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ABSTRACT 

The demonstration that simply by introducing four selected proteins it is 

possible to change mammalian somatic cells from one phenotype to another 

is providing important new opportunities in medicine. However, this 
approach has several limitations. In contrast to other methods of changing 

cell fate such as cloning and cell fusion it is very slow, very inefficient and it 

is necessary to have identified the key transcription factors. In both cloning 

and fusion the nucleus is exposed to the cytoplasm of the recipient cell and it 
is this that changes nuclear function. With the hope of creating the same 

effect, extracts from cells of the desired cell type have been introduced into 

candidate cells. This induced some changes in cell function, but did not 

change cells from one phenotype to another. The aim of this project was to 

improve methods for the introduction of extract when human skin cells were 

exposed to extracts of mouse pluripotent stem cells.  

During early studies, it was noticed that external materials could enter cells 

spontaneously at a specific stage of cell cycle, metaphase. When cells in 

metaphase were exposed to cell extracts pluripotent cell-like colonies were 
formed. These cells expressed markers of pluripotency such as SSEA4 and 

Tra-1-60 and could form embryoid bodies that would further differentiate to 

all three germ layers.  

Unfortunately this protocol was found to be unrepeatable. In subsequent 

studies the temperature of exposure to extract was raised from 37oC to 40oC 
with the aim of promoting the fluidity of the cell membrane and so 

enhancing uptake of extract. A new treatment regime was introduced to 

increase the proportion of cells exposed to extract while in metaphase. A new 

protease inhibitor was introduced in order to promote persistence of the 

extract within the cells. Also, a new TLR3 agonist was introduced to enhance 

chromosome modification. After these modifications were made pluripotent 

cell-like colonies formed within 14 days of treatment with extract and these 

colonies were positive for alkaline phosphatase live staining. Further 

research is required to complete the development of a routine procedure.  
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Chapter 1 

General Introduction 

 

1.1 General Background 

Stem Cell Basics 

Stem cells are defined as cells that functionally have the capacity to self-
renew and retain the ability to generate differentiated cells, which means 

they could generate cells identical to themselves as well as produce progeny 

with limited plasticity. (Weissman et al. 2001; Smith 2001). This description 

also applies to embryonic stem cells (ESC). ESCs are able to form all different 

cell types of the body. However during development and aging of an 
organism, the number of the stem cells reduces, their self-renewal capacity 
decreases and their differentiation abilities become restricted. This principle 

applies to both and adult stem cells and committed progenitor cells which 

will be discussed in the following texts. There is another way to describe 

stem cells by its potency. As shown in Figure 1.1, stem cells are classified by 
potency: totipotency, pluripotency, multipotency and monopotency. 

Totipotent stem cell is able to give rise to offspring as well as to generate all 

types of cells of the body, and it can self-renew. Self-renew is the ability to 

generate a progeny cell that is identical to the maternity. Pluripotent stem 

cells are generally the same as the totipotent stem cells but not capable to 

generate offspring (Odorico et al. 2001). Multipotent stem cells are a type of 

adult stem cells that are able to generate all kind of cells from the same germ 

layer, multipotent cells can self-renew, but they are not immortal (Ratajczak 
et al. 2007; Pagani et al. 2003). When multipotent stem cells continuously 

differentiate, monopotent cells can form. Monopotent cells are commonly 

described as downstream progenitor cells which can only differentiate to one 

or few type of cells, and they do not self-renew (Weissman 2000; Morrison et 
al. 1997; Morrison & Weissman 1994).    
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The primary reasons to drive stem cell research and its applications are 

aimed at regenerative medicine. When cells, organs and tissues are damaged 

or destroyed by diseases, ideally regenerative medicine is expected to 

produce customized cells for replacing or restoring required cells (Hipp & 
Atala 2008). This may involve producing appropriate cells by tissue culture 
in the laboratory, and their transplantation into the patient or the generation 

of appropriate cells in situ by the administration of biologically active 

compounds (Huang et al. 2010). The importance of focusing on regenerative 

medicine research over the years is due to the high demand for organs and 

tissues, in order to treat the continually growing number of awaiting patients 
for transplantation therapy. By producing the required stem cells such as 

progenitor cells in vitro, rather than from organ donation, would create 

Figure 1.1  General Introduction of different types of stem cells.  
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tremendous opportunities for generation of abundant cell sources including 

patient-specific cells to replace damaged cells and potentially treat diseases 

such as Parkinson’s and Alzheimer’s diseases as well as leukemia and 

diabetes etc., (Santamaria et al. 2011; Ali et al. 2013; Fitzpatrick et al. 2009; 
Israel & Goldstein 2011). For example, one of the most important 

pathological features of Parkinson’s disease is now known as the progressive 

loss of nigrostriatal dopamine (DA) neurons, which causes the debilitating 

motor deficits associated with the disease. By combining the understanding 
of the pathological features of the disease with stem cell knowledge, 

scientists would be able to generate large numbers of DA neurons from ESC 

sources, which is followed by the idea of starting clinical transplant trials 
with these cells (Ali et al. 2013).  

Stem cell studies also create massive opportunities for studying the 

mechanisms behind the developmental progression of certain diseases, 

which could help practically in genetic control of the progression by 

monitoring the development of the targeted stem cells derived from patient-
specific cells.  

To sum up, the major objectives for stem cell research are the isolation and 

characterization of stem cells from all cell lineages; reprogramming research; 

self-renewal; plasticity research and clinical application. Certainly, by 

understanding essential mechanisms of stem cells and stem cell derived 

disease-models, would be of great advantage not only for the scientific field 

but for the clinical field (Odorico et al. 2001). 

 

Embryonic stem cells 

In the embryo, cells at the early stage after fertilization have the ability to 

become embryonic stem cells (ESC), which were first isolated and derived by 
Evans and Martin in 1981 (Martin 1981; Evans & Kaufman 1981). By culture 
of blastocyst stage embryos they established mouse pluripotent stem cell 
lines, which were confirmed to have normal diploid karyotype and were able 



! 15!

to differentiate into tissue types of all three germ layers (ectoderm, 

endoderm, and mesoderm) from embryoid bodies (EB) in vitro, and to form 

teratocarcinomas after subcutaneous injection into syngeneic mice. These 
assessments became the gold standard for characterizing pluripotentiality. 

Theoretically, in defined conditions ESCs can be maintained in an 
undifferentiated state indefinitely, with rapid proliferation, and they are able 

to generate any cell type of all three germ layers in defined culture 

conditions (Odorico et al. 2001). 

Other mammalian ESCs can be derived from the inner cell mass (ICM) cells 

of blastocyst-stage embryos also, including nonhuman primates and humans 

(Thomson et al. 1995; Thomson et al. 1998). In 1998, Thomason derived 

human ESC from cleavage-stage human embryos produced by in vitro 

fertilization for clinical purposes. Based on his derivation procedure, 5 

human ESC lines were generated (H1, H7, H13, H14 and H19), all of which 

were confirmed to form teratomas after injection into mice and all of the 

teratomas contained cell types from the 3 germ layers (Thomson et al. 1998).  

The use of human embryonic stem cells (hESC) is certainly promising, 

however there are several problems surrounding use of hESCs. Theoretically, 

all hESCs are pluripotent and able to differentiate to multipotent or 

terminally differentiated cells, but since hESCs are mostly derived from the 

ICM of a blastocyst there are ethical concerns about using the human embryo 

as the starting material. Also as with donated tissue, an obvious obstacle to 

potential medical applications of hESCs is the probability of immune-
rejection because the cells are almost certain to be genetically and 

immunologically different to the patients. Immune rejection has limited 

transplantation and gene therapy and clearly would have the same effect 

upon stem cell therapy particularly with hESC. To overcome this issue, 

immunosuppresive drugs were used, but immunosuppression of patients 

has revealed many drug-related problems/complications including poor 

wound healing, opportunistic infections, drug-related toxicities, skin 

malignancies, and post-transplant lympho-proliferative disorders (Odorico 
et al. 2001).  
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Alternatively, scientists now also can derive pluripotent stem cell lines with 

other methodologies, such as cloning (Markoulaki et al. 2008), cell fusion 

(Cowan 2005) and induced reprogramming (Takahashi & Yamanaka 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2   The description of the generation of hESC by Somatic 
cell nuclear transfer technique. The figure is directly copied from the 
website: http://phys.org/news/2013-05-successfully-human-skin-cells-
embryonic.html 
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The generation of Dolly the sheep (Wilmut et al. 1997), by somatic cell 

nuclear transfer (SCNT) has shown not only an opportunity to clone an adult 

mammal, but also hinted that the technique could be potentially used for 

ESC derivation. The advantage of this technique is obvious, because the 

derived ESCs are almost identical to the nuclear-donor, which means that 

immune-rejection following its therapeutic transplantation would be greatly 

reduced. Therefore, the method for generation of nuclear transfer derived 

embryonic stem cells (ntESC) was named ‘therapeutic cloning’. Most 

recently, Mitalipov, et al. and his colleagues successfully reprogrammed 

human skin fibroblasts into ECSs using the SCNT technique, which opens a 

door to obtain in vitro reprogrammed cells that would be identical to the 

donor cells (Tachibana et al. 2013). 

The cell fusion technique basically uses somatic cells fused with 
undifferentiated cells such as embryonic carcinoma cells (ECC), embryonic 

stem cells (ESC) or embryonic germ cells (EGC). The undifferentiated cells 

should induce epigenetic changes in the somatic nucleus, and the hybrid 

cells as a whole would have a stable tetrapoid DNA content, with the 

morphology, growth rate and antigen expression patterns characteristic of 

hES cells (Miller & Ruddle 1976; Tada et al. 1997; Tada et al. 2001; Cowan 
2005). Tada achieved a similar result by fusion of embryonic stem cells with 

somatic cells (adult thymocytes) showing that ESC can reprogramme and 

change somatic cell fate (Tada et al. 2001). 

 

Adult stem cells 

ASCs have been widely found in many tissue sources, including skin, 

muscle, brain and bone marrow (Ratajczak et al. 2007; Pagani et al. 2003). 
ASC undergoes self-renewing division, generating at least one identical 

daughter cell, to maintain ASC numbers. Normally after the cell division, the 

other daughter cell would be committed to differentiate and become a 

progenitor, precursor, and eventually terminal differentiated cell. ASCs are 
normally multipotent, meaning that though restricted to the original lineage 
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of the given tissue, they robustly repopulate themselves, but also generate 

differentiated daughter cells of the same lineage, in order to replace the 

damaged or destroyed tissues, and consequently maintain the organisms 

functionally stable and steady internal environment.  

Compared to ESCs, utilizing ASCs has many advantages. Although, ESCs 

are pluripotent, which can provide all the cell types within an organism, the 

ethical concerns and the technical limitations are the biggest obstacles that 

could delay or prevent their application in the clinic field. Whereas for ASCs, 

theoretically, they would not form tumors, also there are no ethical concerns 

of obtaining ASCs for research or clinical uses.  

 

Progenitor cells   

Unlike ESCs or ASCs, progenitor cells only have limited proliferation 

capacity and differentiation potential, and they do not self-renew. During 
several rounds of cell division, progenitor cells generate two progeny, both 

of which would be terminally differentiated cells. For example, 

hematopoietic stem cells (HSC) give rise to multipotent progenitors, whose 
further progeny are oligo-lineage-restricted, such as the common lymphocyte 

progenitor and common myeloid progenitor, which differentiate further to 

megakaryocyte, erythrocyte progenitors, or granulocyte/monocyte 

progenitors (Weissman 2000; Morrison et al. 1997; Morrison & Weissman 
1994). The plasticity of these downstream progenitors is even more limited, 

and will eventually only produce terminally differentiated cells i.e. 

lymphocyte, erythrocyte, granulocyte and monocyte etc., completing 

production of mature haematopoietic cells. None of these progenitors have 

been found capable of dedifferentiation or self-renewal (Kondo et al. 1997; 
Akashi et al. 2000).  
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Reprogramming and induced pluripotent stem cells 

As mentioned above, embryonic stem cells are a promising source for 

regenerative medicine, which has attracted a great deal of attention from 
investigators and clinicians. For the same reasons, the innovative generation 

of induced pluripotent stem cells (iPSC), which will be discussed below, has 
emerged as an even better opportunity to produce customized pluripotent 

stem cells from somatic tissues, which can be applied in the studies of 

patients with degenerative diseases or organ failure as well as experimental 

applications for basic science, drug discovery, drug screening and drug 

toxicology.  

In 1958, John Gurdon proved that a Xenopus laevis nucleus from a 

differentiated cell from a tadpole could guide the development of a sexually 
mature individual when transplanted into the cytoplasm of an unfertilized 
Xenopus oocyte (Gurdon et al. 1958). This can be considered as the earliest 

report of cellular reprogramming. More recently, the success of the cloning 

technique has been demonstrated using mammalian cells i.e. creation of 

‘Dolly the sheep’ (Wilmut et al. 1997) by nuclear transfer, and for other 

animals using terminally differentiated cells such as mouse sensory neurons 

and lymphocyte (Eggan et al. 2004; Hochedlinger & Jaenisch 2002a). These 
have all demonstrated that the genome of individual adult mammalian cells 

is able to generate a viable cloned animal. Demonstrating that the nuclei of 

differentiated cells share the same genomic coding as embryonic stem cells, 

and that the developmental differences between stem cells and 

differentiated cells are reversible epigenetic modifications rather than 

permanent genetic differences (Hochedlinger & Jaenisch 2002b). This means 
that the mammalian oocyte must contain certain factors that are able to alter 

gene expression patterns of the genome in order to change cell fate. 

Technically, the description of the conversion of fibroblasts into myocytes by 

force expression of a mammalian transcription factor (MyoD) had proved 

that the force expression of certain ‘master regulator’ gene can induce a cell 

fate change to the given lineage (Davis et al. 1987). 
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These above fascinating studies, control of cell fate, stem cell research and 

forced gene expression, came together following a critical observation from 

cellular reprogramming studies using the cell fusion technique (Miller & 
Ruddle 1976; Tada et al. 1997; Tada et al. 2001; Cowan 2005). These 
experiments indicated that pluripotent stem cells might contain certain 

factors that could drive somatic cells towards dedifferentiation. 

Apart from the technical possibilities, the selection of key transcriptional 

factors is important. According to literature, numbers of factors had shown 

great importance in ESCs in term of maintaining the pluripotency, such as 

Oct4 (Okumura-Nakanishi 2004), Nanog (Mitsui et al. 2003), Sox2 (Anon 
2007) and Klf4 (Li et al. 2005), etc. Also, the studies of the ESCs culture 

condition and key growth factors (basic fibroblast growth factor, bFGF and 

leukemia inhibitory factor, LIF) played essential role for bringing the 

reprogramming to reality (Thomson et al. 1998; Evans & Kaufman 1981; 
Martin 1981). 

With the idea of changing cell fate by force gene expression as demonstrated 

above, in 2006, Takahashi and Yamanaka inferred that embryonic stem cell-
specific genes might be able to substitute for ESC cytoplasm and be used to 

reprogramme somatic cells to the pluripotent state. To test this hypothesis, 

retroviral vectors were used to over-express 24 candidate genes in mouse 

somatic cells (Takahashi & Yamanaka 2006). In order to ensure that rare 

reprogramming events were detected, they developed a system in which the 
activation of ESC/early embryo-specific gene Fbx15 by the reprogrammed 

cells would stimulate those cells to be Geneticin drug-resistant (G418). They 
showed that control somatic cells (mouse embryonic fibroblasts, MEF) 
without Fbx15 gene expression were killed during drug screening. Then they 

introduced each of the 24 candidate genes into the MEFs individually, the 

cells still died during the drug screening, which indicated that activation of 

the 24 candidate genes separately was not able to reprogramme cells towards 

pluripotency. However, when all 24-candidate genes were introduced to the 

cells simultaneously, some of the cells successfully survived the drug 

screening procedure, which indicated that those cells were possibly 
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reprogrammed. Also, these surviving cells showed ES cell morphology and 

proliferation characteristics. Further analysis confirmed that these cells had 

lost expression of fibroblast-specific genes, and acquired ESC-specific gene 
expression, including Oct3/4, Nanog, Cripto, Dax1, Zfp296 and FGF4. 
Further, when single-elimination tests of the 24 candidate factors from the 

original gene transduction were tried, they identified 10 key factors. And 

after another two rounds of screening, they eventually narrowed down the 

essential factors from 10 to 4, which are Oct3/4, Klf4, Sox2 and c-Myc. 
Takahashi and Yamanaka named these cells, “induced pluripotent stem cells 

(iPSC)”.  

