be specific foES cells because there is no
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significant G2/M arrest in mouse Dicer or Dgcr8 knockout ES cells model and

furthermore miR195 is not highly expressed in mouse ES ¢&&fls

The miRNAs involved in regulate cell cycle in mouse ES cells and hES cells is

summarized in Figure6l

miR-92b
(Human)
o miR-372
Of'r/vﬁ9 (Human)
9 Oo\/ ESCC miRNAs
miR-291a-3p
% miR-291b-3p
- miR-294
miR-195 MiR-295

(Human) 7 \______._- Rb miR-302a-d

Let-7

miR-26a
miR-99b
miR-193

Figure 16 . miRNAs that regulate cell cycle of mouse ES cells and hES cells.

(From WenTing Gucet al 2013 %",

Recentstudies suggest that several miRNAs can regulate cell cycle through the p53

279281 miR-125b and miR504 can induce cell cycle arrest thgh directly

pathway
downregulating p53expressionlevel %2 And miR-34db/c can upregulate p53 via
repressing the level of SIRT1, which is a negative regulator of 2§53miR-122
upregulates p53 by inhibiting Cyclin G1, which can form a complex with PEZE.
This complex can phosphorylate and increase the activiyiv2 to repress p53The
miR-192 family regulate p53 by targeting the IGF pathway and MDM2, whichceed
p53 activity 2®%%%”. More details of regulation qf53 by miRNAs are summarized in

Figure 17.
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Figure 17. Multiple miRNAs regulate the activity and function of p53.
Model summarizing the geu | at i o rUTR of pa3,haedhe3déwnregulation of
p53modifying enzymes by miRNA¢Adapted fromSabine Hiinteet etal. 2013 2%

In summary miRNAs play a role in regulating1/S transition in hES celf€®. As hES
cells maintain rapidly selfeneval and pluripotency is partly due to their unique cell
cycle structure ltaracterized by a short G1 phd8g it is very important to understand
the mechanisms that govern the G1 to S phase progressietaihin embryonic stem
cells and how this impacts the maintenance of pluripotency by miRNA.
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CHAPTER 2 METHODS
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Chapter 2. Methods

2.1 MEF Generation

Swiss MF1 preghant females (128.5 dp¢ were sacrificed by experienced,
qualifiedanimal handlers. All embryos were removed from the uterus using sterile
surgical instruments and placed in a dish containing Phosphate Buffered Saline (PBS)
supplemented with 10% Fetal Bovine Serum (FBS) and biatit
(penicillin/streptomycin; 1%) to reduce potential infections. All visible organs (head,
tail, limb, heart and liver) were removed under a dissection microscope and the
remaining embryo was washed in fresh PBS. Scissors were used to mince thengemaini
bodies before further incubation in 1% Tryp&BDTA (Sigma) for 5 minutes at 37°C.

Cell suspension was pipetted repeatedly till single cell disassociation was achieved. The
trypsin was inactivated by adding fresh MEF culture media containing 10% FBS. Th
cell suspension was centrifuged at 1000 rpm 3ominutes. After removal of
supernatant, the cell pellet was resuspended in fresh media and transferred to T75
(lwaki) flasks (one embryo per flask). Flasks were incubated at 37°C in a humidified
atmospher€>95%) and with 5% CO?2.

2.2 MEF Culture and Passage

Primary MEF cultures were inspected every day to check for cell density and
morphology. MEF mediaT@ble 6) was changed every 2 days and MEFs were sub
cultured when 8090% confluence was observesubculturing was carrying out by
washing MEFs with PBS anincubating with 0.05% trypsiBDTA at37°C for 5
minutes. Trypsin was inactivated by adding fresh MEF media. The cells suspension was
centrifuged at 800 rpm for 3 minutes. The supernatant wasvesmand cells were
passaged in a ratio of 1:3 by resuspending in fresh MEF media. Flasks were incubated
at 37°C in a humidified atmosphere (>95%) and with 5% CO2.
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Dulbecco’s Modified Eagle’s Medium 87% Gibco
Fetal Bovine Serum (FBS) 10% Gibco
Non-Essential Amino Acids (NEAA) 1% Gibco
L-Glutamine 1% Gibco
Penicillin-Streptomycin 1% Gibco

Table 6. MEF media composition

2.3 Mitotic Inactivation of MEFs

Normally MEFs were inactivated at passage 5. The media was removed and the MEFs
were washed with PBS. The cells were cultured in the media supplemented with 10
png/ml Mytomycin C for 34 hours. Then the media was removed, the cells were washed
5-7 times with PBS and digestevith 0.05% trypsiFEDTA, and centrifuged at 800 rpm

for 3 minutes. The cells were resuspended in fresh MEF media and plated in pre
gelatinized 6 well plates at the concentration of 1.8x&0s/cnf or 5.6 x1d cells/cnf

(as theguality of MEFs are variable among batches)
2.4 Cryopreservation of MEFs

Confluent flasks of MEFs were washedPBSanddigestedwith 0.05%trypsinrEDTA

at37°C for 5 minutes. The cell suspensions were centrifuged at 800 rpm for 3 minutes,
the supernatdnwas removed and the cells were resuspended in MEF freezing media
(Table7). The cell suspensions were transferred to the cryovials (Nunc) and stered at
80AC in the AMr Frostyo box. 1 day | ater

in liquid nitrogen.

MEF media 90% -

DMSO 10% Sigma

Table 7. MEF freezing media
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2.5 hESCellsand hiPS CellsCulture on MEF FeederL ayer

hES cels and hiPScells were cultured on MEF feeder layers in the 37°C incubator with
ahumidifiedatmospheré>95%)andwith 5% CO,. The media Table 8) was changed
every 24 hours. The cell morphology was observed under inverted phase contrast
microscope every dayll visible differentiated cells were manuallymeved before

further passaging.

Knock Out-Dulbecco's Modified Eagle’s Medium

(KO-DMEM) 77% Gibco

Knock Out-Serum Replacement (KO-SR) 20% Gibco
Non-Essential Amino Acids (NEAA) 1% Gibco
L-Glutamine 1% Gibco
Penicillin-Streptomycin 1% Gibco

Basic Fibroblast Growth Factor (bFGF) 8 ng/ml Sigma

Table 8. hES cells and hiPS cellsnedia

2.6 hES Cellsand hiPS Cellssub-culture on MEF Feeder Layer

hES cels and hiPScells were passaged every54days by mechanical procedure or
collagenase V. The cell morphology was observed under the microscope and the

differentiated parts of the colonies were scraped away beforeuttuining.

For the mechanical procedure, the colonies were cut into smaller pieces (3 or 4 smaller
pieces) with needles or tips, then they were transferred into a new 6 well plate with
feede layer by using a P200 (200ul) pipette, and cultured in the 37°C incubator with a
humidified atmosphere (>95%) and with 5% £O

For the collagenase method, the culture media was aspirated first, and then 1 mi
collagenase I(5 mgml) was added to eachel. The plate was incubated at 37° C for
5 minutes.Thenthe collagenase wasmoved,2 ml of fresh media was added in each
well and pipetted up and down gently for several times. The cell suspensions were
collected in a new tube and centrifuged at 90@ ® minutes. The supernatant was
removed and the cells were resuspended in the fresh media by gentle mixing. The cell

suspensions were distributedaaew 6 well platecoveredwith feeder layers (split ratio
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1:3 or 1:4), and cultured in the 37°C incubatth a humidified atmosphere (>95%)
and with 5% CQ.

