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Abstract

The regulation of self-renewal in stem cells is maintained by promotion of
proliferation and inhibition of differentiation, which holds the key answer to the
process of ageing and the origin of cancer. In order to investigate the pertinent
roles of ageing factors in human embryonic stem (ES) cell self-renewal, FOXM1,
FOXO3A and SIRT1 were selected as baits for protein binding partners. From
our study, we identified the novel endogenous protein interaction of FOXMI
with MYH10. We confirmed that blebbistatin, a chemical inhibitor of MYHI10,
can improve human ES cell survival and prevent differentiation with a poor
outcome for colony formation in a dosage dependent manner, which is mediated
through FOXMI1 via inducing BCL-2 protein level and enhancing promoter
binding of OCTY, respectively. The inhibitions of FOXM1 and MYH10 showed
abnormality of both centriole locations and key regulators of mitosis, suggesting
the essential roles of FOXM1 and MYHI0 in cell-cycle progression in respect to
stem cell self-renewal. Genetic knockdown of FOXM1 and MYH10 revealed the
essential requirement of these two proteins in pluripotency maintenance as well
as a distinctive role for MYH10 in the integrity of stem cell colony.

By applying our findings to CD44"¢"/CD24"°" breast cancer stem-like cells,
we found that FOXM1 and MYHI10 are also major players in cancer stem-like

cell maintenance. In terms of self-renewing ability, inhibition of MYH10 shows



improved spheroid formation ability in MCF breast cancer stem-like cells
associated with Rho/ROCK pathway. This inhibition of MYHI10 in turn is
dependent on the tissue origin of the breast cancer compared with its isoform.

In conclusion, our findings of the protein complex of FOXM1 and MYH10
contributes to the understanding of the stem cell self-renewing mechanisms in

both human embryonic and cancer stem-like cell models.
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Chapter 1 Introduction

1.1 The origins and mechanisms of pluripotent stem cells.

1.1.1 Brief overview of human embryogenesis.

The fundamental processes of life cycle consist of six stages: fertilization,
cleavage, gastrulation, organogenesis, metamorphosis and gametogenesis. For
human, the period of the primary eight weeks of development was called
embryogenesis after fertilization, when the fusion of the male sperm and the
female oocyte occur to form the zygote. The first cleavage to 2 cells takes place
24 hours later in a manner of meridional mitotic division, in which the cleavage
furrow formation should accomplished within around 14 minutes to the
appearance of 2-cell stage'. The rotational cleavage happens after about 12 hours
and carried the daughter cells into 4-cell stages within around 2 hours'. A 16-cell
morula stage is reached in successive divisions, when the embryo is experiencing
compaction to form a compact sphere, and cell adhesion proteins such as
E-CADHERIN start to express. The first differentiation event arises at morula
stage when the outer rim of the sphere becomes the trophoblast to form the outer
layer of the placenta. And the inner cells will ultimately develop to embryo. At
embryonic day 5, the morula form a cavity with fluid from the secretion of
trophoblast, which develop into a hollow sphere called blastocyst. The blastocyst

hatches from the zona pellucid and gets ready for implantation by attachment



with the endometrium at embryonic day 6-7.

During the second week of human embryogenesis, the implanted blastocyst
forms an embryonic disk (egg cylinder in mice) and begins to establish and
develop of the placenta to provide the embryo with nutrients from maternal blood
for further development. Meanwhile, the inner cell mass (ICM) derived from the
morula stage continued to differentiation into two layers of cells: hypoblast and
epiblast. The hypoblast will later develop to the primitive endoderm, which will
give rise to the wall of yolk sac. Alternatively, epiblast will contribute to all the
cells of the three primary germ layers. And a small cavity is formed within the
epiblast and eventually filled with amniotic fluid to become amniotic cavity
surrounding the fetus.

At the third week of human development, the start of gastrulation is triggered
by the differentiation of epiblast into amnionic ectoderm and primitive ectoderm.
Later, the primitive ectoderm of the postimplantation blastocyst will generate the
ectoderm, mesoderm and endoderm of the gastrula, resulting in the formation of
corresponding tissues and organs in the adults. The whole event is strictly
monitored and tuned through activation or inactivation of specific genes at the
enquiring time in response of cell to cell and to extracellular matrix interactions®.

The brief summary of human embryogenesis is illustrated in Fig. 1.1. When

not stated otherwise, details refer to references®”.
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Figure 1.1 Schematic diagram of the developmental events regarding the
derivation of cell types and tissues. The approximate duration of each stage was
measured with embryonic days after the formation of zygote. The dashed line

indicates a possible origin of extraembryonic mesoderm from Yolk sac.

1.1.2 The derivations of human embryonic stem cells.

As allude in 1.1.1, there are certain types of cells, namely embryonic stem
(ES) cells, in the early development which harbor the capacities to give rise of all
types of cells in the adulthood. However, ES cells only exist transiently in
embryos in vivo as they undergo differentiation with progressively loss their
potentials during development. The attempts of isolation of ES cells benefited
from the study of teratocarcinomas in 1950s, which are malignant germ cell
tumors that comprise an undifferentiated embryonic carcinoma (EC) component

and a differentiated component containing all three germ layer’. In 1981, the



derivation of mouse ES cells captured and preserved the pluripotency from in
vivo blastocyst into in vitro laboratory culture condition, which supported with
EC-conditioned medium® or with mitotically inactivated mouse embryonic
fibroblast (MEF) and serum’. Unlike EC cells, mouse ES cells have normal
karyotypes and are sufficient to generate chimeras when injected into embryos.
Meanwhile, in contrast with their origins from ICM, mouse ES cells can be
propagated infinitely in vitro owing to their ability of self-renewal.

The derivation of human ES cells seems to be considerably delayed until
1998, when Thomson used embryos from in vitro fertilization (IVF) to generate
human ES cells®. The delay resulted from the differences of ES cells between
species and the optimization of human embryo culture medium. Human ES cell
lines have been derived from different stages of embryo: morula®, later
blastocyst’, single blastomeres'® and parthenogenetic embryos'', from which the
characteristics varied depending on the timing and techniques of derivations'?.
H1, H7, H9, H13 and H14 are five human ES cell lines generated by Thomson
from the inner cell mass of human blastocysts via immunosurgery °. These five
original human ES cell lines can continue to proliferate without commitment for
up to 6 months', within which H9 cell line has divided for around two years

with over 300 passages'*.

1.1.3 The extrinsic signaling for supporting pluripotency.

It was revealed by in vitro study that the hallmarks of ES cells are



pluripotency and self-renewal, which are supported by specific signaling
pathways and intrinsic transcription networks. The understanding of critical
signaling pathways for pluripotency arose from the process of modifications and
identifications of soluble growth factors from defining culture medium and
feeder cells. Amongst them, leukemia inhibitory factor (LIF)" and bone
morphogenetic protein-4 (BMP4)'® were identified to be the indispensable
cytokine to sustain mouse ES cells in undifferentiated condition without serum
supply. In LIF pathway, LIF receptor (LIFR) acts with LIF and induces the
dimerization with GP130 receptor'’, which subsequently recruits and activates
the Janus kinase/signal transducer and activator of transcription-3
(JAK/STAT3)"", and SHP2/ERK mitogen-activated protein kinase (MAPK)
cascade'®. The activation of STAT3 promotes the self-renewal of mouse ES cells
while the activation of ERK hinders proliferation. Therefore, a balanced effect of
LIF is imposed to mouse ES cell for tuning the state of pluripotency'’. In BMP
pathway, BMP4 induces the level of inhibitor of differentiation (ID) protein to
prevent commitment by inhibiting ERK activity via the SMAD pathway'®.
Although LIF is essential for in vitro mouse ES cells derivation and maintenance,
there is no apparent requirement for the LIF cascade for in vivo mouse

development until gastrulation®**

. It suggests that additional pathways are
involving in maintaining pluripotency. Wingless type (WNT) signaling pathway

was found to exert synergistic effect on LIF in preventing differentiation”. The

binding of WNT proteins with FRIZZLED receptors inhibits the activity of



glycogen synthase kinase-3 (GSK3) resulting in the stabilization and nuclear
translocation of beta-CATENIN for TCF proteins mediated gene activation for
self-renewal®*. Base on those findings, a defined condition of the dual inhibition
(21) of FGF4/ERK and GSK3 has been applied to sustain mouse ES cells with
chemical inhibitors independent of LIF and BMP through inactivation of ERK
signaling” and promoting WNT pathway”*. This approach has also been
successfully applied to derive ES cells from non-permissive mouse strains®®*’.

As one of the challenges for derivation of human ES cells (refers to 1.1.2),
LIF cascade failed to support human ES cells in medium containing serum as
how it acted to sustain mouse ES cells®**?. There are only very low levels of
LIF/LIFR, GP130 and JAK detected in human ES cells®. In contrast, addition of
BMP in culture condition will promote trophoblast differentiation in human ES
cells®! in spite of the fact that BMP pathways are detectable in human ES cells*.
Further investigations found that opposing to mouse embryonic cells alternative

pathways: basic fibroblast growth factor (bFGF) **-**

, transforming growth
factor-B (TGFB)** and insulin-like growth factor 2 (IGF2)* are major important
signaling pathways in the self-renewal of human ES cells. bFGF (FGF2) was the
first cytokine identified to be crucial of human ES cell maintenance®*. The high
level of bFGF produced by human ES cell FGF receptors or supplemented in the
culture medium acts with ERK pathway to prevent the spontaneous

differentiation into extra-embryonic tissues’ . It was also suggested that bFGF

cooperate with TGFB/ACTIVIN pathway through SMAD2/3 to activate NANOG



expression in human ES cells’>?’. ACTIVIN was shown to activate bFGF
expression”*’, and bFGF reciprocally induce TGFB/ACTIVIN activity®’, of
which seemed to be redundant when one component was at sufficient dosage in
medium **'. IGF2 inhibits human ES cells from differentiating into endodermal
cells via activation of phophatidylinositol-3-OH kinase (PI(3)K)*'. Current
findings have led to understand the relationship between extrinsic factors with
their downstream intracellular signal pathways for better manipulation and
directing the differentiation of stem cells. A brief summary of extrinsic pathways
for mouse and human ES cell self-renewal and differentiation is illustrated in Fig.

1.2. When not stated otherwise, details refer to references** ™.
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Figure 1.2 Extrinsic signaling for pluripotency in mouse and human

embryonic cells. Signaling mediated through members of the leukemia
inhibitory factor (LIF), bone morphogenetic protein (BMP4) and Wingless type

(WNT) signaling pathway in mouse ES cells (/eff) and basic fibroblast growth
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factor (bFGF), transforming growth factor-f (TGFP) and insulin-like growth
factor 2 (IGF2) pathways in human ES cell (right) convergent into different
nuclear targets for regulations of pluripotency. WNT, Wingless type protein.
GSK3, Glycogen synthase kinase-3. TCF, Transcription factor. BMP4, Bone
morphogenetic protein-4. ID, Inhibitor of differentiation. SMAD, Mothers
against decapentaplegic homolog. LIF, Leukemia inhibitory factor. LIFR,
Leukemia inhibitory factor receptor. GP130, Glycoprotein 130. JAK, Janus
kinase. SHP2, Protein tyrosine phosphatase containing Src Homology 2. MEK,
MAP kinase-ERK kinase. ERK, Extracellular signal-regulated kinases. TGFf3,
Transforming growth factor-f. IGF2, Insulin like growth factor. PI(3)K,

Phophatidylinositol-3-OH-kinase.

1.1.4 Developmental state of human embryonic stem cells.

The major differences (Table 1.1) between mouse ES cells and human ES
cells are not only in growth factor requirements (refers to 1.1.3), whereas their
colony morphology, proliferation rate, surface—-marker level, epigenetic status
and especially vulnerability to cellular dissociation all display discrepancy in
spite of the fact that they both derived from ICM. Considering the longer period
of time for human ES cells in blastocyst stage prior to implantation (3-4 days)
than in mouse (~1day), it is plausible to suspect that those two pluripotent stem

cell lines are representing distinctive developmental stages during their



derivations.

This idea was proven by the establishment of mouse epiblast stem cells
(EpiSCs) from epiblast in early gastrulation embryo, which share signature
features with human ES cells but differ from mouse counterpart*°. The
similarities (Table 1.1) between human ES cells and mouse EpiSCs suggested
that human ES cells are equivalent to a primitive epiblast or primitive streak
progenitor'’. The mouse ES cells were hence accepted as a naive ICM-type
which is closer to the ground state*®. It was demonstrated that the developmental
potential of mouse EpiSCs is restricted at the post-implantation stage by
teratomas but chimera formation after injection into mouse blastocysts®.
Moreover, naive human ES cells were attempted to convert by enforcing
expression of KLF4 in human induced pluripotent stem cells exhibiting genetic
and epigenetic signatures of mouse ES cells as well as LIF-dependent culture
condition and robustness upon dissociation’’”’. Knowledge of the original
developmental state of different ES cells lines increased our appreciations of

understanding the developmental hierarchy and underlying mechanisms.

Pluripotentstem  Developmental Culture Cellsurface  Alkaline Female X- Population Colony Sensitiveto  Passed pluripotency test
celllings state condtion marker  Phosphatase  Chromosome  doublingtime  morphology  dissociations
MouseES cells Naive LIF/BMP/3i SSEAL Pasitive Active ~16hours 3-D,tight No Teratoma,Chimera,
assehlages Tetraploid
complementation
Mouse Epis cells Primed FGF/ACTIVINA ~ SSEA1 Negative Inactive ~18hours  2-D, flattened Yes Teratoma
sheet
Human ES cells Primed FGF/ACTIVINA  SSEA4/TRAL  Positive Inactive ~36hours  2-D,flattened Yes Teratoma
-60/TRAL-81 sheet

Table 1.1 Comparisons of naive and primed pluripotent stem cell lines with

distinctive phenotypes. Differing from its mouse counterpart, human ES cells



resemble to mouse epiblast stem cells with similar culture conditions,
morphology and sensitivity to dissociation, indicating its primed epiblast stage.
LIF, Leukemia inhibitory factor. BMP, Bone morphogenetic protein. FGF,
Fibroblast growth factor. SSEA, Stage-specific embryonic antigen. 3i, Three
inhibitors targeting FGFR, ERK and GSK3 (SU5402 for FGFR, PD184352 for

ERK, and CHIR99021 for GSK3). 2-D, 2-dimentional. 3-D, 3-dimentional.

1.1.5 Developmental potential and functional assays to assess the

potential.

Stem cells are characterized by the ability to self-renew in order to reserve
their undifferentiated state once captured from their in vivo compartment. More
important, in response to certain cues stem cells are endowed with the ability to
differentiate into other types of cells from their original of undifferentiated state.
The second signature of stem cells is relying on the spectrum of cell types, to
which a stem is capable to give rise, and assessed by developmental potential. As
illustrated in Fig. 1.1, only the zygote and early blastomeres before 4-cell stage
are able to generate the whole organism including extraembryonic tissues, which
belong to the unique case of totipotent stem cells’'. Pluripotent stem cells are
capable to generate all types of cells in vitro except trophoblast lineage.
Therefore, embryonic stem cells, embryonic epiblast stem cells and embryonic
germ cells (EQG) are all fulfill the criteria of pluripotency in spite of their different

origins from the embryo. Adult stem cells, like hematopoietic stem cells, residing
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in many tissues or organs for replacement of damaged cells are only able to form
certain types of cells, which belong to multipotent stem cells. Progenitors only
have the capacity to produce one type of cell are unipotent stem cells, such as
spermatogonial stem cells. Eventually, the terminally differentiated cells, which
loss the ability to generate other types of cells, are confined to nullipotent (Fig.

1.3).

Zygote
Blastomeres

Differential
Potential

ICM

ES cells, EG +0CT4 | +OCT4

cells, EC cells +S0X2 +850X2
EpiSCs +KLF4 +NANOG
iPs Adult stem cells +c-M Y +LIN28

ematopoietic stem cells

Precursor cells

/Spermatogonial stem cells

Differentiated

cells
Fibrobalst
Macrophage

Figure 1.3 Models of differential potential for stem cells. Colored spheres

representing cells at differentiation stages. The direction of normal
development is reflected by the purple arrow. The orange dashed lines depict the
direction of cellular reprogramming with defined factors (box). ICM, inner cell
mass. ES cells, ES cells.EC cells, embryonic germ cells. EpiSCs, epiblast stem
cells. 1PS, induced pluripotent stem cells. OCT4, Octamer-binding transcription
factor 4. SOX2, SRY-related high mobility group-box protein-2. KLF4,

Kruppel-like factor-4
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The developmental hierarchy can be reversed by ectopic expression of
certain transcription factors to establish induced pluripotent stem cells (iPS).
Details refer to 1.1.6.

The derivations of ES cells from various sources help to establish the
functional criteria and characterization of pluripotency. In vitro assays, using
pluripotent biomarker to discriminate pluripotency to certain degrees regarding
on known gene specifically expressed on ES cells (Table 1.2). However, this
procedure is not reliable due to the lack of functionality and bias of cell
populations”.

By definition, pluripotent cells refer to cells owning the potential to give
rise of any of the three embryonic germ layers: endoderm, mesoderm and
ectoderm. Hence, in vitro culture of ES cells into embryonic body (EB), which
composed of cells from three germ layers, is the least stringent functional assay.
A series of in vivo functional tests basing on injection of pluripotent cells into
host animal or blastocysts are designed to access the functional contributions of
stem cells to different tissues. In physiological condition, sub-renal capsule,
intra-muscular and subcutaneous implantations of pluripotent stem cells are
capable to form teratomas, which are benign tumors with differentiated cells
from all three germ layers, in immunodeficient mouse™. Although it was
considered to be the gold standard for assessing pluripotency due to its easy

manipulation, there are limitations as lacking evidence for normal development.
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Engraftment of stem cells into host blastocyst to form chimera animal
circumvented the limitation from teratoma assay. In tetraploid complementation
assay, two cells at the two-cell stage of an embryo is fused by electrical shock to
form tetraploid cell, which will develop to blastocyst stage and generate
extra-embryonic tissues with defects on ICM development. By introducing
pluripotent stem cells into tetraploid blastocyst, there will be a high possibility
for the pluripotent stem cells to compensate the defected blastocyst and develop
into a whole animal. This method excluded the likelihood that host-derived cells
can contribute to chimera formation, which appeared to be the most stringent test
for pluripotency’®. Unfortunately, due to the barriers between species,
cross-species chimera formation is imprecise and unethical in human trials.
Therefore, the most stringent pluripotent test so far for human ES cells and

human induced pluripotent stem cells is teratoma formation™.
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Marker Expression Cell Marker Expression Cell

Type Type
Alkaline phosphatase ES GATA-4 Endoderm
GCTM-2 ES HNF-4 Endoderm
NANOG ES NESTIN Ectoderm
0CT4 ES N-CAM Ectoderm
SOX2 ES PAX-6 Ectoderm
SSEA-3/4 hES VIMENTIN Ectoderm
Telomerase ES
TRA-1-60 hES
TRA-1-81 hES
BMP-4 Mesoderm
BRACHYURY Mesoderm

Table 1. 2 Major molecular markers for pluripotency and differentiation.
Common molecular markers to detect and label pluripotent stem cells are listed.
Specific surface markers express on human ES cells were indicated with hES.
The identical markers to detect differentiation of three germ layers were selected.
GCTM-2, Podocalyxin-like precursor isoform-2. OCT4, Octamer-binding
transcription factor 4. SOX2, SRY-related high mobility group-box protein-2.
SSEA, Stage-specific embryonic antigen. BMP4, Bone morphogenetic protein-4.
HNF-4, Hepatocyte nuclear factor-4. N-CAM, Neural cell adhesion molecule.

PAX-6, Paired box protein-6.
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1.1.6 Induced pluripotent stem cells reverse differentiation potential via

epigenetic reprogramming.

In conventional dogma, differentiated cells occupy the terminal of
pluripotency, which is a unidirectional dynamic process, and lost their potential
to development. The cloning of Dolly the sheep *° confirmed that soluble
trans-acting factors in mammalian oocyte can reverse the epigenetic status of
committed nucleus to a totipotent state’’. Furthermore, the early attempts on
lineage transfer demonstrated that enforcing certain type of transcription factors
can induce conversion of cells from different lineages™. According to those
previous findings, a screen for identifying transcription factors to reprogram
differentiated cells into pluripotent cells was conducted in 2003 from a pool
basing 24 pluripotent candidates®. The core transcription factors for
reprogramming were narrowed down to four: OCT4, SOX2, KLF4 and C-MYC,
by generating mouse induced pluripotent stem cells in 2006%’. One year later,
human induced pluripotent stem cells were generated either by expression of
OCT4, SOX2, KLF4 and C-MYC ®‘or by OCT4, SOX2, NANOG and LIN28%
from two individual groups, which are capable to contribute to chimera
formation. Subsequent studies showed that some core transcription factors are
dispensable, indicating that only limited transcription factors are essential to
orchestrate the reprogramming process and maintain the pluripotency®®*. The
extremely low efficiency of generation of induced pluripotent stem cells by

various methods (0.02-0.1%) infers that the reprogramming is a stochastic
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process for the precise timing, balance and level of epigenetic changes rather
than enforcing certain transcription factors alone®.

Epigenetic modifications were defined as heritable changes in gene
expression without the alteration of DNA sequence through DNA or chromatin
modifications®®. The major chromatin modifications occur on various histones
including the core histones, H2A, H2B, H3 and H4 via several different
modifications involving acetylation, methylation, and phosphorylation. DNA
methylation takes place in CpG dinucleotides and is usually related with
transcription repression. Besides, there is of great variety of histone
modifications in either gene activation or repression. ES cells contain a relative
low level of DNA methylation to active those genes which are essential for
pluripotency. Those genes are also occupied by active histone modifier such as
trimethylation of histone H3 lysine 4 (H3K4me3) or acetylation of histone H3
lysine 9 (H3K9ac). On the other hand, genes require to be suppressed for lineage
commitments in ES cells are occupied via the repressive trimethylation of
histone H3 lysine 27 (H3K27me3). During development, genes requiring for
specific cell lineage determinations are poised with both active and repressive
chromatin markers. The poised gene was defined in bivalent histone state®’.

Among those four transcription factors for transduction into fibroblasts,
OCT4 and SOX2 are essential for pluripotency reprogramming®. In fully
committed cells, the developmental potential was suppressed by methylation of

OCT4 and NANOG promoters”. Depletion of OCT4 and NANOG from ICM or
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cells can induce differentiation into trophectoderm and extraembryonic

70,71

endoderm, respectively However, NANOG was not necessary for

6061 "It was suggested that

reprogramming fibroblast in Yamanaka’s reports
NANOG may only contribute to stabilize the pluripotent state instead of being the
core factors during reprogramming. The continuous viral expression of
transduced OCT4 and SOX2 genes trigger the sequential epigenetic events in

chromatin modifications such as DNA demethylation on the promoters of OCT4

and NANOG resulting in the reprogramming of pluripotency.

1.1.7 Intrinsic circuitry of pluripotency

The gene-expression pattern of pluripotent ES cells is the outcome of
transcription regulation, epigenetic modification and signal transduction, of
which transcription factors of OCT4, SOX2 and NANOG together composing the
core transcription regulatory circuitry are the fundaments of pluripotency and
self-renewal. The extensive study of the DNA binding sites of OCT4, SOX2 and
NANOG through genome wide analysis revealed that these three transcription
factors can activate, suppress or poise the expression of a broad variety of target
genes to control cell identity during development’®. Furthermore, these three
transcription factors share and co-occupy a great portion of their target genes as
well as their own promoters, indicating a self-regulatory circuitry of

pluripotency”>”>. This collaboration of master regulators of stemness promotes
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the stability of gene expression and surveillance of pluripotency’’.

OCT4 belongs to the member of the Pit-Oct-Unc (POU) family of
transcription factors, which is indispensable for both the derivation and
maintenance of ES cells’®. The expression of OCT4 is spatiotemporally restricted
to early embryos and germ cells in vivo’’. For example, during embryogenesis
the expression of OCT4 and Caudal-type homeodomain-2 (CDX2) are mutually
exclusive in blastocyst where OCT4 is critical for ICM establishment and CDX2
i1s necessary for trophectoderm development. These two proteins reciprocally
suppress each other’s expression in vivo’®. Therefore, the expression of OCT4 in
vitro in ES cell lines is critical to be sustained within a threshold to prevent
differentiation, of which overexpression can cause differentiation into endoderm
or mesoderm and reduced expression induces differentiation into trophoblast”’.

SOX2 is the member of the SRY-related HMG box transcription factors,
which shows to be critical in maintenance of self-renewal and prevention of
differentiation in human ES cells. Similar to OCT4, the expression of SOX2 in
ES cells needs to be kept within an essential range from undifferentiation ***'.