This novel cell fate changing technique was named as ‘reprogramming’, 

which is based on the concept that forced gene expression of the four 

reprogramming factors (Oct3/4, Sox2, Klf4 and c-Myc) would completely 

change candidate somatic cells to the ESC-like pluripotent stem cells. 
Because the iPSCs can still maintain the iPSC phenotype even after 
transgenic expression is lost, it indicates the endogenous expression of the 

pluripotency-related genes was activated, and also means the expression of 

the four reprogramming factors (Oct3/4, Sox2, Klf4 and c-Myc) is only 

transiently required. As an effect of transfection is not seen immediately it 

appears that the reprogramming event is gradual possibly with intermediate 

stages. This observation was later confirmed by several studies. Known 

pluripotency markers such as alkaline phosphatase (AP), stage-specific 
embryonic antigen 1 (SSEA1), Nanog and Oct4 were analyzed and found AP 
was activated firstly followed by SSEA1 expression. The transgene were 

force activated in the first 15 days and followed by endogenous Oct4 and 
Nanog gene expression lately after 15 days (Brambrink et al. 2008). Similar 
study was also done and found reprogramming is not simply the reversal of 

the normal developmental processes, but still follows an orderly sequence of 

stage transitions (O'Malley et al. 2013).   

In order to evaluate whether the iPSC is truly a pluripotent stem cell, iPSCs 
were injected subcutaneously into syngeneic mice for teratoma formation 

test. Results showed these iPS cells could form all three germ layers 
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(Ectoderm, mesoderm and endoderm). Also, when these iPS cells were 
introduced into blastocysts by microinjection, the histological analysis 

confirmed that iPS cells contributed to all three germ layers as expected; 
however, no live chimeric mice were born within the first study.  

Although iPSCs can be successfully generated by the virus-mediated 
technique, serious concerns have been raised because of the possibility of 
long-term instability and tumorigenicity, which may be caused by genetic 
integration of retroviral or lentiviral material. These critical concerns have 

driven scientists to seek new methods of reprogramming including some 

that do not require virus. 

 

Problems and limitations of the initial reprogramming technique 

As mentioned above, the novel retroviral reprogramming technique has 

proved cell fate can be reversed and somatic cells can be reprogrammed. 

However, this viral technique itself introduces limitations, prohibiting its 

uses in clinical application (Maherali & Hochedlinger 2008) i.e. integration 

into the recipient genome.  

Another problem is robust identification of the reprogrammed cell as having 
all the attributes of ESCs. In early experiments, Mouse iPSCs could not be 
defined as being equivalent to ESC as they only had expression of some ESC 

markers and did not achieve chimeric mice (Takahashi & Yamanaka 2006).  

In addition to the problem of identifying reprogrammed cells, there are 

technical difficulties that need to be solved, such as the inefficiency and 

requirement for 1 month or 2 to produce a stable iPS cell line (K. Kim et al. 
2010). Also, the virus-mediated reprogramming technique creates 

unacceptable risks of permanent transgene integration issues, which might 

cause genomic alteration, possibly reactivation of viral transgenes and raise 
serious clinical concerns; last but not least, the reprogramming factors Klf4 

and c-Myc are oncogenic.  



! 23!

Gradual improvements of retroviral reprogramming techniques 

After realizing the obstacles, scientists decided to move on to an idea of 

using a new genetic screening method for identifying iPS cells. Okita, et al. 
inferred that incomplete reprogramming might be due to the Fbx15 

expression selection system, as Fbx15 is a non-essential factor to pluripotent 

cells. If this is the case, then by using other better selection markers, more 

ESC-like iPS cells might be generated. So Nanog was chosen as a candidate 

marker of such, since Nanog is more closely associated with pluripotency 
(Okita et al. 2007), and it was hoped that this change would help to generate 

better iPS cells, more similar to natural ES cells. Three separate groups 

(including Yamanaka) used this method and each generated iPS cells. Via 
global gene expression patterns and analysis of chimerism, these three iPSC 

lines were shown to be essentially very close to mouse embryonic stem cells 
(Maherali et al. 2007; Okita et al. 2007; Wernig et al. 2007). Although the 

efficiency of reprogramming using Nanog to screen for iPS cells was ten 

times lower than in the Fbx15-selection system, the Nanog-screening system 
was more reliable. More importantly, by comparison, Nanog-selected iPS 
cells were more conducive to chimera formation. Adult chimaeras were 

obtained from seven Nanog-iPS cell clones, one clone being transmitted 

through the germ line to the next generation. However, despite the 

improvement in screening, approximately 20% of the offspring developed 

tumors, which were thought to be due to the reactivation of the c-Myc 
transgene (Okita et al. 2007). 

Zhao et al. (X.-Y. Zhao et al. 2009), reported that using iPS cells in tetraploid 

complementation  assay (technique) no live offspring were produced unlike 

in previous studies (Wernig et al. 2007; J. B. Kim et al. 2008), This indicated 
that the potential reprogrammed cells (iPSCs) were not fully pluripotent. It 

was suggested that this might possibly be due to the slow and inefficient 

reprogramming process. However, the issue was solved when knockout 

serum replacement was used instead of normal fetal bovine serum (FBS) in 

both mouse and human ESC cultures (Byrne, Nguyen & Reijo Pera 2009b; 
Cheng et al. 2004), which resulted in a large number of miPSCs producing 
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pups in the tetraploid complementation assay. Through this comprehensive 

work, several iPSC lines were proved capable of generating viable, fertile 

live-born progeny by tetraploid complementation, demonstrating that iPS 

cells can achieve full pluripotency comparable to ES cells. 

Apart from the miPSCs generation, scientists also focused on reprogramming 

human somatic cells with the hope of the potential for producing autologous 

cells for regenerative medicine. Within a short time, human iPS cells were 
generated, by retroviral transduction in Shinya Yamanaka’s lab (Takahashi et 
al. 2007), while at the same time another individual group focused on the 

generation of human iPS cells with different set of transcription factors (Oct4, 
Sox2, Nanog and Lin28) (J. Yu et al. 2007). Also, Park et al. from George 

Daley’s lab worked on producing hiPSCs from diseased patient cells, such as 

Shwachman-Bodian-Diamond syndrome, Gaucher disease type III, 
Duchenne and Becker muscular dystrophy, Parkinson disease and 
Huntington disease (HD) (Park et al. 2008).  

Yamanaka’s group used human adult dermal fibroblasts as the candidate 

cells and demonstrated that iPS cells can be generated from them with the 

four previously established transcription factors (mOct3/4, mSox2, mKlf4, 
and mc-Myc) (Takahashi et al. 2007). The retroviral transduction efficiency 

was optimized by introduction of the mouse retroviral receptor (Slc7a1) to 

human fibroblasts, and iPS cell colonies were then isolated by morphology. 

Subsequent research confirmed these iPS cells were truly reprogrammed by 

expression of hESC-markers including Oct3/4, Nanog, Sox2, GDF3, Rex1, 
Fgf4, ESG1, DPPA2, DPPA4 and hTERT. These cells were then shown to 

differentiate into cell types of the three germ layers in vitro and formed 

teratomas in vivo (Takahashi et al. 2007). Around this time, Park, et al. used 
the same four transcriptional factors (Oct3/4, Sox2, Klf4 and c-Myc), 
suggested in Yamanaka’s paper (Takahashi et al. 2007) but utilized the 
equivalent human transcriptional factors to reprogramme differentiated 

cells. The candidate cells were differentiated hES cells, which were 
genetically transformed with human GFP-Oct3/4 as a screening marker. 
Transfection of the four human reprogramming factors (hOct3/4, hSox2, 
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hKlf4 and hc-Myc) using retrovirus successfully reprogrammed the hESC-
derived differentiated cells (fibroblast-like). Two hiPSC lines were 

successfully generated from two types of candidate embryonic fibroblasts, 
which confirmed that human primary cells can be reprogrammed with a 

relatively higher efficiency (around 0.1%) than using mouse transcription 

factors (Park et al. 2008). Although there was no comprehensive data clearly 

showing different combinations of transcriptional factors could affect the 

outcome of reprogramming different cells and there was no thorough 

comparison of the reprogramming efficiency of different cell types been 
made, it was still found in this study that adult primary fibroblasts seemed 

more refractory to reprogramming compared to human fetal and neonatal 

fibroblasts. And in this study, human adult primary fibroblasts were 

successfully reprogrammed to pluripotent stage by introducing two 

additional factors, hTERT and SV40 large T (Park et al. 2008).  

Having demonstrated that reprogramming of human cells is possible, 
improving the technique especially the efficiency and replacement of viral 

vectors became a major target. Researchers then started to focus on 

reprogramming factors and alternative reprogramming methods. The 

common criticisms and concerns of the reprogramming technique at that 
time were mostly about the inappropriate use of the iPSC generation 

methodology to produce cells for clinical applications and experimental, 

diagnostic or therapeutic purposes. Concern is not only because of c-Myc 
being as an oncogene, but also the consideration of using retrovirus. 

Retrovirus has large number of retroviral integration sites (Bushman 2007),  
which can easily mutate and cause carcinoma. Therefore, the finding of a 

safer way for human cells reprogramming started to attract a lot attention.  

Different combination of transcriptional factors without oncogene were used 

and confirmed can reprogramme somatic cells. Yu et al., used four 

transcriptional factors (Oct3/4, Sox2, Nanog and LIN28) to reprogramme 
human differentiated cells (J. Yu et al. 2007). Within this experiment, the 
endogenous Oct3/4 promoter was used to control the expression of a drug-
resistance gene (neomycin phosphotransferase) in order to identify 
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alternative reprogramming factors to replace c-Myc. The candidate cells for 

these reprogramming experiments were derived from differentiated hES 

cells, and eventually were reprogrammed and so returned to the 

undifferentiated stage. Also, human embryonic and newborn fibroblasts 

were proved to be reprogrammable with this different transcription factor set 

as well, which demonstrated these different four factors also have the ability 

to reprogramme human primary cells. Same as reported by Yamanaka, these 

iPS cells also expressed ESC-specific marker genes, and were able to 

differentiate into all three germ layers, demonstrated in vivo teratoma 

formation (J. Yu et al. 2007). With the same purpose of avoiding the use of c-
Myc in the reprogramming procedures, and use of as fewer factors as 

possible, Nakagawa, et al. tried to reprogramme mouse or human fibroblasts 

without c-Myc. The results showed that three factors (Oct3/4, Sox2 and Klf4) 
could reprogramme both mouse and human fibroblasts. However, it seemed 
that the reprogramming procedure needed a longer time for transduction 

and drug-selection, which meant that the absence of c-Myc extended the time 
required for the reprogramming process (Nakagawa et al. 2008). In another 

experiment, to reduce the number of essential exogenous factors, Kim, et al. 

attempted to use endogenous cells which already had high self-expression of 

classic reprogramming factors as the candidate cells for iPS cell production (J. 
B. Kim et al. 2008). For example, mouse adult neural stem cells (mNSCs), 
express high-levels of endogenous Sox2 and c-Myc. Using mNSCs as the 
reprogramming candidate showed, as might be expected, a requirement for 

fewer exogenous factors. Actually, adult neural stem cells (NSC) needed only 

two factors (Oct3/4 and Klf4 or Oct3/4 and c-Myc) to generate iPS cells. 

These two-factor based iPS cells expressed typical ESC markers, gave rise to 

all three germ layers in teratoma formation and passed the chimerism test. 
Also, no tumors were observed in the chimeric mice.  

 

Strategies for enhancements of reprogramming efficiency 

As mentioned above, technical aspects of the initial reprogramming 

methodology need to be optimized, such as inefficiency and the length of 
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time required for the procedure. Applied to all reprogramming strategies, 
low efficiency is described that majority of the cells after reprogramming 

treatment would be triggered to start reprogramming but would stop at a 

point that been described as intermediate stage (Banito et al. 2009; Polo et al. 
2012; Mikkelsen et al. 2008). In order to improve the efficiency, studies had 

been done in trying to understand the route map of the reprogramming as 

well as the role of each transcriptional factor involved in the reprograming 

process. As shown in figure 1.3, it was noticeable that E-Cadherin was up-
regulated at day 3, while Alkaline phosphatase and Fbx 15 (early markers of 

the pluripotent cells) expression had gradually increased. Endogenous Oct4 
and Sox2 expression were only detected in the later stage during the iPSC 

generation, which is consistent to the observation that Fbx15 as selected at 

the indicator for pluripotent cells in the first iPSC generation paper was 

inefficient to isolate the fully reprogrammed cells(Takahashi & Yamanaka 
2006). However, different observation to above was reported that 

endogenous Oct4 expression was up-regulated in very early stage while 
Nanog and Sox2 were observed up-regulated in late stage of the 

reprogramming process! (O'Malley et al. 2013). Both observations were 

processed in the viral reprogramming system on mouse models. In this case, 

further exploration on this matter is still needed.  

 

 

 

 

 

 

 

Figure 1.3  Strategy for Isolating Reprogramming Intermediates. 
Expression analyses of indicated genes at day 0, 3, 6, 9, and 12 of 
reprogramming and in established iPSCs (black lines depict Thy1+ 
populations (Thy1 is a fibroblast associated marker); red lines depict cells 
undergoing successful reprogramming as defined by red arrows. The 
figure is directly copied from the paper: A Molecular Roadmap of 
Reprogramming Somatic Cells into iPS Cells. 
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Other reports on discovering the low reprogramming efficiency and its slow 
process was focused on the chromatin demethylation process (Hochedlinger 
& Plath 2009). For this reason, the first strategy for improving the efficiency 

of the factor induced reprogramming system was to overexpress certain 

factors or knockdown other factors. As mentioned above, using two extra 

factors, human telomerase (hTERT) and SV40 large T antigen (SV40 LT), 

upregulation of their expression resulted in relatively higher efficiency in 
reprogramming of human primary fibroblasts (Park et al. 2008). Another 

study showed, by combining the classic OSKM four factor reprogramming 
system with p53 knockdown and UTR1 (target gene of Oct4-Sox2 

heterodimer (Nishimoto et al. 1999)),reprogramming efficiency was 

improved about 100-fold (Y. Zhao et al. 2008). 

Apart from using additional factors in the reprogramming cocktail or 

reducing the expression levels of certain factors the strategy of using small 
molecules has also been considered as method that might greatly improve 
reprogramming technology. As shown in figure 1.4, the figure taken from a 

review which Bo Feng, et al. assembled, summarizes current published 
information about chemicals that promote reprogramming (Feng et al. 2009), 
several small molecules and their pathways are thoroughly described. It 
seems most of the chemicals are associated with chromatin modification 

including DNA methylation or demethylation, histone methylation or 

acetylation. For example, valproic acid (VPA) was one of the best chemicals, 

having the greatest effect on enhancing reprogramming efficiency (Huangfu 
et al. 2008).  

The analysis also showed that the application of small molecules in the 

reprogramming process could not only enhance reprogramming efficiencies, 

but also substitute for certain reprogramming factors, i.e. VPA and G9a 
histone methyltransferase (BIX-01294). VPA could be used to substitute for 

Klf4 and c-Myc in the reprogramming process. Shi, et al. used BIX, a G9a 

histone methyltransferase inhibitor (BIX), which when added into the two 

factor transduction of neural stem cells further improved reprogramming 

efficiency (Shi et al. 2008). Also, the addition of BIX to Sox2, Klf4 and c-Myc 



! 29!

allowed reprogramming of mouse fetal neural stem cells in the absence of 

Oct3/4. 

By continuing small molecule high-throughput screening, recently, it was 
reported that miPSCs can be generated completely by only using seven 

small-molecule compounds with about 0.2% efficiency (Hou et al. 2013), 
whereas it was also proved that iPSCs can be generated by Oct4 and 
chemical compounds (Masuda et al. 2013).  
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Figure 1.4  Chemicals used to enhance reprogramming or replace 
core reprogramming factors.  

Image is directly copied from the paper: Molecules that promote or 
enhance reprogramming of somatic cells to induced pluripotent stem 
cells {Feng:2009ko}. 
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Virus-free reprogramming techniques 

Alongside using chemicals to promote reprogramming efficiency or to 

reprogramme cells directly, scientists also struggled to develop other virus-
free reprogramming techniques. Under this strategy, several methods have 

been tried, including Protein, DNA, mRNA and cell extract. 

Genetic modification techniques 

Adenoviral vectors were first used to derive mouse iPS cells from liver cells 

without vector integration (Stadtfeld et al. 2008). Furthermore, mouse iPS 

cells were generated from embryonic fibroblasts with repeated plasmid 

transfection (Okita et al. 2008), however, the low frequencies obtained made 

it unclear how practical these approaches would be for human cells, until 

human iPS cells were generated from newborn foreskin fibroblasts with  
non-integrating episomal vectors (J. Yu et al. 2009). However, this technique 

was based on electroporation to introduce episomal vectors (oriP/EBNA1-
based vectors), and basically this was a very difficult methodology. By 

simply putting in 4 classic factors (Oct4, Sox2, Klf4 and c-Myc), cells did not 

achieve pluripotency. Then, it was found IRES2 (internal ribosome entry site 

2) was essential to be introduced in the vector with each factor. Furthermore, 

reprogramming was not initiated until OCT4, SOX2, NANOG, LIN28, c-Myc, 
KLF4, and SV40LT were introduced together, and further treatment of 

subclones, was necessary to produce iPS cell subclones that were 

morphologically similar to human ES cells. The efficiency of this work was 

only about 3-6 colonies per million cells, which was 0.000003%-0.000006% (J. 
Yu et al. 2009). Although the efficiency was low, it was still the very first 

virus-free technique for producing human iPS cells.  