2.7 hES Cellsand hiPS CellsFeeder freeCulture with Condition M edia

Subculturing of hEScells was carried out asutlined in 2.6 and the cells were
transferred to the matrigel coated plateth MEF conditional medium (Tabl8) at
37°C incubator with a humidified atmosphere (>95%) and with 5% CO

hES cell media See Table 5
Extra Basic Fibroblast Growth Factor (bFGF) 16ng/ml Sigma
Insulin-Transferrin-Selenium Supplement (100X) 1% Gibco

Table 9. MEF conditioned medium.

Inactivated MEFs were incubatedth hES cell mediaThe media could beollected
everyday(<l0daysend f il tered through a 0.2 em fi

2.8 hES Cellsand hiPS Celk Culture in mTeSR1Media

All hES cells and hiPSells lines were transferred from feeder culture to the matrigel
(growthfactorreduced; BD Biosciates) coated plates with mTeSR1 media (Stem Cell
Technologies) according to Wicell Inc. protocols. Cells were passaged eSatgys at
~80% confluence by using 0.02% EDTA (Versene). All visible differentiated cells were

manually removed before further gaging.
2.9 Embryoid Body (EB) Culture

The hEScells were cultured on Matrigetoated platewith mTeSR1 mediaThe
differentiation parts were removed/hen 80%90% confluence was observed, the cells
were digested by collagenase IV and resuspendednranEB media Table10). Three
wells of hES cellcolonies were transferred to one well of the dltna attachment 6
well plates (Corning) for EB formation. The EBs were incubated at 37°C incubator with
a humidified atmosphere (>95%) and with 5%,J@edia waschanged every-3 days
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Knock Out-Dulbecco's Modified Eagle’s Medium

77% Gibco

(KO-DMEM)
Fetal Bovine Serum (FBS) 20% Gibco
Non-Essential Amino Acids (NEAA) 1% Gibco
L-Glutamine 1% Gibco
Penicillin-Streptomycin 1% Gibco

Table 10. EB media

2.10 CellCycle Synchronization

hES cell were cultured under feeder free culture condition. To achieve cell
synchronization inG2/M phase, the media was removed and the cells werevered

with the fresh media with 200 ng/ml nocodazole (Sighdrich Ltd, Dorset, UK) as
described by Becker et &I’. After 16 hours, the media was removed and the cells were
washed with warm medibor 5 times. This treatment results in cell accumulaiion
G2/M phase'™. To achieve cell synchronization in G1 phase, the cells firsie
synchronized into G2/M phase, and then the cells vitether cultured in the media
with 10 mg/ml of aphidicolin (Sigma) for 10 hours. To achieve cell accumulation in S
phasethe cellswere first synchrozied into G2/M phasand replaced with the fresh
medig then further cultureébr 10 hours"*.

2.11miRNA |solation by TagMan® MicroRNA Cells-to-C E K t

TagMar® MicroRNA CellstoC E Kit (Cat. 4391848) was
Medium was removed and cells were washed with PBS once. Then 1 ml Accutase was
added in to 1 well of the 6 well plate to detach the cells. The plate was incubated at
37°C for 3 minute. 2 ml of cold media was added in to the well to inactivate the
Accutase. The media was pipetted up and down gently. The cell suspensions were

collected in a new tube, and centrifuged at 800 rpm for 3 minutes.

Approximately1x10° cells were required foraeh sample according to the instruction of
the kit. The samps were washed with col@BS, and centrifuged &00 rpm for3
minutes. PBS wagemoved andells were resuspendad5 pl cold PBS and 50ul lysis
solution with DNase | (1:100). The lysis were gently mixed by pipetting up and down
for 5 times, and then incubated at room temperatur@%i©) for 8 minutes. 5 pl stop
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solution was added to the tube and mixed by genpigtping 5 times and incubating at
room temperature for 5 minutes to inactivate the lysis solution. These lysates are
subsequently stored &€0°C.

2.12miRNA Reverse Transcription (RT)

TagMan® MicroRNA Reverse Transcription Kit was used foiRNA reverse
transcription. 1 to 10 ng of total RNA sample were used per 15 pl RT reaction.
TagMan® MicroRNA probe was used as the Reverse Transcription (RT) primer. Each
reaction included 7 pl master m{Xable11), 3 pl 5 X RT primers and 5 pl of RNA
sample (110 ng).

100 mM dNTPs (with dTTP) 0.15uL
T :

MultiScribe™ Reverse Transcriptase, 50 1.00 pL

U/uL

10X Reverse Transcription Buffer 1.50 uL

RNase Inhibitor, 20 U/uL 0.19 uL

Nuclease-free water 416 pL

Total volume 7.00 pL

Table 11. TagMan® MicroRNA Reverse Transcription master mix components

The samples were incubated at 16°C for 30 min, followed by 42°C for 30 min, and then
85°C for 5 min to inactivate the RT enzyifi@ble D).

Hold 30 minutes 16°C
Hold 30 minutes 42°C
Hold 5 minutes 85°C
Hold - 4°C

Table 12. Reverse Transcription program
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2.13miRNA Realtime quantitative PCR by Tagman System

TagMan® Small RNA Assays kit was used for Reésale quantitative PCR (gPCR).

Details of reaction composition are shown in Tdlde

TagMan® Small RNA Assay (20x) 1.00 uL

Products from RT reaction 1.33 uL

TagMan® Universal PCR Master Mix Il (2X), L
no UNG s

Nuclease-free water 7.67 L

Total volume 20.00 pL

Table 13. Reakttime quantitative PCR reaction components

Thermal Cycling Conditions are as follows: enzyme activation (95°C, 10mins), 40
cycles of Denaturion (95°C, 15 seconds) and Annealhek (60°C, 60seconds)dble

14). The program was performed on an ABI 7900 mactiata wasanalysedy using

the ABI Sequence Detection System 2.3 (SDS 2.3ysoft. Further data analysis and

normalizationwas applied using the gBase v1.8dtware.

Temperature 95°C 95°C 60°C

Time 10 minutes 15 seconds 60 seconds

Table 14. Reakttime quantitative PCR program
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2.14Cell Cycle Analysis byFlow Cytometry

BD CycletestE Plus DNA Reagent Kit was u:
the cells were washed by PBS. Then the PBS was removed and Accutase were added
into thewell to digest the cells at 37°C for 3 minutes. Cloie5 cellmedia was added

to inactivate the Accutase. The media was pipetted gently up and down until single cell
suspension was achieved. The cell suspension was centrifuged at 800 rpm for 3 minutes.
The culture media was aspirated, the cells were resuspended in 3 ml buffer solution and
centrifuged at 800 rpm for 3 minutes. The buffer solution was discarded and the cell
pellet was incubated at room temperature for 10 minutes with 200 ul solution Ar{tryps

in spermine tetrahydrochloride detergent buffer), theded200 pul solution B (RNase

A and trypsin inhibitor in spermine buffeigr further 10 minutes incubatiprand final

10 minutesincubation by addingl00-150 pl solution C (Propidium lodide (Pini
spermine buffer) at 4°C.

2.15 Plasmid Transformation

One Shot® of TOP10 Chemically Competent Eoli was used forplasmid
transformation. 500 ng of plasmid DNA was added to the competent cells gently.
The cells were incubated on ice for 30 minwted then subjected to a heat shock for 30
seconds in 42°C water bath followed by incubation on ice for 2minutes. 250 it Luria
Bertani (LB) broth Table 15) was added to the cells and placed in a 37°C shaking
incubator for 0.51 hour. Then 160 pl cells wee spread on a piearmed agar plate

(Table16). The plates were incubated at 37°C overnight.