NANOG is a Novel homeodomain transcription factor. Its expression level,
similar to OCT4, balanced with the transcription factors GATA4 and GATAG6 for

differentiation into hypoblast’*™.

NANOG overexpression also enables
feeder-free growth of human ES cells and improves their cloning efficiency *°.

The expression of NANOG is necessary for a general suppression of lineage

commitment, of which is declined during differentiation™.
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The regulators of pluripotency are not work alone while the maintenance of
undifferentiation requires of the cooperation of the OCT4-SOX2-NANOG
circuitry. The enhancer region of the OCT4 gene, for example, is bound with at
least 14 transcription factors including, OCT4, SOX2, NANOG, SALL4, TCF3,
SMADI, STAT3, ESRRB, KLF4, KLF2, KLF5, E2F1, N-MYC and ZFX**'. It
was suggested that OCT4 serves as a hub, the anchor node of biological network,
for the assembly and regulation of varies protein complexes on the promoters of
target genes®". The overall outcome from the OCT4-centric module depending on
the contributions of their targets on self-renewal, for example, activation of RIF,
JARID2 and SMARCADI are of important factors for telomere length regulation

and inactivation CDX? are of lineage-specific differentiation .

1.2 Stems cells and the pathways to ageing and cancer

1.2.1 The mechanisms of ageing and stem cell model.

Ageing is the accumulation of the loss of tissue homeostasis and
replenishment by a progressive decline in stem cell functions. ES cells are
pluripotent cells and are capable to generate all tissues of three germ layers by
self-renewal and properly differentiation. Once tissues are fully established, the
fundamental role of stem cells turns from tissues building to tissues maintenance,
which arise the stem cell models of ageing *°. Hence, the maintenance of tissues

homeostasis and regenerative capacity partially depend on the integrity of adult
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stem cells and also contribute to mammalian ageing in terms of stem cells ageing
as a result of intrinsic DNA damage™. The age-related diseases per se derive
from the inability of adult stem cells to maintain tissue structure and function °'.

Since ES cells are critical for mammalian development, their genomic
integrity must be secured by efficient preventive mechanisms. Indeed, it has been
proved that ES cells are readily to eliminate damaged cells from the population
by apoptosis with a hypersensitive DNA damage tolerance °>. And in fact, mouse
ES cells are known to be much more sophisticated in apoptosis than
differentiated cells after UV-induced DNA damage *°. There are likely to be
multiple kinds of damage contributing to ageing, which will be regulated by a
complex network of maintenance and repair functions.

The risk of self-renewal, however, comes with some danger of the
malignant transformation for the organism. The genetic damage may be passed
from the stem cells to their daughter cells through self-renewal and can be
accumulate in ageing. The accumulation of damage to cellular macromolecules
has been postulated to be a cause of cellular attrition with ageing **. Unrepaired
genomic damage accumulates with ageing inducing the potential fate of
transformation, senescence, apoptosis or dysfunction in stem-cell compartments.
As time goes by, the depletion and dysfunction of stem-cell compartments cannot
match the regenerative needs of a given tissue and will face the organ
degenerative failure in ageing. Likewise, when oncogenic DNA damage onset,

self-renewing clones with those lesions accumulate and subsequently lead to
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cancer. Therefore, cancer and ageing are two related processes due to DNA

damage accumulation within self-renewing compartments *°.

1.2.2 The arising of cancer stem-like cell model during ageing.

Cancer is the disease of accumulations of inherited mutations in genes in
normal cells neglecting the growth controlling signals to form a tumor, which is
the mixture of heterogeneous lineages of cancer cells, and is the leading cause of
death with increasing risks during ageing in human. In analogy to normal tissue,
the heterogeneity of tumor consists of cancer cells with hierarchy differing in
morphology, proliferation capacity, maker expression and tumorigenicity, with
which the stem cell compartment of cancer seem to occupy the apex’’. The rare
population of cancer stem-like cells in tumors displays stem cell-like property,
which mimic the self-renewing ability to produce more cancer stem-like cells
and give rise to the variety of differentiated cancer cells’’. It is still controversial
for the origin of cancer stem-like cells between the stochastic and hierarchy
models. In stochastic model, the features of stemness can be acquired in any
types of cells which happen to obtain the malignant mutations in the appropriate
endogenous and exogenous factors, and able to process its self-renewal program
via dedifferentiation®. On the other hand, neoplastic damage may be
preferentially accumulated in adult stem cells which hijack the self-renewal

pathways for tumorigenic purpose in hierarchy model. The initial of cancer
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stem-like cells were proved to be largely depending on the types of human
cancers by several studies.

The finding of a single embryonic carcinoma cell is able to undergo
self-renewal and multilineage differentiation was the first attempt of
experimental demonstration of cancer stem-like cell with a stem cell origin in
1964”°. Assembling to hematopoietic stem cell, injection of leukemic cells with
stem-like phenotype into NOD-SCID mice resulted in leukemia in serially
transplantation experiments'®. In solid tumors, similarities of isolation cancer

101,102

stem-like cells were uncovered from breast cancer as well as brainm,

104-106 108,109 110

colon , melanomam, pancreatic , prostate’ ", ovarianm, hepatic112 and
lung'"” cancers with stem-like compartments with a broad spectrum of cell
surface markers (refers to Table 1.3). Detail investigations on the gene expression
pattern from isolated cancer stem-like cells revealed variations among tumors of
same histopathologic type '®°, indicating the complexity of cancer initiation in
heterogeneous tumors. It was found in animal models that the disruption of stem
cell self-renewing property by ectopic expression of OCT4 can induce neoplastic
in normal epithelial tissue''*. Mutations of genes controlling asymmetric division,
such as NUMB and PROS, can hinder cell cycle regulation in neuroblasts and
contribute to tumorogenesis' .

In spite of the fact that human ES cells sharing similar molecular and

cellular signatures with cancer cell lines, such as rapid proliferation rate'?, high

activity of telomerase'® and teratomas formation in transplanted animals®, the
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overall genetic and epigenetic status appear to be in great analogy''®'"’

as high
expression of oncogenes as C-MYC and KLF4"'®'". To be noted, C-MYC and
KLF4 are the core transcription members introduced into fibroblast to generate
induced pluripotent stem cells®. The involvement of C-MYC and KLF4 can
remarkably increase the efficiency of induction by promoting stem proliferation
with a increased threat of tumor formations®>'?°. Although the increased risk of
aggressiveness in induced pluripotent stem cells may due to the genomic and
epigenomic instability during reprogramming as well as the technologies for
transductions, the potential tumorigenicity of human embryonic and induced
pluripotent stem cells offered us a plausible insight of the rise of tumor in a stem
cell model'?'.

In the context of normal adult stem cells, a stem cell niche is necessary to
support the undifferentiated state with supporting extracellular signals and
cell-cell interactions'**. Current findings suggest that cancer stem-like cells also
reside in a similar niche to support their stemness. A cancer stem-like niche may
also contribute to trigger the induction of cancer stem-like cell features in
differentiated cancer or normal cells. During metastasis, a microenvironment
which is in favor of the secondary tumor formations, may recruit the primary
tumor for metastasis via the initiation of epithelial mesenchymal transition'*.
For example, canonical WNT pathway plays important roles in regulation of
human embryonic and adult stem cell self-renewal in associated with BMP4'*,

WNT signaling positively induce proliferation of stem cells and migration by
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adhesion proteins. BMP4, which was found expressed in the intestinal stem cell
niche, counteract with the function of WNT signaling to prevent stem cell
expansion'?’. Depletion of the BMP4 receptor accelerates the proliferation of
stem cells in the intestine and hair follicle with the consequence of tumor
formation'**'%".

Collectively, accumulated findings in stem cell biology and cancer research
unraveled potential common regulatory mechanisms, which are essential for
self-renewal in stem cells and cancer stem-like cells. Fully investigations of the

self-renewing mechanism may ultimately resolve the enigma of ageing and the

cure of cancer.

Tumour Type CSCmarker Reference
Breast CD447/CD24 /1o 101
Breast ALDH1" 102
Brain CD133" 103
Colon CD133" 104
Colon EPCAMME"/CD44~ 105
Colon ALDH1" 106

Lung CD133" 113
Liver CD90” 112
Melanoma ABCB5™ 107
Ovarian CD133° 111
Pancreas CD447/CD24~/ESA® 108
Pancreas CD133 109
Prostate CD44™fa,p,ME"/CD133" 110

Table 1.3 Surface markers applied for the identification of cancer stem-like
cells in different tissues. ABCBS5, ATP-binding cassette transporter BS. EPCAM,

epithelial cell adhesion molecule. ESA, epithelial-specific antigen.ALDHI,
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Aldehyde dehydrogenase 1.

1.2.3 The role of FOXM1 in ageing.

FOXM1 is one of the Forkhead transcription factors. The human FOXM1
gene locates on chromosome 12p13-3 and is about 25kb '**. Two exons (Va and
Vlla) are alternatively spliced to form three different FOXMI1 transcripts, which
are named as FOXMIA containing both alternative exons, FOXMIB without
either of the exons and FOXMIC retaining the Va exon '**. FOXM1 is widely
expressed in all embryonic tissues, and associated with cell proliferation in
dividing cells "*°. The expression of FOXM1 is found to be crucial in neural stem
cell and is subsequently down regulated during differentiation "*'. Homozygous
knock out of FOXMI in mouse resulted in embryonic lethality or defect in
myocardium and liver developing at early stage, which suggests the important
role of FOXM1 in organogenesis '>°.

The FOXM1 transcription factor is essential for G1/S transition and mitotic
progression. Its activity depends upon the activation of cyclin and cyclin
dependent kinases (CDK) in that FOXMI is synthesized and degraded in every
cell cycle '*. This reveals that the promotion of cell proliferation by FOXM1
requires proper activation by mitogenic cues. The induction of FOXMI1 after
tissue injury to increase the cell proliferation also suggests its role in tissue

regeneration and repair ', Furthermore, FOXM1 is one of the most common
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overexpressed genes in multiple human tumors '*. Due to the acquisition of
multiple mutagenic events accumulated during ageing, cells with lower turn-over
are easy to accumulate the mutations and transform into cancer. However, since
the ongoing stem and progenitor cells are essential to maintain the tissue
homeostatic, tumor suppressor may reluctantly attrite stem cell and contribute to
ageing ¥. Therefore, in order to escape the fate of senescence, FOXMI can
support proliferation by stimulating expression of the antioxidant genes to
attenuate the induction of Reactive oxygen species (ROS), which are a major
source of DNA damage produced by normal metabolism "*°. On the other hand,
FOXM!1 is down regulated in quiescent cells . And the tumor suppressor P53 is
required for the down-regulation of FOXMI to maintain a stable G2 arrest "°.
Under homeostatic conditions, the need for adult stem cells for proliferation to
the self-renewal is restricted, which alleviates the replicative stress in mitosis'"".
The inactive metabolic quiescent state of adult stem cells can spare themselves

from oxidative stress .

It allows the production of large numbers of
differentiated cells from a single stem cell by differential proliferation and
balances the long-term homeostasis between the prevention from carcinogenesis
91

Nonetheless, regulatory mechanisms underlying the transition of stem cells
into old age are less well understood. Study obtained from global gene

expression of stem cells purified from young and old mice manifest the important

role of epigenetic regulation in stem cell ageing '*'. One of the Polycomb group
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(PCG) proteins, BMI-1, is essential for maintaining self-renewal in adult

142 144

hematopoietic stem cell (HSCs)'*, neural stem cell '* and leukemic stem cells
by repression of the P/ 642 p19™T Jocus to control stem cell cell-cycle and
senescence . Interestingly, a functional link between FOXM1C and BMI-1
alluded the regulation of self-renewal and senescence by FOXMI in stem

cells'*®.

FOXMI A DNA Binding Domain l . Transactivation Domain BR.6KD

FOXM1C DNA Binding Domain l Transactivation Domain 84.3KD

FOXMI1 B DNA Binding Domain Transactivation Domain R1.7KD

Figure 1.4 Schematic diagram of variants of human FOXMI1 protein. Human
FOXMI1 transcript contains two exons (Va and VIIa) for splicing. Exon Va
encodes a 15 amino-acid insertion within the DNA binding-domain of FOXM1
protein. Exon VIla encodes a 38 amino-acid insertion within the C-terminal
transcativation domain of the protein. Differential splicing of Va and VIla exons
generates three FOXMI isoforms: FOXM1A, FOXMI1 B and FOXMI1 C. The
full length of FOXMI1A gene is 801 bp. And the molecular weight of each

FOXMI1 protein isoform is presented at right side.

1.2.4 The mechanisms of FOXO3A in ageing.

FOXO3A belongs to the member of class O of Forkhead transcription

factors. The human genomic location of FOXO3A gene is on chromosome 6q21
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and is about 125kb. The FOXO family including FOXO1, FOXO3A, FOX04
and FOXO6 appear to play important roles in cellular proliferation, metabolism,

147

stress tolerance and indeed longevity . FOXO proteins can be detected

148

throughout the mammalian body ™. Among them, FOXO3A is more extensively

149, Moreover, in

but highly expressed in brain, spleen, heart and ovary
hematopoietic stem cells the importance of FOXO3A in maintaining their
quiescent state was highlighted'”". The role of the FOXO family in other adult
stem cells is not well studied yet. But the knockout of FOXO3A in mice ovarian
follicle resulting in oocyte exhaustion and infertility reveals its role in
maintenance of the stem cell niche "'

Posttranslational modifications including phosphorylation, acetylation and
ubiquitylation provide pivotal determinations in FOXO family regulations under
different cues. Phosphorylation can play both inhibitory and activating roles in
FOXO family function. The phosphorylation of FOXO3A by AKT/PKB
facilitates to bind of the 14-3-3 chaperone proteins to exclude the FOXO3A from
the nucleus to the cytoplasm and prevents its binding with DNA to inhibit its
downstream transcription targets'>2. Conversely, activation of Jun N-terminal
kinase (JNK) or mammalian sterile 20-like kinase-1 (MST1) in response to stress
stimulation results in phosphorylation of FOXO family at a distinct set of
threonine residues and results in loss of 14-3-3 protein binding and nuclear

import with subsequent transcriptional activation'”. SIRT1-mediated

deacetylation of FOXO family appears to regulate subnuclear localization and
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alter DNA binding activity by acetylation'**. The cytoplastic FOXO family will
be degraded by proteasome when polyubiquitination occurs after the
phosphorylation of FOXO family by AKT/PKB. On the contrary,
monoubiquitination of FOXO family in the cytoplasm or nucleus induced by

oxidative stress can thereby activate FOXO family'*

. Thus, unique combinations
of phosphorylation, acetylation , and ubiquitination of FOXO family provide
mechanisms to fine-tune FOXOs function'*®,

The regulation of FOXO family in hematopoietic stem cells was extensively
studied. Recent data indicate that FOXO family members play a critical role in
cell cycle, apoptosis and oxidative response in the hematopoietic stem cells
compartment and thereby sustain its integrity '°’. Deletions of FOXO1, FOXO3,
and FOXO4 in adult murine bone marrow trend to enforce myeloid and lymphoid
lineages skewing accompanied with the deficient in long-term hematopoietic
stem cells repopulation'’, eliciting that the FOXO family normally limits the
proliferation and mediate dormancy in hematopoietic stem cells. Moreover,
ablation of FOXO3A alone was sufficient to diminish hematopoietic stem cells
function, increase intracellular ROS, disrupt stem cell quiescence, and reduce
survival in the hematopoietic stem cells compartment during ageing °°. This
finding unravels that oxidative stress contributes to the regulation of proliferation
and apoptosis in HSC. Likewise, HSCs that lack the FOXO transcription factors

show diminished self-renewal and premature exhaustion in response to ROS.

And FOXO family may reinforce the tissue maintenance and replacement during
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ageing by retaining adult stem cell pools.

Notably among impaired cells in bone marrow and gut epithelium cells with
highly proliferative potential, with which pose an extreme threat to
carcinogenesis because of the propensity from the numerous damaged daughter
cells °. Tumor suppressors such as FOXO3A suppose to be the protective
mechanism in such cells to initiate apoptosis in response to oxidative induced

DNA damage.

1.2.5 SIRT1 servers as a major ageing factor.

Sirtuins belong to class III histone deacetylase complexes (HDAC), require
NAD" as a cofactor. The unconventional use of NAD" infers the links between
Sirtuins activity to the cellular redox state and metabolism. Sirtuin 1 is one of the
seven mammalian Sirtuin family proteins, which acts in multiple tissues,
deacetylating both chromatin and non-histone proteins. Human SIRT1 gene is at
10g21.3 and is around 34kb '%.

Caloric restriction (CR) was proved to slow ageing in lower organisms and
rodents by decreasing the activation of senescence in self-renewing
compartments. CR produces a more oxidative metabolic state with a higher level
of NAD+. This in turn activates sirtuins and facilitates survival mechanisms such
as senescence and apoptosis inhibition or activation of stress response pathways

to extend lifespan '®'. Mildly increase the SIRTI expression in transgenic mouse
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model show elusive longevity extension but in a healthier way, such as resistant
to diabetes and obesity '®. This indicates the metabolic role of SIRT1 in ageing.

Through deacetylate histone H3 lysine 9 (H3K9) and H4 lysine 16 (H4K16)
in human cells may control some aspects of stem cell function'*'**. SIRT1 may
facilitate the maintenance of self-renewal by silencing of differentiation genes.
Since after initiation of differentiation, precisely spatial and temporal
modifications need to be determined in specific lineage to active necessary
differential genes and repress pluripotent genes'®. It underscores the potential of
extend lifespan and to avoid cell and organism senescence through SIRT1 in
adult stem cells.

In animal models, the depletion of SIRT1 from mouse ES cells results in
mild negative effect on pluripotency. However, the overexpression of SIRT1 can
induce pluripotency gene expression '**'*. Knock down of SIRT! in human ES
cells does not seem to cause the shift of gene expression pattern from

16

pluripotency to differentiation '°®. It was proposed that SIRT1 may regulate

development indirectly through its target, such as P53 deacetylation, which was

supported by SIRT! knock out mouse can survive with hyperactive P53'%% .

1.3 The functions of non-muscle myosin II family in human

embryonic stem cells.

Three different genes in mammalian cells MYH9 (non-muscle myosin
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heavy chain 9), MYH10 (non-muscle myosin heavy chain 10) and MYH14
(non-muscle myosin heavy chain 14) encode NMHCIIA, NMHCIIB and
NMHCIIC, respectively. No heterodimer formation between the three NMHCII
formations were documented'®. MYH9 and MYH10 but not MYH14 are readily
detectable in human ES cells '"°.

Non-muscle myosin II (NMII) serves as a key mediator of cell migration,
adhesion, polarity and proliferation, due to the binding of NMII with actin
filaments and acting as a motor sliding on actin filaments to generate contraction
in those processes. The process is triggered by the binding of myosin light chain
(MLC), which is activated by phosphorylation through kinases, such as
Rho-associated kinase (ROCK) or Myosin light chain kinase (MLCK) '"".

One of the most discernible characteristics of human ES cells is their tight
associations with each other to form compact colonies during proliferation®,
which is shared by the epiblast epithelium of the human embryo and varies from

the mouse ES cells *

>, Accordingly, the development of compact colonies is
considered as a reliable readout from derivation of human induced pluripotent
stem cells °"**%. The proliferation and survival of cells in epithelial structures are
well orchestrated in vivo. The disruption of such structure in stem cells, induces
excessive membrane blebbing and results in substantial cell death due to the

hyperactive actin-myosin contraction' 2. The actin-myosin based cytoskeleton is

a dynamic system essential for contraction motility, and tissue organization

173,174
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It is plausible that NMII may function as a part of the molecular sensor to
monitor the changes at physical and molecular levels during developmental
processes. In fact, the process by which the ICM is reshaped into the epiblast
involves a dramatic rearrangement and the ROCK/myosin system may equip the
epiblast cells to undergo a rapid movement to promote the development (refers to

2.1.3 and Fig. 1.5) '"%.

FGE, Blebbistatin
ACTIVIN/NODAL vv v
Growth
factors Cell-celljcontact \ A 9
l RHOROCK -====-=-=->» BCL-2
Actomyosin contraction
Self-renewal O'Cij ? ——> Mlitochondria
survival e "\A‘\' oG | _____] -
sox omo N
T , Apoptosis
Cell-substrate contact

Basement membrane Integrins
- )onowo R #

E-CADHERIN NMHCII MLC MLCK NMII F-ACTIN

Figure 1.5 Schematic summary of possible pathways involving dissociation
induced apoptosis in human embryonic stem cells. In the support of growth
factors, human ES cells establish the circuit for pluripotency and self-renewal via
OCT4-SOX2-NANOG core transcription factors (refers to 1.1.7). The
pluripotency was postulated to be monitored by cell-cell interactions and
cell-substrate  contact. Dissociated human ES cells expressing less

E-CADHERIN and induce Rho/ROCK activity to increase the mechanical
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tension from actomyosin contractions, which cause apoptosis via mitochondria
pathway and differentiation through unknown mechanisms. The small molecular
Y27632 (refers to 2.1.3) and blebbistatin (refers to 2.1.7) can prevent the
apoptosis by inhibition the activity of ROCK and non-muscle myosin heavy
chain, respectively. BCL-2 level (refers to 2.1.3) is related to the anti-apoptotic
effect induced by blebbistatin with unknown mechanisms. NMHCII, non-muscle
myosin heavy chain II. MLC, myosin light chain. MLCK, myosin light chain

kinase. NMII, non-muscle myosin II.
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Chapter 2 MYHI10 interacts with FOXM1 in human Embryonic

Stem cells

2.1 Introduction

2.1.1 H9 human embryonic stem (ES) cells and iPSpvreo induced
pluripotent stem (iPS) cells are well-characterized cell lines for

stem cell research.

One of the arising challenges for biological research is to solve the problem
of mammalian ageing, with respect to decline in tissue homeostasis and organ
function. This ageing process is complicated and may be driven by a number of
factors including genetics, environment, or behaviors' . As mentioned in section
1.2.1, the progression of ageing is a consequence of the loss of homeostasis and
organ functions. In mammalian tissues, adult stem cells undergo self-renew and
differentiation to maintain the homeostasis. Therefore the ability of self-renew
and differentiation, which was originated from ES cells, may hold the key
answers to solve this old ageing question. Hence, human ES cells were selected
for the basic models in this project.

The H9 human ES cell line, was one of the 14 cell lines originally derived
from inner cell mass of human blastocysts (refers to 1.1.2) in 1998%. H9 is also
the most characterized and widely used cell line among the other 600 cell lines.
The use of H9 accounted for 83.3% of the published literature on human ES cell
research up to 2009'° . A global detailed study analyzed 59 independently
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derived human ES cell lines, including H9 cells, showed a common expression
pattern of stem cell markers with only very subtle phenotypic differences'’’. H9
ES cells, was characterized with a normal female karyotype within 32
passages™'”’. The H9 cell line was, therefore, selected as a reliable ES cell model
for this project.

Comparing with their fully committed origin, transducing a specific set of
transcription factors to somatic fibroblasts enables these somatic cells to be
reprogrammed into an embryonic state with the ability of self-renewal.”” These
cells are called Induced Pluripotent Stem (iPS) cells. iPS cells exhibit
morphological and functional similarities to ES cells ol 1PStvroo cells were
reprogrammed from IMR90 fetal fibroblast cells with the transduction of OCT4,
SOX2, NANOG and LIN2S(refers 1.1.6), Compared with H1, H7, H9, H13 and
H14 human ES cell lines, iPSproo cell line does have similar gene expression
pattern revealed by microarray analysis . iPSivreo-4, from this study, is one of
the 4 clones originated from iPSproo is hence comparable with H9 cell line in
genetic background. The successful reprogrammed iPS cells undergo phenotypic
changes and form flat colony with tight cell-cell interactions similar to human ES
cells lines®”. This acquired phenotype from iPS is essential for the viability and
pluripotency in human ES cells as well, which provide us an alternative model to

study the mechanisms of self-renewal.
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2.1.2 SIRT1, FOXO3A and FOXMI1 are pivotal ageing factors for

self-renewal in stem cells

In the context of ageing as mentioned in 1.2.3-1.2.5, stem cell-ageing is
related to its intrinsic self-renewing mechanisms. The specific factors and the
roles of these factors involved in stem cell-ageing are still not fully understood.
Hence, the focus of this project is the identification of novel ES cell ageing
factors and the mechanistic roles of these new factors in ES cells ageing178 .

SIRT1 was well-characterized in its function to prolong lifespan in

16LI7 "It was reported that SIRT1 may induce

metazoans and rodent models
NANOG protein expression in mouse ES cells, indicating its role in regulating
pluripotency166. It is therefore reasonable to select SIRT1 as one of the ageing
factors corresponding to stem cell self-renewal in this study.