Soon after the publication of the episomal DNA method, another novel 

technique was used to reprogramme human fibroblast to derive human iPS 

cells: synthetic modified mRNA was used (Warren et al. 2010). Warren, et al. 
produced and amplified Oct4, Sox2, Klf4, c-Myc and Lin28 mRNAs using 
retrovirus, then applied these synthesized mRNAs to reprogramme human 

fibroblast. Since mRNA is vulnerable in terms of high sensitivity for 
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degradation, several modifications had to be made to the protocol before it 

became reliable. In this study, it was found B18R interferon, VPA (histone 

deacetylase inhibitor), ROCK inhibitor and Low-oxygen were essential 

requirements for success of the reprogramming procedure, as the treatment 

with the RNAs alone resulted in massive cell death. Treatments were 

required daily for up to 17 days, then colonies started to appear 3 days later 
at day 20. The efficiency was about 0.0001% (10 colonies in 100,000 cells) 
(Warren et al. 2010).  

 

 

 

 

 

 

 

 

 

 

 

The PiggyBac (PB) transposon gene delivery system has several good features 

such as high transposition activity, precise excision and genomic coverage 

that made it useful as another virus-free reprogramming system. It was tried 

shortly after the episomal system (Kaji et al. 2009; Woltjen et al. 2009). In this 
transposon system, PB transposase (‘Class II Transposase’ enzyme isolated 

from Trichoplusia ni) could recognize transposon-specific inverted terminal 

Figure 1.5   The description of PiggyBac technology. Figure is directly 
copied from website: http://transposagenbio.com/gene-modification-
tools/footprint-free-gene-editing/ 
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repeat sequences (ITRs) which are located on both ends of the transposon 

vector and replace the original sites on the chromosome efficiently. After the 
expected gene expression, the inserted PiggyBac vector can then be removed 

from the genome by re-transfection with the PB transposase expression 

vector, by which the whole expression system is a bit like a ‘cut and paste’ 

movement (Figure 1.5). Since this ‘cut and paste’ mechanism happens 
transiently, the system has to be adjusted so that the re-transfection is 

sufficient to completely remove the inserted sequences. Kaji, et al. showed 

this non-viral transfection methodology could reprogramme both mouse and 
human fibroblasts by expressing Oct4, Sox2, Klf4 and c-Myc gene. Moreover, 

as such a powerful genetic modification tool, the PiggyBac system was 
unsurprisingly useful for ESC differentiation studies (Lacoste et al. 2009). 
Also, because of its genetic modification profile, the PB system was also 

considered to be a useful tool for genetic correction etc., (Maury et al. 2011). 

Other than the genetic modification techniques, protein and cell extract 

based reprogramming strategies were also considered to be alternative 

strategies to bypass virus and genetic integration issues. 

The protein form of the four classic reprogramming factors (Oct4, Sox2, Klf4, 
and c-Myc), recombinant proteins were generated with the addition of cell-
penetrating peptide (CPP) done that should allow protein-target cell fusion 

(D. Kim et al. 2009). The idea of the technique was to introduce a set of four 

recombinant proteins to candidate cells daily and select cells in ESC culture 

conditions. The cell-penetrating peptide was expected to deliver the proteins 

directly into candidate cells (human fibroblast), and reprogramming could be 

induced. However, to generate human iPS cells with this technique, 4 to 5 

rounds of protein treatments were essentially required, and colonies would 

start to appear after 8 weeks, which indicated the technique was very 

inefficient and required further optimization (D. Kim et al. 2009).  

The cell extract technique has been considered for cellular reprogramming 

for a longtime. Using cell extract as a source to reprogramme gene 

expression in differentiated nuclei was firstly described by Philippe Collas 

(Landsverk et al. 2002). The basis of the technique is to use Streptolysin O 
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(SLO), a streptococcal hemolytic exotoxin to permeabilize cells. When pores 
on the cell membrane are generated, candidate cells will be treated with 

prepared target cell extract to allow the delivery. Candidate cell membrane 

can be re-sealed by treating cells with CaCl2 contained culture medium. In 

this study, stimulated human T cell extract was used to elicit chromatin 

binding of transcriptional activators of the interleukin-2 (IL-2) gene. Further 
reprogramming work was tried using human embryonic carcinoma cells 

(NCCIT cells) and mouse ESC extract to reprogramme human embryonic 

kidney cell (293T cell) and primary mouse embryonic fibroblasts (3T3 cells) 

(Taranger et al. 2005), which resulted in both cell lines being reprogrammed 

to a stage very close to the level of pluripotency. This observation was 

confirmed by gene expression and protein expression. Also, it was published 

previously by our lab that 4 pluripotency genes (Oct4, Sox2, c-Myc and Klf4) 
can be overexpressed over 1-8 hr after candidate human somatic cells (293T 

cell) been permeabilized and incubated with mESC extract. In addition, 

Lamin A/C was removed from the nuclei, which is typically found only in 

differentiated cells (Wilmut et al. 2008). This reprogramming strategy was 

never succeed until Cho, et al. published their work on reprogramming 

mouse fibroblasts to generate mouse iPS cells using SLO-mediated 
permeabilisation delivery system (Cho et al. 2010). This strategy was found 

to be rapid, with every even short term treatment colonies appeared at 

around 4 to 7 days, and its efficiency was about 0.000005%-0.00001%. 
However, it was also reported that permeabilisation-mediated 
reprogramming technique is very inefficient but also that ESCs may survive 

from the extract preparation, which could be a source of contamination with 

false positive result (Neri et al. 2007). Hence, it is notable that there are no 
reports of the method being used now, which hints that the technique is 

probably no long in common use. 
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1.2 Project description 

As described, stem cells as a promising source for regenerative medicine 

have attracted great attention. The generation of induced pluripotent stem 

cells has emerged promising opportunities to produce customized 

pluripotent stem cells from somatic tissues, which can be applied to the 

studies of patients with degenerative diseases and organ failure as well as 

experimental applications for basic sciences, inherited diseases study, drug 

discovery, screening and toxicology.  

Although there are numbers of different technologies developed to 

reprogramme somatic cells to pluripotent stage, each technique has its own 

limitations, which are genetic integration from retroviral or lentiviral 

introduction methodologies, unexpected long-term instability, low efficiency, 

or species-specificity. Actually, none of the technique is perfect.  

Most of the mentioned limitations can be solved, however the low 

reprogramming efficiency is seemed to apply to all the techniques. Also, due 

to the low reprogramming efficiency, it is very difficult to fully understand 

the reprogramming mechanism, despite the fact that the iPSCs generated 

from same candidate cell type by different techniques are actually different 

(Sullivan et al. 2010). One of the reasons was described by George Daley’s 
paper about epigenetic memory in induced pluripotent stem cells (K. Kim et 
al. 2010). As discussed in the study, demethylation is a slow and inefficient 

process in a factor-based reprogramming system. And a hypothesis was 
made and later developed in the paper was that residual methylation might 

leave iPSCs with an ‘epigenetic memory’, which seems to be more effectively 

reset using the nuclear transfer technique as compared to the classic 

retroviral reprogramming technique. Within this study, the number of 

differential methylated regions (DMRs) between nuclear transfer-ESCs 
(ntESCs), ESCs from fertilized embryos (fESCs) and iPSCs were also tested. 

The result showed ntESCs were mostly similar to fESCs while there were 

huge difference between iPSCs and other two lines. It means the 

reprogramming in ntESCs is more complete than in iPSCs in which 
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demethylation is a long-term process. To shorten the demethylation process, 

extract-based technique was introduced to the retroviral reprogramming 

method and found to be able to synergize the reprogramming (Ganier et al. 
2011). In this study, mouse embryonic fibroblasts were transfected with 

classic OSKM transcription factors by retroviral method followed by 
transient treatment of metaphase Xenopus egg extracts. The result showed 

that the treatment of metaphase Xenopus egg extracts can globally reduce 

the level of acetylation of histone H3 and H4 indicating the ability to 
resetting epigenetic marks. It also showed this synergic reprogramming 

strategy combined with retroviral method and permeabilisation-mediated 
extract introduction can greatly increase the reprogramming efficiency by 45-
fold. However, consistent to previous permeabilisation-mediated 
reprogramming studies, it was also found in this study that candidate cells 

could only be partially reprogrammed by applying only extracts treatment.  

As described in the general background, previous extract reprogramming 

technique was all based on permeabilisation technique. It was found that 

candidate cells after exposure to pluripotent cell extracts could be 

reprogrammed to a stage very close to pluripotency level confirmed by gene 

expression and protein expression. However, complete reprogramming was 
never achieved. Although current extract-based reprogramming technique is 

not perfect, using extracts to change cell fate is believed holding a much 

greater potential in further stem cell research if it is completed. One of the 
reasons is that current reprogramming technologies all require a 

comprehensive understanding of the transcriptional network, so as to be able 

to select certain key transcriptional factors. This rule applies also to all of the 

direct cell-type conversion studies. Recently, several papers has been 
published describing the ability to direct convert a somatic cell type to a 

progenitor cell type or an adult stem cell type, such as fibroblasts to hepatic 

stem cells (B. Yu et al. 2013) and fibroblasts to neural precursor cells (Lujan et 
al. 2012). In both studies, the finding of the correct defined factors is crucial. 

However, extract-based reprogramming system does not require the 

understanding of the transcription network of the target cell type. Extracts 

can be made from all kinds of target cell types and applied to candidate cells 
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to trigger the reprogramming. In this case, if the technical obstacle can be 

conquered, extract-based reprogramming may be able to change cells to any 

cell type. Also, extract-based reprogramming technique is virus-free and 
genetic integration free. Another potential use of this technique is that it can 

be potentially used in cell maturation. Scientists now can differentiate hESCs 

or iPSCs to many different cell types, i.e. hepatocyte and cardiomyocyte, 

however these differentiated cells are commonly found to be immature, 

which limits their utility for further studies and applications (Ogawa et al. 
2013; Nunes et al. 2013). As mentioned before, by introducing extracts 

derived from stimulated T cells, unstimulated T cells were found to be 

stimulated (Håkelien et al. 2002). This result indicates that extracts can be 

potentially used in differentiation protocol to increase the functionality of the 

immature cells. With all of these reasons, extract-based reprogramming 

strategy was chosen to be the main object of my PhD studies.  

The overall objective of the PhD project was to develop and optimize the 

methodology for extract-based reprogramming system, and to generate hES-
like pluripotent stem cells without genetic modification. As we think that the 

main obstacle for completing the extract-based reprogramming strategy was 

the delivery system for enough factors in the extracts to pass through the cell 

membrane, several delivery systems were studied. These systems include 
original permeabilisation technique, electroporation technique and a self-
developed delivery protocol based on cell cycle manipulation. These studies 

are hoped to be able to provide the crucial improvement of the current 

extract-based reprogramming methodology and potentially be used for cell 

fate manipulation and differentiated cell maturation, which will benefit the 

future stem cell research and stem cell applications.  
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Chapter 2      

General Materials and Methods 

In this Chapter the cell culture techniques, material delivery methods, cell 

extract preparation, reprogramming methods, gene expression assays and 

protein electrophoresis are described. The detailed information of reagents 

and chemicals are shown in Appendix 1. Media preparation is described in 

Appendix 2. 

 

2.1 Cell culture techniques 

2.1.1 HEK 293T cells culture 

Human Embryonic Kidney 293T cells were purchased from ATCC. Cells 
were cultured in Minimum Essential Medium (MEM) (Invitrogen) with 2mM 

L-glutamine and containing 3.7 g/L sodium bicarbonate, 0.1 mM non-
essential amino acids (NEAA), and 1.0 mM sodium pyruvate, 10% fetal 
bovine serum (FBS), at 37 ˚C with 5% CO2 supply. Cells were fed every 3 to 4 

days, and were passaged at a ratio of 1:3 to 1:6. 

2.1.2 IMR90 human fetal diploid fibroblast culture 

The IMR90 fibroblast line derived from the lungs of a 16-week female fetus 
was purchased from ATCC (Nichols et al. 1977). Cells were cultured in MEM 
with 2 mM L-glutamine and containing 3.7 g/L sodium bicarbonate, 0.1mM 

NEAA, and 1.0 mM sodium pyruvate, 10% FBS, at 37 ˚C with 5% CO2 supply. 
Cells were fed every 3 to 4 days, and were passaged at a ratio of 1:2 to 1:4.  

2.1.3 CRL2097 human neonatal fibroblast culture 

The CRL2097 fibroblast line (normal new-born male foreskin) was obtained 

from ATCC and cultured in Dulbecco's Modified Eagle Medium (DMEM) 
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with 2 mM L-glutamine and containing 1.5 g/L sodium bicarbonate, 0.1mM 

NEAA, and 1.0 mM sodium pyruvate, 10% FBS, 37˚C with 5% CO2 supply. 
Cells were fed every 3 days and passaged at a ratio of 1:3 to 1:6. 

2.1.4 HDFn human neonatal fibroblast (HDFn) culture 

The HDFn fibroblast line (Primary human dermal fibroblasts) purchased 
from Gibco® (Invitrogen), was isolated from neonatal foreskin and cultured 

in DMEM with 2 mM L-glutamine and containing 1.5 g/L sodium 

bicarbonate, 0.1 mM NEAA, and 1.0 mM sodium pyruvate, 10% FBS, 37˚C 

with 5% CO2 supply. Cells were fed every 3 days and passaged at a ratio of 

1:3 to 1:6. 

2.1.5 Mouse embryonic fibroblast (MEF) culture 

Primary mouse embryonic fibroblast cells were obtained from 14.5 days 

mouse foetuses. Foetuses were collected from the uterus and then left at 37˚C 

in PBS (Lonza). Head and visceral organs were removed and the body was 

cut into small pieces and incubated in 0.25% trypsin-EDTA (Invitrogen) for 

10-30 min. Fetal cells were centrifuged 1000 RPM for 5 min, and then PBS 

was removed. The wash and centrifuge steps were repeated three times. The 

supernatants were removed and pellets were resuspended in fibroblast 

medium (DMEM with 2 mM L-glutamine and containing 1.5 g/L sodium 

bicarbonate, 1.0 mM sodium pyruvate, and 10% FBS), before culture at 37˚C 

with 5% CO2 supply. After 3 to 4 passages (Split 1:3), only fibroblast cells 

remained, and the MEF passage number was considered to be passage one. 

2.1.6 Platinum-A cell (Plat-A) Retroviral Packaging Cell Line culture 

The Plat-A cell line (Cell Biolabs, Inc.) is based on a 293T cell line, which is 

widely used for producing virues. The Plat-A cells were cultured on 0.1% 

Gelatin (Sigma) coated plate in DMEM with 2 mM L-glutamine and 
containing 1.5 g/L sodium bicarbonate, 0.1 mM NEAA, and 1.0 mM sodium 

pyruvate, 10% FBS, 37˚C with 5% CO2 supply. Cells were fed every 2 days 
and passaged at a ratio of 1:3 to 1:6. 
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2.1.7 Mouse embryonic stem cell (mESC) culture 

E14tg2α mouse ES cells were re-derived from E14 mESC, which were 

originally established from 129/J mice (Hooper et al. 1987) and these cells 
were provided by MRC-Centre for Regenerative Medicine, the University of 

Edinburgh. Early passages of these cells were used. ES cells were cultured on 

gelatinised culture plate (0.1% gelatine) (Sigma) using ES cell medium. ES 
cell medium contained Glasgow Minimum Essential Medium (GMEM) 

(Sigma), 20% FBS (Invitrogen), 100 IU/ml leukaemia inhibition factor (LIF) 

(Chemicon), 100 µM 2-mercaptoethanol (2ME) (Invitrogen), 100 µM NEAA 

(Invitrogen), 2 mM L-glutamine (Invitrogen) and 100 IU/ml 

penicillin/100ug/ml streptomycin (Sigma). ES cells were cultured at 37˚C 

with 5% CO2 supply. Cells were fed everyday and passaged at a ratio of 1:6 

every 2 days before reaching 80% confluence.  

2.1.8 Human induced pluripotent stem cell (hiPSC) culture 

human induced pluripotent stem cells were cultured on Matrigel coated 

tissue culture plate using KOSR medium (See Appendix 2) with 10 ng/ml 
bFGF (R&D systems), 100 µM 2-mercaptoethanol (2ME) (Invitrogen), 100 µM 

NEAA (Invitrogen), 2mM L-glutamine (Invitrogen) and 100 IU/ml 
penicillin/100ug/ml streptomycin (Sigma). Before plating hiPSC the culture 

plates were also coated with irradiated-MEF feeders, 0.16 million feeder cells 

per well of 6-well plate (Corning). hiPSCs were cultured at 37˚C with 5% CO2 
supply. Cells were fed everyday and passaged at a ratio of 1:2 or 1:3 ( if 

colonies are very few and small, but starting to differentiate, then plate at 

ratio of 1:1 to a fresh prepared plate with Matrigel and irradiated-MEF 
coating).   