Tryptone 1%
Sodium Chloride 1%
Yeast Extract 0.5%
Ampicillin 100 pg/ml

Table 15. LB Broth with Ampicillin
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Tryptone 1%
Sodium Chloride 1%
Yeast Extract 0.5%
Agar 1.5%
Ampicillin 100 pg/ml

Table 16. Agar Plates with Ampicillin

2.16 Mini Bacterial Culture

Smallsingle colonies were picked up from the bacterial plates using a 100 pl pipette tip
and placed in a 15 ml tube withS2ml LB broth (with 100 pg/ml ampicillin). The tube
was then cultured in a 37°C shaking incubator feQéours.

2.17 Plasmid DNA isolaion by QIAGEN® Plasmid Maxi Kit

2-5 ml bacterial from bacterial mini cultures were transferred in to a conical flask with
200 ml LB and 100 pg/ml ampicillin and incubated at 37°C shaking incubator (250 rpm)
for 16-20 hours. The bacterial cells were hareddby centrifugation at 4000 rpm for 30
minutes at 4°C. All the bacterial media was removed and 10 ml buffer P1 containing
RNase was added to the tube. The cells were suspended sufficiently by gently pipetting
up and down for several times. Then 10 ml uffér P2 was added into the tube and the
suspension was mixed gently by inverting 10 times. After 5 minutes incubation at room
temperature, 10 ml of chilled buffer P3 was added into the tube, the mixture were mixed
gently and immediately. The tube was ibated on ice for 5 minutes. After
centrifugation at 4000 rpm for 30 minutes, the supernatant fluid was transferred into a
new 50 ml tube with 2.5 ml buffer ER. The mixture was mixed gently by inverting the
tube and incubating on ice for 30 minutes. Dutimg waiting time, a QIAGENip 500

was equilibrated by adding 10 ml buffer QBT. The column was emptied by gravity flow.
After the tip was empty, the lysates were added into the QIAGERENd allowed to

enter the resin by gravity flow. The tip was washgd3b ml buffer QC twice. 15 ml
buffer QN was added in the tip to elute the DNA. The eluted liquid flowing from the tip
was collected into a new tube and plasmid DNA was precipitated by adding 10.5 ml
isopropanol. After centrifugation at 4000 rpm for 1 haurd°C, the supernatant was
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decanted and the DNA pellet was air dried at room temperature for 5 minutes. The DNA
pellet was further washed in 5 ml endotekiee 70% ethanol and centrifuged at 4000
rom for 1 hour at 4°C. The ethanol supernatant was dbrefecanted and the DNA
precipitate was dried in air for 5 minutes, and then dissolved in TE buffer or endotoxin

free water.
2.18Plasmid Restriction Enzyme Digestion

Restriction enzyme digestion was used to test the correctness of plaBhadgaction
was performed in the system as shown in Tdfleand i ncubated at

optimum temperature for4 hours.

Sterile, deionized water 15.8 pl

Restriction Enzymet 10X Buffer 2ul
Acetylated BSA, 10 pg/ul 0.2 ul
DNA, 1 pg/ul 1.0 pl

Mix by pipeting, then add:
Restriction Enzyme, 10 u/pl 1ul

Final volume 20 ul

Table 17. Digestion reaction

2.19Plasmid Linearization and Purification

The correct plasmid need to be linearized and purified before the transfection. The
components of linearization are shown in Table After the linearization, an equal
volume of phenol/chloroform/isoamglcohol (24:25:1, Invitrogen) was added into the
plasmid linearization mixture and mixed gently. The aqueous phase which contains
plasmid DNA can be separated by centrifuged at 10000 rpm for 1 minute. The aqueous
phase were removed carefully to a new twiitd 1/10X volume 3M sodium acetate (pH

5.2) and 2.2X volume absolute cold ethanol. The reaction was incubat@@°at
overnight or-80°C for 30minutes. The plasmid DNA was collected by centrifugation at
12000 rpm for 5 minutes at 4°C. The ethanol wasoneed carefully and DNA pellet

was further washed with 70% ethanol to remove excess salt from the pellet. The tube

was centrifuged at 12000 rpm for 2 minutes. The ethanol was removed, and the plasmid
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was air dried for 5 min. The DNA pellet was resuspended@E buffer (pH 8.0) and
stored at20°C.

2.20 Plasmid Electroporation

Amaxa® Cell Line Nucleofector® Kit L (Lonza) was uded Electroporation. TheES
cells were cultured on matrigel coated dishes. Upon reachingd80%cwconfluent, cells
were harvestedising collagenase IV and pipetted into single cell. The single cell
suspension was resuspended intaPénix (81.8 InCell Line Nucleofector® Solution
and 18.2m Supplement) with 80 ng plasmids. The mix of cells and DNA was
transferred into a cuvettand the Nucleofector® Program-@23 was applied for
electroporation. 5001 of hES media supplemented with #® ROCK-inhibitor was
added to the cuvette and the cells were gently transfer to@rqpared 12 well feeder
dish and incubated at 37°C in anidified atmosphere (>95%) and with 5% CO2.

2.21 Lipofection

Lipofectamine® RNAi Max reagent (1374&5, Life Technologies) was used for
mMiRNA mimic/inhibitor transfection and Lipofectamine® 3000 regent was used for
plasmid transfection. In brief, hE&lls were dissociated by incubating with EDTA

(0.02 %) for 5 minutes. The disassociated cells were collecteceatiifugeat 5009 for

5 minutes. Then the supernatant was aspirated and the cell pellet was resuspended into 1
ml of media. Cell counting v&aperformed prior to replating of cells at the density

3X10° cells into one well of a 12 well plate one day before lipofection.

For mi RNA mimic/inhibitor |l i pofection, 6
diluted I nt-dIEM® Onfedia.e Ih paflel 6 € | r6o) mMIiRNA

mi mi c/ inhibitor wasvMEM® rhedid. €he dilutedtLipofedteinthe ¢ |
reagent and miRNA mimic/inhibitor were mixed together in a 1:1 ratio, incubated for 5
minutes and then added to one well of a 12 yielte which waseeded with hES cell

as indicated above.

For plasmid lipofection, £ g p |sgeachiwell of 12 well plate) were used to

transfectES cel |l s foll owing manufacturerods re

-59



2.22RNA and miRNA IsolatonbyRe | i aPr epE RNA Cel | Mi ni p

Rela PrepE RNA Cel | Miniprep SystaelmRIAr ome
isolation. Details of reaction compositioaiee shown in Tabléd8. In brief, media was
removed from cells and one cold PBS wash was carried out. Then 250 ul BL+TG lysis
buffer was addetb the cells and the lysate was transferred to a sterile centrifuge tube
followed by addingpf 85ul of 100% isopropanol. The mixed lysate was transferred to a
Re |l i a Pmingcguin thencentrifuged at 12,000 x g for 30 seconds in room
temperatureThe coumn waswashed with 5004l RNA wash solution prior to a further
centrifugation step at 12,000 x g for 30 seconds at room temperature. 30ul DNase |
enzyme and Yellow core buffemixture was addehto each tube and further incubated

for 15 minutes at room meperature. After incubation, a further wash with 200ul
Column wash solution followed by a centrifugation step at 12,000 x g for 15 seconds.
Two more washes with RNA wash solution were carried out (the first with 500ul and
the second with 300ul RNA wash stibn) followed by a final centrifugation step at
12,000 x g for 2 minutes. 280 pl nucleasdree water was added to the membrane and
RNA solution was collected in a new collection tube after centrifugation at 12,000 x g
for 1 minute. The purified RNA wastored at80 °C.