It has been revealed that ES cells would age when they were induced to

o 180
oxidative stress

. FOXO3A is hence postulated to be another ageing factor for
its role in regulating the level of reactive oxygen species (ROS) *°. Considering
the contribution of FOXO3A in cellular senescence and in the maintenance of
hematopoietic stem cell homeostasis in vivo '>*, it is reasonable to investigate
FOXO3A on the self-renewing properties of ES cells in this current study.

The determination of self-renewal, asymmetric division to be precise is
driven by mitotic division per se. We hypothesized that mitotic fidelity was

compromised during ES cell ageing and may be inextricably linked to specific

ageing factors associated with mitotic fidelity. FOXM1, a Forkhead transcription
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factor, which is indispensable for mitotic progression'’ is believed to be an
ageing factor for ES cells. Evidence was supported by its function in

146

organogenesis >,  tissue  regeneration'’®,  oxidative  stress and

BS(refers to 1.2.3). To uncover the underlying molecular

carcinogenesis
mechanisms of how stem cells age, we have used FOXMI1 to examine the novel

roles of its key protein interactors or pathways during mitotic division of ES

cells.

2.1.3 Non-muscle myosin II (MYH10/MYHDY) is essential for the cell-cell

contact to support stem cell self-renewal.

As eluded in section 1.1.4, human ES cells as well as human iPS cells are

'81 This feature has pointed in the direction

highly vulnerable after dissociation
of cell-cell interaction, being essential in ES cells self-renewal and survival.

Viability could be enhanced in dissociated human ES cells by the chemical
inhibitor of Rho-associated kinase (ROCK) (Y27632)"*?. This ROCK inhibitor is
commonly used to improve lipofectamine mediated transfection'®. The cause of
apoptosis in dissociated human ES cells was found due to its hyperactivated
actomyosin contraction induced blebbing'®. Inhibition of ROCK activity by
Y27632 was able to suppress the blebbing, via the mitochondrial pathway by
BCL-2 (B-cell lymphoma-2) family'"%. Non-muscle myosin II (MYH9/MYH10)
was therefore identified as one of the direct downstream effectors of the ROCK

184

pathway for actomyosin contraction in dissociated human ES cells ™. In support
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of that, an alternative inhibitor, namely blebbistatin, targeting non-muscle myosin
IT (refers 2.1.7) was also proven to enhance the survival of dissociated human ES
cells '"°. However, the downstream of the actomyosin contraction is not yet fully
understood. MYH9 was shown to regulate colony integrity and to support
survival while the function of MYHI10 was barely understood'®. Evidence
indicated that specific isoform of MYHI10 (refers to 1.3) was involved in
different functions in response to different signals involved in survival and
apoptosis in ES cells '*. There are contradictory results from recent studies on
whether pluripotency may be retained through inhibition of non-muscle myosin
I by blebbistatin in dissociated human ES cells'’*'®. For example, elevated
transcript levels of OCT4 and NANOG and their protein expression levels were
observed when blebbistatin was applied in the range of 2.5 to 5uM '"°. While the
concentration of blebbistatin was raised up to 10uM, the protein expressions of
OCT4, NANOG and even SOX2 were significantly diminished '®. These
findings alluded that MYH9 and/or MYH10 may interact with other factors or

pathways through unidentified mechanism(s) to regulate self-renewal in ES cells.

2.1.4 The association of FOXM1 with E-CADHERIN and

beta-CATENIN regulates self-renewal in human ES cells.

The expression of E-CADHERIN has long been characterized as one of the
undifferentiated markers in human ES cells'®’. The extracellular domain of

E-CADHERIN stabilized the interactions between the adjacent cell membrane
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for colony formation, while the cytoplasmic domain provides a docking site for
multiple adaptor proteins such as, p120-CATENIN and beta-CATENIN'®. It was
elaborated that beta-CATENIN can coordinate with either adhesion complex or
WNT (Wingless type protein) signaling proteins'® . For example, the loss of
E-CADHERIN mediated cell adhesion can promote beta-CATENIN nuclear
translocation'”’. The nuclear translocation of beta-CATENIN, which will
activates WNT targets including BMP, C-MYC and CYCLIN D1"". Interestingly,
it was indicated that FOXM1 could directly interact with beta-CATENIN to
promote the nuclear accumulation of beta-CATENIN, which in turn facilitates
the self-renewal in neural stem/progenitor cells by transactivation of those WNT
target genes'>.On the other hand, FOXM1 is crucial for embryonic development
because of the fact that FOXM1 knockout mouse suffered from serve defects in
development'”*'**. When FOXM1 was proven to be able to transactivate the
promoter of E-CADHERIN, it was postulated to improve cell-cell interactions
and might be important during embryogenesis. '3 Tt is hence logical to study the
functional role of FOXMI in association with the network of adhesive pathways.

The mechanisms are yet to be explored in human ES cells.

2.1.5 FOXM1 directly interacts with OCT4 promoter to regulate

self-renewal.

In ES cells, pluripotency was found to be regulated by transcription factors

such as OCT4, SOX2, and NANOG. FOXM1 was identified to be one of the

40



transcription factors which bind on OCT4 promoter. The binding of FOXMI1 to
OCT4 promoter positively regulates pluripotency in murine ES cells 196
Nevertheless, the functional role of FOXM1’s binding on OCT4 promoter is still

to be understood. In human ES cells, it is not known whether FOXM1 would

have occupancy on OCT4 promoter.

2.1.6 FOXM1 and MYHI10 are both important factors during

asymmetric division.

Self-renewal in ES cells is governed by asymmetric division. Actomyosin
network generates intracellular forces to drive the polarization in a
spatiotemporal resolution Y7 For example, the asymmetric cortical accumulation
of non-muscle myosin I results in the asymmetric force distribution'*®. The force
distribution can further decide the asymmetric spindle position '*°. The physical
segregation of two distinctive daughter cells, known as cytokinesis, is achieved
through the ingression and subsequent abscission of the plasma membrane by the
formation of cleavage furrow with actomyosin contraction *®. At the stages of
polarization and cytokinesis, MYHI10 actively participates in and monitors
asymmetric division associated with specific factors such as AURORA kinase B
(AURORA B)**! and the kinesin family member 14, KIF14?%%. Detailed evidence
was exemplified that CEP170, a marker for mature centrioles ***, is modulated

204

through myosin and kinesin networks™".

FOXMI1 is a critical transcription factor for G1/S and G2/M transition

41



205 FOXMI1 may also upregulate multiple targets such as

during mitosis
CYCLIN BI1, SKP2 and CEP55 for cell cycle progression”*?® . The loss of
FOXMI1 may trigger chromosome mis-segregation, and may lead to mitotic
dysregulation during ageing '*°. FOXM1 also safeguards cytokinesis through
AURORA B, SURVIVIN and CENP F *°.

Considering the common events where MYH10 and FOXM1 were involved
during cellular adhesion and proliferation, it is conceivable to deduce that there

may be crosstalk between MYH10 and FOXMI1 to regulate human ES cells

self-renewal.

2.1.7 Mechanistic action of blebbistatin, the chemical inhibitor of

MYH10.

MYOSIN 10 (MYH10), which belongs to non-muscle myosin II (refers to
1.3) shares same enzymatic activities on conserved head domain, with catalytic

! Similar to all other myosin II isoforms, MYHI10

sites with ATPase activity '
exerts ATPase activity is dependent on ACTIN binding 2 In the
ACTIN-MYOSIN ATPase cycle, MYH10 binds to ATP and hydrolyses ATP into
ADP-P; in the absence of ACTIN. The binding of ACTIN accelerates the release
of P; and triggers the motility of MYHI10 along ACTIN *'°. However,
(-)-blebbistatin (1-phenyl-2-pyrrolidinone) as a cell membrane permeable small

molecular, can prevent the P; release from the MYOSIN-ADP-Pi complex. It,

therefore, will block MYH10 in a dissociated state prior to the binding of ACTIN
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211 (Fig. 2.1.1) Blebbistatin shows rapid inhibition of the ATPase activity of
MYHIO0 at an ICsy of around 2 uM of blebbistatin 212 H9 human ES cells
showed poor colony formation and reduced pluripotency after 10 uM of
blebbistatin treatment. This effect induced by blebbistatin is reversible in H9
cells. When H9 cells were pretreated with 3 to 5 days of 10 uM of blebbistatin,
prolong culture of H9 cells without blebbistatin will restore colony integrity and
the protein level of pluripotent markers. The specificity of blebbistatin is not only
against myosin 10, but also myosin 9 and myosin 14 due to the conserved

enzymatic domain®"’.

* Blebbistatin

Dissociated NMII ACTIN biningNMIT F-ACTIN

Figure 2.1.1 Schematic diagram for the mechanism of blebbistatin inhibition
of non-muscle myosin II. In the cycle of myosin ATPase, dissociated myosin
(red) binds with ATP, hydrolyses it to ADP-P;, and interacts with ACTIN to
release the P;. During this moment, blebbistatin can competitively binds with the

active site of ADP-P; to prevent the binding with ACTIN and inhibit P; releasing.
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2.1.8 Specificity of FOXM1 inhibitor, thiostrepton.

FOXMI1 belongs to the forkhead box transcription factor family, which is
highly expressed in all embryonic tissues and dividing cells (refers to 1.2.3) *°. It
has been reported that this natural product, thiostrepton derived from
Streptomyces azureus, exhibits the ability to suppress the expression of FOXM1

214
. However, the

at a concentration of 10uM in MCF7 breast cancer cells
mechanism(s) behind this finding remains controversial. Evidence was shown
that thiostrepton directly binds with FOXMI1 protein to interfere with its genomic
target sites as well as its own promoter. Subsequent suppression of the transcript
and protein levels of FOXMI can thus be detected *'°. Thiostrepton was also
identified as a proteasomal inhibitor, and has the same function with other
proteasomal inhibitors such as bortezomib, MG132, MG115 and lactacystin. In

this scenario, the mechanism of which may be due to the repression of FOXM1

through stabilization of the negative regulators of FOXM1%'%2!7,

2.1.9 The approach to study the function of the novel FOXM1 and

MYH10 protein complex in human ES cells.

Identification of the physical interaction between FOXMI1 and MYHI10
should be further verified by immunoprecipitation.
To understand if this novel protein complex would affect pluripotency in

human ES cells, there is a need to know whether FOXM1 or MYHI10 could
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bind on OCT4 promoter. This will be achieved by chromatin
immunoprecipitation (ChIP) assay.

To understand the functional role(s) of the MYHI0/FOXMI1 protein
complex in self-renewal of ES cells, there is a need to study the upstream
factors and the downstream effectors in FOXM1 and/ or MYH10 depleted cells.
For example, in this chapter, we have investigated on the E-CADHERIN
mediated Rho-ROCK-MYOSIN pathway. The effect of FOXMI1 on the
Rho-ROCK-Myosin pathway in association with E-CADHERIN will also be
studied in thiostrepton-treated ES cells (refers to 2.1.8).

To investigate the connection between FOXMI1 and adhesion induced cell
survival in human ES cells, it is crucial to inhibit the ATPase activity of MYH10
by blebbistatin (refers to 2.1.7). It is important to look at the morphology and
the self-renewal function of the ES cells in combined treatments; whether
thiostrepton and blebbistatin will have a synergistic or antagonistic pattern
could be revealed in the combined treatments studies.

The concept of asymmetric division was greatly acknowledged from the
studies of the embryos of model animals such as Caenorhabditis elegans and
Drosophila melanogaster’'®. Very limited knowledge of the asymmetric event in
human ES cells was explored. Another goal of this chapter is to investigate
whether this novel protein complex would exert any effects on ES cells

asymmetric division/ mitotic control (refers to 2.1.6)
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2.2 Materials and Methods

2.2.1 Inhibitors and plasmids

Blebbistatin (-) and Y27632 were purchased from Sigma-Aldrich and
thiostrepton was obtained from Tocris Bioscience.
pcDNA3-FOXMI was generously provided from Prof. Erick Lam from

Imperial College London.

2.2.2 Cell culture and transfection

Human ES cell H9 in GFP and induced pluripotent stem cell iPSproo-4
were obtained from WiCell research institute. Cells were routinely maintained
under feeder-independent condition on Matrigel (BD Biosciences) —coated
6-well plates (IWAKI) supplied with defined medium, mTeSR1 (StemCell
Technologies). Medium was replaced daily until the next passage to keep cells
in an undifferential condition. For subculture, culture medium was replaced
with 1ml of 2mg/ml dispase (Invitrogen) for 5 minutes at 37°C. When the
colony edges begin to curl up, dispase was aspirated and cells were gently
washed with ImL DMEM/F12 (Invitrogen) for 3 times. Subsequently, cells
were gently scraped off from the plates in 2 ml of culture medium and split onto
new plates.

Human breast cancer MCF7 and fibroblast IMR90 were purchased from
American Type Culture Collection (ATCC) and cultured under ATCC
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recommendations. Briefly, cells were grown in DMEM (Invitrogen) supplied
with 10% FBS (Hyclone), 1% sodium pyruvate (Sigma), 0.6% L-glutamate
(Sigma) and 1% penicillin and streptomycin (Invitrogen). For subculture,
medium was replaced with sterilized PBS (Invitrogen) for wash once when cells
reached 70-80% confluence. Cells were detached with trypsin-EDTA
(Invitrogen) before neutralized with complete DMEM culture medium. Cell
pellet was collected at 800 rpm for 3 minutes at room temperature and
resuspended into required volume for subculture.

All cells were maintained in a humidified incubator (Thermo) supplied with
5% carbon dioxide at 37° C.

For liposome-mediated transfection, IMR90 cells were transfected with 0-2
ug of DNA plasmids with 5 pl FuGENE HD transfection reagent (Roche
Diagnostics) per T25 flask (Corning) according to the manufacture’s protocol.
Transfection conditions with MCF7 cells were optimized for maximal
efficiency with 3-4 pg of DNA plasmids against 9-12 ul X-tremeGENE HP
transfection reagent (Roche Diagnostics) per T25 flask. Medium was replaced
24 hours after each transfection and cells were collected for protein levels

analysis after 48 hours.

2.2.3 Retroviral vector-based shRNA knockdown in human embryonic

stem cells

Specific shRNA sequences were designed targeting FOXM1 and MYHI0
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according to previous publications (Table 2.2.1). PAGE purified
oligonucleotides (Tech Dragon Limited) were constructed into pSIREN RetroQ
vectors according to manufacturer’s instructions (Clontech). Successful
insertions were confirmed by DNA sequencing with U6 forward primer
(5’-GGGCAGGAAGAGGGCCTAT-3").

In details, shMYHI10 oligonucleotide sequence was constructed into
pSIREN vector for transfection into MCF7 cells (refers to 2.2.2) to identify
efficient suppressing constructs. shAMYH10 clone 2 was selected as it could
efficiently suppress MYH10 expression (Appendix 1 A, 7 column). For
retroviral production, GP2-293 cells were transfected with pSIREN-shMYH10
plasmid together with envelope vectors by the CalPhos Mammalian Transfection
Kit (Clontech) followed the manufacturer’s protocol after optimization in the
ration of Sug pSIREN-shMYHI10 plasmid together with 2.5ug pVSV-G, 2.5ug
pAmpho and 2.5 ug pl0A1 (Appendix I B, 4" column). The viral volume for
initial infection was determined as 300 pl (Appendix I B, 4 column). In order to
improve the efficiency of knockdown, 1 T25 of GP2-293 cells with 50-60%
confluence were transfected with 8ug pSIREN-shMYH10 alone before antibiotic
selection to establish stable cell lines. Transfected GP2-293 cells were plate in
selection medium containing varied concentration (1-3 pg/ml) of puromycin
(Sigma) for titration. Healthy colonies of packageing cells were isolated and
propagated before transfection of envelope vectors in the ratio determined as

mentioned above. The optimal concentration for selection was found to be
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3pg/ml of puromycin for 8 days (Appendix I C, 4" column).

Subsequently, the mixture of 300 ul viral supernatant and 1.7 ml of
mTeSR1 with 8 pg/ml polybrene (Santa Cruz) was applied to a 6-well culture
plate of H9 cells in 70% confluence for the initial infection. Infected H9 cells
were replaced with fresh medium containing 1pg/ml puromycin after 24 hours
for further selection. Stable H9 cells transduced with shRNA targeting MYH10
were maintained in 1pg/ml puromycin-supplemented media for further analysis

Similarly, shFOXM1 oligonucleotide sequence was constructed and
confirmed. Clone 3 was selected and used in the following experiments denoted
as shFOXM1 in short (Appendix 1 A, 3" column). Establishment of stable virus
producing cell line of shFOXM1 and infection procedures were followed by the
same conditions determined from assays of knockdown MYH10.

Same strategies were applied to construct shControl plasmid for external

negative control.

shRNA name | Target sequence (5°-3") Publication
shControl TGCGTTGCTAGTACCAAC Clontech
shFoxM1 CACGCAAGTAGTGGCCATC 219
shMYH10 GGAAGAAGCUCGACGCGCA 184

Table 2.2.1 Sequences of shRNA sequences for human embryonic stem cell

infection.
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2.2.4 Immunoprecipitation (IP) and Mass spectrometry

Cells were lysed with RIPA buffer (refers to Appendix II) containing
protease and phosphate inhibitors cocktail (Sigma). Protein concentrations were
determined by Bio-Rad Dc Protein assay kit (Bio-Rad) and 200 pg of protein
was incubated with 2 pg antibodies against FOXM1, SIRT1, FOXO3A and
MYHI10 (Table 2.2.2) at 4° C overnight, respectively.50% protein A and protein
G agarose beads mixture (CalBioChem) were added into the protein samples for
2-hour incubation at 4° C, and subsequently rinsed with RIPA buffer properly.
Samples were separated with 10% SDS-PAGE gel, followed by coomassie blue
(refers to Appendix II). The coomassie blue stained gel bands were manually
excised, destained, dehydrated and digested with sequencing-grade trypsin
(Promega). The peptides were submitted for analysis by Matrix-assisted laser
desorption/ionization time-of-flight (MALD-TOF) Mass Spectrometry. The
resulting peaks were analyzed by Masslinx (Waters) and uploaded to the online
Database (Matrixscience) for comparison. Protein candidates were verified with
corresponding molecular weight and selected candidates were further confirmed

with co-immunoprecipitation.

2.2.5 Western blot

5-20 ug of protein was fractionated by 10% SDS-PAGE (refers to Appendix

IT) and transferred onto a PVDF membrane (Bio-Rad) with 110mA current at 4° C
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overnight. The membrane was blocked in 5% w/v nonfat dry milk (Carnation) or
2% w/v Bovine Serum Albumin (BSA, USB) according to the manufacturer’s
protocols of each primary antibody (refers to Table 2.2.2). Primary antibodies
with the indicated dilutions in blocking buffer (refers to Table 2.2.2) were
incubated with the sliced membrane at 4° C overnight, and followed with
incubation of corresponding secondary antibodies conjugated with HRP (refers to
Table 2.2.2) at room temperature for 1 hour. The blots were developed using ECL
plus western blotting detection reagent (GE Healthcare). Primary and secondary

antibodies are listed below for immunoprecipitation and western blot analysis.

Antibody Catalog No. | Company | MW Species | Dilution
KIF14 ab3746 Abcam 190KD | Rabbit 1:1000
E-CADHERIN ab15148 Abcam 120KD | Rabbit 1:500
beta-CATENIN ab6302 Abcam 94KD | Rabbit 1:3000
o-TUBULIN ab6160 Abcam 55KD Rat 1:1000
OCT4 ab19857 Abcam 43KD | Rabbit 1:3000
SOX2 ab59776 Abcam 40KD | Rabbit 1:3000
NANOG ab21624 Abcam 38KD | Rabbit 1:1000
AURORAB 611083 BD Transduction | 4]KD | Mouse 1:1000
GAPDH AP0063 Bioworld | 37KD | Rabbit 1:3000
MYH9 3403 Cell Signaling | 230KD | Rabbit 1:1000
MYH10 3404 Cell Signaling | 230KD | Rabbit 1:1000
FOXO3A 9467 Cell Signaling | 97KD | Rabbit 1:1000
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BCL-2 2876 Cell Signaling | 28KD | Rabbit 1:500
ROCK1 Sc-6056 Santa Cruz | 160KD Goat 1:500
SIRT1 Sc-19857 Santa Cruz | 120KD Goat 1:500
FOXM1 Sc-502 Santa Cruz | 100KD | Rabbit 1:3000
Goat-HRP Sc-2020 Santa Cruz / Donkey | 1:3000
Mouse-HRP Sc-2005 Santa Cruz / Goat 1:3000
Rabbit-HRP Sc-2004 Santa Cruz / Goat 1:3000
Rat-HRP Sc-2956 Santa Cruz / Chicken | 1:3000
Table 2.2.2 Primary and secondary antibodies for western blot and
immunoprecipitation study in human embryonic stem cells. MW: Molecular

Weight.

2.2.6 Immunofluoresence (IF)

HO or iPSivreo cells, cultured under freed- free conditions on 35mm petri

dishes (MatTek) were washed once with cold PBS, fixed with 3.7%

paraformaldehyde (Sigma) for 20 minutes at room temperature and permeablized

with 0.05% Triton X-100 (Sigma) and 0.5% BSA in PBS at 4°C overnight.

Samples were incubated with primary antibodies (refers to Table 2.2.2) at 4°C

overnight followed by 3-4 washes with PBS and a 1-hour incubation with Alexa

Fluor 488 (or 555)- conjugated secondary antibody (Invitrogen) at room

temperature. Nuclei were counter stained with Hoechst (Invitrogen) for 5
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minutes. Phase-contrast and fluorescent images were collected with 20X0.5 NA
EC Plan Neofluar Ph2/ 60X1.4 NA EC Plan Neofluar DIC objective (Carl Zeiss)
on an Axio Observer Z1 microscope (Carl Zeiss). All the images were collected
with a cooled charge-couple device camera ORCA-R2 (Hamamatsu) at room

temperature and processed with MetaMorph (Molecular Devices).

2.2.7 Quantitative chromatin immunoprecipitation (ChIP) and data

analysis

For the putative FoxM1 binding sites on OCT4, SOX2 and NANOG
promoters, -5000bp of corresponding promoter regions upon ATG transcription
initial site were searched with FoxM1 consensus binding sequence
(A(T/C)AAA(T/C)AA) by BLAST (NIH). Putative binding sites were schemed
in Fig. 2.3.8A and designed primers for ChIP verification were listed in Table
2.2.3.

2X10° H9 cells were chemically cross-linked with 1.42% formaldehyde
(Sigma) for 15 minutes at room temperature and subsequently quenched with
125mM glycine (Affymetrix). Cells were scraped with plastic police and washed
with cold PBS. Resuspended cells in IP buffer (refers to Appendix II) with
protease inhibitors, were sheared with sonication to solubilize cross-linked DNA
with a 15-second long pulse at 50% maximum power output for 8 times. The
resulting chromatin fragments were incubated with 2ug anti-FoxM1 antibody

(refers to Table 2.2.1) or normal rabbit IgG antibody (Santa Cruz) at 4° C for at
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least 2 hours. 40ul of Protein A agarose beads (CalBiochem) were properly
washed with PBS and added into the DNA-protein complexes for additional
1-hour incubation at 4° C. Subsequently, beads were washed 5 times with cold IP
buffer without inhibitors. 100ul of Chelex 100 (Bio-Rad) was added and boiled
for 10 minutes to reverse the crosslink. The input DNA were reversed after
sonication without incubation of antibody and treated for reversal crosslink
concurrently with other samples. DNA were then treated with proteinase K
(Invitrogen) and precipitated with ethanol. DNA samples were amplified with
designed primers (refers to Table 2.2.3) by PCR and separated by 1% agarose gel
(Biowest). The visualization was performed with Molecular Imager ChemiDoc
XRS system (Bio-Rad) and was processed in Quantity One (Bio-Rad). For
quantitative analysis, DNA samples in triplicate were amplified by PCR with
designed primers (refers to Table 2.2.3) and Power SYBR Green PCR master
mix (Applied Biosystems) using a 7900HT fast real-time PCR system according
to manufacturer’s protocol (Applied Biosystems). Each cycle threshold (Ct)
value was determined by SDS 2.3 software (Applied Biosystems), and

normalized with percent of input®*'.