2.1.9 Cell cryopreservation 

Confluent cells were diassociated by trypinization (Primary cells and mESCs) 

or collagenase (hESC) and centrifuged 1000 RPM for 5min. Supernatants 

were removed and cells were resuspended with culture medium of that cell 

type. Cells were counted and diluted to 2x106 cell/ml, and 2x freezing mix 
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(see Appendix 2) with equal volume of culture medium (500 µl) was slowly 

added into cell suspension. Cell suspension was gently pipetted into 1.8-ml 
cryopreservation tube with 1x106 cell/ml/tube. Cryopreservation tubes were 
placed into a slow freezing foam box (BioCision) and the box was placed into 

-80˚C freezer overnight. The next day, the tubes were transferred into liquid 

nitrogen for long term storage.  

For thawing, frozen cells were thawed in a 37 ˚C water bath for 1-2 min, then 
immediately transferred to a sterile 15-ml tube with 5ml culture medium 
containing 10% FBS. Cell suspension was centrifuged at 1000 RPM for 5 min 

at room temprature (RT). Supernatant was discarded, and the cell pellet was 

resuspended in 6 ml culture medium suitable for the specific cell type. Cells 

were then transferred to a tissue culture container appropriate for the cell 

type and cultured at 37 ˚C with 5% CO2 supply.  

2.1.10 In vitro differentiation of hESCs 

2.1.10.1 EB formation 

For EB formation test, hESC culture medium was discarded, cells were 

washed once with PBS (Lonza). hESC colonies were treated with 1 ml of 

collagenase (Invitrogen) per well of 6-well plate for 10 min at 37˚C. Cells 

were examined by phase contrast microscopy, the colonies should be starting 

to lift off at the edges. Collagenase (Invitrogen) was then discarded, and cells 

were washed once with PBS (Lonza).  EB medium (See Appendix 2) was 

added, 4 ml per well of 6-well plate. hESC colonies were gently scraped off 

the well, then pipetted to dissociate the cells into smaller clumps using a 1ml 

pipette (Eppendorf). Cell suspension was then transferred to a low 

attachment plate (Corning) and incubated at 37˚C.  After 48hr, EB’s were 

transferred to a 15-ml falcon tube (Corning) and left on the bench for 15 min 

to allow the clumps to settle to the bottom of the tube. Supernatant was 

discarded, and fresh EB medium was added, 5 ml per tube. EB’s were then 
transferred back into the low cluster plate and incubated at 37˚C. EB’s were 
fed in the same way every 2 days for 7 days to form proper sized aggregates.  
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2.1.10.2 EB random differentiation 

After 7 days in suspension culture, EB’s were harvested and placed on bench 

to allow them to settle in a 15-ml falcon tube (Corning) for 15 min. 
Aggregates were transferred to gelatin coated tissue culture plate (Corning) 

with approximately 4 aggregates per well of 6-well plate and cultured in 2 ml 
of EB medium at 37˚C. Cells were fed every 2-3 days for an additional 14 

days. After 14 days in culture, cells were then fixed with 4% PFA (Sigma), 

and would be ready for staining assay.  

 

2.2 Cell extract preparation 

2.2.1 Cell collection 

Nuclear and cytoplasmic extracts were derived from E14 mESCs. Extracts 

were prepared from cells in exponential growth phase to benefit from the 

maximum transcriptional activity.  

Cells were washed once with PBS (Lonza) and then diassociated with 1ml 

0.25% Trypsin-EDTA (Invitrogen) per 75 cm2 flask for 2 min. After 
trypsinization, culture medium was added to culture flask. Detached cells 

were gently resuspended and transferred to 50-ml conical tube. Cells were 

centrifuged at 1500 RPM for 10 min at RT, and supernatants were discarded. 
Cells were then washed twice in ice-cold PBS by resuspension and 
sedimentation at 1500 RPM for 10 min each time at 4˚C.  

2.2.2 Swelling of the cells 

Before use, two batches of cell lysis buffer (CLB) working solution were 

prepared (See Appendix 2). First batch was with 1mM dithiothreitol (DTT) 

(Sigma), 0.1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma) and 1 tablet 

of protease inhibitor cocktail (Roche) added. And second batch was with 
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1mM dithiothreitol (DTT) (Sigma) and 0.1 mM phenylmethylsulfonyl 

fluoride (PMSF) (Sigma) added.  

Cell pellets were then resuspended in 10 ml CLB containing DTT and PMSF 

and transferred to a graduated 15-ml falcon tube (Corning) to evaluate the 
volume of the final cell pellet after sedimentation. Cells were then 
centrifuged at 1500 RPM for 10 min at 4˚C.  

Cell pellet volume was estimated, then resuspened in ice-cold CLB 

containing DTT, PMSF and protease inhibitor cocktail at 1:1 ratio. Cell 

suspension was gently pipetted and aliquoted into 1.5-ml eppendorf tube  

with 200 µl per tube. All tubes were placed on ice for 30-45 min to allow cell 

swelling. During the swelling step, tubes were occasionally tapped to keep 

cells suspended. 

2.2.3 Extract preparation 

Cells were sonicated on ice using a 3-mm-diameter probe (hielscher) until 

majority of the cells and nuclei were lysed. Lysis was assessed and judged by 

complete disruption of cells and nuclei by phase contrast microscopy. While 
each tube was placed for sonication, other tubes were kept on ice until all 
tubes were sonicated. Sonication was adjusted at 30% amplitude and 0.4-sec 
pulse cycle for 40 sec for each round. Normally two rounds sonication were 

required. In order to keep the lysate cold, it is necessary to allow cells to be 
placed on ice for 30 sec between each round sonication. 

Cell lysates were then all pooled into one pre-chilled 1.5-ml Eppendorf tube. 

Cell lysates were sedimented by centrifugation at 13,000 RPM for 15 min at 

4˚C in a fixed-angled rotor. After sedimentation, supernatants were carefully 
collected with a 200-µl pipette and transferred into a new pre-chilled 1.5-ml 
Eppendorf tube to allow them to mix properly. In some experiments, cell 
lysate was then filtered with 0.22 µm syringe filter (Millipore) and aliquoted 

into sterilized 200-µl tubes (Bio-Rad) with 100 µl extract per tube. Aliquoted 

extract was snap-frozen on dry ice and stored at -80˚C. The pellet was 
discarded. 
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2.2.4 Assessment of extract  

Each batch of extract requires protein concentration test, osmolarity test and 

cell toxicity test before use.  

2.2.4.1 Protein concentration test 

To test the protein concentration of the prepared cell extract, Bradford 

protein assay was introduced.  

Bradford protein assay (Bio-Rad) is a dye-binding assay. The blue G-250 dye 
that binds to all sorts of proteins has a differential color change in response 
to a different concentration of the protein solution. The color change would 

be in a range shifts from 465 nm to 595 nm and sensed by spectrophotometer.  

The protein concentration of the cell extract prepared by the above protocol 

should normally be 10-15 mg/ml.  

Standard Procedure for Bradford protein assay 

Dye reagent was prepared by diluting 1: 4 of Dye Reagent Concentrate in 

distilled water and filtering with Whatman No.1 filter (Sigma) to remove 

particulates. This diluted reagent can be used and stored for 2 weeks at RT. 

Then three to five dilutions of protein standards were prepared in a range of 

0.05 mg/ml to 0.5 mg/ml. Cell extract for concentration test was diluted 1:10 

in distilled water. Each standard and sample solution was then pipetted to 

individual Eppendorf tubes with 10 µl per tube. To each Eppendorf tube, 

200µl of diluted dye reagent was added and mixed thoroughly by vortex 

mixer. Prepared standards and samples were then incubated at RT for at 

least 5 min and no more than 1 hr. Then standards and samples were 

measure for absorbance at 595 nm by spectrophotometer. 

2.2.4.2 Osmolarity test 

Osmolarity test is required for each batch of cell exact, in order to protect 

reprogramming candidate cells during the extract treatment step.  
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Fresh pinhead was placed to special glass syringe and extract was collected. 

The glass syringe was inserted into the micro-osmometer (Advanced 

Instruments Inc.). The reading was recorded subsequently. The osmolarity 

should be approximately 300 mOsM.  

2.2.4.3 Toxicity test 

Toxicity assay is based on microscopic observation of cell lysate by 
incubation of live reprogramming candidate cells in the extract. 

Reprogramming candidate cells were harvested, counted (50,000 cells) and 

pelleted. Cell pellet was resuspended in 30 µl of extract on ice in a 1.5-ml 
Eppendorf tube. Cell suspension was then incubated in water-bath pre-
adjusted at 37˚C for 1 hr. After the incubation, 3 µl aliquot of the cell 

suspension was collected and evaluated by phase contrast microscopy. Cells 

survived in the toxicity test would have intact cell membrane and equal size 

(Figure 2.1a), while failed extract would damage cell and cause cells with 
rough membrane or ended with cell debris (Figure 2.1b). Cells that incubated 
only with cell lysis buffer should have intact morphology as in Figure 2.1a, 

but with swelling shape because of the low osmolarity (Figure 2.1c).  
Survived cells were then re-plated to tissue culture plate in complete culture 

medium for an overnight evaluation of cell viability. 

 

 

 

 

 

 

 

 

Figure 2.1   Assessment of extract toxicity. Intact candidate cells 
were incubated in prepared cell extract in water bath at 37˚C for 1 hr. 
Cells were then taken to observe under phase contrast microscope. (A) 
Survived cells in exposure to the extract. (B) Failed extract damaged 
cells. (C) Candidate cells exposed in cell lysis buffer. Figure was copied 
directly from Philippe Collas permeabilisation protocol. 
http://www.collaslab.com/protocols.html 
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2.3 Retroviral reprogramming methods 

2.3.1 Retroviral production 

The Plat-A were culture up to 70-80% confluence and harvested using 0.25% 

Trypsin-EDTA (Invitrogen). Cells were then counted and 3.6x106
 were 

seeded per 10 cm2 dish in 10% DMEM with antibiotics. For each dish, the 

Plat-A cells were transfected with 24 µg of plasmid DNA carrying the 

transgene (Oct4, Sox2, Klf4 or c-Myc). The viral transfection was facilitated 

by 120 µl of Lipofectamine 2000 (Invitrogen) and 15 ml Opti-MEM 
(Invitrogen). After 24 hr, the viral supernatant was collected and filtered with 

a 0.22 µm filter unit (Millipore), then used for infection. 

2.3.2 Fibroblast infection 

The day before infection step, candidate cells were seeded onto 6-well plate 
(Invitrogen) with 50,000

 cells per well in 10% Opti-MEM (Invitrogen). After 

24 hr, the retroviral supernatants were collected as described in 2.3.1 and 
mixed at a 1:1:1:1 ratio of Oct4, Sox2, Klf4 or c-Myc. Mixed supernatants were 

supplemented with fresh 10% Opti-MEM containing 8 ng/ml polybrene 

(Millipore) up to the volume that was enough for 2 ml per well for 

reprogramming samples. Then, prepared supernatants were added to the 

candidate cells at 37˚C and 5% CO2 After 24 hr culture, this step of the day 

before was repeated. After two rounds (2 days) viral treatment, the mixed 

viral supernatant was replaced with 10% Opti-MEM. And one day after 
changing to Opti-MEM culture, the cells were harvested with trypsin, and re-
plated onto 10cm2 dishes coated with irradiated MEF-feeders in 10% Opti-
MEM. Cells were then incubated overnight, and Opti-MEM was replaced 
with iPSC medium. The culture medium was changed every day, as 
required. Colonies would normally appear 7 days after first round viral 

infection, which were evaluated by phase contrast microscopy.  
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2.4 Cell Assessments  

2.4.1 Gene expression analysis 

The  Reverse Transcription Polymerase Chain Reaction (RT-PCR) technique 
was used to assess the pluripotency gene expression of reprogramming cells.  

2.4.1.1 Sample preparation for total RNA extraction 

Total RNA was extracted using TRIzol reagent (Invitrogen). Cell culture 
medium was discarded, and cells were washed once with PBS. TRIzol 

reagent was directly added into the culture container at maximum 1 ml 

reagent per 1x107 cells. Then, cells were placed in 4˚C for 2-3 min. After the 
incubation, suspension was gently pipetted, transferred to a 1.5-ml 
Eppendorf tube, and stored in -80˚C.  

2.4.1.2 Total RNA extraction 

RNeasy kit (Qiagen) was used to extract the total RNA from the prepared 

cell lysate. Before extraction, lysis buffer was prepared freshly by mixing 990 

µl of RLT with 10 µl of 2-mercaptoethanol. Then, the lysis buffer was added 

to the prepared cell lysate and mixed on ice. Samples were homogenized by 

transferring the lysate onto QIAshredder spin columns (Qiagen) and 

centrifuged at 9,000x g for 2 min. One volume of 70% ethanol was added to 

the lysate and mixed by pipetting. Samples were applied to RNeasy mini 

columns in 2-ml collection tubes and centrifuged at 8,000x g for 15 sec, and 

the flow-through was discarded. Before the next step, DNase I was prepared 

by gently mixing 70 µl RDD buffer with 10 µl DNase I. Then this prepared 
DNase I working solution was gently pipetted into sample columns. Sample 

columns were incubated at RT for 15 min to remove DNA. Then, 350 µl of 

buffer RW1 was added into the columns and centrifuged at 8,000x g for 15 

sec. The flow-through and used collection tubes were discarded afterwards. 

Sample columns were then transferred to a fresh 2-ml collection tubes, and 

500 µl of buffer RPE was added to the columns then centrifuged at 8,000x g 

for 15sec.  The flow-through and collection tubes were discarded before 
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another 500 µl of buffer RPE was added to columns. Columns were 

centrifuged at 8,000x g for 2 min. Then, sample columns were transferred to 

1.5-ml collection tubes for RNA elution. 30 µl of RNase-free water was added 
to each sample column and the columns were centrifuged at 8,000x g for 1 

min. The flow-through was collected and stored at -80˚C for long-term use. 

2.4.1.3 cDNA synthesis 

The cDNA synthesis was performed by Cloned AMV first-strand cDNA 
synthesis kit (Invitrogen), and all of the steps were performed on ice. Before 

the cDNA synthesis, the extracted total RNA was measured by the 

absorbance at 260 nm versus 280 nm using a NanoVue spectrophotometer 

(GE Lifesciences).  

According to the concentration of the extracted RNA, RNA samples for 

cDNA synthesis were prepared using RNase-free water and adjusted to 1 µg 

RNA per 9 µl volume per sample. The RNA samples were then mixed with 1 

µl of random hexamer and 2 µl of 10 mM dNTP. Samples were then heated at 

65˚C for 5 min. During the treatment, the master mix was prepared on ice by 

mixing 4 µl of 5x cDNA synthesis buffer (vortex prior to use), 1µl of 0.1M 

DTT, 1µl of RNaseOUT, 1µl of DEPC treated water, and 1µl of cloned AMV 

reverse transcriptase enzyme. For the negative control sample, all the 

components were mixed without reverse transcriptase. The master mix (8 µl 

per sample) was then added to the denatured RNA samples on ice. 

Afterwards, samples were transferred to PCR machine (Hybaid) for cDNA 

synthesis. The reverse transcription cycling program was set as follows: 25˚C 

for 10min, cDNA synthesis 50˚C for 50min, and inactivation 85˚C for 5min. 

The products were then stored at -20˚C before performing PCR. 

Negative control samples were used to ensure the extracted RNA had no 

DNA contamination. 

2.4.1.4 Polymerase Chain Reaction (PCR) 

Polymerase Chain Reaction (PCR) was performed using GoTaq hot start 
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polymerase kit (Promega). And all of the steps were performed on ice. Before 

the PCR, the concentration of cDNA samples was measured by the 

absorbance at 260 nm versus 280 nm using a NanoVue spectrophotometer 

(GE Lifesciences).  

According to the concentration of the cDNA samples, PCR templates were 

adjusted to 50 ng/µl using DNase-free water. Then, the PCR reaction mix 

was prepared according to the table shown below (See Table 2.1). And the 

PCR cycling program was set as shown in the table 2.2. The PCR primer 
sequences were designed using Vector NTI software (Invitrogen) and 

ordered from oligonucleotides producing company (Eurofins) (see table 2.3).  

 

Table 2.1   Preparation of PCR reactions 

 

 

 

 

 

Component Final Volume (ul) Final Conc. 