4 M Guanidine thiocyanate
BL+TG buffer 0.01 M Tris (pH7.5)
2 % 1-Thioglycerol

0.0225 M Tris (pH7.5)
Yellow Core buffer 1.125 M NaCl
0.0025 % yellow dye (wiv)

16.82 mM potassium acetate

She 27.1 mM Tris-HCI (pH 7.5)

Table 18. Composition of RNA isolation buffers and solutions

2.23 Reverse Transcription

GoScripE Reverse Transcription system was USs
reaction compositionare shown in Tabl&9 and 20. First the RNA and Oligo (dT}

were incubated at 70°C for 5 minutes. The tube was chilled on ice for 5 minutes. 15 pl

reversetranscription mix was combined with 5ul of RNA and Oligo (@Fmix. The
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tube was further incubated at 25°C for 5minutes. This step was followed bgrfurth
42°C incubation for 1 hour.

RNA X pl (up to 0.5 pglreaction)
Oligo (dT) s 1l
Nuclease-free water 4-X l
Final volume 5pl

Table19. GoScri pt E Rever sompofientapasi r i pt i on

GoScript™ 5X reaction buffer 4.0 pl

MgCl, 1.5 pl
PCR Nucleotide Mix 1pl

Recombinant Rnasin® Ribonuclease inhibitor 0.5 i
GoScript™ Reverse Transcriptase 1l
Nuclease-free water 7ul

Final volume 15 pl

Table 20. Reverse Transcription components part 2
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2.24 RealTime quantitative PCR by SYBR GreenSystem

GoTad@® gPCR master mix reagent was used for quantitative PCR. Details of reaction
composition are shown in TabB. Thermal Cycling Conditionare as follows: het
start activation (95°C 2 minutes), 40 cyclesf Denaturation (95°C, 1%econds) and
Anneal/extend (60°C, 60seconds; shown in Tabled4)l The program was
performedonanABI 7900 machine The data s analyzed by usirthe ABI Sequence
Detection System 2.4 (SDS 2.4) software. Furtfaa analysiand normalization

wasapplied by gBasel.3.5 software.

GoTaq® qPCR master mix 2X 5pl
CXR Reference Dye 0.1 pl
Products from RT reaction 0.4 pl
PCR primers 0.4 pl (0.04 uM)
Nuclease-free water 4.1l

Table 21. GoTag® gPCR master mix reagent components
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2.25 Western Blot

Cells were washed withiermol d PBS and | ysed HHCIpR8B®A bu
150 Na@h 1%IGEPAL CA 630, 0.5%0Na-DOC and 0.19%6DS) with PMSF{mM)

and protease inhibitors (Thermo). The total protein concentration was determined by
Bradford Kit (BioRad Laboratories Ltd, Hemel Hempstead, UK) using the
manufacturer's instructions. Lysat@¢ g t ot all protein) were e
12%SDS PAGE gel and electrophoretically transferred to a polyvinylidene difluoride
membrane (Hybon#® (hydrophobic polyvinylidene difluoride membrane, cat no.
RPN303F); Amersham Biosciences, Piscataway, NJ, USA). Membranes were blocked
in Tris-buffered saline with % milk and 0.1%Tween. The blots were probed with anti

ZIC2 (1:1000, Abcam), LIN28A (1:1000, Santa Cruz Biotechnology, Inc.), GAPDH
(1:750, Abcam), POLR3G (1:500, Santa Cruz Biotechnology, thw@rnight and
revealed with horseradish peroxidasmjugatedsecondary ardiabbit or antimouse
antibodies DAKO). Antibodyi antigen complexes were detected using ECL Plus
reagent (PierceAntibodies to GAPDH were used after membrane stripping to confirm

uniform protein loading.
2.26 Luciferase Reporter Assays

The3U TR of human POLR3G was <c¢cl oneZXveciomt o a
which contais two luciferase, Renilla and firefly. The predicted binding regions were
mutated by PCR with individual mutant primers by using Quitlange Il XL site

Directed mutagersis kit (Agilent Technologies, Inc.). Thermal Cycli@gnditionsare

showed in Table22. The H9 cells were ectransfected by Lipofectamine 3000
(Invitrogen). Luciferase reporter assays were performed 48hlipo&tction using
DualLuciferase® Reporter As s ay (Promega) according

recommendations.
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95°C 1 minute

95°C 50 seconds
2 18 60°C 50 seconds

68°C 1 minute/kb of plasmid length
3 1 68°C 7 minutes

Table 22. Quick Change Il XL site-Directed mutagenesis kit PCR program
2.27 RNA Interference

POLR3Gwas knocked dowby usingSilencer® Select siRNAnvitrogen) 5.0 p mol
of POLR3GsiRNA wastransfectednto cellsby Lipofectamine® RNAI Max reagent

accordingtoranuf acturer6s recommendati ons.
2.28 Statistical Analysis

Quantitative data are expressed as means + SD. Statistical significance was determined
by the St u destnRvaue< .05 was considereds statistically signiicant (*P <
0.05, **P <0.001).
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CHAPTER 3 RESULTS|
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Chapter 3. (Resultsl): Microarray -based Expression Profiling

3.1 Microarray -based Expression Profiling at different Stages ofthe hES Cell
Cycle andDifferentiation Process

Pluripotent stem cells, including hES cells and hiPS cells, can maintain unlimited self
renewal and have the potential to generate every differentiated cell type. These
remarkable properties make them valuable ressufoe modelling early human
development and regenerative medicii¢d®. Much effort has beespent in recent
years to understand the molecular mechanisms underlying hES cell pluripotency and
differentiation,although a lot of work still remains in this respeRéegulation ofcell

cycle is closelyrelated with the pluripotency and differentiation properties of hES cells
and hiPS cell$'® Specific knockdown o£DK2 inducescell arrest in G1 andauses

hES cells to differentiate into exteanbryonic lineage&®. NANOG controls entryinto
S-phase in hES cells by promoting the exsien ofCDC25Cand CDK6 2% Recent
studieshave alsodemonstrate that miRNAs play important roles in modulating hES
cell seltrenewaland differentiation and somatic cell reprogrammingy®264270290292

For example,the miR-302 cluster,which is regulated byOCT4S0OX2 is highly
expressed in hES celf§ overexpressionf this miRNA cluster can maintain stemness

of hES cells and promote somatic cell reprogrammfhgnd in parallel it can also
regulate thecell cycle and apoptosis pathveapy targeting Cyclin D1?°, and
BNIP3L/Nix respectively®*,

We hypothesised that miRNAs are hES cell specific (i.e. that they are expressed in hES
cells and are downregulated during the differentiation process), that their expression
levels significantly change during celjcle transition, and that they are likely to affect

the regulation of both pluripotency and the cell cydle.identify miRNAs which ae
potentialy importantin the regulation of botlthe cell cycle and hES ceplluripotency

Dr. Joseph Collin and Dr. Irina Neganova in our group colletiedhES and human
fibroblast cellssamples(pluripotent vs.differentiatedcontrol), as well ashES cell
sampleghat were specificallgynchronizedn G1, S,andG2/M phase These samples

were usedor miRNA screening analysis usimg Agilent human miRNA (V3) 8X15K
microarray (Agilent, G4470which contains 866 human and 89 human viral miRNAs

probes.

The data was analysised by our collaborator Dr. David Montaner (Centro de
Investigation Principe Felipe, Valencia, Spain). First the expression data generated from
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the array was normalized using quintile normalizatidhand differential miRNA
expression was subsequently estimated using the limma p&cRémen Bioconductor.
Statisticd probability of significance (adjusted p values, set at p < 0.05) and a fold
change of more than two were used to select the miRNAs that were differentially
expressed between hES cells, human fibroblast cells, or synchronised hES cells from
different stags of the cell cycle. The number of miRNAs identified is summarized in
Table 3.

G1 phase compared to S phase 55

S phase compared to G2 phase 142

G2 phase compared to G1 phase 212
hES cells compared to differentiated cells 375

Table 23. Summary of the miRNAs that were significantly changed between hES
cells versus human fibroblast cells, and synchronised hES cells in different stages
of the cell cycle.