Primer Sequence Size
NANOG Forward: ’AGTTCTCATTTATGCCCATT3’ 200bp
Site A Reverse: S’GGAATCTTTGGTGGTTGG3’

NANOG Forward: 5S’TGCCTTTACCCAAACTGT3’ 222bp
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Site B Reverse:5’GTAGATCAAATAGACCAAAAS’
OCT4 Forward: 5’ ATCTCAGCTCACTGCACCCT3’ 191bp
Site A Reverse:5’GCAGTTCGAGACCAGCCT3’

Table 2.2.3 Sequences of primers designed for ChIP assay.
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2.3 Results

2.3.1 Screening novel binding partners with three ageing factors in

human ES cells.

The rationale of studying ageing factors in the regulation of ES cells
self-renewal has been stated in sections 1.2.3-1.2.5. FOXM1, FOXO3A and
SIRT1 were selected as baits to identify novel binding partners from human ES
cells. Protein extracts of H9 cells (refers to 2.1.2) were subjected to
immunoprecipitation; and the immunoprecipitated proteins were denatured and
separated by SDS-PAGE gel. The ensuing coomassie blue staining of the gels
displayed numerous primary protein binding targets of the three ageing factors
respectively (Fig. 2.3.3.1A-C FOXMI1, FOXO3A and SIRT1). Among those,
discernible bands were excised from the gel by slicer according to the molecular
weight (Fig. 2.3.1). The mass spectral readout for the band excised (refers to
2.2.4) from the FOXM1 pull at the molecular weight of 225KD (Fig. 2.3.1 A, lef?)
was collected (Fig. 2.3.2 A). Online analysis for the peptide spectrum from Fig.
2.3.2A led to the discovery of MYHI10 as the potential binding partner for
FOXMI1 at the molecular weight of 225KD (Fig. 2.3.2 B). Similarly, when the
peptide spectrum (Fig. 2.3.2 C) derived from the SIRT1 pull at the molecular
weight of 225KD (Fig. 2.3.1 B, /leff) was submitted to Matrixscience for analysis,
the result appeared to be MYH10 as well with a high score for 80 (Fig. 2.3.2 D).
The peptide readout from mass spectrum for FOXO3A at the same position (Fig.

2.3.1 C, left) was unfortunately unreadable (data not shown). The rest of the
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candidates with high scores and matched molecular weights were enumerated
(Table 2.3.1).

Endogenous interaction between MYH10 and FOXM1 (Fig. 2.3.3 A & B,
last columns) was first confirmed by co-immunoprecipitation in both H9 cells
(Fig. 2.3.3 A & B, left) and iPSyuroo cells (Fig. 2.3.3 A & B, right). Using the
same co-IP method, we revealed that MYH10 endogenously interact with
FOXO3A (Fig. 2.3.3 C & D, last columns) as well as with SIRT1 (Fig. 2.3.3 E &
F, last columns) in H9 cells (Fig. 2.3.3 C & D, left) and iPSproo cells (Fig. 2.3.3

E & F, right).
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Figure 2.3.1 Screening novel binding partners with three ageing factors in

human ES cells. (A) Proteins were pulled out by immunoprecipitation with

anti-FOXM1 antibody in H9 cells. The immunoprecipitates were separated by

SDS-PAGE gel electrophoresis and subsequently stained with coomassie blue. (B,

C) Anti-SIRT1 and FOXO3A antibodies were used to pulled out novel binding

targets

58



A

Kin-Or Man-24122010 FOXMI 225k 62 (1.033) Cn (Cend, 80.00, HEY; Sm (56, 243.00); 5b (540,00 ); Cm (1:87)

100, BB

S 667 .32
5691767841
7

718.38
75135 91?.45951 50 1907 5.1 243 60

LT ygzes 15TV qpigyy 18680 19meTa0Ms gy 23390

L R R ) L) Bl B L L L L ) L) Bl Ly L L) I L R LLLA) NS LAy LR LS Rl
1000 1100 1200 1300 1400 1500 1600 1700 1800 1500 2000 2100 2200 2300 2400 2500

500 GO0 o000 800 900

B

LENEY Mascot Search Results

User . Foxlll 225k

Email : hm_einfhotmail. com

Search title

Database : SwissProt 2010_12 (523151 sequences; 154678199 residues)
Timestamp : 11 Jan 2011 at 06:37:54 GHET

Top Score : 52 for ETHIO_EAT, HByosin—10 0S5=Rattus norvegicus GH=-Eyhl0 PE=1 5¥-=1

Hascot S5core Histogram

Frotein seore is —10%Log(F), where F iz the probability that the obserwed match iz a randem ewent.
Protein scores greater than 70 are =zignificant (p<0.05).

Maer of Hit:

Frokein Score

Concise Protein Summary Report

Format As | Concise Protein Summary + Help
Significance thresheld p< 0.05 Max., mumber of hits AUTO

[Be—Search #11 | [Search Unmatched |

1. MYH1O EAT BMass: 228524 Score: o2 Expect: 3.7 MHatches: 12
Myosin—10 0S=Rattus norvegicus GN=Myhl0 PE=1 S¥=1
MYH1O MOUSE BMas=: 223555 Score: 51 Expect: 3.5 Matches: 12
Myosin—10 05=Mus museulus GH=Myhl0 FE=1 5¥=2
ZHEZ0_HIMAH Has=s=s: 43472 Score: 48 Expect: 13 MBatches: S5
Zine finger protein B20 05=Homo sapiens GH=ZHFE20 PE=2 3V=1
ZNE20 FONAE BMass: 45631 Score: 468 Expect: 14 Hatches: &
Zine finger protein B20 05=Fonge abelii GH=ZHFE20 FE=2 3V=1
EAD METHO BMass: 21109 Score: 44 Expect: 21 MNatches: 4
Adenylate kinaze OS=Methylobacterium nodulans (strain ORS2080 / LMG 21967) GH=adk PE=3 S¥=1
KEaD_METFE NMas=: 21340 Score: 42 Expect: 32 MNatches: 4
Adenylate kinase 03=Methylobacterium populi (strain ATCC BAA-TOS / HCIME 13346 / BT001) GH=adk FE=3 S¥=1
MYH1O EBOWIH BMass: 2239535 Score: 42 Expect: 33 MNatches: 11
Myosin—10 0S=Fos tawus GH=MYHIO FE=Z SV=2
MYH1O HUMAH BMass: 2235535 Score: 42 Expect: 33 MNatches: 11

Myo=in—10 05=Homo =sapien= GN=MYHIO FE=1 S¥=3

59



C

Kin-Dept-17012011 Dr Man-SIRT1 225k 30 (0.500) Cn (Cen,d, B0.00, HE), Sm (SG, 2¢3.00); Sh (540,00 ), Tm (1:101)
515.35
100+

839.52

1440 58 221208
%149 116564120361 131871 . —
1373 BA 187183 174491 196936 1P 11405 0618 247328

2496.24

500 600 0o gao 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1800 2000 2100 2200 2300 2400 2500 2600 2700

D
MATRIY
ticiences Mascot Search Results
User : Sirtl 225K Janf18
Email : hm_einfhotmail. com
Search title
Databaxe ! SwissProt 2011_01 (524470 sequences: 185205850 residuoes)
Timestamp : 18 Jan 2011 at 10:20:20 GET
Top Score : 80 for ETHIO _HUNAH, Byosin—10 O0S=Homs sapiens GH=ETHIO FPE=1 S5¥=3

Hascot 5core Histogram

Frotein zcore iz —10%Log(P), where F iz the probability that the obzerwed match iz a randem ewent.
Protein scores greater than TO are significant (p<0.05).

o

Maaer of Hits

.

Frobein Score

Concise Protein Summary Eeport

Concise FProtein Summarsy ~ Help
Significance threshold p< 0.05 Max. number of hit=s AUTO

[REe—Search A11 | [Search Unmatched |

1. MYH1O HUMAN Ba==: 228858 Score: 80O Expect: 0.005 MHatches: 17

Myosin—10 05=Homo sapiens GH=MNYHIO PE=1 SV=3
Figure 2.3.2 Mascot analysis of the peptide spectrums from mass
spectrometry for FOXM1 and SIRT1 at band 225K. (A) Peptide spectrum
of the band stained at molecular weight 225KD from the FOXMI pull was
presented after analysis with Masslinx. (B) Human MYH10 was identified by
matching the spectrum of 225KD band from FOXM1 pull with the Matrixscience

online database (C) Result from Masslinx showed the peptide spectrum from

SIRT1 binding pull at the same molecular weight 225KD. (D) The matched
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spectrum from Matrixscience displayed human MYHI10 again for potential

SIRT1 binding partner at molecular weight 225KD with a very high score.
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epsilon

Protein Name Score | Binding | Function

Ring finger | 29 FOXM1 | Unknown

protein 29

LAMIN-B2 22 FOXM1 | Nuclear stability, chromatin structure
and gene expression

MYHI0 52/80 | FOXMI1, | Creating a contractile force and kinetic

(Myosin-10) SIRT1 energy transduction

Protein 40 SIRT1 Cell division, glycogen metabolism,

phosphatase 1E muscle  contractility and  protein
synthesis

DYNEIN 67 SIRT1 Force production and ATPase activity

MYH9 50 SIRT1 Creating a contractile force and kinetic

(Myosin-9) energy transduction

NF-kB inhibitor | 40 SIRT1 Inhibition of DNA-binding of NF-xB

Table 2.3.1 List of selected potential interactions between ageing factors

discovered by mass spectrometry. Summary of potential interaction partners

identified by mass spectrometry, including MYH9 and 10, Protein phosphatase,

LAMIN, DYNEIN and NF-«B inhibitor, annotated with scores and functions.
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Figure 2.3.3 Co-immunoprecipitation of MYH10 with FOXM1, FOX0O3A
and SIRT1 in human ES cells. (A) Protein extracts of H9 (leff) and iPSproo
(right) cells were subjected to immunoprecipitation with anti-MYH10 antibody
for positive control, control IgG for mock, and anti-FOXM]1 antibody for probe,
followed by western blotting analysis with anti-MYH10 antibody. (B) Reciprocal
IP experiment using anit-FOXM]1 antibody for positive control, control IgG for
mock and anti-MYHI10 antibody, followed by western blotting analysis with
anti-FOXM1 antibody. (C) Anti-MYH10, control IgG and anti-FOXO3A
antibodies were used as positive control, mock and probe respectively for
immunoprecipitation analysis in both H9 (left) and iPSvroo (vight) cells. Western
blotting analysis was performed with anti-MYH10 antibody. (D) Anti-FOXO3A,
control IgG and anti-MYH10 antibodies were selected as positive control, mock
and probe respectively for co-immunoprecipitation. Anti-FOXO3A antibody was
used for western blotting analysis. (E) Immunoprecipitation performed in H9
(left) and 1PSproo (right) cells with anti-MYH10 antibody for positive control,
control IgG for mock, and anti-SIRT1 antibody for probe, followed by western
blotting analysis with anti-MYH10 antibody. (F) Co-immunoprecipitation was
performed with anit-SIRT1 antibody for positive control, control IgG for mock
and anti-MYH10 antibody for probe. Anti-SIRT1 antibody was then used for

western blotting analysis.
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2.3.2 Morphological changes in blebbistatin and thiostrepton-treated H9

and iPSIMR90 cells.

2.3.2.1 Cell death and cell-cell dissociation in thiostrepton-treated H9

and iPSIMR90 cells.

It was reported that FOXM1 could be directly targeted by thiostrepton at
cellular level *"°. This natural small molecule can significantly inhibit the protein
level of FOXM1 in MCF7 breast cancer cells at a concentration of SuM after 24

hours of treatment >'*

. The efficiency of FOXM1 inhibition was also revealed in
IMRO0 cells for the same concentration and treatment time (Fig. 2.3.4, A). Even
after transiently expression of FOXM1 in IMR90 cells, the inhibition of FOXM1
by thiostrepton can still be achieved at 5 uM after 24 hours. To investigate the
effect of thiostrepton on inhibition of FOXM1 in the human ES cells of H9 cells,
the H9 cells were treated with various doses of thiostrepton from 0 to 10 uM,
followed by measurements of cellular viabilities at different time points from 6
hours to 48 hours by phase contrast microscope (Fig. 2.3.4, C-F). However, using
the same concentration of thiostrepton reported on MCF7 cells, the exposure of
H9 cells to thiostrepton was observed to induce cell death and cell-cell
dissociation after a short period of treatment for only 6 hours. H9 cells were
observed to be still viable through microscope, with intact colony, at 0.5 uM for
48 hours (Fig. 2.3.5, C). Downregulation of FOXM1 was verified by Western

Blotting analysis with this particular condition of treatment (Fig. 2.3.6A, 2" row).

This set of data reveals the importance of FOXMI1 in stem cells survival. And
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this specific treatment condition was selected in the following experiments.

2.3.2.2 Blebbistatin protected dissociated H9 and iPSIMR90 cells

from cell death.

The motor function of MYH10 on ACTIN can be blocked by blebbistatin
12 This chemical compound can effectively repress the ATPase activity of
MYH9 or MYHI0 in human ES cells '”°. Blebbistatin treated human ES cells
formed dissociated colonies in which cells were spread out with lose cell-cell
contacts'®. Interestingly, blebbistatin may enhance ES cells survival under this

cell-cell dissociation condition '%%???

(refers to 2.1.7). Similarly, we also
observed that H9 ES cells treated with SuM blebbistatin for 4 days may prevent
colony formation without affecting viabilities (Fig. 2.3.5, 2™ column). Protein
expression of MYH10 was not downregulated due to the fact that blebbistatin
only inhibits the ATPase activity of MYH9, MYH10 or MYH14 (refers to 2.1.7
and Fig. 2.3.64, I°' row). We verified the observation on the effect of blebbistatin
to induce cell-cell dissociation in ES cells by immunofluorescence (IF) staining.
Our IF data revealed the loss of MYH10 staining located at the cell-cell junctions
after blebbistatin treatment (Fig. 2.3.6C, 2™ column). In order to compensate the
inhibition of the ATPase activity of MYHI10 by blebbistatin (refers 2.1.7), the

protein expression of MYH10 was found to be induced in a dosage dependent

manner (Fig. 2.3.7C, I column).
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2.3.2.3 The effects of combined treatments in H9 and iPSIMR90 cells.

Taken together, the combined treatments with both the chemical inhibitors
for the mentioned conditions were observed to disrupt colony integrity with
reduced cell viability (Fig. 2.3.5, 4" column). The protein level of FOXMI1 was
initially induced by 5 puM blebbistatin treatment for the first 48 hours in
combined treatment. From our Western blotting analysis, the additional 48 hours
treatment of 0.5 uM thiostrepton was not sufficient to suppress the induced
FoxM1 protein level by blebbistatin compared with cells treated with 0.5 uM
thiostrepton alone (Fig. 2.3.6A, 3 ys, 4 column). The protein level of FOXM1
was shown to be reduced after 0.5 uM thiostrepton treatment for 2 days in the
presence of blebbistatin treatment (Fig. 2.3.6B, 1). However, prolonged treatment
of thiostrepton can induce massive cell death and this was reflected in the
decreased protein level of loading control, TUBULIN (Fig. 2.3.6B, 1ii). The
dislocation of MYHI10 at the cell-cell junctions was also an evident revealed by
immunofluorescence staining (Fig. 2.3.6C, 4" column). Compared to treatment
with blebbistatin alone, the combined treatment showed profound cell-cell
dissociation with increased cell death (Fig. 2.3.5B&D). Comparing with
thiostrepton single treatment, the FoxM1 protein level was elevated in the

combined treatment and thus may promote cell viability (Fig. 2.3.9, 4 column).
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Figure 2.3.4 Inhibition of FOXMI1 induced cell death in human ES cells. (A)
Western blot analysis of FOXM1 from IMR90 cells treated with thiostrepton in
increasing dosages, revealed a dose-dependent expression pattern of FOXM1 (B)
Western blot analysis of FOXMI1 from IMR90 cells which was transfected with

2ng pcDNA3-FOXMI prior to thiostrepton treatments in increasing dosages.
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(C-F) HO cells treated with various concentrations of thiostrepton were captured
upon the time with phase contrast microscope at 100X magnification when cell
death and dissociation occurred. H9 cells were treated with 10uM for 6 hrs, SuM
for 6 hrs, 1uM for 24 hrs, or 0.5uM thiostrepton for 48 hrs respectively (Scale

bar = 100 um).
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Figure 2.3.5 Characterization of H9 and iPSIMR90 cells after chemical
inhibitions of FOXM1 and MYH10. Representative phase-contrast images of

HO9 (upper panels) and iPSpvroo (lower panels) grown with SuM blebbistatin or
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0.5uM thiostrepton treatment. (A) Cells were cultured without any inhibitors. (B)
Cells were treated with 5uM blebbistatin for 4 days. (C) Cells were treated with
0.5uM thiostrepton for 2 days. (D) Cells were treated with SuM blebbistatin for
4 days; and 0.5uM thiostrepton was added on the 3™ day after blebbistatin

treatment. (Scale bar=100 pum)

71



A

Blebbistatin - 4 - <+

Thiostrepton - - # + MW

(KD)

PAYHTO [ ' 240

-

. I
¥

Tubulin S 55

B

i ii
Blebbistatn - + + Blebbistatin - + + + 4
Thiostrepton - 1 2 [Days| ”" Thiostrepton - 1 2 3 4 [Days) i

(KD (KD}
o FoxMl - - e 100 o FoxMl --- e 100

I =
Tubulin ” m— g Tubulin " — — — o5

C
Blebbistatin - + - +
Thiostrepton - - + +

MYH10

iPSimvRrao

Figure 2.3.6 Chemical inhibition of MYH10 with blebbistatin and FOXM1
with thiostrepton. Inhibition of MYHI10 induced upregulation of FOXMI.

(A)Western blot analysis of MYH10 and FOXMI1 expression levels in H9 cells
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treated with SuM blebbistatin or 0.5uM thiostrepton. (B) Western blot analysis of
FOXMI1 in the presence of 5uM blebbistatin when 0.5uM thiostrepton was
added in a time dependent manner for 1 to 4 days. (i) Thiostrepton was added 48
hours after blebbistatin treatment for additional 1 to 2 days. (ii) Same western
blot with prolonged treatments of thiostrepton was displayed. (C) Dislocation of
MYHI10 observed at the cell-cell junctions of iPSprop colony after chemical
inhibition of FOXM1 and MYHI10. Fluorescent images of iPSyroo cells stained
with antibody against MYHI10 treated with 5uM blebbistatin or 0.5uM

thiostrepton.
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2.3.3 Reduced pluripotency observed in H9 and iPSIMR90 cells in

MYH10 or FOXM1-depleted cells,

2.3.3.1 [Inhibition of MYH10 by blebbistatin may improve

self-renewal.

The master pluripotent proteins OCT4, NANOG and SOX2 are often
highly expressed in human ES cells. In this study, we found that ES cells treated
with blebbistatin resulted in the formation of poorly aggregated colonies.
However, augmented self-renewing ability was detected by upregulation of the
pluripotent transcription factors via Western blotting result from dissociated H9
cells treated with 5 uM blebbistatin (Fig. 2.3.7A, 2 column). When HO cells
were treated with blebbistatin in a dosage dependent manner, the enhancement of
pluripotency was found to be within the range of 2.5 to 5 uM blebbistatin for 4
days (Fig. 2.3.7, C). The pluripotent markers declined slightly at 10 uM
blebbistatin treatment (Fig. 2.3.7C, 4™ column). And cells can poorly survive at
the condition of 20 uM blebbistatin for 24 hours or further (Fig. 2.3.7B, 4"
column). The fluctuation of pluripotency in response with the dosage of
blebbistatin is highly associated with the expression of FOXM1 when the peaks
of FOXMI1 and pluripotent makers were reached at SuM blebbistatin treatment

(Fig. 2.3.7C, 2" row).
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2.3.3.2 Pluripotency was declined during suppression of FOXM1 by

thiostrepton.

The inhibition of FOXM1 by thiostrepton can trigger dramatic cell death
as well as downregulation of some important master regulatory pluripotency

markers such as OCT4, NANOG and SOX2 (Fig. 2.3.7A, 3 column).

2.3.3.3 Adding blebbistatin failed to rescue the loss of pluripotency

triggered by repression of FOXMI1 through thiostrepton.

We showed that the presence of blebbistatin can improve ES cell viability
(Fig. 2.3.5, 4™ column), but failed to prevent loss of stemness induced by
thiostrepton (Fig. 2.3.7A, 4" column).

The homogeneous staining of OCT4 from our results indicates that there
are no dynamic heterogeneities in gene expression of OCT4 from our cultured
human ES cells with or without chemical inhibitory treatments.(Fig. 2.3.7, D).
Therefore, overall elevation of OCT4 staining was observed when the ES cells
were treated with 5uM blebbistatin for 4 days (Fig. 2.3.7D, 2™ column). This set
of data was in line with the Western blotting result in retrospect (Fig. 2.3.7A, 2™
column). The decline of OCT4 staining after 0.5uM thiostrepton treatment alone
or with 5uM blebbistatin (Fig. 2.3.7D, 34 & 4" column) once again represented
the observation from our Western blot data as shown in Fig. 2.3.7A, 3 & 4"
column.

To further investigate the mechanisms involved in the maintenance of

pluripotency and self-renewal associated with MYHI10 and FOXMI,-5kb
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promoter regions of the human OCT4, NANOG and SOX2 were screened for the
FOXM1 DNA consensus binding sites. Multiple FOXM1 putative binding sites
were found at the regions of either NANOG or OCT4 but SOX2 promoters (Fig.
2.3.8A). The region of -4243 to -4231 bp on OCT4 promoter was positively
confirmed by ChIP assays, in which the transcription factor, FOXM], can indeed
bind to the OCT4 promoter in H9 ES cells (Fig. 2.3.8B). This finding was
elicited by our qPCR result as well. As shown in Fig. 2.3.8C, column 2, the
FOXM1 occupancy on OCT4 promoter was enhanced under blebbistatin
treatment. This enhancement, which is a consequence of the elevated FOXM1
level induced by blebbistatin (Fig. 2.3.6A, 2™ column), results in the increased of
OCT4 (Fig. 2.3.7A, 2" column, row 1), NANOG (Fig. 2.3.7A, 2™ column, 2™
row) and SOX2 protein levels (Fig. 2.3.7A, 2" column, 3 row). There is little
effect of thiostrepton alone on FOXM1’s binding on OCT4 promoter in H9 cells
(Fig. 2.3.8C, column 3), however, the levels of all stemness markers OCT4,
NANOG and SOX2 were declined slightly (Fig. 2.3.7A, 3" row). The binding
was declined when two inhibitors were both applied, suggesting the ability of
self-renewal was compromised in this condition (Fig. 2.3.8 C, column 4). This
piece of data is in line with our finding that the protein levels of OCT4 (Fig.
2.3.7A, 4™ column, row I), NANOG (Fig. 2.3.7A, 4" column, row 2), and SOX2

(Fig. 2.3.7A, 4™ column, row 3) were dramatically reduced.
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Figure 2.3.7 MYH10 associated with FOXM1 regulates human embryonic
stem cells self-renewal. (A) Elevated FOXMI1 promotes self-renewal and
expressions of the markers for stemness. Western blot analysis of OCT4,

NANOG and SOX2 protein in H9 cells treated with SuM blebbistatin or 0.5uM
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thiostrepton. (B) H9 cells treated with 2.5 to 20 uM blebbistatin were displayed
after 24 hours (upper panel) or 96 hours (lower panel) respectively. (C) Dosage
dependent levels of MYH10, FOXM1 and pluripotent markers in H9 cells treated
with varied concentrations of blebbistatin. Western blot analysis of MYHIO0,
FOXM1, OCT4, NANOG and SOX2 proteins in H9 cells treated with 0 to 10uM
blebbistatin. (D)Homogeneous expression of OCT4 in iPSpreo cells after
chemical inhibition. Immunofluorescence staining of OCT4 in iPSproo cells in

the presence or absence of blebbistatin or thiostrepton (Scale bar=100um).
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and OCT4 in human ES cells. The predicted positions of putative FOXMI
binding site in -5kb human OCT4, NANOG and SOX2 promoters by gene
sequence analysis and the positions of primers designed for ChIP assays. ChIP
assay revealed the direct binding of FOXM1 on OCT4 promoter. (B) ChIP assays
were used to show direct binding of FOXM1 to endogenous OCT4 promoter
regions instead of NANOG in H9 cell line. The predicted size of the PCR product
on OCT4 promoter was 191kb. (C) ChIP-qPCR analysis of FOXMI1 occupancy
on the OCT4 promoter. The different chemical inhibitors treated H9 cells were
subjected to ChIP assays, and followed by gqPCR analysis for the relative
occupancy of FOXMI1 at OCT4 promoter. The treatment for each column is
indicated as follow: (1) control H9 cells without any treatment; (2) H9 cells
treated with SuM blebbistatin for 4 days; (3) H9 cells treated with for 2 days; (4)

Combined treatment stated at (2) and (3) were applied to H9 cells.
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2.3.3.4 BCL-2 protein level was restored when blebbistatin was

applied with thiostrepton.