5x Green GoTaq Flexi Buffer 10 1x 

MgCl2 5 2.5 mM (1.0-4.0mM) 

PCR Nucleotide Mix, 10mM each 1 0.2mM each dNTP 

Upstream primer 0.5 1uM (0.1-1.0 uM) 

Downstream primer 0.5 1uM (0.1-1.0 uM) 

Go Taq DNA Polymerase (5u/ul) 0.25 1.25u 

Template DNA 1 50 ng/50 µl 

Nuclease-free water 31.75  

Total volume 50ul 
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Table 2.2   PCR cycling program 

Step Temperature (˚C) Time Number of Cycles 

Initial Denaturation 95 2 min 1 

Denaturation 95 30 sec 

30 Annealing 56 30 sec 

Extension 72 40 sec 

Final Extension 72 5 min 1 

Soak 4 Indefinite 1 

 

 

Table 2.3   Primer sequences for PCR reactions 

Gene F/R Sequence (5’ – 3’) Annealing 
Temperature Cycles Target 

size(bp) 
Endo-hOct4 F ATGGCGGGACACCTGG CTTC 60oC 30 1083 R TCAGTTT GAATGCATGG GAG 

Endo-hSox2 F GGGAAATGGGAGGGGTGCAAAAGAGG 55oC 30 151 R TTGCGTGAGTGTGGATGGGATTGGTG 

Endo-hKlf4 F GATCGTGGCCCCGGAAAAGGA 60oC 30 392 R TTGTAGTGCTTTCTGGCTGGGC 

Endo-hMyc F GCGTCCTGGGAAGGGAGATCCGGAGC 55oC 30 328 R TTGAGGGGCATCGTCGCGGGAGGCTG 
Endo-Nanog 

 
F CAGCCCTGATTCTTCCACCAGTCCC 55oC 30 391 R TGGAAGGTTCCCAGTCGGGTTCACC 

Endo-Nanog F AGCCCTGATTCTTCCACCAGTCC 55oC 30 389 R GGAAGGTTCCCAGTCGGGTTCAC 

Beta-Actin F TCACCACCACGGCCGAGCG 56 oC 30 351 R TCTCCTTCTGCATCCTGTCG 

pMXs-mOct4 F GAAGGATGTGGTTCGAGTAT 50oC 30 426 

pMXs-mSox2 F GCTCCATGGGCTCTGTGGTCAA 60oC 30 397 

pMXs-mKlf4 F CCCACACTTGTGACTATGCA 50oC 30 412 

pMXs-mMyc F CTCAGACACGGAGGAAAACG 50oC 30 435 

pMXs-R R TTATCGTCGACCACTGTGCTGGCG N/A 30 155 

* F= Forward primer. R= Reverse primer. 
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2.4.1.5 Agarose Gel for DNA electrophoresis 

Agarose gel electrophoresis was used for analytical separation of the PCR 

products. Agarose gel solution was prepared by adding Agarose (Fisher 

Scientific) into 1x Tris acetic acid EDTA (TAE) buffer (See Appendix 2) to 

make 1.5% agarose gel.  The solution was melted by heating in a microwave 

until the agarose had dissolved completely. Once the solution had cooled, 
SYBR gold (Inivtrogen) (1 µl in 100 ml of TAE ) was added into mixture. The 

mixutre was then poured into the gel cassette with pre-inserted gel comb to 

allow the mixture to polymerise. 20 µl of PCR product was loaded into each 

lane on 1.5% agarose gel. Electrophoresis was performed in TAE buffer with 

90 Volts for 30 to 60 min. PCR products were observed by UV light and 

images were captured using Gel-Doc programme (Bio-Rad). 10 µl of 100 bp 

DNA ladder (New England Biolabs) was used to determine the size of PCR 

products. 

 

2.4.2 Flow cytometry analysis and sorting 

Flow cytometry is a very useful technique to assess cells which is also much 

more efficient and accurate than manual visual cell counting. Flow cytometry 

provides simultaneous multi-parameter analysis of single cells, including the 
fluorescence signals and dimensional information (i.e. cell sizes), which 
together is able to distinguish cell populations. For such reasons, Flow 

cytometry analysis was widely used in this study to analyze material 

delivery (Dextran-Fluorescein and Dextran-Texas Red), cell cycle (Propidium 

iodide), dedifferentiation (SSEA4, Tra-1-60), and identification of a 

subpopulation of fibroblasts (SSEA3).  

2.4.2.1 Material delivery assessment 

A range of different-sized Dextran-Fluorescein (DF) (Sigma) and Dextran-
Texas Red  (Invitrogen) were chosen as the indicators for testing material 
delivery. Candidate cells after Dextran-Fluorescein (DF) treatment were 
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washed twice with PBS (Lonza). Cells were trypsinized, and resuspended in 

PBS containing 2% FBS (Invitrogen). Then, 1 ml of cell suspension was added 

to FACs tubes (Greiner) and loaded to run through the FACSCalibur flow 

cytometer machine (BD Biosciences). Cells were gated by forward and side 

scatter characteristics to exclude the dead cells. As the minimum, 10,000 cell 

events were acquired by FACSCalibur flow cytometry system (BD 
Biosciences). Control samples were also assessed and gated to compare with 

the DF or DTR treatment cell groups. As a model shown in the figure 2.2, 

positive cells that had taken up fluorescent materials would locate in the 

further scale separate from the cells that did not take up materials, which had 

the same location as the control samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4.2.2 Cell cycle assessment (Propidium iodide staining) 

Propidium iodide (PI) (Sigma) is an intercalating agent that could bind to 

nucleic acids, which is widely used for identifying dead cells, since PI is 

generally membrane impermeable and normally excluded from viable cells 

Figure 2.2   Model for description of FACs analysis. In this figure, cells 
locate in left bottom area are negative, which are the location as the 
negative control sample. Cells appeared in Q1 area are APC positive, 
while cell appeared in Q4 area are FITC positive. Cells appeared in Q2 
area are positive for both APC and FITC. This figure is directly copied from 
BD FACSCalibur website: 
http://www.bdbiosciences.com/eu/instruments/facscalibur/features/applicat
ions.jsp 
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while PI could access into cells when cells are under apoptosis or dead (Anon 
n.d.). PI is also commonly used for cell cycle analysis as the quantity of PI 
bound correlates strongly to the chromosome count during DNA replication 

from 2N to 4N.  
 
Candidate cells were trypsinized, counted and transferred to FACs tubes 

(Greiner) with 0.5 to 1 million cells per tube. Cells were centrifuged at 1000 

RPM for 5 min at RT; supernatant was discarded as much as possible. 

Pelleted cells were resuspended in fixative by adding 0.3 ml 50% FBS 
followed by 0.9 ml ice-cold 70% ethanol. Cell suspension was then kept at 

4˚C overnight. This step could last maximum for 1 week. Then, supernatant 
was discarded by centrifuging the cell suspension at 1000 RPM for 5 min at 

RT. Cell pellet was washed once with FACs-PBS (See Appendix 2). Pelleted 
cells were resuspended in 300 µl PI solution (See Appendix 2) and stained for 

1 hr at RT in dark.  Then cell suspension was loaded to run through the 

FACSCalibur flow cytometer machine (BD Biosciences). Cells were gated by 

forward and side scatter characteristics to exclude the debris. As the 

minimum, 10,000 cell events were acquired by FACSCalibur flow cytometry 

system (BD Biosciences).  

2.4.2.3 Dedifferentiation assessment (SSEA4, Tra-1-60) 

Both SSEA4 and Tra-1-60 are commonly used for identifying pluripotency. 

Cells were harvested by standard protocol and washed once with PBS 

(Lonza). Cells were counted to 1 million cells per sample, and then 

resuspended in PBS. 200 µl of the cell suspension were collected and 

transferred to FACs tubes (Greiner) and anti-SSEA4 antibody (BioLegend) or 

anti-Tra-1-60 antibody (BioLegend) or both were added 5 µl of each to the 

testing cell samples. Cell suspension was incubated at 4 ˚C in dark for 30 

min. Then cell suspension was washed once with PBS by topping up the PBS 

then spinning at 1000 RPM for 5 min at RT. Supernatants were discarded and 

pellets were resuspended in 500 µl PBS. Samples were loaded to run through 

the FACSCalibur flow cytometer machine (BD Biosciences). Cells were gated 

by forward and side scatter characteristics to exclude the dead cells. As the 
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minimum, 10,000 cell events were acquired by FACSCalibur flow cytometry 

system (BD Biosciences). Control sample was also assessed and gated to 

compare with the anti-SSEA4 or anti-Tra-1-60 antibody treated cell groups as 
described in 2.4.2.1.  

2.4.2.4 FACs sorting 

In this study, SSEA3 was used as the marker to sub-populate the fibroblast in 

order to enhance the reprogramming efficiency. Cells were harvested by 

standard protocol and washed once with PBS (Lonza). Cells were counted to 

at least 5 million cells per sample, and then resuspended in 550 µl PBS 
containing 2% FBS (Invitrogen). 50µl cell suspension was aliquoted to an 

individual FACs tube (Greiner) to use as the negative control. Rest 500 µl cell 

suspension was then stained with anti-SSEA3 antibody (BioLegend) for 20 

min at RT in dark. When finished, antibody treated samples were washed 

once with PBS at 1000 RPM for 5 min at RT. Cell pellets were resuspended in 

500 µl PBS containing 2% FBS and transferred to FACs tubes (Greiner). 

Samples were loaded to run through the FACSAria III cell sorter (BD 

Biosciences). Cells were gated by forward and side scatter characteristics to 

exclude the dead cells. The defined live cells were gated according to the 

negative control sample to collect SSEA3 positive cells. Collected cells after 
sorting were immediately re-plated to tissue culture plate (Corning) and 

cultured in 10% DMEM with 2x Penicillin/Streptomycin (Sigma) condition.  

 

2.4.3 Immunostaining 

2.4.3.1 Cell fixation 

The culture medium was removed and the cells were gently washed twice 

with PBS (Lonza) and fixed with 4% (w/v) PFA (Sigma) (See Appendix 2) for 

20 minutes at room temperature. The 4% PFA should cover the cells to a 

depth of 2-3 mm. The fixative was removed by aspiration and the cells were 

washed twice with PBS before immunofluorescence staining. 
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2.4.3.2 Direct immunofluorescence 

After the fixation, cells were immune-stained with appropriate antibodies. 

To prevent non-specific antibody binding, cells were firstly treated with 
blocking buffer (See Appendix 2) for 60 min. During the blocking, primary 

antibody was diluted according to the datasheet in antibody dilution buffer. 

After the blocking step, blocking buffer was removed and primary antibody 

was added. Staining samples were incubated overnight at 4˚C. Afterwards, 

samples were rinsed three times in PBS for 5 min each. Samples were then 

treated with fluorescence-conjugated secondary antibody for 1-2 hr at RT in 
dark. Cells were washed three times with PBS for 5 min in between, and 

counterstained with DAPI (BioLegend) at a concentration of 2 µg/ml in PBS 

and mounted using fluorescent mounting medium (Dako) prior to imaging. 

 

2.4.4 Alkaline Phosphatase (AP) staining 

Alkaline phosphatase is a phenotypic marker for pluripotent stem cells 

including ESCs, iPSCs and embryonic germ cells, which had been used for 

assessment of early reprogramming events (Brambrink et al. 2008).  

2.4.4.1 Classic Alkaline Phosphatase (AP) staining 

AP staining kit (Sigma) is intended for the histochemical semi-quantitative 
demonstration of alkaline phosphatase activity. Following the instruction of 

the kit, 45 ml deionized water was measured and adjusted to RT. The 
diazonium salt solution was prepared by mixing 1 ml sodium nitrite solution 

to 1 ml of FBB-Alkaline solution provided by the kit. The diazonium salt 

solution was gently mixed by inversion, and allowed to stand for 2 min. 

Then, the prepared diazonium salt solution was diluted with the prepared 

45-ml deionized water. 1 ml of Naphthol AS-BI Alkaline solution was added 

to the diluted diazonium salt solution and mixed thoroughly, it was then 
poured into a 50-ml falcon tube (Corning). Cultured cells were fixed in plates 
by 4% PFA (See 2.4.3.1), then treated with the prepared alkaline-dye mixture 
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and incubated at RT for 15 min in the dark. After the incubation, the dye 

mixture was removed and cells were rinsed twice with deionized water. 

Cells were then counterstained with Neutral Red solution for 2 min followed 

by a thorough rinse in tap water. Samples were placed on bench to allow 

them air dry. After staining, samples were evaluated microscopically.  

2.4.4.2 Alkaline Phosphatase (AP) live staining 

Compared to the classic histochemical method, AP live staining (Invitrogen) 

as an alternative method is ideal for use in monitoring iPSC production, 

especially for studies of reprogramming techniques. The live stain can be 

applied to adherent cells in culture without loss of proliferation or 

pluripotency. According to the datasheet, the staining is specific to 

pluripotent cells with minimum background in irradiated-MEF feeders, 
primary fibroblastic cells and other somatic cell types.  

Cell culture medium was removed, and cells were washed twice with pre-
warmed DMEM/F-12 (Invitrogen) for 2-3 min each time. During the wash, 
1x AP Live Stain working solution was prepared by diluting the 500x stock 

solution in DMEM/F-12. The working solution was then applied directly to 

the adherent cells with a depth of 2-3 mm to fully cover the bottom of the 

culture container. Cells were then cultured for 20–30 minutes at 37oC. !After 
the incubation, AP Live Stain solution was removed and cells were gently 

washed twice with DMEM/F-12 (Invitrogen) for 5 min each time.  Following 

the final wash, fresh DMEM/F-12 (Invitrogen) was added prior to the 

visualization of fluorescent-labeled colonies under fluorescent microscopy 

using a standard FITC filter. Images were taken immediately after the 
staining. After microscopy, DMEM/F-12 (Invitrogen) was replaced with 

fresh culture medium to allow the cells to return to the normal culture 

condition. Selected colonies can be either manually picked or returned to the 

normal culture conditions.  
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2.4.5 Image acquisition 

The phase contrast images, bright field images of live cells and AP stained 

cells with classic method were collected using EVOS®FL Cell Imaging 
System (Life technologies). Images of immunofluorescence staining were 

collected using a Zeiss Axio Observer Z1 microscope (Carl Zeiss Ltd.). The 
image acquisition and processing software used was Zeiss AxioVision. All 

images were collected at RT. 
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Chapter 3      

Permeabilisation based reprogramming technique 

!

3.1 Introduction 

As described in the general introduction, permeabilisation-mediated extract 

delivery method developed by Philippe Collas was used at the beginning of 

the study. In this chapter, permeabilisation technique was optimized and 

primary reprogramming was tested using the optimized protocol. 

!

3.2 Experiments 

3.2.1 Experiment 1: Streptolysin O (SLO)-mediated permeabilisation 

test 

3.2.1.1 Materials and Methods of Experiment 1 

Cell Permeabilisation 

SLO stock solution (Sigma) was diluted 1:10 in ice-cold HBSS, which the 
working concentration would be 230 ng/ml. 293T human kidney cells from 

culture were harvested by trypsinization, and washed twice with ice-cold 

PBS (Ca2+ and Mg2+ free) (Lonza) and once with ice-cold HBSS (Invitrogen) at 

1000 RPM for 10 min at 4˚C. Cell pellet was resuspended in ice-cold HBSS 

(Invitrogen) and aliquoted to 1.5-ml Eppendorf tube with 50,000 cells per 

sample. Cells were then centrifuged at 800 RPM for 5 min at 4˚C, and 
supernatant was discarded. Cell pellet was again resuspended in 488 µl ice-
cold HBSS. During this step, tubes of candidate cells were incubated in 

water-bath at 37˚C for 2 min and treated with 12 µl prepared ice-cold SLO 
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working solution. Cells in SLO treatment was incubated at 37˚C and placed 
horizontally for 50 min. Tubes were occasionally tapped to maintain cells in 

suspension. After incubation, tubes were placed on ice and 500 µl ice-cold 

HBSS (Invitrogen) added. Candidate cells were centrifuged at 800 RPM for 5 

min at 4˚C. Supernatant was removed. Cell pellet was then resuspended with 

1.5 ml complete culture medium containing 2 mM CaCl2 added from the 1 M 

stock solution (See Appendix 2).  Then, cell suspension was transferred to 

tissue culture plate to allow resealing and re-plating of live cells. Cells were 

continuously cultured for further test.  

Dextran-Fluorescein treatment 

During the 50 min SLO treatment, 50 µg/ml 70kDa Dextran-Fluorescein (DF) 

was added to allow DF to pass through the permeabilized cell membrane. 
After the treatment, cells were centrifuged and re-suspended with complete 

culture medium containing 2 mM CaCl2 for membrane re-sealing as 
mentioned above. Cells suspension was transferred to tissue culture plate for 

long-term culture and further observation.  

3.2.1.2 Results of Experiment 1 

293T human kidney cells were permeabilized, re-sealed, re-plated and 
cultured for 24 hr to test the viability. The result showed that cells after 

permeabilisation had re-plated well with little cell death. The morphology of 

the cells did not change (Figure 3.1).  In another round permeabilisation test, 

70kDa Dextran-Fluorescein was used to treat candidate cells during the 

permeabilisation. Cells were re-sealed using culture medium containing 2 
mM CaCl2. Candidate cells were then continuously cultured for 24 hr and 

observed by microscopy. The result showed that cells were well 

permeabilized, and DF had passed through the cell membrane. Notably, it 

seemed no DF had passed through the nuclear membrane.  
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Figure 3.1   Cell viability test after permeabilisation. (A) Control cells 
without permeabilisation. (B) 293T cells that were permeabilized re-sealed 
and cultured for 24 hr to allow re-plating.  