These miRNAswere selectedising astatistical probability of significance set at<
0.05 andby accepting only miRNAs with afd-change >2.0.

A Venn diagramanalysisof the miRNAs listed in Table3was carried out by Prof.
Lako to identify the candidate miRNAs which were differently expressed between both
hEScells versus human placental fibroblast ¢ellsd hES cells from differestages of

thecell cycle(Figurel8).
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S phase versus G1 phase S phase versus G2 phase

hES cells versus differentiated cells

Figure 18. Venn diagram analysis of the miRNAs listed in Table 2

The shared arem the middleindicates that33 miRNAs were differently expressed
between hES cells versus human placental fibroblast cells, S phase versus G1 phase
and S phase versus G2 phase.

This analysis identified 38iRNAs in thecentralshared are@~igure B), meaninghat
these miRNAsare differently expressed between hES cells versus fibrebgihase
versus G1 phadeES cellsand S phase versus G2 pha&sS cells The 33 miRNAs in
the middle changkduring hES cells differentiation and cell cycle procédse fold

change in expression of these 33 miRNASs is summarized in Téble 2

The validity of our array data was further confirmed by checking the changes in
expression of several other w&hown miRNAs matched those reported in the
literature. For example, in owrray, miR372, which is enriched in hES cells and
promotes the G1/S transition, was also highly expressed in hES cells in S phase relative
to the G1 and G2 phases
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16.2 259

hsa-miR-1305 6.1
hsa-miR-372 5.7 14.0 7.0
hsa-miR-892b 49 T 8.9
hsa-miR-1288 46 10.3 131
hsa-miR-181d 4.0 79 6.1
hsa-miR-371-3p 4.0 8.0 5.1
hsa-miR-28-5p 3.5 44 25
ebv-miR-BART12 34 71 16.6
hsa-miR-501-5p 33 6.2 5.8
hsa-miR-500 3.3 6.2 49
hsa-miR-503 31 3.2 7.3
hsa-miR-874 -3.0 -2.8 10.2
hsa-miR-663 =31 5.5 251
hsa-miR-30a" -31 9.9 -10.4
hsa-miR-9* -3.2 -3.0 4.0
hsa-miR-1225-3p -3.4 -3.5 3.6
hsa-miR-1228 -3.5 27 77
hsa-miR-1238 -3.7 -3.6 3.2
hsa-miR-1234 -3.8 -5.5 19.5
hsa-miR-1181 4.3 -7.0 20.2
hsa-miR-1207-5p 44 -5.9 728
hsa-miR-125a-3p 4.5 -3.0 1.8
hsa-miR-134 4.6 -8.6 38.8
hsa-miR-150" 4.8 -4.2 18.9
hsa-miR-885-5p -4.8 -2.8 6.0
hsa-miR-1224-5p 49 -6.0 19.0
hsa-miR-135a" -5.2 -7.8 5.8
hsa-miR-629* -5.6 -6.5 228
hsa-miR-1249 -5.6 -5.6 128
hsa-miR-1915 -5.8 9.2 59.0
hsa-miR-601 6.1 4.4 1.2
hsa-miR-1226" -7.6 -5.9 16.3
hsa-miR-1208 -8.0 6.7 6.4

Table 24. List of miRNAs (33) that were differently expressed between hES cells
versus human placental fibroblast cells, S phase versus G1 phase hES cells, and S

phase versus G2 phase hES cells.
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To narrow theetarget miRNAs down for further investigatidnghecked théiterature
in the NCBI (National Center for Biotechnology Informatjodatabase which referred
to the33 miRNAs listed inTable25, and listed their functions and targets, paying

special attentioto studies relating them tell-cycle and/or pluripotency regulation

hsa-miR-1305

hsa-miR-372

hsa-miRNA-892b

hsa-miR-1288

hsa-miRNA-1181

hsa-miR-371-3p

hsa-miR-28-5p

ebv-miRNA-BART12

hsa-miRNA-501-5p

hsa-miR-500

hsa-miR-503

hsa-miR-874

hsa-miR-663

hsa-miR-30a-3p

PTK2;RUNX2

CDK2/BCL2/TP53/CCNA1

SOX2/STAT3

NRF2; MAD2

CYLD/OTUD7BITAX1BP1

L1CAM; IGF-1R

AQP3; caspase-8; CDKS9;
STAT3/IVEGF-A pathway

Bcl-2; TGF-g1

HIF2A

Upregulated in periodontal
ligament-derived stem cells
from smokers
Involved in cell cycle arrest
at the S phase

Highly expressed in
embryonic tissues in ectopic
pregnancies
Inhibits stem cell-like
phenotypes and suppresses
SOX2 and STAT3 in human
pancreatic cancer.
Involved in neural
differentiation
Regulates Nrf2 expression in
breast epithelial cells;
Involved in chromosomal
instability in VHL-associated
cancers and in cell
proliferation

Epstein-Barr virus

Involved in gastric cancer
cell proliferation, survival,
and tumorigenicity
Tumor Suppressorin
Osteosarcoma; Tumor
suppressorin glioblastoma
Inhibits cell proliferation,
migration and invasion in
gastric cancer; Myocardial
necrosis; Cell proliferation
and induces apoptosis in
human breast cancer; Tumor
suppressorin gastric cancer.
Induces apoptosis of lung
cancer cells; Inhibits
radiation-induced bystander
effects
Involved in cellular
proliferation, angiogenesis,
and xenograft tumor growth
in VHL-deficient H1H2
tumors
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hsa-miR-9-3p
hsa-miRNA-1225-3p
hsa-miRNA-1228 MOAP1
hsa-miR-1234 STAT3
hsa-miRNA-1181 SOX2/STAT3
hsa-miR-1207-5p HBEGF
hsa-miR-125a-3p P53 pathway
hsa-miR-134 NANOG
hsa-miR-150-3p
hsa-miR-885-5p CDK2/MCM5

hsa-miRNA-1224-5p
hsa-miR-135a-3p BCL-2; HOXA10

hsa-miR-629-3p NBS1
hsa-miRNA-1249
hsa-miR-1915 BCL-2
hsa-miR-601
hsa-miRNA-1226*

hsa-miRNA-1208

Cell proliferation, colony
formation, migration,
invasion and promotes
apoptosis

Promotes the proliferation
and metastasis of hepatoma
cells through a p53 forward

feedback loop; Prevents
cellular apoptosis by
targeting of MOAP1 protein.

Promotes tumorigenesis of
activeated B cell type DLBCL
Inhibits stem cell-like
phenotypes and suppresses
SOX2 and STAT3 in human
pancreatic cancer.

CFHRS5 Nephropathy

Induces the invasive and
migratory capabilities of lung
cancer cells in apoptosis.
Promotes glioblastoma cell
invasion; Targeting integrin
B1 in hepatocellular
carcinoma; Biomarker for the
diagnosis of acute
pulmonary embolism; Cell
proliferation, apoptosis, and
migration involving lung
septation.

Involved in chronic heart
failure; HIV/AIDS disease
progression and therapy
Activates p53 and inhibits
proliferation and survival

Involved in LPS-induced
apoptosis; Tumor
suppressor
Increases the risk of lung
cancer

Involved in apoptotic
response to DNA damage.
Biomarker of colorectal
cancer

Table 25. Summary of the biological functions and downstream targets of the
candidate miRNAs identified in previous experiments.