Previously, we detected an increase in the viability of H9 and iPSpreo ES
cells treated with blebbistatin (Fig. 2.3.5, 2™ column & 4™ column), we
confirmed that such increase was associated with the increased level of
anti-apoptotic BCL-2 protein (refers to 2.1.3), the upregulation of which is
known to prevent apoptosis (Fig. 2.3.9, 2 column).

In contrast, the protein level of BCL-2 in ES cells treated with
thiostrepton was reduced (Fig. 2.3.9, 3 column), indicating the apoptotic effect
of thiostrepton-treated ES cells.

The combined treatment scenario, the elevated BCL-2 protein level (Fig.
2.3.9, 4" column) circumvented the apoptotic trigger from thiostrepton; we
noticed a decrease in stemness exemplified by the reduction of NANOG and

OCT4 expression levels (Fig. 2.3.7A, 4™ column).
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Figure 2.3.9 Inhibition of MYH10 by blebbistatin can improve the survival
of human embryonic stem cells. (A) Inhibition of MYHI10 can enhance the
viability of human ES cells by upregulating BCL-2. Western blot analysis of

BCL-2 in H9 cells treated with SuM blebbistatin or 0.5uM thiostrepton.
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2.3.4 Adhesive pathway is involved with FOXM1 regulatory role in

self-renewal in human ES cells.

234.1 ROCK-MYOSIN pathway modulating adhesion via
E-CADHERIN and beta-CATENIN in human ES cells is

independent of FOXM1 expression.

As alluded in section 1.3, the dissociation of human ES cell colony is most
likely due to the inhibition of NMMII by blebbistatin '’?, which results in the loss
of E-CADHERIN at the cell-cell junctions and reduction in the recruitment of
beta-CATENIN to trigger ROCK activation '"'®. The increased ROCK
activation will induce the actomyosin contraction for apoptosis, from which was
prevented by blebbistatin treatment in human ES cells (refers to Fig. 1.5)'7.
Therefore, the protein levels of E-CADHERIN and beta-CATENIN were reduced
while the protein level of ROCKI1 was increased in dissociated H9 colonies
under blebbistatin treatment (Fig. 2.3.10A, 2" column). We also observed that
E-CADHERIN and beta-CATENIN were mis-localized from their normal
residence at the cell-cell junctions in those poorly formed colonies induced by
blebbistatin (Fig. 2.3.10B & C, 2" column). Notably, the protein level of
FOXMI1 was induced by blebbistatin treatment (Fig. 2.3.6A, 2" column).

Meanwhile, suppression of FOXMI1 by thiostrepton also reduced the
protein levels of E-CADHERIN as well as beta-CATENIN, along with

upregulation of ROCK1 (Fig. 2.3.10A, 3 column). But compared with

blebbistatin treatment, there is nearly no effect on colony dissociation after
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inhibition of FOXM1 by thiostrepton. Although the staining of E-CADHERIN
and beta-CATENIN at cell-cell junctions was punctated after thiostrepton
treatment, the colonies of iPSIMR90 were remained intact (Fig. 2.3.10B & C, 3
column). These results suggested that FOXM1 may weaken cell-cell association
by downregulation of E-CADHERIN.

As the result from the combined treatment, the loss of E-CADHERIN
together with beta-CATENIN were augmented while ROCKI1 was slightly
enhanced (Fig. 2.3.10A, 4" column). Collectively, the protein level of FOXMI is
independent of the state of colony dissociation induced by blebbistatin in human
ES cells. However, suppression of FOXM1 may alternatively destabilize the
cell-cell interactions by modulation of the protein levels of ROCK,

E-CADHERIN and beta-CATENIN.

2.3.4.2 FOXM1 is the important downstream of ROCK-Myosin

pathway in response of pluripotency after dissociation.

To investigate the aforementioned role of FOXMI1 regulating ROCK
expression other than colony dissociation in human ES cells, H9 cells were
treated with 10uM Y27632 and 5uM blebbistatin for 4 days and 0.5uM
thiostrepton for 2days. The result displayed an increasing trend of FOXMI
compared with control cells treated with blebbistatin and thiostrepton (Fig.
2.3.10c, 2" row). But the protein levels of OCT4 (Fig. 2.3.10c, 3 row),

NANOG (Fig. 2.3.10¢c, 4" row) and SOX2 (Fig. 2.3.10c, 4" row) were found to
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be further decreased when the activity of ROCK was inhibited by Y27632 in the
presence of blebbistatin and thiostrepton. These results indicated that FOXM1
was the effector of ROCK-Myosin pathway for pluripotency in response to

dissociation.
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Figure 2.3.10 FOXM1 and MYHI10 regulates self-renewal through cell-cell

interaction. (A) FOXM1 and MYHI10 modulates self-renewal via adhesive

molecules. Cellular protein levels of ROCKI, E-CADHERIN and
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beta-CATENIN in the presence or absence of blebbistatin or thiostrepton. (B)
Inhibition of FOXM1 and MYHI10 disrupted E-CADHERIN adhesion in
1PSivmroo cells. Immunofluorescence staining of E-CADHERIN in iPSproo cells
treated with or without blebbistatin or thiostrepton (Scale bar=100 pm). (C)
Inhibition of FOXM1 and MYHI10 altered beta-CATENIN adhesion in iPStvroo.
Immunofluorescence staining of beta-CATENIN in iPSpreo cells treated with or
without blebbistatin or thiostrepton (Scale bar=100 pum).

(D) The role of ROCK1 with FOXM1 and MYH10 in determination of stemness.
Western blot analysis of MYH10, FOXM1, OCT4, NANOG and SOX2 treated

with or without Y27632, blebbistatin or thiostrepton.
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2.3.5 Inhibition of the MYH10 and FOXMI1 protein complex
dysregulates specific mitotic markers during the self-renewal

process of human embryonic stem cells.

2.3.5.1 Inhibition of MYH10 by blebbistatin altered AURORA B and
KIF14 expression levels and affected the localization of

CEP170 in ES cells.

To investigate the role of MYH10 in the self-renewal process in ES cells,
the expression levels of AURORA B (a member of the chromosome passenger
complex), and KIF14 (the central spindle kinesin interacting factor) were
analyzed by Western Blotting analysis after blebbistatin inhibition (Fig. 2.3.11A,
2 column). The cleavage furrow position is determined by mitotic spindle,
myosin localization and other mechanisms during asymmetric divistion®>, which
can be observed from cleavage furrow ingression by microscope. Although
cleavage furrow ingression was not affected under SuM treatment of blebbistatin
(Fig. 2.3.11B, o column), the elevation of AURORA B and KIF14 protein
levels suggested that the regulators associated with contractile ring and central
spindle factors were altered. To explore whether asymmetric division may be
affected other than cleavage furrow position by MYH10 inhibition, CEP170 as a
marker for mother centriole (refers to 2.1.6) was observed with IF staining during
mitosis in iPSpreo under blebbistatin treatment (Fig. 2.3.11C, o column). No
significant defects were observed before telophase. However, an increase signal

of CEP170 at the midbody was detected at cytokinesis (Fig. 2.3.11C, 2™ column,
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3 panel arrows). These results suggest that 5pM blebbistatin treatment did not
hinder the position of cleavage furrow but improved the migration of mother

centriole to the midbody during cytokinesis for self-renewal.

2.3.5.2 FOXM1 inhibition downregulated AURORA B and KIF14,

and caused centrosomal amplification in ES cells.

In parallel, thiostrepton was applied to H9 and iPSyvrog cells to study the
function of FOXM1 during mitosis in human ES cells. AURORA B and KIF14
were downregulated as a result of FOXMI1 inhibition by thiostrepton (Fig.
2.3.11A, 3 column). Meanwhile, loss of MYHI10 at the cleavage furrow
indicative for cytokinesis failure (Fig. 2.3.11B, 3™ column). The defect in
cytokinesis may induce chromosome instability if the cell still commits to divide
under this condition (Fig.2.5&2.7A, 3™ column). Supernumerary centrosomes
were also found in iPS cells treated with thiostrepton by staining of CEP170

protein during mitosis (Fig. 2.3.11C, 3" column, arrows).

2.3.5.3 The expression levels of AURORA B and KIF14 were restored

by blebbistatin treatment in FOXM1-inhibited H9 cells.

To investigate whether the induction of FOXMI1 protein level by
blebbistatin treatment (Fig. 2.3.6A, 2" column ) can rescue the defects caused by
thiostrepton treatment during mitosis (Fig. 2.3.11A-C, 3™ columns), we found

that the addition of blebbistatin circumvented the suppression of AURORA B
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and KIF14 in FOXM1-inhibited H9 cells (Fig. 2.3.11A, 4" column). We further
observed the recruitment of MYH10 back to the cleavage furrow with this rescue

(Fig. 2.3.11B, 4™ column).
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Figure 2.3.11 Downregulated FOXM1 and MYH10 interrupted cytokinesis
and mitotic exit. (A) Altered cytokinesis markers after FOXM1 and MYH10
inhibition. Western blot analysis of KIF14 and AURORA B protein in H9 cells
treated with SuM blebbistatin or 0.5uM thiostrepton. (B) Blebbistatin treatment
restored the recruitment of MYHI10 at the cleavage furrow after the inhibition of
FOXM1 by thiostrepton. Immunofluorescence staining of MYHI10 during
telophase in iPSpre treated with or without blebbistatin or thiostrepton. (C)
The marker of centrioles (CEP170) revealed cytokinesis malfunction during
FOXM1 and MYHI10 inhibition. Immunofluorescence staining of CEP170 in
1PSivroo treated with or without blebbistatin or thiostrepton during different

stages of mitosis.
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2.3.6 Genetic knockdown of the MYH10 and FOXM1 complex in H9

human embryonic stem cells.

2.3.6.1 Genetic knock-down of MYH10 via retroviral gene transfer.

Unlike blebbistatin treatment in which both MYH9 and MYH10 activities
were affected (refers to 2.1.7), genetic knockdown is necessary for our studies to
exclude the non-specific inhibitory effect from chemical inhibitor and investigate
the solo interaction between MYH10 and FOXMI1. Hence, specific knockdown
of MYH10 was achieved (refers to 2.2.3) and shown by Western blot analysis.
The protein level of MYH9 was not affected after cells were infected with
shMYHI10. (Fig. 2.3.12B, 2 row). Meanwhile, the protein level of FOXM1 was
dramatically reduced after MYH10 knockdown (Fig. 2.3.12B, 3 row).

We observed phenotypic differences when H9 cells were treated with
blebbistatin, compared with MYH10-depleted H9 cells. H9 cells were observed
to be tightly associated in sShMYH10 cells, in comparison with the dissociated ES
cells from blebbistatin-treated cells (Fig. 2.3.5B VS. Fig. 2.3.12D, 4" column).
Pointed protrusions were observed to be localized at the peripheries of the
colonies (Fig. 2.3.12D, 4" column insef).

The results from our immunofluorescence staining also revealed reduced
MYHI10 signal intensities at both the cell-cell junctions and at the cleavage
furrows, after MYH10 was depleted (Fig. 2.3.12E, o column). In addition, the
FOXMI signal intensity was suppressed from the nuclei (Fig. 2.3.12F, 2™

column).
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2.3.6.2 Genetic knockdown of FOXMI1 via retroviral gene transfer.

We detected specific depletion of FoxM1 after H9 cells were transduced
with shRNA, without affecting other forkhead members such as FOXO3A (Fig.
2.3.12A, 2" & 3 columns). We did not detect a reduction of MYH10 protein
level after FOXM1 knockdown (Fig. 2.3.12A, I* column). We also observed
phenotypic differences between H9 cells treated with thiostrepton and with
FOXMI1 depletion. We found that H9 cells depleted with FOXM1 were much
healthier with no obvious cell death compared with cells treated with thiostrepton
(Fig. 2.3.5C VS. Fig. 2.3.12D, 3 column). No colony dissociation was found in
H9 cells depleted with FOXM1. Cell protrusions were also observed to be
localized at the peripheries of the colonies (Fig. 2.3.12D, 3" column inset).

We revealed a reduction of FOXM1 immunofluorescence signals at the
nuclei. In contrast, the staining intensity of FoxM1 at the protrusions was
enhanced (Fig. 2.3.12F, 3 column). We further noted that the staining intensity
of MYHI10 at the cell-cell junctions and at the cleavage furrows was slightly

reduced after FOXM1 knockdown (Fig. 2.3.12E, 3 column).

2.3.6.3 Simultaneous knockdown of FOXM1 and MYHI10 using

shRNAs.

Simultaneous knockdown of MYHI10 and FOXM1 in H9 cells also
showed efficient suppression of the protein level of MYHI10 instead of MYHO9.

(Fig. 2.3.12C, I*" row). Meanwhile, the protein level of FOXMI1 was slightly
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induced (Fig. 2.3.12C, 3" row). A negative control for shRNA with a scrambled
sequence was constructed (refers to 2.2.3) and displayed to exclude the
non-specific targeting during infection (Fig. 2.3.12C, 2" column).
H9 cells co-transduced with shFOXM1 and shMYHI10 displayed tight
colonies with excessive protrusions at the peripheries (Fig. 2.3.12D, 4" column).
Immunofluorescence staining using MYH10 antibody revealed undefined
cell-cell junctions and cleavage furrows (Fig. 2.3.12E, 4" column). Unlike the
single knockdown of FOXM1 or MYHI10 where the staining of FOXM1 was
preferentially located in nuclei, simultaneous knockdown of FOXMI1 and
MYH10 displayed more staining of FOXMI1 at the protrusions (Fig. 2.3.12F, 4"

column).
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Figure 2.3.12 Specific knock-down of FOXM1 and MYHI10 via retroviral

gene transfer. (A) Western blot analysis of MYH10, FOXM1 and FOXO3A
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proteins in H9 cells with or without FOXM1 depletion. (B) Western blot analysis
of MYH10, MYH9 and FOXM1 proteins in H9 cells with or without MYH10
depletion. (C) Western blot analysis of MYH10, MYH9, FOXMI,
E-CADHERIN and OCT4 proteins in H9 cells with or without MYHI10 and
FOXMI1 knockdown. shRNAs targeting MYH10 or FOXM1 were used to double
knock down the proteins in H9 cells. Cells without retrovirus infection or treated
with nontargeting shControl were presented as negative controls. (D)
Representative phase contrast images of H9 cells with or without depletion of
FOXM1 or MYHI10 compared with cells transfected with or without shControl
(Scale bar=100 pm). (E, F) Immunofluorescence staining of MYH10 (E) and
FOXM1 (F) in H9 cells with MYH10 and FOXM1 depletion. Zoomed images

from the indicated area were shown in the insets (Scale bar=100 pum).
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2.3.7 Knockdown of the FOXM1 and MYH10 complex affects

pluripotency in H9 cells.

2.3.7.1 Genetic knockdown of FOXMI1 downregulated OCT4,

NANOG and SOX2 expression in human H9 cells.

Protein levels of OCT4, NANOG and SOX2 were examined in H9 cells
transduced with shFoxM1. All three master pluripotent markers were found to be

downregulated (Fig. 2.3.14A).

2.3.7.2 Genetic knockdown of MYH10 reduced OCT4, NANOG and

SOX2 expression in H9 cells.

We obtained similar results on OCT4, NANOG and SOX2 expression
when H9 cells were transduced with shMYH10, compared with cells transduced

with shFoxM1 (Fig. 2.3.14B).

2.3.7.3 Pluripotency is further reduced in double knockdown of

MYH10 and FOXM1 H9 cells

One of the master pluripotent markers, OCT4, was found to be largely
downregulated when compared to the individual knockdown, suggesting a
synergistic effect on pluripotency when this protein complex was depleted as a

whole (Fig. 2.3.13C, 5" row).
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Figure 2.3.13 Depletion of MYH10 and FOXM1 induces the loss of
pluripotency. (A) Western blot analysis of OCT4, NANOG and SOX2 proteins
in H9 cells with or without FOXM1 depletion. (B) Western blot analysis of
OCT4, NANOG and SOX2 proteins in H9 cells with or without MYH10

depletion.
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2.3.8 Adhesive pathway was interfered in human embryonic stem cells

depleted with FOXM1 and MYH10.

2.3.8.1 FOXM1 modulates ROCK1, E-CADHERIN and

beta-CATENIN protein levels in H9 cells.

Compared with the thiostrepton-treated H9 cells where cell-death was
observed after treatment, there was no significant cell death found in cells
transduced with shFOXM1 (Fig. 2.3.4C & Fig. 2.3.13D, 3 column). However,
we noted a downregulation of E-CADHERIN (Fig. 2.3.15A, 2 row). The
reduced E-CADHERIN level after shFoxM1 transduction was further confirmed
by immunofluorescence staining of E-CADHERIN (Fig. 2.3.15C, 3™ row).

As mentioned in section 2.1.4, beta-catenin binds with the cytoplasmic
domain of E-CADHERIN to stabilize the cell-cell interaction. In consistent with
the lower protein level of E-CADHERIN, beta-CATENIN also exerts a declining
pattern after FOXM1 was depleted (Fig. 2.3.15A, 3™ row). As illustrated in Fig.
1.5, the instability of E-CADHERIN at the cell-cell junction can induce the
activation of ROCK for actomyosin contraction. Therefore, the protein level of
ROCKI was found to be enhanced when E-CADHERIN was suppressed after

FOXMI1 depletion in H9 cells (Fig. 2.3.15A, I* row).
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2.3.8.2 MYHI10 regulates ROCK1, E-CADHERIN and

beta-CATENIN expression levels in H9 cells.

In contrast with the treatment of blebbistatin, the colonies of H9 cells
remained tightly-packed after specific knockdown of MYH10 (Fig. 2.3.7B & Fig.
2.3.13D, 4" column). Interestingly, from the result of Western blotting protein
level of E-CADHERIN was increased and appeared to reinforce the adhesions
among cells at the cell-cell junctions (Fig. 2.3.15B, o row). However, the
staining of E-CADHERIN with immunofluorescence showed that
E-CADHERIN was mis-localized at the cell-cell junctions (Fig. 2.3.15C, 2
column). It may indicate that the appearance of contact colonies of
MYH10-depleted H9 cells was remained in the absence of E-CADHERIN at the

cell-cell junctions.

2.3.8.3 E-CADHERIN was highly wupregulated after double
knockdown of FOXM1 and MYH10 in H9 cells.

Previously, we found that E-CADHERIN was dramatically
downregulated in combined treatment of blebbistatin and thiostrepton (Fig.
2.3.10A, 4™ column). However, in this double knockdown study, the expression
level of E-CADHERIN did not reveal a declining trend after double knockdown,
(Fig. 2.3.13C, 4" row). Instead, E-CADHERIN level was detected to be highly
upregulated, suggesting that simultaneous .depletion of FOXM1 and MYHI10

may adversely promote cell adhesion via upregulation of E-CADHERIN.
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Figure 2.3.14 Depletion of MYH10 but FOXMI increased the protein level

of E-CADHERIN. (A) Western blot analysis of ROCK1, E-CADHERIN and

beta-CATENIN proteins in H9 cells with or without FOXM1 depletion. (B)
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Western blot analysis of ROCK 1, E-CADHERIN and beta-CATENIN proteins in
HO cells with or without MYH10 depletion. (C) Immunofluorescence staining of
E-CADHERIN in H9 cells with MYH10 or FOXM1 depletion. Zoomed images

from the indicated area were shown in the insets (Scale bar=100 pum).
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2.3.9 Knockdown of the FOXM1 and MYH10 protein complex induced

cytokinesis defects

2.3.9.1 FOXM1 is required for expression of the mitotic regulators

AURORA B kinase and KIF14.

Unlike the treatment of thiostrepton where AURORA B was
downregulated, transduction of shFOXM1 in H9 cells increased the expression
level of the mitotic regulator AURORA B kinase while the mitotic kinesin KIF14
was still downregulated (Fig. 2.3.16A, I & 2" columns). The staining of
MYHI10 at the cleavage furrow was reduced after FOXM1 knockdown (Fig.
2.3.16C, 3™ column), suggesting that cytokinesis may be dysregulated in

FOXM1-silenced H9 cells.

2.3.9.2 MYHI10 monitors the proper expression of the mitotic

regulators AURORA B kinase and KIF14.

HO cells transduced with shMYH10 significantly down regulated FOXM1
(Fig. 2.3.13B, 3 column). In accordance with FOXMI1 depletion, the protein
level of KIF14 was suppressed by knockdown of MYH10 (Fig. 2.3.16B, I*
column). And the protein level of AURORA B kinase was elevated after MYH10
depletion same as FOXMI1 knockdown (Fig. 2.3.16B, 2" column). The
recruitment of MYHI10 at the cleavage furrow was correspondingly decreased
after MYH10 knockdown (Fig. 2.3.16C, o column), suggesting a similar

dysregulated cytokinesis process in FOXM1-depleted H9 cells was observed in
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MYH10-depleted cells. In contrast, the protein level of KIF14 was increased
during blebbistatin treatment (Fig. 2.11A, ond column), suggesting a distinctive
mechanism involved in chemical inhibition of NMII other than depletion of

MYHI10 alone.
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Figure 2.3.15 Depletion of MYH10 and FOXM1 deregulates cytokinesis and
mitotic exit. (A) Western blot analysis of KIF14and AURORA B proteins in H9
cells with or without FOXM1 depletion. (B) Western blot analysis of KIF14and
AURORA B proteins in H9 cells with or without MYH10 depletion. (C)
Immunofluorescence staining of MYH10 in H9 cells at telophase with MYH10

and FOXM1 depletion.
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2.3.10 Summary diagram

Protein

Category

Function

FOXMI

Protein bait of the study

Transcription factor involved in
cell proliferation, cell survival
and pluripotency

MYHI10

Binding partner with

FOXMI

Cytokinesis, cell-cell interaction,
cell motility

MYH9

Protein isoform of

MYHI0

Cytokinesis, cell-cell interaction,
cell motility

OCT4

NANOG

SOX2

Pluripotency marker

Transcription factor controlling
embryonic  development and
stem cell pluripotency

Transciption regulator monitor
embryonic stem cell
proliferation and self-renewal

Transcription factor regulates
embryonic development and
differentiation

BCL-2

Apoptotic marker

Mitochondrial membrane protein
suppressing apoptosis

ROCK1

E-CADHERIN

beta-CATENIN

Adhesive marker

Protein kinase regulates actin
cytoskeleton, adhesion and
cytokinesis via myosin

Adhesion protein co-localized
with  F-actin for
junctional structure in hES cells

maintain

Adhesion protein binds with
E-CADHERIN to maintenance
cell-cell adhesion in hES cells

KIF14

AURORAB

Mitotic marker

Mitotic kinesin directs
cytokinesis by targeting to the
central spindle

Kinase the
regualtion of mitosis including
spindle assembly and cleavage
furrow formation

paricipates  in

CEP170

Mother centriole marker

Protein localizes to the sub-distal
appendages of mother centrioles
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Blebbistatin

Thiostrepton

Blebbistatin

+
SuM 0.5uM . shFOXM1 | shMYH10
Thiostrepton

induced reduced reduced
FOXM1 reduced (- induced (+

() © ® 1o )
MYH10 / / / / Ee(;uced

induced reduced reduced
OCT4 reduced (-- reduced (--

() *) O 1o )

induced reduced reduced
NANOG reduced (-- reduced (--

() *) O 1o )

induced reduced reduced
SOX2 reduced (-- reduced (--

() *) O 1o )
BCL-2 th:;ced reduced (--) | induced (+) unfinished | unfinished
ROCKI1 induced induced (++) | induced (+) reduced (-) reduced

(++) (--)
E-CADHERIN | reduced (--) | reduced (--) | reduced (--) | reduced (-) ?j:)iuced
beta-CATENIN | reduced (--) | reduced (--) | reduced (--) | reduced (-) | reduced (-)
KIF14 z‘_ﬁ;"ed reduced () | induced (+) | reduced (-) | reduced (-)

induced induced induced
AURORAB reduced (-- induced (+

() © ® 1o )

Table 2.3.2 Summary diagram of MYH10 interacts with FOXMI1 in human
embryonic stem cells. Results were compared with control condition. (+)
represents induced; (++) represents highly induced; (-) represents reduced; (--)
represents highly reduced; / represents no obvious change were observed.
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2.4 Discussion

2.4.1 MYH10 is a novel protein binding partner with FOXM1 in human

embryonic stem cells.