A! B!

D!C!

A! B!

Figure 3.2  Permeabilisation test of the Dextran-Fluorescein (DF) 
delivery. 293T candidate cells were permeabilized and treated with 70 
kDa DF for 50 min, then re-sealed and cultured for 24 hr. (A) Phase 
contrast, 10x magnification. (B) Cells observed in green fluorescent 
channel, 10x magnification. (C) Phase contrast, 20x magnification. (D) 
Cells observed in green fluorescent channel, 20x magnification.  
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3.2.1.3 Discussion of Experiment 1 

The SLO-mediated permeabilisation test was very successful. The 
concentration of the SLO used for permeabilisation test was 230 ng/ml, 
which was recommended in Philippe Collas’s original protocol. Under this 

concentration, it was found that most of cells had taken up the DF during the 

50 min treatment. Thus, although the cell viability tests had shown that the 

permeabilisation system can cause certain amount cell death, but not to the 

stage that is unacceptable. Noticeably, in other permeabilisation tests, the 

optimal SLO treatment concentration was assessed (Data not shown). SLO 
working solutions were prepared in a range from 100 ng/ml to 600 ng/ml. 

The results of these experiments showed that the delivery efficiency of DF 

was not increased by increasing the SLO treatment concentration, while 
increasing cell death was caused. In contrast less cell death was found when 

SLO treatment concentration was reduced, but it dramatically decreased the 
DF delivery. These results are consistent to the description of original 

Philippe Collas published protocol.  
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3.2.2 Experiment 2: Permeabilisation-mediated reprogramming test 

3.2.2.1 Materials and Methods of Experiment 2 

Permeabilisation-mediated reprogramming test was carried out as described 

in 3.2.1.1, except that DF was replaced with prepared GFP-7a mESC extract. 

293T cells were cultured, harvested and counted to be 50,000 cells per 

sample. Candidate cells were permeabilized and treated with CE for 50 min. 

Cells after permeabilisation were re-sealed, re-plated into 0.1% gelatin coated 

plate and cultured in hESC condition with 10 ng/ml bFGF supplement. 

Culture medium was changed firstly on Day 2 and everyday for following 7 

days. Cells were then observed by microscopy on day 3. Before the 

observation, Propidium iodide (PI) was used to treat cells, in order test the 

viability.  

 

3.2.2.2 Results of Experiment 2 

GFP-7a mESC was prepared as described in Appendix 2. In order to 

confirmed this extract is fluorescent and can be used as a tool to monitor the 

delivery as well as to reprogramme cells, extract was dropped onto glass 
slides and observed under microscope. As shown in figure 3.3, the GFP7a 

mESC extract showed strong positive of GFP signal, which revealed that it is 

suitable for future reprogramming tests. 
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293T candidate cells were permeabilized and treated with GFP7a mESC 
extract. Cells were re-sealed and cultured in hESC condition. After 3 days 

culture, cell morphology had changed. The fluorescent image showed there 

were still a great amount of cells were GFP positive indicating a successful 

delivery of the extract. Control cells without permeabilisation were also 

treated with extract for 50 min then re-plated in gelatin coated plate and 

cultured in hESC condition for 3 days. In contrast, there were much fewer 

GFP positive cells in the control group, and weaker signals. Interestingly, the 

A! B!

C! D!

Figure 3.3  GFP7a mESC extract. GFP7a mESC extract was prepared as 
described in Appendix 2. One drop of the extract was placed on glass slide 
and observed by microscopy. (A) H2O, phase contrast. (B) H2O, Fluorescent 
channel. (C) GFP7a mESC extract, phase contrast. (D) GFP7a mESC 
extract, Fluorescent channel. 
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morphology of the control cells that had not been permeabilized had also 

changed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2.3 Discussion of Experiment 2 

The initial reprogramming test was successful. The candidate cell 

morphology had changed three days after the reprogramming. There was 

not much cell death found in the experiment, while there were numbers of 

colony-like area formed. Most of the morphology-changed cells were GFP 
positive which indicated that the changes were caused by successful delivery 

Figure 3.4 Permeabilisation-mediated reprogramming tests. 293T 
candidate cells were permeabilized and treated with GFP7a mESC extract. 
Cells were then re-sealed and cultured in hESC condition for 3 day. Images 
were taken by microscopy in green fluorescent channel to assess the delivery 
of the GFP fluorescent extract. (A) Phase contrast, 4x magnification. (B) 
Fluorescent channel, 4x magnification. (C) Phase contrast, 4x magnification. 
(D) Fluorescent channel, 4x magnification. 

C! D
B!

A! B!
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of the mESC extract. In comparison, the morphology of the control cells was 

changed as well in the same way, while some of the cells were GFP positive 

as well, though they were less than the permeabilized candidate group. The 

possible reason for this was the auto-pinocytosis occurred during the cell 

proliferation. This data is consistent to the observation in one of Philippe 

Collas’s paper that it was found intact cells (Un-permeabilized cells) could 

take up 70 kDa Texas red-conjugated dextran in their study (Gaustad et al. 
2004). Unfortunately, further tests including gene expression assessment 

were not made at the time, and later, it was found this experiment was not 

easy to replicate. 

After the initial permeabilisation assessment test and extract-reprogramming 

test, the first purchased SLO solution was finished. Another batch of SLO 
was ordered and it was found that the batch variation of the commercial 

available SLO (Sigma) was huge and uncontrollable. Including the second 

batch SLO, there were another three batches of SLO ordered for this study. 
And none of them was qualified enough to be able to repeat the result of 

Experiment 1.  

Pneumococcal toxin, pneumolysin (PLY) is a toxin belongs to the family of 

cholesterol-dependent cytolysin (CDCs), which has the same ability as SLO 
and can bind to cholesterol-containing membrane to generate pores (El-
Rachkidy et al. 2008). In order to confirm the lack of effect of the batches of 

SLO, recombinant PLY was introduced in the study and compared with SLO 
by hemolysis test. 

!

!

!

!

!
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3.2.3 Experiment 3: SLO and PLY hemolysis test 

3.2.3.1 Materials and Methods of Experiment 3 

As discussed in 3.2.2.3, SLO was later found dysfunctional. In this case, PLY 
was introduced to compare with SLO by hemolysis test. In this test, 96-well 
round-bottomed plates were used. As shown in table 3.1 and 3.2, SLO stock 
solution (50 units/µl) was gradually diluted in a range from approximate 1 

units to 1000 units, while PLY stock solution (100 HU/µl) was gradually 

diluted in a range from 0.1 HU to 2 HU (HU refers to hemolytic unit, which 
is the unit to describe cell lysis. When there is approximately 50% lysis, this 

amount of the toxin is 1 HU). Because of the unit calculation differences 
between the two chemicals, the method for SLO dilution was sequential 
dilution, by which the units in each well was gradually diluted 1 to 1 from 

1000 unit to 1 unit, while for the PLY dilution, the PLY working solution was 

prepared firstly by directly mixing 995 µl PBS to 5 µl PLY stock solution and 

added to each well with calculated amount of working solution. When this 

step was finished, 1 ml of sheep red blood cells were collected and 

centrifuged at 13,000 RPM for 4 min at RT. The supernatant was removed 

and pellet was resuspended in 20 ml PBS. To each well of the plate, 50 µl 

blood cell suspension was added. The samples were then incubated at 37˚C 

for 30 min, and left on the bench to allow the cells to settle at RT. After the 

hemolysis, samples were assessed under microscope. In this test, three 

replicates were prepared in both SLO and PLY group. 

Table 3.1   SLO dilutions for hemolysis test 
Well No. SLO (Unit) Well No. SLO (Unit) 

1 1000 7 15.625 

2 500 8 7.8125 

3 250 9 3.90625 

4 125 10 1.953125 

5 62.5 11 0.9765625 

6 31.25 12 0 
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Table 3.2 PLY dilutions for hemolysis test 

Well No. PLY (HU) PLY Volume (µl) 
Composition Proportion 

PLY (µl) PBS (µl) 

1 2 20 20 30 

2 1 10 10 40 

3 0.9 9 9 41 

4 0.8 8 8 42 

5 0.7 7 7 43 

6 0.6 6 6 44 

7 0.5 5 5 45 

8 0.4 4 4 46 

9 0.3 3 3 47 

10 0.2 2 2 48 

11 0.1 1 1 49 

12 0 0 0 50 

 

3.2.3.2 Results of Experiment 3 

The hemolysis test was replicated three times in both SLO and PLY group. 
The result showed that there was almost no hemolysis in the SLO group 
while almost all the cells in the PLY group were lysed. The each well 

contained approximately 1 million sheep red blood cells. In the No.11 well of 

the PLY group, 50% of cells were lysed, while cells in the No.1 well of the 

SLO group were found not lysed at all (Figure 3.5). This result was consistent 
to the result of the failure repeats of experiment 1.   
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3.2.3.3 Discussion of Experiment 3 

The hemolysis test had clearly showed that the quality of the commercial 

available SLO is not consistent which would become a big issue for 

experimental replications. Although in the Experiment 3 it had shown that 

the PLY is very efficient to permeabilize cells, the delivery test of DF had 

shown inefficiency for the PLY system to be used as reprogramming tool 

(Data not shown), despite the fact that PLY even in a very low concentration 

would cause much higher cell death, which had stopped us to continue this 

study. 

As discussed in the general introduction, SLO-permeabilisation based 

reprogramming system had shown the ability to partially reprogramme cells 

in different ways, however a rare study had shown complete reprogramming 

using this delivery system. Alternatively, it may be necessary to combine the 

!!!!1"""""2""""""3"""""""4"""""5""""""6""""""7"""""8""""""9"""""10"""11"""12!

!!!!1""""""2""""""""3"""""""4"""""""5""""""6"""""""7""""""8"""""""9""""10""""11""""12!

Figure 3.5   Hemolysis test of cells treated with titrated SLO or PLY. 
The top plate is hemolysis test of diluted SLO in a range from 1000 unit 
(Well No.1) to 1 unit (Well No.11). The bottom plate is the hemolysis test 
of diluted PLY in a range from 2 HU (Well No.1) to 0.1 HU (Well No.11). 
Well No.12 in both plates was control cells without treatment. 
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permeabilisation with other reprogramming techniques (Ganier et al. 2011).  

In addition, ideally, if the permeabilisation was consistent, an alternative 

way to force the partial reprogramming to complete may be to provide 

multiple rounds of treatment. However, because of the cell death problem, 

there would be great number of cell death after each round apart from the 

damage to the surviving cells. In this case, we eventually decided to stop 

developing the SLO-permeabilisation based reprogramming technique and 

start to seek alternative solutions for extract delivery. !

 

!
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Chapter 4      

Development of extract based reprogramming system 

by electroporation technique 

 

4.1 Introduction 

The permeabilisation based reprogramming system has never achieved 

complete reprogramming, furthermore permeabilisation itself is not stable 

either. By believeing that reprogrogramming could be triggered and 

accomplished by introducing the pluripotent cell content into the candidate 

cells, the only way to achieve this objective is to change the material delivery 

system.  

Electroporation is a technique based on strong electric field pulses applied to 

cells, which can cause the structural rearragement of the cell membrane 
(Nickoloff 1995). It was found these rearragements can cause temporary 

aqueous pathways, which are considered as ‘pores’ in the cell membrane, 

and also the electric field pulses can force the external materials such as 

molecules or ions to transport through the generated ‘pores’. In this case, 

electroporation technique is commonly used for DNA (Gresch et al. 2004), 
mRNA (Coughlin et al. 2004), small interfering RNA (Schacht et al. 2003), 
microRNA delivery (Vo et al. 2005). Apart from these common 

nucleofections, the electroporation technique is also used for protein delivery 

(Nickoloff 1995). As reported, upto 230 kDa proteins can be delivered into 

mamallian cells under conditions that are similar to electroporation-
mediated DNA transfection (Lambert et al. 1990). The observation in this 

study encouraged us to try to use electroporation for extract delivery.  
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4.2 Experiments 

4.2.1 Experiment 1:Electroporation system test. 

4.2.1.1 Materials and Methods of Experiment 1 

Amaxa Nucleofection (Lonza) electroporation technique was used for 

protein delivery in this study. In order to understand the general delivery 

efficiency, cell viability and technique stability of this electroporation 

technique, a testing experiment was designed and proceeded using the 

maxGFP® plasmid provided by Amaxa.  

IMR90 human fetal fibroblasts were used as candidate in this test. Fibroblasts 
were cultured upto 70-90% confluency, then harvested and counted to 

prepare the testing samples with 1 million cells per sample. For each sample, 

cell suspension was transferred to 1.5-ml Eppendorf tube and pelleted. Cell 

pellet was then resuspended with 5 µl plasmid DNA (maxGFP®) plus 100 µl 
Nucleofector Solution (Lonza). Prepared cell suspension was transferred to 

an Amaxa certified cuvette for electroporation. After the electroporation, cell 

samples were immediately removed from cuvette to prewarmed medium 

and transferred to 6-well plate. Cells were subsequently cultured in 10% 
DMEM for 7 days. 

To mimick the electroporation using cell extract instead of plasmid DNA, 

another electroporation test was carried out. In this test, 5 µl plasmid DNA 

was replaced with 5 µl plasmid DNA plus 95 µl cell lysis buffer that was 
used for cell extraction. IMR90 fibroblasts sample was prepared as decribed 

above with 1 million cells per sample. Cell suspension was transferred and 

pelleted. Cell pellet was resuspended in 100µl Nucleofector Solution with the 

prepared 100 µl plasmid DNA solution. Cell suspension was then transferred 

to cuvette for electroporation. After the electroporation, samples were then 

transferred to 6-well plate and continuously cultured for 7 days. 
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 4.2.1.2 Results of Experiment 1 

Candidate cells after electroporation were cultured at 37˚C with 5% CO2 
supply for 24 hr, then taken for observation. The initial electroporation test of 

IMR90 cells showed 30-40% were strongly positive. The precise proportion  

of the cells that were positive was not counted but this estimate is consistent 

to the description in the instruction for the Amaxa nucleofector, which is 
approximately 30-60% (Figure 4.1).  

 

 

 

 

 

 

 

 

For the second experiment that was designed to mimick the electroporation-
mediated CE delivery, plasmid DNA was diluted to 100 µl volume using the 

cell lysis buffer. In this case, the nucleofection solution was equally diluted 

1:1. The result showed that the efficiency of the electroporation was not 

significantly different compared to the first test (Figure 4.2). However, the  
cell death was increased, and the electroporated cells did not re-plate as well 
as the cells in the first experiment. 

 

 

Figure 4.1 Electroporation system test. IMR 90 fibroblasts were 
electroporated and incubated with maxGFP® plasmid provided by Amaxa. 
Cells were cultured for 24 hr and observed by microscopy. 
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4.2.1.3 Discussion of Experiment 1 

The test of above electroporation experiments were repeated three times, the 

results were consistent. Compared to the first test that followed the original 

electroporation protocol from Amaxa nucleofector instruction, the modified 

protocol had increased the cell death and reduced re-plating efficiency. 
However, this effect of viability was not too damaging, most of the 

electroporated cells survived and re-plated. Also, the transfection efficiency 

seemed not to be affected, which is suggesting that the modified protocol is 

suitable to be used as a CE delivery method. 

 

 

 

Figure 4.2  Electroporation system test with diluted electroporation 
buffer. IMR90 candidate fibroblasts were electroporated in 1:1 diluted buffer 
and incubated with maxGFP® plasmid provided by Amaxa. Cells were 
cultured for 24 hr and observed by microscopy. 
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4.2.2 Experiment 2:Electroporation-mediated reprogramming test. 

4.2.2.1 Materials and Methods of Experiment 2 

IMR90 human fetal fibroblasts were cultured upto 70-90% confluency, then 
harvested and counted to 1 million cells per sample. Each sample suspension 

was transferred to 1.5-ml Eppendorf tube and pelleted. Cell pellet was then 

resuspended with 100 µl GFP7a mESC extract (See Chapter 2) plus 100 µl 
Nucleofector Solution. Prepared cell suspension was then trasferred to an 

Amaxa certified cuvette for electroporation. After the electroporation, cells 
were immediately removed from cuvette to prewarmed KOSR medium with 
10 ng/ml bFGF. In this step, cell samples were separated into two identical 

groups. For the first group, cells were transferred to 6-well plate coated with 

0.1% gelatin and irradiated-MEF feeder (1 million feeder cells per plate). 
Cells were continously cultured in hESC condition for further assessment. 