These miRNAs were expressed inhES cellsbut were downregulated during the
differentiation processand also changed durinthe G1 to S transitiorand S to G2

phase transitian
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miR-1305was particularly interestingvhich is the top candidate in our array data when
expression of miRNAs during Gl/@8ansition is investigatedt fulfil s the selection
criteria highlighted above (i} is specific tohES cells, and its expression is higher in
hES cellscompared to differentiated cel(® is upregulated25.9fold in hES cells
compared to differentiatezklls[p = 2.76"Y and (ii)it is significantly modulated during
the G1 to S transitiorfits expression iigher in S phase compared to G1 phase in our
array dataand it is upregulated6.1 fold during the G1 to S transition; [p= 5.80
9%).Using online software Target®an the predicted targets for mMHR305
(http://www.targetscan.org/vert_§1/2°°?%® include DICER]1 CDK6, CYCLIND2,

LIN28A and POLR3G indicating a potential function for mi305 in regulating hES

cell pluripotency and cell cycle.

3.2 The miRNA ExpressionKinetics of Candidate miRNAs during the hES Cell
Cycle Regulation andDifferentiation Process

First we confirmed the expression kinetics wiiR-1305in hES cellsduring the cell
cycle and differentiation process by gfRCR usingmiR-367, a well-known miRNA

that controls selfenewal and pluripotency in hES and hiPS celtsa positive control
276299300

To analyse the expression levelsthis candidate miRNA in hES cells at different cell
cycle stags the cells were synchronisgdee method) and then analysetly Flow
cytomety and gRFPCR.

hEScells treated witmocodazoleaphidicolin wereeffectivelyblocked at G1 phase (G1:
80.5% Figure19b), while most cellstreated withnocodazole aloneereblocked atG2
phase (G2: 85.02%; Figuréd). After 10 hoursa subset of the cells wereleased
from the G2 phaseandmost werdn S phaseat the time of analysi&S: 71.06% Figure

19c¢). This is consistent with previous work in our group which achieved similar results
25,208
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Figure 19. The cell cycle profile of H9 cells after celtycle synchronization

(@) Normal hEScell-cycle profile. p) 80.50% of cells in G1 phase after egjcle
synchronization witmocodazoleaphidicolin (c) 71.06% of cells in S phase after eell
cycle synchronization withocodazole(d) 85.02% of cells in G2 phase after egjcle
synchronization withnocodazoleand releaseafter 10 hours This is a representative
example of 3 independent experiments.
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The miR1305 expression levels were thdrecked in thessynchronied cells by gRT
PCR consistent with array datamiR-1305 was highly expressed in S phase (Figure
20a), while miR-367 was highly expressaad G1 phaseKRigure20b) in agreement with

previously published resulfé®.

The fold change of miR305expression between G1 and S phasgRT-PCR is about
2.5, while in the array analysis is 6.1. This is because array anébhgsied on the
probehybrdization)and gRTFPCR (based on the PGBmplificatior) are two different
technologiesAll potential candidates we want to study in the future rmedonfirmed
by gRT-PCR analysisThis differencewill not affect the selection strateggsthe trend
of miR-1305 duing hES cells differentiation and cell cycle processtlagesamein both
the arrayanalysisand qRFPCR.
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Figure 20. Quantitative RT-PCR analysis of the relative expression levels did
expression profile of mMDR-1305 during the hES cell cycle.

The expression profile of (a) MiR305 and (b) miRB67 (control) during the hES cell
cycle. Lhsynchronized HBES cellsvereused asn unsynchronised ceatlycle control,
and H9G1, H9S, and H9-G2 samples were collected aftperforming cell-cycle
synchronization as described in Figd@® QuantitativeRT-PCR data are represented as
the mean + SD; n = 3The statistical probability of significance w&s < 0.05, as
measured using tH&tudenit test. Theunsynchronised HBontrol was set to.Q.

hES cellsremain undiffereniated when adhesiorculturedwith mTESR 1 media, but
grow as small aggregates (known embryoid bodiesor EBs) which undego
spontaneous differentiation to all three gdayerswhen culturedn suspension without
bFGF and TGB ". This is a classic method for studying the hES cell differentiation.
To studythe expression profilesf these twaniRNAs during the differentiation process,
hES cells and EBs at differedifferentiationtime poins were tested by gRPCR. We

collected undifferentiated H&llsas a controhndEBs at different time poist(Day 1,
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3, 5, 7, 14, 18and21), as well asadult AD3 fibroblast cells as another differentiated
cell sample.

Consistent withpreviouslypublishedstudies the expressiorievel of miR367 is much
higher in H9cells than in differentiated cells (EBs and fibrobldtigure 21) 2752%°,

The level of miR367 deaeased from thetartof EB differentiation day-1; D1) and
wasalmost undetectable D14 EBs and fibroblass.

Consistent with the array data, miR05 expression wasuch higher in hES cells
compared with adult fibroblasts (AD3) celBut interesngly, unlike miR367, miR-
1305 expression was significntncreased~1.5 fold) in D1 EBsat the beginning of
differentiation It then decreased from DB®ut wasstill detectable in D21 E8and
fibroblass (Figure21), which indicates miRL305 might playan important rolein the

initial stage of hES cell differentiation.
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Figure 21. Quantitative RT-PCR analysis of the relative expression levels tfe
expression profile of(a) miR-1305 and (b) miR367 in H9 hES cells, day (D)-R1
embryoid bodies (EBs) and adult dermal skin fibroblasts (AD3 cell line).

QuantitativeRT-PCR data are representedthe mean + SD; n = 3The statistical
probability of significance wa3p < 0.05as measuredsing theStudentt test. The
mMiRNA expressionevels in H9 cells were set to 1.0.

In summary based on treemicroarrayscreeningexperimentsreviewingthe literature
and targepredicton, we selead the candidate miRNA, miR305. Further gRPCR
results, which are consistent with our array data, shawatimiR-1305 expressn

levels were highein S phase comparéd the G1 and GZhasesandthat it washigher
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in HI cells comparedo differentiated cells (EBs and fibroblgstHowevermiR-1305
expressioninitially increasd at the beginning of differentiation (EB1), thus
suggestingt has apotential rée in inducing differentiation.
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Chapter 4. (Resultsll): Investigation of the function of miR-1305in hES Cell
Cycle Regulation andPluripotency Maintenance

4.1 miRNA Inducible OverexpressionSystem

To further investigate the role of mME305 in regulatinghe cell cycle and mairatining
pluripotency, we firsgenerated rainducible miRNA overexpression systamorder to

performgainof-function studies.

The inducible system was chosen becaakéts unique advantaged) We could
generate a stable cell line befostaring to overexpressmiRNA; in our casethis
avoided survival potential problems because miR-1305may be able tanduce cell
differentiation andbr proiferation. 2) By using the induciblecell lines the miRNA
overexpression could be inducadd mantained atiny timeby addng 4-OHT into the
culture medium.3) More cells could be easily be propagated fimther studkes in
contrast to transient mimimiRNA transfection4) A stable cell line is easier to work
with in follow up experiments, such aarfctional rescuer reporter assayslesigned to
elucidate downstream target The inducible system from Cellutron contains the
pCreERIRES-Puro plasmidFigure22a) and the inducible miRNA expression plasmid
pPpEGFP/RFPmMiRiBL (Figure 229. pCreERIRESPuro expresses a 4
hydroxytamoxifen (4OHT)-activated form of Cre and a puromycin resistance gene for
drug selection. The inducible miRNA expression plasmid (pEGFR/RHFH BL)
incorporates the expression of the cdatk miRNA under a suitable hES galbmote
(CAG) which is resistant t®NA silencing which occursduring the differentiation
process. The plasmid containe BGFP fluorescent reportewith a 3x termination
sequence (stop codon) flanked by two loxP sites, followed by a RFP expression
sequenceard miRNA transgenesanda blasticidin(BL) expression cassette for drug

sekction to create the stable cafids.
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pCreER-IRES-Puro |

8973 bp 1

pCAG-GFP/RFP--BL

Blasticidin

stop codon|

loxP

9.0 Kb stop codon

Figure 22. The construct information for the inducible miRNA expression system
plasmids.