As elucidated in section 1.2.3, FOXMI1 is essential to promote cell
proliferation in all dividing cells including human ES cells, which suggests the
indispensible role of FOXM1 as an ageing factor in tissue homeostasis. Here, we
demonstrate that FOXM]1 endogenously binds with MYHI10 in human ES cells
out of other binding proteins from mass spectrometry screens with ageing factors
(Fig. 2.3.2 A, B & Fig. 2.3.3 A, B). The interactions between MYH10 with
FOXO3A and SIRTI were also predicted and confirmed by
co-immunoprecipitations (Fig. 2.3.2 & Fig. 2.3.3). The mutual bindings of
FOXM1 with FOXO3A?" and SIRT1 with FOXO3A?** were verified by other
groups in cancer cell lines. In particular, the role of this novel complex of
MYHI10 and FOXM1 is unexplored in human ES cells. The role of MYH10 and
FOXMI, on its own per se, has not been studied in human ES cells. Our results
suggest that MYH10 may modulate multifaceted cellular activities including
viability, adhesion, cytokinesis and eventually pluripotency together with

FOXM1 in human ES cells.

2.4.2 Blebbistatin-treated cells exhibited increased viability.

The cellular protective function and mechanisms of blebbistatin on

170,172,185
d

dissociated human ES cells were extensively studie . Blebbistatin,

114



which functions as the inhibitor for non-muscle myosin II, can efficiently block
the ATPase activity of MYH9 and MYHI10 to prevent the apoptosis caused by
myosin hyperactivation in dissociated human ES cells '”°. Apoptosis is triggered
by myosin hyperactivation mediated by mitochondrial pathway involving BCL-2
family. This protective function by blebbistatin on dissociated human ES cells
was found to be dosage dependent within the range of 1.25-10uM in long-term
treatment '7°. Hence, we evaluated the effect of blebbistatin on H9 cells for
apoptosis within this dosage range by detection of the protein levels of MYH10
and FOXM1 correlating with BCL-2 level. Four days treatment of 2.5-20uM
blebbistatin on H9 cells showed enhanced apoptosis (Fig. 2.3.7, B). It was found
that blebbistatin treatment can slightly increase the protein level of MYHI10 on a
higher concentration with more dissociated colonies, indicating a possible
compensation of MYHI10 expression in response to the inhibition from
blebbistatin (Fig. 2.3.7C, I*' row). Intriguing, the state of apoptosis depending on
blebbistatin treatment is related to the protein level of BCL-2 showing higher
anti-apoptotic level of blebbistatin below 10uM (Fig. 2.3.7C, 5" row). The
protein level of FOXM1 is correspondingly elevated below 10 uM blebbistatin
treatment while higher concentration of blebbistatin treatment reduced the
protein level of FOXM1 (Fig. 2.3.7C, o row). Overexpression of FOXM]I, in
various tumors, could improve cellular proliferation by upregulation of the

225-227

anti-apoptotic BCL-2 protein . It is hereby plausible to correlate the

expression of FOXM1 with BCL-2 protein level with respect to apoptosis in

115



human ES cells treated with blebbistatin. The inhibition of FOXMI1 by
proteasome inhibitor, thiostrepton, showed selective targeting of FOXMI1 on
multiple cell lines*'* and was tested on our IMR90 epithelial cells (Fig. 2.3.4
A&B) . The effect of thiostrepton on H9 human ES cells was shown to confer
increased cellular toxic at the effective inhibitory concentration (Fig. 2.3.4, C).
Although 0.5uM of thiostrepton treatment was tested to be efficient to inhibit the
protein level of FOXM1 in H9 cells (Fig. 2.3.6A, 3 column), adverse apoptosis
was still observed (Fig. 2.3.4 C & Fig. 2.3.5 C) with downregulated BCL-2 (Fig.
2394, 3" column). Taken together, a combined treatment was designed to
investigate the survival threshold balanced by blebbistatin and thiostrepton (Fig.
2.3.6, B). In the presence of SuM blebbistatin treatment for 48 hours, addition of
0.5 puM thiostrepton, and subsequent 48hours with blebbistatin showed
downregulated FOXM1 and BCL-2 compared with cells treated with blebbistatin
alone (Fig. 2.3.6A, 4" column & Fig. 2.3.9A, 4™ column). Our results showed
that blebbistatin may upregulate FOXM1 to improve cellular survival under low

dosage (2.5uM-5uM) mediated by mitochondrial pathway.

2.4.3 Cell-cell interactions were regulated by Myosin and FOXM1 in
human ES cells via E-CADHERIN/beta-CATENIN and ROCK

axis..

The selective ROCK inhibitor Y27632 was firstly identified to promote

182

cellular survival of dissociated human ES cells in 2007 "*. Further investigations
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found that the dissociation induced apoptosis in human ES cells was triggered by
ROCK activation, which enhanced the phosphorylation of Myosin light chain 2
(MLC2) to activate myosin-actin hypertension and eventually caused cell death
by blebbing '>. We found elevated ROCK1 protein level from H9 cells treated
with SuM blebbistatin for 4 days (Fig. 2.3.10A, I*' row). This increased protein
level of ROCKI indicating an enhanced ROCK activity in response to
blebbistatin-induced dissociation. However, increased ROCKI1 activity was
unable to induce apoptosis through MLC2 due to the chemical inhibition of
blebbistatin on myosin heavy chains (refers to 2.1.7).

The effect of thiostrepton on H9 cells exerts enhanced cellular death with
downregulation of E-CADHERIN and beta-CATENIN at cell-cell junctions (Fig.
2.3.4 and Fig. 2.3.10) inducing the upregulation of ROCK1 (Fig. 2.3.10A, I*
row). The downregulation of FOXM1 was not the trigger of apoptosis per se
after we repeated all tests using genetic knockdown of FOXM1 by RNAi (Fig.
2.3.13 A & D). We postulated that there would be cytotoxicity on embryonic
stem cells from thiostrepton either due to its antibiotic origin, or from
non-specific targeting of proteosomes (refers to 2.1.8), or even from upregulation
of ROCK. Comparing thiostrepton treatment alone with combined treatment of
blebbistatin and thiostrepton, the cytotoxicity of thiostrepton was compromised
by detection of upregulation of anti-apoptotic BCL-2 expression, which may be
induced by upregulation of FOXM1 through blebbistatin (Fig. 2.3.6 & Fig. 2.3.9,

4 column). This protective effect of blebbistatin in the presence of combined
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treatment may attenuate the protein level of ROCKI1 (Fig. 2.3.10A, I row).
However, in contrast with control H9 cells, cells treated with chemical inhibitors
of FOXM1 or MYH10 exhibited upregulated ROCK1 along with downregulated
E-CADHERIN and beta-CATENIN indicated unstable cell-cell interactions in
human ES cells (Fig. 2.3.10A). This instability of cell-cell interactions was also
revealed by the IF staining of E-CADHERIN and beta-CATENIN at cell-cell
junctions in iPSyreo (Fig. 2.3. 10A&B).

Considering the stimulation of ROCKI1 protein level after genetic
knockdown of FOXMI1 (Fig. 2.3.14A, I* row), E-CADHERIN and
beta-CATENIN were also found to be downregulated, showing the sign of
instability of cell-cell interactions after FOXMI1 depletion from H9 cells. (Fig.
2.3.14A, 2" row 3" row). The punctate staining of EECADHERIN confirmed the
observation from Western blotting (Fig. 2.3.14 C, 3 column). We also found that
MYH10-depletion in H9 cells showed dramatic downregulation of FOXM1 (Fig.
2.3.12B, 3" row). However, the protein levels of ROCKI1 and E-CADHERIN
from MYH10 knockdown are in conflicts with the findings from FOXMI
knockdown (Fig. 2.3.14A & B, I & 2™ rows). There is no significant effect on
protein levels of either MYHI0 or MYH9 after FOXM1 knockdown (Fig.
2.3.15¢, 2" & 3™ row). These findings suggested that reduced level of FOXM1
can stimulate ROCKI1 protein level depending on MYHI1O0 level and affecting

cell-cell interactions through E-CADHERIN and beta-CATENIN.
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2.44 MYHI10 exerts distinctive functions from MYH9 in modulating
E-CADHERIN mediated adhesion in human embryonic stem

cells.

HO cells treated with SuM blebbistatin showed dissociated colonies within
24hours'™ and these poorly formed colonies can be maintained up to 4 days in
our experiments (Fig. 2.3.5, B). The inhibition of blebbistatin targeting all
isoforms of non-muscle myosin II heavy chain, including MYH9 and MYH10,
caused discrete cell colonies without localization of MYH10 at the cell-cell
junctions (Fig. 2.3.6C, o column). The adhesion molecule E-CADHERIN was
found to be lost at the junction and diffused in the cytoplasm under blebbistatin
treatment (Fig. 2.3.10B, 2" column). The protein level of E-CADHERIN was
thereby decreased significantly with blebbistatin treatment compared with
compact H9 cells (Fig. 2.3.10A, o column). To access whether MYH9 or
MYHI10 is responsive to the loss of cell-cell junction integrity upon blebbistatin
treatment, we generated specific shRNA oligonucleotide target MYHI10 for
knockdown experiments. Genetic knockdown of MYH10 but MYH9 showed
tight colonies with small projections around the periphery, which is different
from the morphology induced by blebbistatin (Fig. 2.3.13B & Fig. 2.2.5B).
Furthermore, specific depletion of MYH9 with shRNA was carried out by several
groups previously to support that MYH9 controls colony formation through
E-CADHERIN ""*18+1% However, we found that depletion of MYH10 induced

the protein level of EECADHERIN (Fig. 2.3.15B, 2" row). The increased protein
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level of E-CADHERIN failed to enhance the localization at the junctions (Fig.
2.14, 2" column), suggesting the instability of cell-cell interactions in spite of a
tight colony formation. The detection of downregulated beta-CATENIN
suggested a reduced binding of the cytoplasmic domain of E-CADHERIN with
beta-CATENIN to associated the CADHERIN-mediated cell-cell interaction 185,
after MYH10 knockdown. On the other hand, knockdown MYH10 in H9 cells
showed reduced level of ROCK1 protein (Fig. 2.3.15B, I*' row), indicating a
lower activation of ROCKI1 required for the phosphorylation of residual MYH10
and MYH9 to maintain a relatively low tension of actin-myosin in those cells for
colony formation. Our results inferred an alternative pathway governed by

MYH10 through E-CADHERIN other than adhesions.

2.4.5 FOXM1 serves downstream of the adhesion pathway to monitor

pluripotency in human embryonic stem cells.

The role of E-CADHERIN in human ES cells was no longer restricted in the
function of adhesion and survival, but also was related to the maintenance of

8L From previous studies, either genetic depletion of

pluripotency
E-CADHERIN or long-term treatment of blebbistatin can despair the formation
of colonies of human ES cells with profound pluripotent defect '*. An exception
to the inversely higher expression of pluripotent markers in H9 cells treated with
2.5-5uM of blebbistatin due to the fact of low level of E-CADHERIN protein in

response to 5uM blebbistatin treatment (Fig. 2.3.10A, 2" row & Fig. 2.3.7A).

The improvements of cellular viability and pluripotency in human
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embryonic cells treated with SuM blebbistatin or 10uM Y27632 were discovered
earlier and developed into routine culture condition into various applications
170.182.228 * Therefore, there should be an alternative pathway downstream of
myosin activity despite of the protein level of E-CADHERIN to regulate
pluripotency in stem cells. We identified the correlation of FOXM1 with the
protein level of OCT4 and NANOG in response to the dosage of blebbistatin
treatments (Fig. 2.3.7C). The inhibition of FOXMI1 by either thiostrepton or
shRNA targeted FOXM1 knockdown showed repression of all three pluripotent
markers (Fig. 2.3.7A, 3 column & Fig. 2.3.13A). The findings of heterogeneous
expression patterns of OCT4 and NANOG in stem cell populations, which
exhibit distinct differentiation potential "***°, were excluded from chemical
inhibitions of FOXM1 or MYH10 by the observations of homogeneous staining
of OCT4 (Fig. 2.3.7D). To further answer the role of FOXM1 on regulating
pluripotency in human ES cells, we searched the promoter region of OCTY,
NANOG and SOX2 for the FOXMI binding sites. ChIP assay confirmed the
direct binding of FOXM1 on OCT4 promoter provided us concrete evidence on
FOXMI1 controlling pluripotency from transcriptional level (Fig. 2.3.8A&B).
Quantitative analysis of FOXMI1 occupancy on the OCT4 promoter showed
correlations between blebbistatin treatment on FOXMI1’s binding on Oct4
promoter with the protein level of OCT4 (Fig. 2.3.7A & 2.3.8C, 2" columns).

However, adding thiostrepton alone has little effect on FoxM1°’s binding on Oct4

promoter (Fig 2.3.8C, 3 column) while the stemness markers were all decreased
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(Fig. 2.3.7A, 2nd column). The plausible reason can be due to the nature of
thiostrepton, which also acts as a proteasomal inhibitor. In this scenario,
thiostrepton can, theoretically, stabilize other proteins so that the inhibition is not
specific (refers to 2.1.8). In combined treatment, the occupancy of FOXM1 on
Oct4 promoter was greatly decreased (Fig 2.3.8C, 4" column). The protein levels
of all stemness markers were also detected to be reduced (Fig 2.3.7A, 4" column).
We postulate that thiostrepton may competitively bind to the FOXMI1 protein in
this condition to prevent the binding of FOXMI1 with OCT4 promoter
independent of the high protein level of FOXMI1 induced by blebbistatin for
survival. This idea needs to be verified by competition electrophoretic mobility
shift assays and mass spectrometric analysis in the future. The genetic
knockdown of MYHIO displayed a contact colony with upregulated
E-CADHERIN apart with the low level of OCT4 protein was also revealed with
a low state of FOXMI1 protein (Fig. 2.3.12C, 3 column). Collectively, FOXM1
is firstly identified as the transcriptional regulator for pluripotency in response of

myosin mediated adhesion pathway:.

2.4.6 FOXM1 and MYH10 monitors the progression of cytokinesis in

favor of symmetric division in human embryonic stem cells.

Apart from the functions from adhesion, actin-myosin contraction is also
involved in the formation of cleavage furrow and cytokinesis *****'. Thus,

long-term or high dosage exposure to blebbistatin can inhibit cell proliferation *'?
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without improving colony efficiency '**. H9 cells treated with blebbistatin at the
concentrations lower than 20uM was reported to exhibit no binucleated defect'”.
And cytokinesis was proceeded under Y27632% treatment or in our experiment
with 5uM of blebbistatin treatment and genetic knockdown of MYH10 (Fig.
2.3.11B, 2" column & Fig. 2.3.15C, 2" column), indicating the residual
myosin heavy chain is presumably sufficient for cytokinesis.

However, base on the finding of FOXM1 on regulating pluripotency in
response of adhesion pathway, we are speculating the foremost function of
FOXMI1 on mitotic progression will affect the symmetric division of stem cells
in terms of pluripotent alteration. A progressively higher levels of AURORA B
kinase activity was found to be essential for mitotic progression ***. Our findings
of upregulation of AURORA B after genetic knock-down of FOXMI1 and
MYHI10 are related to the downregulation of FOXM1 (Fig. 2.3.15 A&B, 2" row),
suggesting a likely arrest of the mitotic progression due to less MYHI10
recruitment at cleavage furrow (Fig. 2.3.15, C). The protein level of KIF14 on
the other hand decreased in line with reduced FOXMI1 protein level from
knockdown FOXM1 and MYHI10 (Fig. 2.3.15 A&B, 1 row). Because KIF14
was identified to co-localize with the midbody at late stage of mitosis for
efficient cytokinesis from previous study **. And in a recent genome wide screen
of protein-DNA interactions, KIF14 was identified positively regulated by
FOXM1 **°. Therefore, the down regulation of KIF14 from our study indicated

an impaired cell cycle progression suppressed by FOXM1 expression.
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Depending on the phosphorylation site on myosin heavy chain by multiple
kinases, including ROCK and myosin light chain kinase (MLCK), non-muscle
myosin II can regulate adhesion, polarity in cell migration and cytokinesis

differently for each isoform'®”

. AURORA B kinase was reported to be crucial for
promoting non-muscle myosin II localization to the cleavage furrow by
phosphorylation of MLC **°. The upregulation of AURORA B in H9 cells treated
with blebbistatin (Fig. 2.3.11 A, 2 row) revealed a compensating effect resulting
from the inhibition of non-muscle myosin II activity. And the protein level of
KIF14 was hence induced to promote the commitment of cytokinesis (Fig. 2.3.11
A, I row). This promotion of cytokinesis induced by blebbistatin may facilitate
the symmetric division for self-renewal in stem cells to maintain or further
promote the pluripotency, which was supported by our finding of enhanced
recruitment of CEP170 at the midbodies (Fig. 2.3.11 C, o column).

The specific movement of the mother centriole, preferentially associated
with CEP170, to the midbody was reported to terminate the mitosis by abscission
of the parental cell into two equal daughter cells with identical polarity **. We
detected that thiostrepton treated cells consist of supernumerary centrosomes and
mis-localized centrioles at the mid-body, suggesting that FoxM1 may be
important for the polarity required for asymmetric division (Fig. 2.3.11 C, 4"
column), and further points to the direction that FoxM1 may contribute to

stemness through its centrosomal function during cytokinesis. In contrast with

genetic depletion of FOXMI1, thiostrepton treated cells showed downregulated
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AURORA B (Fig. 2.3.11A, 3™ column) and massive apoptotic cells, indicating
the increased inaccurate chromosome segregations under thiostrepton treatment.
Above all, we discovered that MYH10’s association with FOXMI1 in human ES
cells may act as an important protein complex for mitotic progression and proper

symmetric division.
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Chapter 3 Functional role of MYH10 in breast cancer stem-like

cells.

3.1 Introduction
3.1.1 The heterogeneity of breast cancer and cancer stem-like cells.

Breast cancer consists of heterogeneous cell populations. These different
cell types within the tumor mass reveal various degrees of self-renewal
capabilities. Due to the differences in cellular differentiation capabilities, these
cells do exhibit differential angiogenic, invasive, clonogenic and metastatic
properties™’**. Therefore, cancer cells within a tumor can be labeled with sets
of markers revealing a pattern of heterogeneity”*’. When a small fraction of these
cells were transplanted into immunodeficient mice, the xenografts formed would

241

be resembled to their origins within the tumour™ .And those cancer initiating

cells, which show the properties of self-renewal and differentiation for
tumorgenesis, were defined as cancer stem-like cells ***. In the context of breast
tumors, the combination of CD44 and CD24 revealed the heterogeneity within

the tumor mass'”'. As few as 100 cells expressing CD44"¢"/CD24"" can
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establish xenografts in NOD/SCID mice models . It was also found that

CD44"€"/CD24"" is enriched in basal subtype of cancer cell line, such as

MDA-MB231 **. Luminal derived cell line such as MCF7 is mainly expressing
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CD24, indicating its differentiated state Recent work showed that

CD44"€"/CD24"" was not the only markers for breast cancer stem-like cells.
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More defined markers such as aldehyde dehydrogenase (ALDH)**, CD133**
and ABC transporter (ABCG2)**® could help to refine the concept of breast
cancer stem-like cells. Because it was found that different subtypes of breast
cancers from different origins shows diverse degrees of metastasis and invasion
24729 The signature of CD44"€"/CD24" was doubted to represent some, instead
of all, for breast cancer stem-like cells within the tumour™". Indeed, it was
reported that there may be no significant correlation between CD44"€"/CD24"%
prevalence and tumor progression from clinical investigations**, These studies

posted an urgent need on identifying novel markers for breast CSCs.

3.1.2 Breast cancer stem-like cells are preferentially maintained in

non-adherent spherical culture condition.

Human mammary progenitor cells were initially maintained in non-adherent
condition to allow formation of spheroids called mammospheres™'. Single cell
suspension of MCF?7 cells carrying the CD44"/CD24  phenotype can also form
clonal non-adherent mammospheres in non-adherent condition. These
mammospheres were found to be more resistant to radiation therapies®’ or
chemical®? insults compared to their parental cell lines in adherent condition.
These mammospheres can also proliferate extensively and express the master
pluripotent markers detected in embryonic stem cells such as OCT4*> |
NANOG** and SOX2*°. Thus, in vitro mammosphere formation assay is now

widely used to study the underlying mechanisms and pathways of cancer
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stem-like cell growth and survival.

3.1.3 The functional role of FOXMT1 in cancer stem-like cells.

The oncogenic transcription factor FOXM1 was found elevated in the

%5 including in breast cancer”°. The expression was

majority of solid tumors
undetectable in normal epithelial cells with low rate of proliferation'’. It was
reported that FOXM1 was downregulated in differentiated cells''. In the case of
breast cancer, upregulation of FOXM1 was correlated with an undifferentiated
state with poor clinical prognosis®’. FOXM1 is able to act as a transcriptional
repressor to suppress the differentiation of luminal epithelial progenitors™®.
Studies from other tissues uncovered that ectopic expression of FOXMI
promoted epithelial mesenchymal transition (EMT) in pancreatic stem-like

cells®™’

and induced the expansion of the stem/progenitor compartment in normal
epithelial cells”®. FOXMI is also the direct downstream effector of the canonical
WNT/ beta-CATENIN signaling pathway. The WNT pathway is one of the major
signaling pathways in regulating the stem/progenitor cells (refers to 1.1.3),
particularly in glioma stem cells'”>. Inhibition of FOXM1 with RNAi or with
chemical inhibitors such as thiostrepton (refers to 2.1.8) could sensitize
drug-resistant human cancer cells to chemotherapy. Thus, FoxM1 could act as a

potential target for eliminating cancer stem-like cells 2*' 2.
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3.1.4 Non-muscle myosin II plays important role in cancer stem-like

cells metastasis.

One of the distinctive characteristics of cancer stem-like cells is the highly
malignancy with high rates of morbidity and poor prognosis **’. The process of
metastasis was proposed to be initiated by metastatic colonization of cancer
stem-like cells to reach distant sites and generate secondary tumors>**. This
process is usually trigged by the acquisition of epithelial to mesenchymal
transition (EMT). These cells would obtain a mesenchymal phenotype for
migration, and the process could be accomplished through colonization at a
foreign site by another process called mesenchymal to epithelial transition
(MET). MET is a step for the migrated cancer cells to adapt to the new niche®®.
Both processes would require the plasticity, and there are implications that the
non-muscle myosin II isoforms are capable to confer plasticity *°°. For example,

basal-derived tumors are wusually more invasive and metastatic than

luminal-derived tumours®’, while non-muscle myosin II isoforms were mostly

268 268

expressed in breast cell lines correlating to the basal type™" . In the same study™",
the author showed evidence that the switch of non-muscle myosin II from
MYH14 to MYHI10 contributes to breast cancer invasion in response to TGF-f3.
Moreover, it was found that different non-muscle myosin II isoforms could exert
different functions in breast cancer migration **°. For example, MYH9 was found

to be preferentially upregulated in MCF7** and MDA-MB231*" cells for

invasion. On the other hand, MYH10 seems to be able to generate more durable
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force with less energy usage than the other isoforms due to its kinetic

properties®**?7!

, suggesting its role in tension maintenance for proper structure or
microenvironment. Taken together, distinctive non-muscle myosin II isoforms

may contribute to the cancer stem-like cell property of metastasis.

3.1.5 The approach to study the function of FOXM1 and MYH10 in

breast cancer stem-like cells.

The proportions of CD44"/CD24" expressing MCF7 and MDA-MB231 cells
within each cell line, respectively, will be studied by Fluorescence-activated Cell
Sorting (FACS) with anti-CD44 and anti-CD24 antibodies. The population of
CD44"/CD24 will be isolated and maintained in non-adherent condition to allow
the formation of mammospheres. Properties of self-renewal and metastasis will
be used as endpoints to evaluate the cancer stem-like characteristics of the sorted
CD44'/CD24 expressing MCF7 and MDA-MB231 cells.

Chemical inhibitors and genetic knockdown of FOXM1 and MYH10 will be
used to study the functions of this novel protein complex in breast cancer
stem-like cells. pSIREN-shFOXM1/shMYH10 generated from previous work
(refers to 2.2.3) will be transfected into breast cancer cells and sorted for all
functional studies of the cancer stem-like cells. Blebbistatin (inhibitor for
MYHI0, refers to 2.1.7) and thiostrepton (inhibitor for FOXM1, refers to 2.1.8)

will also be used for parallel assays.
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3.2 Materials and Methods.

3.2.1 Inhibitors and plasmids.

pCMV-GFP-MYH10 and pCMV-GFP-MYH9 were generously gifts from
Prof. Robert S. Adelstein from National Heart, Lung and Blood Institute, NIH.
pcDNA3-FOXM1-AN was generously provided from Prof. Erick Lam from
Imperial College London.

Chemicals unlisted refer to 2.2.1.