For the second group, cells were mixed and transferred to a 75cm2 flask 
coated with 0.1% gelatin. Cells were cultured in 10% DMEM for 36 hr then 

harvested for a second round electroporation with same condition of the first 

round. After electroporation, cells were quickly transferred to 10cm2 dish 
coated with 0.1% gelatin and irradiated-MEF feeder (0.5 million feeder cells 

per dish). These cells were continously cultured in hESC condition for 

further assessment (Figure 4.3). 

 

 

 

 

 

 

 

IMR90&!

1st!Group:'cells'cultured'in'hESC'condition!

2nd!Group:'cells'cultured'for'
36#hr#in#10%#DMEM!

Cells%cultured%in%hESC%
condition!

Electroporation! Electroporation!

Figure 4.3   Experiment procedure. IMR90 candidate fibroblasts were 
electroporated and incubated with prepared CE. Samples were then 
separated to two groups. One of the groups, cells were maintained in 
hESC condition while the other group cells were electroporated for a 
second round, then selected in hESC condition. 
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4.2.2.2 Results of Experiment 2 

In this test, GFP7a mESC extract was used for reprogramming. Candidate 

cells after one round electroporation were cultured for 36 hr, then observed 

by microscopy. As shown in figure 4.4, there were several colony-like area 
generated after the electroporation. These cells were GFP positive. However, 

after 15 days culture, there was no hESC-like cell in these colony-like area. 

In the second experimental group, cells were electroporated for a second 

time in order to deliver more CE. Cells after electroporation were 

continuously cultured for 48 hr then observed under microscope. The result 

showned there were More distinguished colonies formed in each well of the 

plate, approximately 5 colonies per dish (0.5 million cells per dish)�Table 

4.1� (Figure 4.5). Cells were then continuously cultured for another 10 days, 

unexpectly, the colony-like area did not expand significantly. In another 

identical replicate, candidate cells after two rounds electroporation were 

cultured for 48 hr, then fixed and tested by alkaline phosphatase (AP) 

analysis. The result showed the colony-like areas were strongly positive for 

AP staining. Interestingly, there were also areas of cells that did not form any 

cell clump but they were also AP positive, which suggests these cells were 

partially reprogrammed. 

Dish No. Colony-like area No. Average No. per dish 
1 5 

5.25 2 3 
3 7 
4 6 

 

 

 

 

Table 4.1   Recorded number of colony-like areas in each dish. GFP7a 
mESC extract was introduced by electroporation twice. Cells after 
electroporation were cultured for 48 hr then observed by microscopy. The 
number of colony-like areas in each dish was counted under the 
microscope. 
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In order to confirm the morphology observation, polymerase chain reaction 

(PCR) was introduced in this study to test pluripotency gene expression. 

Candidate cells after two round electroporation were cultured for 48 hr then 

harvested for total RNA extraction which was then converted to cDNA (See 

Chapter 2).  Then, PCR experiments were proceeded to assess the expression 

of Oct4, Sox2, Klf4, c-Myc, Nanog and beta-Actin (Housekeeping gene) 
genes. H9 human embryonic stem cell was used as positive control in this 

test. The result showed the reprogramming cells were positive for Sox2 and 

c-Myc gene  expression at the level that was comparable to H9 hESCs (Figure 

4.7). By contrast, the cells were negative for Oct4, Klf4 and Nanog expression. 
This result confirmed the cells after two round electroporation were only 

partially reprogrammed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4   Candidate cells after one round electroporation-mediated 
reprogramming. GFP7a mESC extract was introduced by electroporation. 
Cells after electroporation were cultured for 36 hr then observed by 
microscopy. (A) Phase contrast image, 4x magnification. (B) Fluoresent 
channel, 4x magnification. (C) Phase contrast image, 10x magnification. (D) 
Fluorescent channel, 10x magnification. 
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Figure 4.5   Candidate cells after two rounds electroporation-mediated 
reprogramming. GFP7a mESC extract was introduced by electroporation 
twice. Cells after electroporation were cultured for 48 hr then observed by 
microscopy. (A) Phase contrast image, 4x magnification. (B) Fluoresent 
channel, 4x magnification. (C) Phase contrast image, 10x magnification. (D) 
Fluorescent channel, 10x magnification. 
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Figure 4.6   Alkaline phosphatase analysis of  candidate cells 
after two rounds electroporation-meidated reprogramming. (A) 
Control cells with red counterstain, 10x magnification. (B) Positive 
cells that formed colony-like area, 10x magnification. (C) Positive cells 
that formed colony-like area, 20x magnification. (D) Positive cells that 
remain fibroblastic morphology, 10x magnification. (E) Positive cells 
that remain fibroblastic morphology, 20x magnification. 
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4.2.2.3 Discussion of Experiment 2 

In this chapter, electroporation-mediated delivery system was used to 

introduce CE to candidate cells in order to trigger reprogramming. The result 

showed cell morphology was changed after one round electroporation, and 

colony-like areas were formed after two round electroporation. However, the 

potential reprogrammed colony-like area did not expand to accomplish 

reprogramming.  

In order to confirm the morphology observation, alkaline phosphatase 

staining was used to assess the reprogramming. The result showed that 
colony-like areas were strongly positive for AP staining after two round 

electroporation. There were also some fibroblasts that were positive for AP 

staining, which indicates the reprogramming was triggered not only to the 

cells that changed morphology but also to the normal fibroblasts. This 

M     M   H9   Ctl    S     M     H9    Ctl      S     M     H9    Ctl      S 

Beta!Actin" Sox2" c!Myc"

Figure 4.7   Gene expression analysis of pluripotency genes.  Beta-
Actin housekeeping gene was used as control. M: DNA ladder. H9: 
hESC line. Ctl: control cells without electroporation-mediated 
reprogramming. S: candidate cells after two rounds reprogramming. 
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suggests a delay of introduced factors to cause reprogrmaming in some 

candidate cells. However, it seemed none of these cells had formed colony or 
achieved pluripotency.  

To confirm the idea that cells reprogrammed by this electroporation based 

extract introduction were only partially reprogrammed, a gene expression 

assessment (PCR) was used. The result showed Oct4, Klf4 and Nanog were 
negative, but that Sox2 and c-Myc gene were expressed at the levels 

comparable to H9 hESCs. This observation suggested that cells were only 

partially affected by introduced cell extract. 

A third round electroporation was also applied to some cells, however very 

few cells survived, which is clearly showing the limit of the electroporation 

technique for the reprogramming. 

Because of the failure of the electroporation-based extract reprogramming, 

this technique was withdrawn. And other methods were considered in order 

to find an optimal delivery system for introducing CE. 

!
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Chapter 5      

Development of novel material delivery system based 

on cell cycle regulation 

 

5.1 Introduction 

Observations made in the previous experiment suggested that a small 

proportion of untreated cells took up extract as cells in control group without 

SLO treatment had a morphological change after the incubation with mESC 
extract. One interpretation of the low frequency of the change in morphology 

was that uptake of material occurred during a specific stage of the cell cycle 

that is very short. A literature search identified a report of spontaneous 

uptake of macromolecular material by human cells during mitosis (Pellegrin 
et al. 2002). Detailed analysis revealed uptake of dextran from late prophase 

to early telophase of mitosis when uptake of dextran was observed from 4 to 

150 kDa, although entry seemed to be slower with the larger molecules. 

Similar uptake was observed with primary human fibroblasts, HeLa cells 

and murine C2 myoblasts in the same study.  

In order to be able to take advantage of this opportunity it is necessary to be 

able to hold cells in mitosis for longer period of time and it has been shown 

that S-Trityl-L-cysteine (STLC) is such a compound. STLC is a reversible 
inhibitor of the kinesin Eg5 that is responsible for formation of the mitotic 

spindle (Skoufias et al. 2006). Addition of STLC to asynchronously cycling 

HeLa cells resulted in the accumulation of cells with 4 N DNA content, in a 
concentration dependent manner.  After 24 h incubation in the presence of at 

least 5 µM STLC over 80% of the cells were arrested in G2/M phase. Even 

after 24 h incubation at a high concentration of the drug there was no 

evidence of cytotoxic effects. Prolonged incubation showed that the block at 

G2/M phase persisted for up to 72 h. The inhibitory effect was reversed very 

rapidly following removal of the drug.  More than 50% of the HeLa cells 
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completed mitosis within 2 h of drug removal, and practically all cells 

returned to 2 N DNA content within 4 h. 

With the purpose of testing the compatibility of the STLC induced 

metaphase arrest with the metaphase dependent external material uptake, a 

series of experiments were planned and carried out. First the ability of 

human fibroblasts to re-enter the cell cycle after being held in metaphase by 
exposure to STLC was assessed. Secondly, the uptake of material from the 

culture medium was measured. After these experiments, mESC extract was 

applied in the new delivery system to reprogramme human fibroblasts. 

 

5.2 Experiments 

5.2.1 Experiment 1: The effect of holding IMR90 cells in metaphase by 

exposure to STLC on subsequent viability. 

5.2.1.1 Materials and Methods of Experiment 1 

In order to reprogramme cells using cell extracts with cell cycle method, it is 

necessary to test the synchronization system for efficiency, safety and cell 

viability etc. In this experiment, candidate cells were synchronized to 

metaphase using STLC to allow access for external materials into the 

intracellular environment. Cell extract is very expensive to produce; 

therefore before attempting actual reprogramming, uptake of fluorescein 

labeled dextran was used to assess viability and uptake of extracellular 
material after the use of STLC to synchronize target cells in metaphase.  

IMR90 human fetal fibroblasts in 25 cm2 tissue culture flasks in 5 ml culture 
medium were grown to 60% confluence and then treated with different 
concentrations of STLC  (0 µM, 5 µM, 10 µM, 15 µM and 20 µM) for 38 hours 

at 37˚C in a humidified, 5% CO2 atmosphere. After this step, the medium 
containing STLC was carefully removed and replaced with fresh culture 
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medium. Cells from each STLC treatment were divided into 4 aliquots 

(groups 1 to 4) for further testing: 

Group 1: cells were harvested immediately after removal of STLC, and then 

split to be two identical samples. One sample was taken for assessment of 
viability by flow cytometry, and the other was re-plated to discover if STLC 
treated cells could re-attach to tissue culture grade plastic and were viable. 

Group 2: After the removal of STLC, cells were incubated with 10 mg/ml 

70kDa Dextran-Fluorescein (DF) for 20 min at 37˚C in a humidified, 5% CO2 
atmosphere, then harvested using 0.25% trypsin-EDTA, washed and 
resuspended in FACS-PBS for flow cytometry to assess DF uptake. 

Group 3: Immediately after the removal of STLC, cells were harvested for cell 

cycle analysis to assess the proportion of cells that were arrested in 
metaphase. 

Group 4: Immediately after removal of STLC, cells were treated with 70kDa 

10mg/ml DF for 20 min. Culture medium was then changed to 10% DMEM 

and cells were culture for 24 hours. Cells were then harvested for flow 

cytometry to assess viability and fluorescence. Additional observations were 

made of some treatments to assess the presence of DF by microscopy 

5.2.1.2 Results of Experiment 1 

In the control sample (no STLC treatment), there was no morphological 

change (Figure 5.1a), whereas in the other 4 STLC treated samples (with 
different STLC concentration) many cells showed a change in morphology 

consistent with the cells being blocked at metaphase. These cells had round 

shape and were bright (Figure 5.1b). They had weak contacts with other 

adherent cells, and could be knocked off easily with gentle tapping of the 

flask. (Adherent cells in the mitotic phase would normally round up and 

become loose, and could be detached by shaking, which is called Mitotic 

Shake-off).   
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Mitotic cells (Round shaped cells) from all the samples were then harvested; 
re-plated and cultured to check whether they were viable. 24 hours after re-
plating, nearly all the cells had successfully re-attached to the flasks, and 

barely any floating cells were seen (Fig. 5.1c), which indicated that the STLC 
induced metaphase blocking is reversible and that the cells were viable. All 

cells appeared to survive STLC treatment and there was no noticeable 

difference between different samples.  

To further investigate delivery of external materials, candidate cells after 38 

hr STLC treatment were incubated with DF for 20 min and harvested using 
0.25% trypsin-EDTA, washed once with PBS and fluorescence assessed by 

flow cytometer. Live cells were gated using forward (size) and side scatter 

Figure 5.1   Morphology change of IMR90 cells after STLC 
treatment. (A) Control cells without STLC treatment were culture for 38 
hr. (B) IMR90 cells were treated with 5 µM STLC for 38 hr. (C) IMR90 
cells after 5 µM STLC treatment and maintained in culture for 24 hr. 

A! B!

C!
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(complexity) characteristics from experience. Following the complete process 

of STLC treatment cells retained a scatter profile comparable to that of the 

untreated control. STLC treatment did not affect viability and treated cells 

were apparently undamaged (Figure 5.2). No difference was seen between 

groups treated with different concentrations of STLC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Live cells were analyzed to estimate the percentage of cells that had taken up 

DF.  The flow cytometry data showed that treatment with 5uM STLC 

appeared to be enough to arrest a considerable population of cells in 

metaphase, and resulted in DF uptake by around 37.91� viable cells of total 

cell population (Figure 5.3). 

100202.005

SSC-H

FS
C-
H

0 64 128 192 256
0

64

128

192

256

100202.002

SSC-H

FS
C-
H

0 64 128 192 256
0

64

128

192

256
100202.001

SSC-H

FS
C-
H

0 64 128 192 256
0

64

128

192

256

100202.004

SSC-H

FS
C-
H

0 64 128 192 256
0

64

128

192

256

100202.001

SSC-H

FS
C
-H

0 64 128 192 256
0

64

128

192

256

Live cells

100202.003

SSC-H

FS
C-
H

0 64 128 192 256
0

64

128

192

256

Figure 5.2  FACs analysis for testing cell viability after STLC 
treatment. (1) Control cells without STLC treatment. (2) Candidate cells 
were treated with 5 µM STLC for 38 hr, then harvested for FACs 
analysis. (3) Candidate cells treated with 10 µM STLC. (4) Candidate 
cells treated with 15 µM STLC. (5) Candidate cells treated with 20 µM 
STLC. 
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The cell cycle profile of the cells from all treatment groups (including cells 

not arrested to metaphase) was analyzed by Flow Cytometry. After 38 hours 

treatment, it showed that around 18% of cells were in metaphase, as 

compared to the control group where only about 8% cells were in metaphase. 

In treated cells the proportion in G0/G1 was reduced from 38.67% to about 

26%, approximately 6-7% of cells were in S phase which revealed around 

12% cells were either blocked in metaphase or pushed to S phase (Figure 5.4). 
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Gated 
Cells

% of 
All 

Cells
100202.001 None 100624 100.0 81.3

100202.001 Live cells 100624 100.0 81.3

100202.001 Dextran-FITC 4410 4.38 3.56

FCS 
Filename

Gate # of 
Events

% of 
Gated 
Cells

% of 
All 

Cells
100202.004 None 51381 100.0 64.9

100202.004 Live cells 51381 100.0 64.9

100202.004 Dextran-FITC 15996 31.13 20.21

Figure 5.3   FACs analysis for testing DF uptake after STLC induced 
metaphase block. (1) Control cells without STLC induced metaphase 
synchronization. (2) Candidate cells were treated with 5 µM STLC for 38 hr, 
followed by 20 min DF treatment. Cells were then washed and harvested for 
FACs analysis. (3) Candidate cells treated with 10 µM STLC. (4) Candidate 
cells treated with 15 µM STLC. (5) Candidate cells treated with 20 µM 
STLC. The Black box showed the percentage of DF positive cells in control 
group, whereas the Blue box shows the DF positive percentage of STLC 
treated group. 
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Filename Parameter Marker # of 
Events

% of 
all 

cells

% of 
gated 
cells

mb030210.004 FL3-H M1 8949 44.74 44.74

mb030210.004 FL3-H M2 295 1.48 1.48

mb030210.004 FL3-H M3 5467 27.34 27.34

mb030210.004 FL3-H M4 1354 6.77 6.77

mb030210.004 FL3-H M5 3402 17.01 17.01

mb030210.004 FL3-H M6 481 2.4 2.4
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mb030210.005 FL3-H M5 3319 16.59 16.59

mb030210.005 FL3-H M6 525 2.62 2.62



! 92!