(@) The Creexpression vector: pCreERES-Puro. p) The control construct fothe
inducible miRNA expression vectopEGFP/RFIPBL. (c) The inducible miRNA

expression vectppEGFP/RFIPMIR1305 BL.

After the transfection and selection process described belgwthe stable cell lines
containing both pCreERRESPuro and pEGFP/RFmIRIBL enabled us to
conditionally expresgshe miRNA transgenes. Without adding@HT, the inactivate
form of Creis unable tocut the loxP sitefiencethe cells expresEGFP but nothe
candidatemiRNA. When 4-OHT is addedto the culture medium Crés activated
leadingthe LoxP sites to beut and tle expression of RFP and the desired miRNA.
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The sequence information of the plasmidskept by the company (Cellutron) as
confidentialintellectual propertyEventhoughthe quality and correction of the products
were guaranteedye still tested thgolasmids byrestrictionrenzyme digestion after we
obtainedthe constructsWe usedEcoRV/Xholto cut pCreERIRES-Puro (Figure23a)
and pEGFP/RFi BL (Figure 23b), andBglll/EcoRV to cut pEGFP/RFPMIR1305 BL
(Figure23c).
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Figure 23. Restriction enzyme cut sites in the inducible miRNA expression system
plasmids.

(@) The rstriction sitesin pCreERIRES-Purg (b) pEGFP/RFPBL, and (c)
pEGFP/RFPmMIR1305BL. The ed boxesindicate the restriction sitegsedfor this
digestionidentification experiment The geenboxesindicate the restriction sitese to
linearize the plasmids
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The enzymealigested onstruct samples were separated by agarose gel electrophoresis
(Figure 24) and were consistent with the sisepredictedfor each construct based on
thar restriction site maps~gure 23), thusindicaing that the plasmiatonstructswvere

correct

Figure 24. Identification of the plasmids in the inducible miRNA expression system
by digestion with restriction enzymes and separation by agarose gel
electrophoresis.

(@) pCreERIRESPuro was cut into two fragments, 480bp+8.,5kbing EcCORVand
Xhol, pPEGFP/RFPmMiIR1305 BL was cut into two fragments, 1556bp+7.8kking Bgl
Il andEcoRV and(b) pEGFP/RFIPBL was cutinto two fragmentsy24bp+8.3kusing
EcoRVandXhol.
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Theseplasmids were then linearized at the single enzyme cut site (as shtvengireen

boxes inFigure23) and purified for further transfectidoy dectroporationFigure25).

Figure 25. Agarose gel identification and separation of the inducible miRNA
expression systemplasmids after linearization using Scd and subsequent

purification.

All three cut and uncuplasmidproductswere the predicteslizes.

The concentratianof the purified productsvere measured using Nano Drop 2000

spectrophotometdFigure26).

Sample ID Nucleic Acid Conc. [Unit |A260 |A280 [260/280

pCreER-IRES-Puro 1167.5 ng/pl 23349 12478 1.87
pCAG-GFP/RFP-BL 678.1 ng/l 13562 7.164 1.89
pCAG-GFP/RFP-miR1305 1031.8 ng/pl 20635 11.045 1.87

Figure 26. Concentrations of the inducible miRNA expression system plasmids
after separation by agarose gel electrophoresis and purification, as measured using
a NanoDrop spectrophotometer.
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4.2 Generation of aninducible miRNA OverexpressionCell Line

To generate a stable cell line which can consistently express Cre, the @fefER
IRES-Puroplasmid wagransfectednto H9 hES cells byelectroporationTendaysafter
puromycin (0.51g/ml) selectionno celk survived in the control grougréated withthe
same transfection procedure lusing abuffer instead of the construct). While several
colonieswith the typical undifferentiated hES$ell morphology were detected in the
pCreERIRES-Puro group (Figure27). The colonies were then picked oat the
experimental dishesnd expanded atescribedn the methodsection

H9 Control pCreER-IRES-Puro

Figure 27. The cell morphology of normal (a) hES cells, (b) cells transfected with a
control buffer, or (c) pCreER-IRES-Puro transfected cells after puromycin
selection for 10 days.

(a) Normal morphology odanH9 hEScell colony. (b) No hES cel$ transfected witlthe
control buffer survived the puromycin (Ofg/ml) selection (c) Positive colonies ere
observed in the HAES cells transfected with pCreERRES-Puro after the puromycin
(0.5ny/ml) selection. The red lingelineateshe edge of the colony. Scale bar: 200.

To further generated the inducible miRNA expression stable linggEFFRFRA BL
or pEGFP/RFHMIR-1305BL plasmidwastransfected into pCreERES-Puro cell line
(as shown in Figur@7) and selected by blasticidin (Xfy/ml) for 10 days. 13 stable
clones were generated from the pEGFP/RKR-1305BL group and 8 from the
control pEGFP/RFIPBL group. Based on the expressitgvel of GFP under the
microscope, #4and#10 from experimerdl group were selected because of highest
GFP expressiofdata not shown).
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4.3 Determining theOptimal Concentration of 40OHT

To selectthe optimum concentration of OHT to induce the experimental plasmude
performeda 4-OHT concentration gradient test by treating one of our stable lines,
pEGFP/RFPMIR-1305BL-1, with different concentrations of-@HT (0. 25 & M,
e M, 1 ¢ M,n d2 B8 dhys.The cells were then tested for RFP expression

by flow cytomety (Figure28).
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Figure 28. RFP expression in the pEGFP/RFRNIR-1305BL -1 stable cell inducible
cell line after treatment with different concentrations of4-OHT (0 . 2 5-3 ¢ §IM

To avoid any potential deleterious effects th&@HT might have on H9 cellsye also
performedthe samet-OHT concentration gradient tesh hES cell for 3 days. Their
cell-cycle profile was assessed by flow cytometry (Figu®e Zhe result shows that

0. 25 eOMT was the optimal concentration becauseaitsedminimum changes in

the cell cycle profile when compared to untreated cells (Fig@yea@d induce RFP
expressionin stable ines Based on t hes®©HTrvesandsénsfar 0. 2

further studies.
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Figure 29. The cell cycle profile of H9 hES cells treated with different
concentrations of 40HT.

@0 eMW0. 25 (ceOM;5 (@) M; e@2 (M3 efdM3 days.Thisis a
representative example of at least three independent experiments.

4.4 Testingthe miR-1305Stable Cell Line

By treaing both thepEGFP/RFPRMIR-1305BL (#4, #10) cell lins with 4-OHT (0.25

e M) most c el |IEGFPs=xpeessibneadacquiredRFPe@xpression(Figures
30and31). But a few cells in the colony stithaintained BFP expression after 3 ddys
induction This might bebecauseEGFP is very stabland may requirenore time to
degrade Another possibilityis that here aremultiple copes of the construcs within
each cellandLoxP sitecutting may not have been 100 percent efficient after induction
meaning that some cells might have continuedxjoressEGFP, or EGFP and RFP at

same time.
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Figure 30. EGFP/RFP expression in the pEGFP/RFFNIR-1305BL-4 stable cell
line after treatment with 4-OHT for 3 days.

(a) Bright field; (b) EGFP;(c) RFP;(d) Merge.This is a representative example of at
least three independent experiments

Figure 31. EGFP/RFP expression in the pEGFP/RF#IR-1305BL-10 stable cell
line after treatment with 4-OHT for 3 days.