3.2.2 Cell culture and transfection.

Human breast cancer MCF7 and MDA-MB231 cells were purchased from
American Type Culture Collection (ATCC) and cultured under ATCC
recommendations (details refer to 2.2.2). For non-adherent spherical culture,
1X 10 trypsinized single cells were seeded in a non tissue culture treated 60 mm
polystyrene petri dish (SPL life sciences). Cells are maintained in conditional
medium containing 90% MammoCult basal medium with 10% provided growth
supplement (Stemcell Technologies), 0.2% heparine (Stemcell Technologies), 1%
penicillin and streptomycin (Invitrogen) and 0.0048% w/v hydrocortisone
(Sigma) filtered through 0.22 um syringe filter. Cells were allowed to grow for
1 week to form mammospheres before subculture. Briefly, mammospheres were
centrifuged at 1000 rpm for 3 minutes. Cells were dissociated withl ml of
trypsin-EDTA (Invitrogen) with the assistant of vigorously pipetting and
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neutralized with 2%FBS in PBS. Cells were centrifuged and resuspended with
complete MammoCult medium for splitting.

Routinely, cells were transfected in adherent condition (refers to 2.2.2) and
trypsinized after 48 hours to form mammospheres.

For specific gene knockdown in sorted CD44'/CD24" MCF7 cells, cells
were allowed to grow into healthy spheres at passage 2 and dissociated in single
cell condition. 2pug pSIREN-shRNA plasmids (refers to 2.2.3) with 5 pl
X-tremeGENE HP transfection reagent (Roche Diagnostics) were mixed with
cells in 100ml MammoCult medium for Smins before transfer to petri dish with
complete MammoCult omitted antibiotics. Medium was replaced after 24 hours
with complete MammoCult medium.

All cells were maintained in a humidified incubator (Thermo) supplied with
5% carbon dioxide at 37° C.

Pictures of mammospheres were obtained daily from an inverted
microscope (Olympus CKX41) with a 10X/0.25 php objective. At least 4 fields
of the mammospheres were recorded from each dish. And the diameters of
mammospheres were calculated from 20 representative individuals from all

fields for mean value and standard deviation.

3.2.3 Cell viability assay.

2X10* of cells were seeded into 96-well plate with 200ml medium per well

in triplets. 0-200mM of blebbistatin was administrated to cells for 24 hours. Cells

132



were washed once with PBS and replaced with medium containing 1% MTT w/v
(Sigma) for 4 hours at 37 ° C. The substrate was dissolved in 100ml
DMSO-Ethanol (1:1, Sigma) for 15 minutes at room temperature. The

absorbance was measured at 570 nm by microplate reader (Bio-rad).

3.2.4 Flow cytometry and Fluorescence-activated Cell Sorting (FACS).

Cells were treated with trypsin to obtain single cell suspensions.
Subsequently, cell pellet was washed with 3ml sorting buffer (refers to Appendix
I1) once and concentrated into 100l sorting buffer, of which 10l combinational
fluorochrome conjugated antibodies (Table 3.2.1) against around 6X10° cells
were added and incubated at 4° C for 7 minutes with gentle rocking.
Isotype-matched mouse immunoglobulins were used as controls (Table 3.2.1).
Stained cells were washed 3 times with 200ul sorting buffer and filtered through
cell strainer (BD Biosciences). Cells were kept on ice and prevented from light
before flow cytometric analysis.

For analysis, cells were sorted with FACS Aria I (BD Bioscience) under the
following conditions: nozzle tip diameter (100um) with the threshold rate
(~1,000 events/s) and analyzed by FACS Diva software (BD Bioscience).

For sorting, CD44'/CD24 population was gated according to isotypic
controls and single staining of CD44 or CD24 and collected with drop deflection
after configurations of stream deflection and drop delay following the protocol

from the manufacturer (BD Biosciences).
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Antibody Catalog No. Company Species
APC-IgG 555745 BD Pharmingen mouse
PE-IgG 555428 BD Pharmingen mouse
APC-CD44 559942 BD Pharmingen mouse
PE-CD24 555574 BD Pharmingen mouse

Table 3. 2. 1 Fluorochrome conjugated antibodies for FACS analysis.

3.2.5 Western blot.

Details refer to 2.2.5. Primary antibodies unlisted from 2.2.5 are listed

below for western blot analysis.

Antibody Catalog No. Company MW Species | Dilution
B-actin ab3280 Abcam 42KD mouse 1:1000

EPCAM 3599 Cell Signaling | 40KD Rabbit 1:500

TWIST1 Sc-15393 Santa Cruz | 28KD Rabbit 1:1000

Table 3. 2. 1 Primary antibodies for western blot analysis in breast cancer

stem-like cell research. MW: Molecular Weight.

3.2.6 Immunofluoresence (IF).

Mammospheres were collected and washed with Iml PBS. Cells were

aliquot into 1.7ml Eppendorf tubes with 1ml 4% formaldehyde in PBS (Sigma)

for 10 minutes at room temperature for fixation. Mammospheres were washed

once with cold PBS and permeablized with 0.5% Triton X-100 and 2% BSA in
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PBS for 20 minutes at room temperature. Spheres were washed for 3-4 times and
stained with primary and secondary antibodies as described in 2.2.6 in Eppendorf
tubes. Before mounting, spheres were concentrated into 100ul PBS, of which
10 ul was dropped on a glass slide and sealed with nail polish. Details of

microscope and imageing process refer to 2.2.6.
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3.3 Results

3.3.1 Identification of distinctive MYH9 and MYHI10 expression in

multiple cell lines.

From western blot analysis, MYH10 was detected from all tested cell lines
with the highest expression level in human ES H9 cells and iPSpreo induced
pluripotent stem cells (Fig. 3.3.1 A, I row). The breast cancer cells, MCF7,
cultured in non-adherent condition, would subsequently formed spheroids; it was
reported that these spheroids are enriched with more cancer stem-like cells™'*72,
Here in this study, we detected a higher expression of MYH10 compared to their
counterpart when cultured in conventional adherent condition (Fig. 3.3.1 A, 3 &
4™ columns). The expression pattern of MYH9 in various cell lines differed from
the pattern of MYH10. MYH9 expression in hES and iPS cells was found to be
lower compared to MYH10. MYHO9 protein level was undetectable from MCF7
breast cancer cells, in both adherent and non-adherent culture conditions. MYH9
was found highly expressed in MDA-MB231 breast cancer cells. This cell line
was originally derived from metastatic pleural effusion from the primary site >
HeLa cells (from ATCC), was used as positive control as these cells were known
to express both MYH10 and MYH9 isoforms 274(Fig. 3.3.1 A, last column).

To examine the role(s) of non-muscle myosin II in breast cancer and breast
cancer stem-like cells, blebbistatin was used to inhibit the ATPase binding site of

non-muscle myosin II heavy chain (refers to 2.1.7). Methylthiazole tetrazolium

(MTT) assay was carried out to determine the cytotoxicity of blebbistatin in
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breast cancer cells. Blebbistatin was reported to exert minimal toxicity in various
types of cancer cells at low concentrations. However, it could induce apoptosis
when the concentration is too high. It was postulated that blebbistatin-induced

22213 \We also revealed a

cell death could be due to cytokinesis failure
dose-dependent growth inhibition of MCF7 and MDA-MB231 cells by
blebbistatin from 1uM to 200uM (Fig. 3.3.1 B&C, black dots). However, MCF7
cells which were isolated with the surface markers for CD44"" and CD24°",
exhibit stem-like properties '°! including enhanced drug resistance *”°. We found

that CD44"€"CD24' MCF7 cells showed robust resistant against blebbistatin

and increased viability at the range of 1uM to 50uM (Fig. 3.3.1 B, red dots).
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Figure 3.3.1 Expressions of non-muscle myosin II isoforms are distinctive in
varied cell types. (A) Western blot analysis of non-muscle myosin II isoforms:
MYH10 and MYH9 in multiple cell lines including, induced pluripotent stem
cell (iIPSimroo), human ES cell (H9), cervical cancer cell (HeLa) and breast
cancer cells (MCF7 and MDA-MB231) which cultured in adherent condition or
non-adherent suspension condition (indicated with spheres). (B) Methylthiazole
tetrazolium (MTT) assay performed with MCF7 cells cultured in adherent
condition (black dots) and FACS-sorted CD44"€"/CD24"" MCF7 maintained in

non-adherent suspension condition (red dots) treated for 24 hours with increasing
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dosages of blebbistatin as indicated. (C) MTT assay performed with
MDA-MB231 cells in adherent condition treated for 24 hours with increasing
dosages of blebbistatin as indicated. Cell viability was presented as percentage of

control cells which were untreated with blebbistatin.
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3.3.2 Rho GTPase and ROCK were induced by FOXM1 expression.

Enhanced Rho GTPase and ROCK protein levels were detected in HelLa
cells which were transiently overexpressed with the FOXM1 expression plasmid
(Fig. 3.3.2, 2" and 3" rows). However, upregulation of RhoGTPase and ROCK
was not detected when a NH,-terminal truncated FOXM1 mutant, instead of the
wild-type, was transfected into the HeLa cells (Fig. 3.3.2, 2" and 3" rows). We
noted that the endogenous FOXMI1 protein level was not altered after the
transfection of mutant (Fig. 3.3.2, arrows). Upregulation of RhoGTPase and
ROCK may suggest elevated activities of the upstream of non-muscle myosin II.
Unfortunately, the endogenous expression of MYHI10 was extremely low in

HeLa cells (Fig. 3.3.1&3.2, I*' row).
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Figure 3.3.2 Expression of FOXMI1 induces the protein level of Rho GTPase

and its effector Rho-associated protein kinase. Western blot analysis of

MYHI10, ROCK1, Gho-GTPase8 and FOXM1 proteins in HeLa cells transfected

with either 1pg (+) or 2ug (++) wild type FOXM1 vector or NH,-terminal

truncated FOXM1 mutant (FOXM1-AN).
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3.3.3 Expression of MYH10 and FOXM1 is required to maintain

CD44"2"/CD24"" breast cancer stem-like cells.

3.3.3.1 Inhibition of FOXM1 reduced the CD44"#%/CD24"" breast

cancer stem-like population.

To further investigate the role of FOXMI1 in regulating breast cancer
stem-like cells, FACS was performed on the relatively non- metastatic MCF7 and
metastatic MDA-MB231 breast cancer cells. Adherent and non-adherent culture
conditions (refers to 3.2.2) were established to validate the effect of enrichment
of breast cancer stem-like cells in non-adherent condition (refers to 3.1.2). MCF7
cells-derived mammospheres showed 10 times higher enrichment of
CD44"#/CD24"" cancer stem-like population than adherent MCF7 cells (Fig.
3.3.3 B&D, 2" rows). The metastatic MDA-MB231 cells has a very high
proportion of CD44"/CD24"" cells (99.2%), showing a predominant more
cancer stem-like property compared to unsorted MCF7 cells (Fig. 3.3.3 F, 2™
row). The population of CD44"€"/CD24"Y cells was slightly altered (97.7%) in
non-adherent culture condition, indicating that the change from adherent to
non-adherent culture condition did minimal effect on CSC enrichment in
MDA-MB231 cells (Fig. 3.3.3 H, 2" row).

Genetic knockdown of FOXM1 by shRNA (refers to 3.2.2) showed a
slight decline (-0.4%) of CD44""/CD24"" population as compared to MCF7
cells (Fig. 3.3.3 B, 3 row). MCF7 cells cultured in non-adherent condition

showed more reduced (-1.3%) population of CD44"€"/CD24"" as compared to
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MCF7 cells without transfection in the same culture condition (Fig. 3.3.3 D, 3
row). Nevertheless, there is no obvious shift of CD44""/CD24"" population of
MDA-MB231 cells in adherent condition while a drop of the population (-3%)
was found in non-adherent condition after FOXM1 knockdown (Fig. 3.3.3 F&H,
3 rows).

The chemical inhibitor of FOXMI, thiostrepton (refers to 2.1.8), exerts
clear effect on cancer stem-like property by reducing the expression of
CD447/CD24 on MCF7 cells with -0.7% in adherent and -6.9% in
mammospheres respectively (Fig. 3.3.3 B&D, 4" rows). The scenarios for
MDA-MB231 are more intense than MCF7. The population of CD44"/CD24"

dropped after thiostrepton treatment with -9.7% and -8.6% in adherent and

non-adherent condition, respectively (Fig. 3.3.3 F&H, 4" rows).

3.3.3.2 Expression of MYHI10 is essential for the support of

CD44"¢"CD24"" breast cancer stem-like population.

MCF7 cells cultured in adherent condition form a monolayer supported
by the polystyrene coating of the culture wares. In this specific culture condition,
we detected only a rare cancer stem-like population of CD44'/CD24" breast
cancer cells (less than 2%) within the whole population ?’**” (Fig. 3.3.3 A).

Specific targeting of MYH10 in MCF7 cells was achieved using shRNA
as previous (refers to 3.2.2). The population of CD44"/CD24" was reduced by

2-fold (from 1.6% to 0.8%) in MYHI10-depleted cells compared to the control
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cells transfected with control shRNA (Fig. 3.3.3 B, 6" row). On the contrary, our
Flow Cytometry data revealed that overexpression of MYH10 in MCF7 cells
failed to increase the population of CD44'/CD24  (Fig. 3.3.3 B, 5t row).
Mammospheres formed from MCF7 cells showed an increase of CD44 /CD24"
population after overexpressing MYH10 from 19.7% to 23.7% (Fig. 3.3.3 D, 5t
row). Cells transfected with shMYH10 plasmid showed a diminished population
(from 19.7% to 18.3%) of CD44'/CD24 (Fig. 3.3.3 D, 6" row). We did a parallel
experiment on MDA-MB231 cells in which the cell line comprises a majority of
the CD44"/CD24" population. In line with the MCF7 result, we also detected a
decrease of CD44'/CD24 population after MYH10 depletion in both adherent
condition (-5.8%) and non-adherent condition (-1.6%) (Fig. 3.3.3 F&H, 5t
rows).

The chemical inhibitor of MYHI10, blebbistatin (refers to 2.1.7), exerts
significant effect on cancer stem-like property by reducing the populations of
CD44"/CD24  in both MCF7 and MDA-231 cells. For MCF7 cells, blebbistatin
treatment reduced the CD44"/CD24 population by 1.3% in adherent and by 15.2%
in mammospheres (Fig. 3.3.3 B&D, 7 rows). In MDA-MB231 cells,
blebbistatin treatment reduced the CD44'/CD24 population by 10.4% in
adherent and by 15.2% in mammospheres (Fig. 3.3.3 F&H, 6" rows).

The unstained and isotypic controls for setting up the Flow Cytometry

assays are attached in Appendix III, A-F.
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Figure 3.3.3 Identifications of CD44+/CD24- subpopulations in breast
cancer cell lines after MYH10 and FOXM1 knock down by flow cytometry.
(A) Subpopulations identified by detections of APC-CD44 and PE-CD24 in
monolayer MCF7 cells after MYH10 and FOXMI1 knockdown by flow

cytometry. (B) Percentages of the subpopulations from monolayer MCF7 cells
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with distinctive treatments defined by flow cytometry. (C) Subpopulations
identified by detections of APC-CD44 and PE-CD24 in spherical MCF7 cells
after MYH10 and FOXM1 knockdown by flow cytometry. (D) Percentages of
the subpopulations from spherical MCF7 cells with distinctive treatments defined
by flow cytometry. (E) Subpopulations identified by detections of APC-CD44
and PE-CD24 in monolayer MDA-MB231 cells after MYHI0 and FOXM1
knockdown by flow cytometry. (F) Percentages of the subpopulations from
monolayer MDA-MB231 cells with distinctive treatments defined by flow
cytometry. (G) Subpopulations identified by detections of APC-CD44 and
PE-CD24 in monolayer MDA-MB231 cells after MYHI0 and FOXMI
knockdown by flow cytometry. (H) Percentages of the subpopulations from
monolayer MDA-MB231 cells with distinctive treatments defined by flow

cytometry. Isotype controls were performed for each assay (not shown).
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3.3.4 MYH10 knockdown improves sphere-forming efficiency in sorted

CD44"#"/CD24"™ MCF7 cells.

To understand the function of MYHI10 in facilitating breast cancer stem-like
cell formation, MCF7 cells were stained with APC conjugated CD44 and PE
conjugated CD24. The double-stained cells were sorted for the rare
CD44"/CD24 population and maintained in non-adherent spherical condition for
further analysis. In the previous session, we reported that the CD44 /CD24"
population was reduced by 50% after MYH10 knockdown using FACS analysis
(Fig. 3.3.3&3.4 A). The portion of CD44'/CD24 cells was maintained in
non-adherent condition for up to 7 days to facilitate mammosphere formation. By
Western blotting analysis, MYH10 was efficiently downregulated in sorted
CD44'/CD24" mammospheres at day 7 after the transfection of shMYHI0
plasmid into MCF7 cells. (Fig. 3.3.4, B). Knockdown of MYHI10 facilitated the
formation of mammospheres observed in a long-term period (up to 7 days) (Fig.
3.3.4, C). The enhancement of mammosphere formation is statistically significant
compared with CD44"/CD24” MCF7 mammospheres without transfection for the
corresponding days (Fig. 3.3.4, D).

The unstained, isotypic, and single stained controls against APC-CD44 and

PE-CD24 for the gating set up are attached in Appendix III, G&H.
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Figure 3.3.4 Inhibition of MYH10 improves sphere-forming efficiency from

CD44""/CD24"" breast cancer stem-like cells. (A) FACS reports of adherent
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MCEF7 cells non- or transfected with pSIREN-shMYH10 vector stained with
anti-CD44 and anti-CD24 antibodies. Population of CD44"/CD24" was collected
for spheroids culture. (B) Western blot analysis of MYH10 protein from MCF7
cells non-transfected or transfected with pSIREN-shMYH10 vector and cultured
in spheroid condition for 7 days after collection from the population of
CD44"€"/CD24"Y by FACS. Lysate from MCF7 cells cultured in adherent
condition was displayed for comparison. (C) Representative bright-phase images
of MCF7 CD44'/CD24 spheroids for 7 days with or without MYHIO
knockdown. (D) Chart of the diameters of MCF7 CD44"/CD24" spheroids with
or without MYH10 knockdown in the indicated days. Diameters were measured
from images recorded from 4 random fields. Mean=+ SD. Statistical analysis was

done using Student’s t test. *, P<0.01, significant.

3.3.5 CD44"2"/CD24"" cells with MYH10 knockdown show decreased

property of cancer stem-like cells.

Western blot analysis was performed to study the potential mechanisms of
MYHIO in breast cancer stem-like cells. As a result of a more compact
3-dimentional structure, the protein level of E-CADHERIN was much higher in
CD44'/CD24" MCF7 mammospheres compared with MCF7 cells seeded in
monolayer (Fig. 3.3.5 A, I row). The protein level of E-CADHERIN was
reduced after MYH10 knockdown (Fig. 3.3.5 A, I row). The staining from

immunofluorescence against MYH10 (Fig. 3.3.5 B, leff) and E-CADHERIN (Fig.
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3.3.5 B, right) revealed high expression levels of E-CADHERIN and MYH10
localized at the cell-cell junctions. However, MYH10 and E-CADHERIN was
either reduced or completely not expressed at the cell-cell junctions after
MYHI10 knockdown (Fig. 3.3.5 B, insets).

The population of CD44"¢"/CD24"" sorted from MCF7 cells revealed
cancer stem-like properties with enhanced protein levels of the pluripotent
markers such as SOX2* and EPCAM?”® (Fig. 3.3.5 A, 2" and 3" rows). The
stemness was reduced when CD44"€/CD24"™ MCF7 cells were depleted with
MYHI10 (Fig. 3.3.5 A, 3 column). Cancer stem-like cells exhibit higher
potential for metastasis with increased protein level of TWIST1?”’. In agreement
with the literature, we also detected a downregulation of TWIST1 after MYH10

knockdown (Fig. 3.3.5 A, 4™ row).
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Figure 3.3.5 Inhibition of MYHI10 in CD44""/CD24"" MCF7 spheroids
showed reduced characteristics of cancer stem-like cells.(A) Western blot
analysis of E-CADHERIN, SOX2, EPCAM and TWIST1 proteins from MCF7
cells untransfected or transfected with pSIREN-shMYH10 vector and cultured in
spheroid condition for 7 days after collection from the population of
CD44"¢"/CD24"Y by FACS. Lysate from MCF7 cells cultured in adherent
condition was displayed for comparison. (B) Fluorescence images of MCF7
CD44"/CD24  spheroids with or without MYH10 knockdown stained with
antibody against MYHI10 (left) or E-CADHERIN (right) at day 7 (Scale

bar=100pum).
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3.3.6 ROCK-MYH10 pathway is responsible for the increased efficiency

of MCF7 CD44""/CD24"" sphere formation.

MCF7 CD44"/CD24" cells was transfected with the pCMV-GFP-MYHI10
plasmid (refers to 3.2.2), and subsequently verified by western blot after
mammosphere formation at day 5 (Fig. 3.3.6A, I row). ROCK inhibitor
(Y27632), which was reported to increase sphere-forming efficiency from
primary colon cancer cells”™ was used to verify if the MYHI10-mediated
mammosphere-forming ability was associated with the ROCK pathway. We
verified that the exposure of CD44"#/CD24"°Y cells to Y27632 at a concentration
of 5uM would facilitate mammosphere formation, suggesting that
MYH10-mediated mammosphere formation capability is associated with ROCK
(Fig. 3.3.6B, top panel, and Fig. 3.3.6C, cyan bars). Overexpression of MYH10
reversed the phenotype in which mammosphere formation ability was affected
(Fig. 3.3.4C vs. Fig. 3.3.6B, I*' row of the bottom panel), when cells were treated
with 1-10 uM of Y27632 (Fig. 3.3.6B, bottom panel and Fig. 3.3.6C, purple
bars). No obvious size difference was observed between non-transfected cells
and mock-transfected (transfection without plasmids) cells (Fig. 3.3.6B, middle
panel and Fig. 3.3.6C, navy blue bars). The sizes of MCF7 mammosphere were
more significantly decreased by overexpression of MYHI10 compared with

non-transfected and mock-transfected cells at SuM Y27632 treatments from day

2 (Fig. 3.3.6C, cross-line bars).
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Figure 3.3.6 Expression of MYHI10 can suppress the sphere-forming
efficiency from breast cancer stem-like cells. (A) Western blot analysis of
MYHI10 protein from MCF7 cells untransfected or transfected with empty vector
(Mock) or MYHI10 vector (0xMYH10) and cultured in spheroid condition for 5
days after collection from the population of CD44"€"/CD24"" by FACS. (B)
Representative bright-phase images of MCF7 CD44"/CD24  spheroids for 5 days
with or without MYH10 overexpression, and treated with 0-10uM Y27632. Cells
transfected with empty vector were cultured under same conditions and displayed
for comparison (Mock). (C) Chart of the diameters of MCF7 CD44"/CD24
spheroids with or without MYH10 overexpression and treated with 0-10pM
Y27632 in the indicated days. Cells transfected with empty vector were cultured
under same conditions and displayed for comparison. Diameters were measured
from images recorded from 4 random fields. Mean =+ SD. Statistical analysis was

done using Student’s t test. *, P<0.01, significant.
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3.3.7 ROCK inhibitor promotes CD44"¢"/CD24"" cancer stem-like
population in breast cancer cells, which requires non-muscle

myosin II participation.

As mentioned, ROCK inhibitor (Y27632) improves the in vitro growth of
ES cells by inhibition of ROCK to prevent myosin hyperactivation (refers to
2.1.3). The potential of inducing cancer stem-like population in breast cancer
cells with Y27632 treatment was carried out in luminal MCF7 cells and basal
MDA-MB231 cells. The proportions of CD44'/CD24" expressing cells increased
were markedly by the ROCK inhibitor, Y27632, with 3.3% increase in MCF7
cells and 11.6% increase in MDA-MB231 cells, respectively (Fig. 3.3.7 B&C).

For luminal derived MCF7 cells, genetic knockdown of MYH10 reduced
the fraction of CD44"/CD24 with around 1.5% from 19.7% to 18.3% and from
19.7% to 18.0% in two independent experiments (Fig. 3.3.3D, 6" row & Fig.
3.3.7B, 3" row). Moreover, depletion of MYH10 from MCF7 can prevent the
induction of the proportion of CD44"/CD24 by Y27632 from 23.0% to 18.3%
(Fig. 3.3.7B, 4" row). Notably, the proportion of CD44'/CD24" in MYH10
knockdown alone (18.0%) remained similar level as (18.3%) MYHI10 depleted
cells in Y27632 (Fig. 3.3.7B, 3 & 4™ rows). Enforcing MYHI0 or MYH9
expression can both restore the enrichments of CD44"/CD24 cells in the presence
of Y27632 from 19.7% to 22.1% for MYH10 overexpression and to 21.1% for
MYH9 overexpression (Fig. 3.3.7B, 5" & 6™ rows).