(a) Bright field; (b) EGFP;(c) RFP;(d) Merge.This is a representative example of at
least three independesxperiments.
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Flow cytometry analysis showed thatyout10% of cells expressed only RFP in both
the pEGFP/RFPMIR-1305BL clones (#4, #10), about 50% of celis clone#4 and60%
in clone#10 expressed botBGFP and RFPand abou40% (#) and 30% (#10) of
cellscontinued teexpres€EEGFPafter three days of-©OHT treatmen{Figure32).
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Figure 32. FACS results showed the percentage of cells that expressed EGFP/RFP
in pPEGFP/RFP-miR-1305BL (#4, #10) cell lines after 3 days of-OHT treatment.

Data are represented as the mean + SD; n = 3.
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Further gRTPCR analysisndicatedthatpEGFP/RFPMIR-1305BL (clones#4 and#10)
cell lines treated with 0.268M 4-OHT showedincreasd miR-1305 expressiqgrbut not
atahigh level(~1.5fold compared with contrpFigure33).
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Figure 33. Quantitative RT-PCR analysis of the relative expression levels ofiR-
1305 in pEGFP/RFRPmMIR-1305BL #4 and #10 cells treated with or without 4OHT
for 3 days.

QuantitativePCR data are represented as the mean = SD; n = 3. *p < 0.05, calculated
using the Studertttest. The control was set td)1

Given thatthe miR13050verexpressioevel wassimilar in both two cell ling (clones
#4 and#10), we decided to ussone#10 for further experimestbecause ihadfewer
EGFP positive cells aftet-OHT treatmenthan clone #4

-90



4.5 Selecing the pEGFP/RFP-BL Control Cell Line

To select stable pEGFP/RfBL control lines,the coloniesgeneratedvere treated with
4-OHT and thenthe expression of GFP and RRRre checkedAs expeted, treating
the cantrol cell line with 40HT resulted in a decreage EGFP expression in most of
the cells but surprisingly, therevasno RFP expression. This induction was repeated in
all 8 stablecontrol cell linesand theyall lost EGFPexpressiorbut did not expresRFP,
leading us to speculate that there niaye been problems with the pEGFP/RHABL

control plasmid sequence.

To overcome these problems, witainedother twootherbatches of conttgplasmids
from Cellutronand repeated the experiments. Howewer,continued to obtairesults
similar to those described above, suggesting that the commereaifyjiable
PEGFP/RFPBL control plasmid could not be used to generate valid stable caatlol

line clones for this work.

We tesed whether the pEGFP/RFBL plasmidscould express RFn 293 cells. All
three different batchesf control plasmid obtained from Cellutron were doansfected
with pCreERIRES-Puro intothe 293 cells. In parallelpEGFP/RFPMiIR-1305BL and
pCreERIRES-Puro were also etransfected as a positive controlOHT was added to
the culture media 24 hours after -tansfection. As expected, ignificant RFP
expression was observed the pEGFP/RFPMIR-1305BL co-transfectim group 48
hours after treatmentith 4-OHT (Figure 3). But the RFP expression level in all three
control plasmid groupw/asalmost undetectable (FiguBgl) indicatingthat there were

technicalissues with RFP expressiamenusing these control plasmids.
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pEGFP/RFP-miR-1305-BL pEGFP/RFP-BL-1 pEGFP/RFP-BL-2 PEGFP/RFP-BL-3

- 4-OHT

+4-OHT

Figure 34. EGFP/RFP expression in 293 cells transfected with pCreERES-Puro
and pEGFP/RFP-miR-1305BL, or pCreER-IRES-Puro and pEGFP/RFRBL
(clones #1, #2, and #3).

RFP expression was detected after cells werdreatedwith 4-OHT for 2 days. This is
a representative example of at least three independent experiments.

While we were trying to establish a proper control cell line, we also investigated the
impact of 40HT treatment on the establishpEGFP/RFPMIR-1305BL-10 clone.
Although RFP was not expressed in gpteGFP/RFFBL clone, we still choose one of

the control clones#) to use in parallel with the miR305 overexpression clone.

To study the function of miR305 in hES cells, the control and miRB05
overexpessiam lines were treated with 0.28M 4-OHT and weréharvested days after
induction When the control group treated with 0.261 4-OHT, more apoptosis cells

and less differentiation cells were observiedjre35).
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PEGFP/RFP-BL

@ A

pEGFP/RFP-miR-1305-BL

-4 OHT

Figure 35. The cell morphology of pEGFP/RFPBL and pEGFP/RFP-miR-1305
BL cells treated with or without4-OHT (0. 25 eM) for 3 days.

This is a representative example of at least three independent experiments.

QuantitativeRT-PCR analysis was performed to test thiative expression of hE&el
pluripotency and specific geHayer markersThe results showetthat4-OHT treatment
decreasg the levels ofthe OCT4 and NANOG pluripotent markers and the
differentiation marker€€DX2 GATA4 PAX6G andT, andincreasd FGF5 and FOXA2
expressionn the control cell§Figure 3$a). There wasalso change ithe expression of
OCT4 PAXG FOXA2 andGATA4uponmiR-1305 overexpressioin the pEGFP/RFP
miR-1305BL cell line uponthe additionof 4-OHT (Figure ¥b). However,because of
the effect o#4-OHT on the control cell line we could nattribute these changes to miR

1305 overexpression or@HT treatment.
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Figure 36. Quantitative RT-PCR analysis of the relative expression levels of
pluripotent and differentiated markers in (a) pEGFP/RFP-BL and (b)
pPpEGFP/RFP-miR-1305BL cells treated with or without 4OHT ( 0. 25 & M)
days.

gRT-PCR data are represented as mean + SD; n = 3. *p < 0.05, **peal€ilated
usingthe Studentt test The control was set ta@

In summary to study the function of miR305 we first tried to establismanducible
miR-1305 expression system in hES celtst we encounteredwo main technical
issues 1) we were not able to create appropriate controtell line which properly

expresed RFP after induction; ZJhe addition okeven very low levels of -OHT (0.25

-9 4



nmM) affected pluripotency and differentiation markers. For these reasons, it was
impossible to discern the impawtiR-1305 overexpressionn the inducible miRNA

overexpression systetasted

After checking the recent literaturelating to miRNA we decided to proceed with
mMiRNA mimics/inhibitors from Invitrogen for further functional stesl, as described in

the following sections
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4.6 miRNA Gain-of-Function Study Using Mimics
4.6.1 Establishing a echnique forEffective miRNA Mimic/Inhibitor Transfection

The mirvana" second generatiomimicsfinhibitors from Invitrogenhave ahigh
efficacyin bothin vitro andin vivo studes and have been widely usedtire miRNA-

research field°>3%?

. MIRNA mimics are small, chemicalyodified doublestranded
RNAs that mimic endogenous miRNAs and enable miRNA functional analysis by
upregulatng miRNA activity. The mRNA-mimic negative control and miR1305

mimic (mirvVand™ Mimics, Invitrogen) were used fohesegain-of-function studes

To test the transfection efficiency and the effect of miRNA miomhES cells, a well
studied miR1 mimic was used as a positive contad suggested the manufacturer
After thoroudily checking the literature, we chose Lipofectamine® RNAIMAX
transfectthe mimic into hES cells (see detadl protocol in the methagisectior). Forty-
eight hours after transfectigreell inspectionundera microscopeshowed thamiR-1
overexpression sigicantly decreas# the cell numbers compared witthe control
(Figure 37), which is onsistent with previous studié$**%® . An especialphenotype
was observed in miR group, empty hokeformedbetweenthe clones which may due

to the increase of cedipoptosis in miRL group

Figure 37. The morphology of H9 cells 2 days after transfection with the miRNA
mimic negative control or miR-1-mimic.

This is a representative example of at least three independent experiments.
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