For basal derived MDA-MB231 cells, the scenario is different from MCF7
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cells probably due to the high expression of MYH9 in MDA-MB231 cells (Fig.
3.3.1A, 2™ row). Knockdown of MYHI10 in MDA-MB231 spheres showed
increased population of CD44'/CD24 compared with non-transfected cells
from 83.4% to 91.0% (Fig. 3.3.7C, 3" row). However, compared with cells
treated with Y27632 alone, MYH10 depleted MDA-MB231 cells showed
reduced proportion of CD44"/CD24" from 95.0% to 89.5% (Fig. 3.3.7C, 2 &
4" rows). Similar to MCF?7 cells, the proportion of CD44'/CD24  in MYH10
knockdown MDA-MB231 cells (91.0%) is as similar as (89.5%) the MYHI10
depleted MDA-MB231 cells in Y27632 (Fig. 3.3.7C, 3 & 4™ rows). In contrast
with MCF7 cells, overexpression of MYHIO only slightly induced the
proportion of CD44'/CD24" even in the presence of Y27632 compared with
non-transfected MDA-MB231 cells from 83.4% to 84.0% (Fig. 3.3.7C, 5t row).
Overexpression of MYH9, on the hand, greatly increased the population of
CD44"/CD24” MDA-MB231 cells in Y27632 from 83.4% to 93.2% (Fig. 3.3.7C,

6" row)
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Figure 3.3.7 Identifications of CD44"/CD24" subpopulations in breast cancer

cell lines treated with Y27632 regarding to MYH10/MYH9 expression by

flow cytometry. (A) Subpopulations identified by expression of APC-CD44 and
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PE-CD24 in spherical MCF7 cells (top) or MDA-MB231 cells (bottom) without
or with MYH10 knockdown (shMYH10) or overexpression (0xMYH10) in the
presence with or without 10uM Y27632 by flow cytometry. Spherical cells
transfected with MYH9 vector (0xMYHY9) and cultured with 10 uM Y27632
were displayed for comparison. (B) Percentages of the subpopulations from
spherical MCF7 cells with distinctive treatments defined by flow cytometry. (C)
Percentages of the subpopulations from spherical MDA-MB231 cells with

distinctive treatments defined by flow cytometry.

161



3.4 Discussion

3.4.1 Verification and isolation of CD44""/CD24"" breast cancer cells

with cancer stem-like cell characteristics.

Pioneering work by Al-Hajj uncovered that human mammary tumors
encompass stem cell and non-stem cell components, in which only the stem cell
fraction can contribute to tumorigenesis upon transplantation into

101

immunodeficient animals . These cancer stem-like cells were described as a

CD44'/CD24" phenotype, showing enhanced invasiveness and multidrug

resistance 2**276

. We selected 2 types of typical breast cancer cell lines with
different origin: luminal derived MCF7 cells and basal derived MDA-MB231
cells to study. Luminal breast cancer cell lines are mainly enriched with
CD447°"CD24Me" cells, while basal breast cancer cell lines are enriched in the
CD44"/CD24™" cancer stem-like phenotype ***. We used APC conjugated CD44
and PE conjugated CD24 antibodies to target MCF7 and analyzed with
fluorescence-activated cell sorting (FACS) (Fig. 3.3.4, A). The population of
CD44'/CD24" was collected and maintained in non-adherent condition for sphere
formation. In vitro assays, revealing an increased drug resistance of blebbistatin
existed in sorted CD44"/CD24" cell population (Fig. 3.3.1, B). Furthermore,

marker for mammary stem progenitor (EPCAM)>"®

was found to be highly
expressed in the CD44"/CD24  cell population (Fig. 3.3.5A, 3™ row).
CD44'/CD24 " population sorted from MCF7 cells also displayed an increased

expression of one of the master embryonic pluripotent markers (SOX2)*° (Fig.
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3.3.5A, 2" row). The relatively high expression of the marker (TWIST1) for

2 suggested a potentially more

epithelial-mesenchymal transition (EMT)
invasive CD44'/CD24  sorted population (Fig. 3.3.5A, 4" row). A small
number of sorted CD44'/CD24" cells were successfully xeno-transplanted into
NOC-SCID mice for in vivo tumor formation study (animal work done by other
team members, data not shown, refers to acknowledgment). Collectively, our data

provide us a reliable model to study and characterize breast cancer stem-like

cells.

3.4.2 Justification of the potential role of FOXM1 in promoting the

maintenance of cancer stem-like cells in breast cancer.

It was reported that FOXM1 expression is elevated in multiple tumors with

256,25 -
27 and .corresponding to the

poor patient outcome including breast cancer
cancer stem-like cell phenotype in pancreatic cancer cells % Therefore, in this
study, we have examined the potential role of FOXM1 in maintaining the cancer
stem-like cells in MCF7 and MDA-MB231 breast cancer cells. This was
achieved by chemical and genetic knockdown of FOXMI1. The results from
chemical and genetic knockdown of FOXMI1 showed distinctively reduced
CD44"/CD24  populations (Fig. 3.3.3 B-H, 3 and 4" rows) with a higher
efficiency from chemical treatment. The more effective reduction of
CD44"/CD24 population from thiostrepton may partially due to its cytotoxicity

on breast cancer cells’’*. The less effective inhibition of CD44"/CD24"

population from genetic knockdown of FOXMI1 may also due to the low
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efficiency of transfection in MCF7 and MDA-MB231 cells (data not shown). A
further investigation on HeLa cells, which was optimized for transfection in our
lab, revealed that the expression of FOXM1 may well be responsible for
mediating the Rho-GTPase and ROCK1 pathways (Fig. 3.3.2). The finding that
overexpression of the AN-FOXM1 mutant alone, which lacks the NH,-terminus
of FOXM1, did not cause the upregulation of Rho-GTPase and ROCK1 (Fig.
3.3.2, arrows), suggesting the NH,-terminus of FOXMI1 is required for

regulation of the Rho-GTPase and ROCK1 pathways.

3.4.3 MYHI10 expression is essential to support the cancer stem-like

component in breast cancer.

We found that MYH10 is highly expressed in human ES cells and MCF7
cells cultured in spherical condition, which enriches more breast cancer stem-like
cells (Fig. 3.3.1A). Considering our finding of the protein complex of MYHI10
and FOXMI1 in human ES cells (Fig. 2.3.3) and the previous findings of the

1 we investigated the

essential role of FOXMI in cancer stem-like cells
promising role of MYH10 in breast cancer stem-like cells. Similarly, genetic and
chemical inhibitions were employed to study the role of MYHI10 on the cancer
stem-like CD44'/CD24" cells. Significant reduction of the CD44'/CD24
populations could be achieved by blebbistatin treatment (Fig. 3.3.3B-H, last

rows). Genetic knockdown of MYH10 resulted in a decline of the CD44"/CD24

population in MCF7 cells. In contrast, overexpression of MYH10 reinforced the
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CD44/CD24  population in mammospheres (Fig. 3.3.3B&D, 6" rows),
suggesting the promotion of cancer stem-like cells by MYH10 may require a
microenvironment which mimics the intratumoural environment in vivo. Genetic
knockdown of MYHI10 alone, in MDA-MB231 cells, did not exert the same
efficiency as blebbistatin treatment (Fig. 3.3.3F&H, 5" & 6" rows), which may
due to the existence of MYH9 in MDA-MB231 cells (Fig. 3.3.1 A, 2™ row). The
expression of MYH9 may compensate the function of MYHI10 after MYH10
knockdown in MDA-MB231 cells. It is also possible that MYH9 exhibits
different function from MYHI10 in basal derived breast cancer cells*”’. Some
signature markers for cancer stem-like cells, including SOX2, EPCAM and
TWISTI, were all reduced after MYH10 knockdown in CD44"/CD24 cells,
supporting that downregulation of MYH10 can induce the cells to shift to a more
differentiated state. Moreover, the loss of E-CADHERIN expression and proper
location at cell-cell junctions, suggesting a loose aggregation of the sphere with
differentiated cells. Based on those findings, we can conclude that MYHI10 is

essential for the maintenance of breast cancer stem-like cells.

3.4.4 Rho Kkinase inhibitor facilitating mammosphere formation is

associated with MYH10 expression.

The finding of ROCK inhibitor that promotes the formation of spheroids

and survival of colon cancer stem-like cells™, assists us to unravel the

underlying mechanism of the inhibition of ROCK in cancer stem-like cells. After
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we found that the knockdown of MYH10, which is the direct effector of ROCK1,
can mimic Y27632 treatment in breast cancer stem like cells by increasing
spheroid formation in CD44°/CD24 MCF7 cells (Fig. 3.3.4). The direct
connection was confirmed by a rescue experiment when CD44"/CD24" MCF7
cells were ectopically expressed with MYH10 and co-treated with Y27632 (Fig.
3.3.6).The promotions of sphere formation by Y27632 were correlated to its
enhancement on the population of CD44"/CD24 in breast cancer (Fig. 3.3.7
B&C, 2™ rows). However, the increased size of MCF7 mammospheres after
MYH10 knockdown showed decreased proportion of CD44'/CD24" (Fig. 3.3.7 B,
3 row), which also reduced the proportion of CD44"/CD24" cells induced by
Y27632 (Fig. 3.3.7 B, 4" row). The introduction of ectopic MYH10 or MYH9
only shifted the stem-like component slightly, indicating the presence of MYH10
is required for the maintenance of cancer stem-like population and sphere
formation. In contrast with MCF7 cells, overexpression of MYH9 but MYH10
can greatly increase the cancer stem-like population in the presence of Y27632 in
MDA-MB231 cells. This opposite effect in MDA-MB231 cells, offered us to
consider the distinctive role of MYHY in basal derived cancer stem-like cells
again (Fig. 3.3.7 C). Taken together, the expression of non-muscle myosin II may

be critical in the maintenance of breast cancer stem-like cells in vitro.
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Chapter 4 Conclusion and suggestions for future study

4.1 Conclusion

Two of my projects started with the novel identification of protein
interactions between FOXM1 and MYH10. In human embryonic stem (ES) cells,
we used chemical inhibitors of MYH10 (blebbistatin) and FOXM1 (thiostrepton)
to investigate the effects of suppression of the identified targets. We found that
blebbistatin treated cells can induce FOXMI1 expression, and subsequently
facilitate viability and self-renewal in human ES cells t. In this study, we deduced
that FOXM1 can direct regulate pluripotency through binding onto the OCT4
promoter. OCT4 expression could thus be regulated in response to blebbistatin.
The induction could be detected by Chromatin Immunoprecipitation (ChIP) assay.
The inhibition of the MYH10 and FOXMI1 complex can affect AURORA
KINASE B and KIF14 expression; resulted in supernumerary centrioles. The
presence of extra copies of centrioles affected mitosis in hES cells. By using
retroviral mediated shRNA knockdown,which represents specific targeting, we
found that the chemical toxicity of thiostrepton on human ES cells may not be
due to FOXM1-silencing. It also proved that the presence of this newly identified
protein complex: FOXM1 and MYHI10 may be essential for self-renewal and
pluripotency. We deduced that the modulation of ROCK, E-CADHERIN and
beta-CATENIN by FOXM1, may involve MYH10. The phenotype after MYH10

knockdown differs from blebbistatin-treated cells. The difference in phenotype

167



prompted us to investigate the differential functions between MYH9 and MYHI10,
together with FoxM1, in human ES cells.

In the cancer stem cell study, we also evaluated the roles of MYH10 and
FOXMI in cancer stem cells. After successful isolation and identification of
cancer stem-like cells, we used genetic knockdown and chemical treatments to
suppress the MYH10 and FOXMI1 complex in cancer stem-like cells. We found
that the identified complex, MYH10/FOXMI1, may be critical for the
maintenance of cancer stem-like cells, particularly in non-adherent culture
condition which favors the formation of mammospheres. Knockdown MYH10 as
well as inhibition of Rho kinase can efficiently induce mammospheres formation
in MCF7 cancer stem-like cells, of which the induction of size is independent on
its stem-like population for MYHI10. MYHIO and MYH9 contribute
differentially in cancer stem-like cell maintenance depending on their cancer

origin.

4.2 Suggestions for future study.

4.2.1 Potential binding of MYH10 with FOXO3A and SIRT1 in human

embryonic stem cells.

As one of the initial three ageing factors for screening, SIRT1 and FOXO3A
probed out a common band at 225KD as same molecular weight as the one from

FOXMI1 (Fig. 2.3.1 A). The result from mass spectrometry also predicted that
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band from SIRT1 as MYH10 with a score of 80 for high identity (Fig. 2.3.2 C, D
& Table 2.3.1). Moreover, in vitro assay also showed endogenous binding of
MYH10 with FOXO3A and SIRT1 in H9 and iPSprep cells (Fig. 3.3.1 C-F). We
only focused on the study of the interaction between FOXM1 and MYHI10 in
stem cell research. However, both SIRT1 and FOXO3A are significant in ageing;
it will be our great interests to investigate their potential crosstalk with MYH10

for hES cells survival and maintenance.

4.2.2 Clarification of a differential function of MYH10 from MYHD9 in

human embryonic stem cell.

After the discovery of using Y27632 to dissociate hES cells'™, further
investigations using Y27632-mediated actin-myosin contractility could induce
apoptosis in human embryonic cells. The actin-myosin contractility may involve
both MYH9 and MYH10'”’; however, the precise role of MYHI10 in the
induction of this phenotype is still unclear. From Walker’s study, rescue

experiment was designed to prove that MYH9 instead of MYHI10 is responsible

170

for the enhanced survival in mouse ES cells . The weakness of this study may

lie on the fact that, unlike hES cells, mouse ES cells are resistant to

181

dissociation-induced apoptosis Therefore, the conclusion derived from

170

Walker’s report " is debatable. Detailed investigations from Li’s report185

showed specific gene depletion of MYH9 by shRNA targeting. They revealed

that colony dissociation in human ES cells after MYH9 depletion, similar to

185

blebbistatin treatment . In contrast, report from Chen using siRNA targeting
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against MYH9/MYHI10 in human ES cells did not show colony dissociation'®*,
Instead, Chen et al observed cell spreading, which is another phenotype from
blebbistatin treatment'®*. Both articles tried to show evidence of the role of
MYH9 as the sole reason for cell blebbing. And association with various
phenotypes by same targeting of MYH9. They also reached the ambivalent
conclusions for pluripotency from blebbistatin treatment. The data from us
showed that MYH10 knockdown retains the colony integrity with protrusions at
the periphery, which matched with Chen and Li’s descriptions for cell spreading
and projections '**'®. We hypothesized that MYH10 may act differently from
MYH9 on stem cell spreading, where genetic knockdown of MYH9 is urgent for
further study. We connected the change in pluripotency induced by blebbistatin
with FOXM1 expression and binding on OCT4 promoter. The discrepancy from
previous findings is, at least in part, due to the technical difficulty regarding gene
manipulations in human ES cell. A more reliable gene transfer system may be

required.

4.2.3 Validation the function of MYH10 and FOXM]1 during mitosis for

determination of symmetric or asymmetric division.

Our findings of poor locations of centrioles at the midbody after
thiostrepton treatment showed a sign of asymmetric division, more details of
work are required to elaborate by genetic depletion of FOXM1. Moreover, to
justify whether the process is undergoing symmetric or asymmetric division,

markers to define the parental and daughter cells are essential, of which limited
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work was explored in human ES cells. Inspiration from the proper location of the
mitotic spindle for the determination of asymmetric division in cancer,”™ may
offer us an opportunity to study in stem cells by tracking the movement of
centrioles by staining of CEP170,CEP120 or PLK2 for discrimination of mother
and daughter centrioles. It might also offer us the chance to get insights of the
cancer stem cell model by better understand the faithful control of ES cell

mitosis.

4.2.4 Mechanisms of MYH10 and FOXMI1 in cancer stem-like cells.

Our data showed that MYH10 and FOXMI1 are both essential to maintain
the CD44""/CD24"" cancer stem-like property in MCF7 breast cancer cells.
However, we did not find direct connection between those two proteins in breast
cancer cells by lacking the evidence of protein to protein or protein to DNA
direct interactions. Our finding of FOXM1 (N terminus) positively regulates
non-muscle myosin II in HeLa cells needs to be further demonstrated in breast
cancer cells as well as the immunoprecipitation assay. More efficient gene
targeting of MYH10 and FOXM1 may be required to rectify the uncertainty of
stem-like populations in MDA-MB231 cells. The study from Ohata revealed that
CD44 was induced by Rho kinase inhibition as well as blebbistatin in colon
cancer stem-like cells, which increases the size of spheroidszgo. However, in our
observation there is no size induction by blebbistatin in primary MCF7 spheroids

without CD44'/CD24  sorting (data not shown). And the CD44°/CD24
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populations were dramatically suppressed after blebbistatin treatment in 2 breast
cancer cell lines in either adherent or non-adherent condition. Based on our
finding that CD44'/CD24” MCF7 and MDA-MB231 cells positively response to
Y27632 treatment as Ohata’s report, and MYH10 and MYH9 showing
distinctively properties in two cell lines in response of Y27632. Detailed
investigations by gene knock down of MYHI10 and MYH9 together with
blebbistatin treatment in CD44'/CD24° MCF7 and MDA-MB231 cells are
necessary to explain whether this effect is cell line dependent. The finding that
sphere forming ability is not equivalent to tomoigenic recently*™ has provided us
an alternative explanation for induced sphere-size with lower cancer stem-like
population in our model for MYH10 knockdown. However, animal experiment
for tumor transplantation in NOD/SCID mouse is essential and more stringent in
vivo assay for testing the self-renewal and tumorigenic properties of cancer

stem-like cells.
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Appendix I Conditions for retroviral production, infection and selection of
target cells. (A) Western blot analysis of FOXM1 and MYH10 proteins in MCF7
cells after transfection of varied clone of pSIREN-shFOXMI1 (left) or
pSIREN-shMYHI0 (right) plasmids. (B) Western blot analysis of MYHIO0
protein in H9 cells after infection of 300ul (®,®@)or 1000ul (®,®) virus
collected from GP2-293 packing cells co-transfected with Sug

pSIREN-shMYH10 and 2.5ug pVSV-G (®@,®) or 2.5ug pVSV-G, 2.5ng
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pAmpho and 2.5ug 10A1 (®,®). (C) Western blots analysis of MYH10 and
FOXMI proteins in H9 cells. GP2-293 packing cells were transfected with 8ug
pSIREN-shMYH10 and were supplied with Ipg/ml (®), 2ug/ml (®) and
3ug/ml (@) puromycin for 8 days for selection of stable packing cell lines before
transfection of 2.5ug pVSV-G, 2.5ug pAmpho and 2.5ug 10A1to produce virus

to infect H9 cells.
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Appendix II
The formulas of buffer from section2.2 and 3.2 are listed as below:
RIPA buffer IP buffer
NaCl 150mM Nacl 150mM
Tris-HCL, pHS8.0 S0mM Tris-HCL, pH7.5 S0mM
NP-40 1% EDTA SmM
Sodium deoxycholate 0.5% NP-40 0.5%
SDS 0.1% Triton X-100 1%
Coomassie Brilliant Blue Staining Destaining Solution
Methanol 40% Methanol 30%
Aceticacid 10% Aceticacid 10%
Coomassie Brilliant Blue R-250 1.025%
SDS-PAGE 4% stacking gel (2 minigels)
7500l

SDS-PAGE 10% running gel (2 minigels)
30% Polvacrvlamide Sml 30% Polvacrylamide
Milli-Q water 4.3ml Milli-Q water 4.4ml
1.0 MTris-HCL, pH&.8 5.6ml 1.0M Tris-HCL, pH6.8 750ul
10% SDS 75ul 10% SDS 30ul
10% Ammonium Persulfate 75ul 10% Ammonium Persulfate 30ul
151l TEMED 6ul

TEMED
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Cell sorting buffer for FACS Cell fixation for IF
HEPES 25mM 3.7% Paraformaldehyde* 5ml
EDTA SmM 2XPHEM buffer Sml
1% FBS Sml *Boil 0.2g paraformaldehvde in 5 ml water with
10ulNaOH (5N)
1% Penicillin and Streptomycin Sml
2X PHEM buffer
Autoclaved PBS 460 ml
PIPES 120mM
Filter through 0.22 um filter
HEPES S0mM
EGTA 100mM
MgSO, 100mM
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Appendix 111

A MCF7 monolaver

Unstain

IgG control Control
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Cell line Culture condition  Treatments CD44°/CD24- CD44*/CcD24* CD44/CD24* cDaa/cD24
MCF7 monolayer Unstain 0.0 0.2 3.4 96.4
MCF7 monoclayer 1gG control 0.0 0.1 3.6 96.3
MCF7 monclayer Control 1.6 74.6 18.3 5.5
B MCF7 spheres
Unstain IgG control Control
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APC-CD44
Cell line Culture condition  Treatments CD44°/CD24- CD44*/CcD24* CD44/CD24* cDaa/cD24
MCF7 sphere Unstain 0.0 0.0 1.3 98.6
MCF7 sphere 1gG control 0.1 0.1 1.6 98.3
MCF7 sphere Control 19.7 16.0 13.8 50.6

Appendix III A, B refer to the unstained and IgG control of Fig. 3.3A-D
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C MDA-MB231 monolayer
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Cell line Culture condition  Treatments CD44°/CD24 CD44°/CD24° CD44/CD24* cD44/cD24

MDA-MB231 monolayer Unstain 0.0 0.0 0.0 99.9
MDA-MB231 monclayer 1gG control 0.0 0.0 0.0 99.9
MDA-MB231 monolayer Control 99.2 0.0 0.0 0.7
MDA-M spheres
D MDA-MB231 sph
Unstain IgG control Clontrol
CD44-CD24+ CD44+CD24+ 'c"'; CD44-C024+ CD41+C021+‘9‘5 CD44-CD24+ CO44+C024 4]
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Cell line Culture condition  Treatments CD44°/CD24 CD44°/CD24° CD44/CD24* cD44/cD24

MDA-MB231 sphere Unstain 0.0 0.1 0.5 99.4
MDA-MB231 sphere 1gG control 0.0 0.1 0.5 99.4
MDA-MB231 sphere Control 97.7 0.8 0.0 1.5

Appendix III C, D refer to the unstained and IgG control of Fig. 3.3E-H
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E MCF7 spheres
Unstain IgG control Control
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Cell line Culture condition  Treatments CD44°/CD24 CD44°/CD24° CD44/CD24* cD44/cD24
MCE7 sphere Unstain 0.0 0.0 0.1 99.9
MCE7 sphere 1gG control 0.1 0.0 0.0 99.9
MCF7 sphere Control 19.7 24.9 11.3 44.1
F MDA-MB231 spheres
Unstain IgG control Clontrol
L %
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APC-CD44
Cell line Culture condition  Treatments CD44°/CD24 CD44°/CD24° CD44/CD24* cD44/cD24
MDA-MB231 sphere Unstain 0.0 0.0 0.0 99.9
MDA-MB231 sphere 1gG centrol 0.0 0.0 0.0 100.0
MDA-MB231 sphere Control 33.4 0.0 0.0 16.6

Appendix III E, F refer to the unstained and IgG control of Fig. 3.7.
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MCF7 monolayer Control

Unstain IgG control APC-CD44 PE-CD24 Control
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Cellline Culture condition  Treatments CD44°/CD24 CD44°/CD24" CD447/CD24* CD44/CcD24
MCF7 monclayer Unstain 0.0 0.0 0.0 100.0
MCF7 monclayer IgG control 0.1 0.0 0.1 99.8
MCF7 monolayer APC-CD44 336 0.0 0.0 66.3
MCF7 menclayer PE-CD24 0.0 0.1 90.8 9.0
MCF7 monolayer Control 1.9 54.0 35.9 8.2
H MCF7 monolayer MCF7 —shMYHI10
Unstain IgG control APC-CD44 PE-CD24 Control
j ] 55
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Cell line Culture condition Treatments CD44°/CD24 CD447/CD24* CD44/CD24" CD44/CcD24
MCF7 —shMYH10 monoclayer Unstain 0.0 0.0 0.0 99.9
MCF7 —shMYH10 monolayer lgG control 0.1 0.0 0.1 99.9
MCF7 —shMYH10 monolayer APC-CD44 13.0 0.0 0.1 86.9
MCF7 —shMYH10 monclayer PE-CD24 0.0 0.0 63.3 36.7
MCF7 —shMYH10 monolayer Control 1.0 17.2 53.9 27.9

Appendix III G, H refer to the unstained, IgG control and single stain of
APC-CD44 and PE-CD24 for gating the FACS of Fig. 3.4A.
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