 

 

 

 

 

 

 

 

 

 

 

 

A proportion of cells treated with STLC and loaded with DF was returned to 

culture in fresh DMEM +10% FBS and was cultured for 24 hr. After 

harvesting with 0.25% trypsin-EDTA and washing their fluorescence, cells 

from all groups were again assessed by Flow cytometry. This was to assess 

the persistence of dextran that had entered the cells and to discover if the 

cells were intact and healthy after STLC treatment. The results showed a 

substantial reduction in positive cells, around 3.3% (Mean 5.34% - 2.04%) of 

cells remained DF positive as compared to 37.91% when cells were freshly 

loaded (Figure 5.5). 
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Figure 5.4   FACs analysis of cell cycle stage in the samples 
synchronized by STLC. (1) Control cells without STLC induced 
metaphase synchronization. (2) Candidate cells were treated with 5 µM 
STLC for 38 hr, then all the cells were harvested for cell cycle 
assessment. (3) Candidate cells treated with 10 µM STLC. (4) 
Candidate cells treated with 15 µM STLC. (5) Candidate cells treated 
with 20 µM STLC. As shown in the figure, scale bar ‘M3’ represents 
cells in G0/G1 phase; while ‘M4’, represents S phase; the ‘M5’ 
represent metaphase. The Red box showed the percentage of the cells 
in metaphase, in which the cells were treated with 5 µM STLC as the 
selected treatment concentration. 
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FCS 
Filename

Gate # of 
Events

% of 
Gated 
Cells

% of 
All 

Cells
100203.003 None 23346 100.0 74.47

100203.003 Live cells 23346 100.0 74.47

100203.003 Dextran-FITC 1257 5.38 4.01

FCS 
Filename

Gate # of 
Events

% of 
Gated 
Cells

% of 
All 

Cells
100203.002 None 25395 100.0 67.71

100203.002 Live cells 25395 100.0 67.71

100203.002 Dextran-FITC 1414 5.57 3.77

FCS 
Filename

Gate # of 
Events

% of 
Gated 
Cells

% of 
All 

Cells
100203.005 None 25464 100.0 84.88

100203.005 Live cells 25464 100.0 84.88

100203.005 Dextran-FITC 1284 5.04 4.28

FCS 
Filename

Gate # of 
Events

% of 
Gated 
Cells

% of 
All 

Cells
100203.004 None 19174 100.0 63.91

100203.004 Live cells 19174 100.0 63.91

100203.004 Dextran-FITC 1028 5.36 3.43

FCS 
Filename

Gate # of 
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Cells

% of 
All 

Cells
100203.001 None 45352 100.0 85.19

100203.001 Live cells 45352 100.0 85.19

100203.001 Dextran-FITC 924 2.04 1.74

Figure 5.5   FACs analysis for testing the persistence of dextran that 
has entered the cells and the cell viability. (1) Control cells without 
STLC induced metaphase synchronization. (2) Candidate cells were 
treated with 5 µM STLC for 38 hr, followed by 20 min DF treatment. DF 
was then removed and cells were continuously cultured for 24 hr. Total 
cells were harvested subsequently and washed for FACs analysis. (3) 
Candidate cells treated with 10 µM STLC. (4) Candidate cells treated with 
15 µM STLC. (5) Candidate cells treated with 20 µM STLC. The Red 
boxes showed the percentage of the cells in total population remaining DF 
positive. 
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An examination of DF loaded cells by fluorescence microscopy was applied 

as a second observation. Figure 5.6 was from 5 µM STLC treated group, and 

it was directly taken from the harvested cells sample just before the above 

FACs analysis.  This showed that the majority of cells were remaining FITC 

positive, and that DF remained localized in the cytoplasm, and did not enter 

the nucleus. It revealed that cells were still alive and nucleus membrane was 
remaining intact (Figure 5.6). This suggested a different view of the outcome 

of the delivery, which indicated that the persistence of delivered DF was 

probably greater than shown in the FACs analysis (Figure 5.5).   

 

 

 

 

 

 

 

 

 

 

 

5.2.1.3 Discussion of Experiment 1 

The material delivery experiment confirmed that metaphase blocking and 

uptake of external material was achievable using STLC. The cells were 

shown capable to return to normal cell cycle and continue to grow in vitro 

Figure 5.6   Microscopy for testing the persistence of DF in 
candidate cells that were in 5 µM STLC treated group. Candidate 
cells were treated with 5 µM STLC for 38 hr, followed by 20 min DF 
treatment. DF was then removed and cells were continuously cultured 
for 24 hr. Total cells were harvested subsequently and washed for 
microscopy test. The images were taken at 20x magnification. 
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after STLC treatment in a range of 5uM to 20uM.  Although the percentage of 

metaphase blocking was not high (around 18%), about 26%-38% of cells took 

up DF immediately. However, as assessed by FACS only 3.5% of cells 

remained DF positive after 24hr in culture, although the microscopy data 

showed greater persistence of the DF.  

Candidate cells after different concentrated STLC treatments were harvested, 

released STLC, re-plated and continuously cultured for 24 hr in normal 

condition. Cells from all the testing groups had re-plated very well with very 
little or no cell death, which confirmed the experimental protocol was safe. 

However, there are reports of variation between cells in the time required to 

resume cell division after removal of the STLC (Skoufias et al. 2006). This 
observation is consistent with the description in the paper that cells after 

STLC induced metaphase blocking retain a normal chromosome number 

anytime length below 48 hr treatment (Skoufias et al. 2006). Taken together, 

this result indicates the protocol is suitable for further experimental tests. 
Also, based on published papers and the result, it was concluded that 38 hr is 

a safe length of time for STLC treatment.  

Based on the data shown above, a reasonable percentage of cells had taken 

up DF, but a low frequency had retained DF 24 hr later, raising the question 

of whether extract introduced in this way would persist long enough to 

reprogramme cells. However, the data has many positive aspects. First, there 
were about 9% of healthy cells in metaphase naturally, and the total number 

of cell cells in metaphase had increased to 18% after STLC treatment, 

although this estimate is lower than the result of DF uptake by 26.59% to 

37.91% fluorescent cells. This apparent difference may be due to the 

persistence of DF on the cell membrane surface, which was not washed off 

and was detected by FACs. Despite the differences, the assays (cell cycle and 
uptake) followed the same general trend. Although very few cells remain DF 

positive after 24 hr, this experiment proved that cells could quickly escape 

metaphase after STLC removal, which means the experimental procedure 

was not harmful to the cell viability.  
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Since most of the data was obtained by Flow cytometry, to confirm the 

accuracy and sensitivity of the data, samples from each group had been 

taken at each stage of the tests for microscopy observation. They showed that 

most of the cells were fluorescent positive which meant the actual number of 

the DF positive cells was probably higher than was shown in FACs data. 

These results indicated that cells would be possibly reprogrammed by the 

replacement of DF with cell extract, if there were enough transcription 

factors present in the cell extract. 
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5.2.2 Experiment 2: Material delivery test after metaphase block by 

STLC for a shorter time-length on CRL2097 cells, and the test of 

Dextran-Fluorescein (DF) delivery at different incubation time-length. 

5.2.2.1 Materials and Methods of Experiment 2 

CRL2097 a human neonatal fibroblast line was suggested to substitute the 

IMR90 cells, and it later became a standard control line for iPSC production 

in this and other laboratories. This change was made because IMR90 cells 
had been passaged and used many times for years. They had been used as 

the control line for reprogramming with retroviral technique in the iPSC 

facility of our centre (MRC-Centre for Regenerative Medicine). And not long 

after the adaption of using IMR 90 cell for my study, several rounds of 

attempts to use viral vectors to produce iPSCs from IMR90 cells failed 

frequently. A possible reason is due to cell senescence (Banito et al. 2009), 
which is a barrier prevented reprogramming candidate cells to reach 

pluripotent stage and stop the cells at reprogramming intermediate stage. 

The IMR90 cells used for the study are and above, which have high chance of 

being senescence. In this case, for further research, CRL2097 a human 

neonatal fibroblast line was suggested to substitute the IMR90 cells in my 
study. 

Before attempting to introduce extract into these cells, the effect of STLC on 

viability and material uptake by CRL2097 fibroblasts were tested as for the 

IMR90 cells, in which they had the same response to the STLC under the 

same conditions (Data not shown).  

Based on the result of Experiment 1, 5µM STLC concentration was used and 

also applied for the tests on CRL2097 cells. According to the microscopy 

observation, mitotic-shaped cells appeared and gradually increased during 
the first 6 hours. Since it was reported that the recovery time is dramatically 

increased after prolonged exposure to STLC and it is variable, the decision 

was made to use 6 hr as the STLC treatment length for further tests from the 

beginning. 
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CRL2097 cells were again cultured in 25 cm2 tissue culture flasks with 5 ml 
culture medium to grow up to 60% confluence and then were treated with 
5µM STLC in 10% DMEM medium for 6 hr at 37˚C in a humidified, 5% CO2 
atmosphere. STLC containing medium was then carefully removed and 

replaced with fresh culture medium. Mitotic cells (Round shaped cells) were 

collected by simply tapping the culture-container (Mitotic shake). Collected 

cells were then counted and re-suspended at 25,000 cells per 100 µl per 
sample according to the classic retroviral reprogramming protocol. 6 

different DF incubation time tests were planned; each incubation time-length 
had 6 samples prepared. 70kDa DF stock solution (10mg/mL) was added 

into the cell suspensions to give a final concentration of 10 µg/ml for 

different time-length (10, 20, 30, 40, 50, 60 min) in Eppendorf tubes. Cells 

from each incubation time group were then aliquoted into 6 wells (25,000 

cells per well), and used to assess the delivery of DF fluorescence over time  

(10, 20, 30, 40, 50, 60 min) and subsequent persistence. Aliquoted samples 

were incubated in 24-well low adherence-cluster plate at 37oC with 5% CO2 
supply. Control groups were set up for 30 and 60 min incubation with same 

concentration DF in low adherence-cluster plate, in which cells were not 

treated with STLC. At the appropriate time after incubation, all cell samples 

including the control group were washed once with 1x PBS to remove free 

DF then transferred to 6-well plates for reattachment and cultured in DMEM 

+ 10% FBS under normal conditions for up to 6 days. Culture medium was 

changed daily. Images were taken daily by microscopy to monitor the 

efficiency of uptake, persistence of intracellular DF and cell viability with 

time after STLC treatment.  

 

5.2.2.2 Results of Experiment 2 

After 24 h culture, the cells without STLC treatment incubated with DF for 30 

min or 60 min were negative or showed only very low levels of auto-
fluorescence comparable to DF untreated cells (negative control)  (Figure 

5.7). Whereas, the cells treated with STLC and followed by DF showed very 
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strong fluorescence in the green channel by comparison with negative 

control and STLC untreated cells that had DF treatment. The result suggested 

that STLC treated cells had taken up Dextran-FITC as expected (Figure 5.8). 

From the images, it could clearly be seen that fluorescein signals were mainly 

located in the cytoplasm. The nucleus was seen as a shadow within the cell 

where only weak fluorescence signals were present. It also clearly showed 

that increasing duration of exposure to DF led to an enhancement of the 

fluorescent signal, though fewer cells had reattached to culture plate after 

prolonged DF incubation time-length. The number of cells presented in the 

observation field was compared in between, which it had shown little 

difference between the 10 min and 30 min groups. However the number of 

cells that incubated with DF in suspension for 60 min then re-plated was 
greatly reduced.  

 

 

 

 

 

 

 

 

 

 

 

 

Control 30 min 

Control 60 min 

Figure 5.7   Dextran-Fluorescein treatment to control cells that without 
cell cycle synchronization. Both control samples that been treated with DF 
for 30 min or 60 min had shown no positive signal at all. 
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Images were also taken after 48 hr (Day 2) and 96 hr (Day 4); cells from STLC 

and DF treated groups all remained having relatively strong fluorescent 

signals. And the microscopy data had clearly showed these cells were 
growing over the time (Figure 5.9 and Figure 5.10). Furthermore, it seemed 

all the cells treated with STLC and DF then re-plated to the tissue culture 

plate were later found DF positive. 

 

 

10 min DF treatment 30 min DF treatment 

60 min DF treatment 

Figure 5.8   Dextran-Fluorescein treatment in variable time length to 
candidate cells that been synchronized to metaphase by STLC. 
Synchronized cells were treated with DF for 10 min; 30 min or 60 min had 
shown positive signals in all samples. The images were taken at 10x 
magnification. 
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10 min DF treatment 
 

30 min DF treatment 
 

60 min DF treatment 
 

Figure 5.9   2 Days in culture after 
Dextran-Fluorescein treatment applied 
in variable time length to candidate 
cells that been synchronized to 
metaphase by STLC. Synchronized cells 
that been treated with DF for 10 min, 30 
min or 60 min were continuously cultured 
for 2 day and had shown positive for 
Fluorescein signals. 
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10 min DF treatment 30 min DF treatment 
 

60 min DF treatment 
 

Figure 5.10   4 Days in culture 
after Dextran-Fluorescein 
treatment applied in variable 
time length to candidate cells 
that been synchronized to 
metaphase by STLC. 
Synchronized cells that been 
treated with DF for 10 min, 30 min 
or 60 min were continuously 
cultured for 4 day and had shown 
positive for Fluorescein signals. 
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After 144 hr (Day 6) cell culture, cells from all the groups had reached full 

confluence. As planned, images were then taken on Day 6 as the final time-
point. Clearly, mitotic cells harvested from the group that had been 

synchronized and later treated with DF for only 10 min, when they were re-
plated and cultured for 6 days had became fully confluent. It was hard to 

count, but it seemed almost all the cells were remaining fluorescein positive 

(Figure 5.11a). Examination of an area around the edge of the well where 
cells were not too crowded it was clear that almost all of the cells still had 

significant fluorescein signals in the cytoplasm, whereas there was barely 

any signal from nuclei (Figure 5.11b).  Comparable results were found in 

other groups, and there was not much difference between uptake events 

among the STLC treatment groups, apart from the rate of cell proliferation, 

especially when comparing the 10 min treatment group with that treated 

with DF for 30 min or 60min. Cells from latter two groups had shown 

positive for DF overall, however the density of the cell population was much 

lower compared to the cells that only treated with DF for 10 min after 6 days 

culture (Figure 5.11c and 5.11d).  
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(A)$10 min DF treatment 
!

(B)$10 min DF treatment 
!

(C)$30 min DF treatment 
!

(D)$60 min DF treatment 
!Figure 5.11   6 Days in culture after Dextran-Fluorescein treatment 

applied in variable time length to candidate cells that been 
synchronized to metaphase by STLC. Synchronized cells that been 
treated with DF for 10 min, 30 min or 60 min were continuously cultured for 
6 day and had shown positive for Fluorescein signals. 
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5.2.2.3 Discussion of Experiment 2 

From Experiment 1, we understood that cells after STLC treatment would be 

arrested in metaphase during the cell cycle. We also confirmed this event 

would also occur in other tested cell types in the experiments, and we 

benefited by this fact to change the study cell type from IMR90 cells to 

CRL2097 cells, since IMR90 cells seemed not efficient for virus-mediated 
reprogramming possibly due to the cell senescence(Banito et al. 2009). 
Continuously using IMR90 cells as reprogramming candidate would 

potentially cause a big trouble for producing pluripotent stem cells for 

developing reprogramming technique. CRL2097 human neonatal fibroblasts 

were widely used as a control line for iPSC production among many labs, 

which was then chosen to be the candidate cell type for the further 

development of this novel technique. 

After understanding the material delivery that happens robustly, a question 

had raised that whether those delivered materials would last long enough in 

candidate cells to provide an opportunity to change cell fate in the following 

studies. As shown in figure 5.12 below, the candidate cells were treated with 

5 µM STLC for 6 hours, which was considered as the safest condition for 

metaphase blocking step in this study. Metaphase arrested cells were 

harvested for DF treatment, which was performed in suspension for different 

amount of time and cultured up to 6 days to observe. The result had shown 

the delivered DF remained in the cells all along the process, which indicated 

the delivered materials would last considerable long inside cells and possibly 

have an opportunity to affect cells. Images also showed that fluorescein 

signals mostly located in cytoplasmic area and left a shadow of nucleus, but 

there were still some weak signals found within the ‘shadow area’, which 

suggested the delivered DF equally spread in cells, and were enveloped 

within the nucleus after escaping the metaphase. Since there was no 

transcription activation during the metaphase, delivered external materials 

should just located along the side of nucleus area, and it was expected that 

the reprogramming process would start after the reformation of the nucleus 

membrane. 
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On the other hand, the result also showed that cells co-incubated longer time 

with DF would need longer time to recover and end up with significant 

smaller number of cells reattached. Since the uptake event is likely to involve 

macropinocytosis, the osmolarity balance seems to be a key to protect cells 

during the incubation. Adherent cells in normal culture condition would live 

happily, but will not necessarily behave the same when they are in 

suspension. And after metaphase blocking treatment, pinocytosis has been 
greatly encouraged, the cellular environment as a whole and the interaction 

between internal and external cell membrane are very complicated to study. 

A full-bodied cell extract with appropriate osmolarity and protein 

concentration was mentioned to be good to support cells and maintain them 

in a healthier condition during tissue culture (Freberg et al. 2007). Although 

Figure 5.12   The Experiment procedure of material delivery test. 
Candidate cells were treated with 5 µM STLC for 6 hr. Mitotic cells were 
harvested, counted and treated with 70 kDa Dextran Fluorescein for different 
length of time in suspension. Samples were then washed, re-plated onto 6-
well plate for further observation. 

Testing Group 

6 hr STLC blocking 

CRL2097 cells at 
60% confluence 

Cells not been 
blocked 

CRL2097 cells at 
60% confluence 

Control Group 

Wash once with PBS then re-plate 
treated cells on 6-well plate and 

culture for 6 days 

Collect images everyday 

Collect images everyday 

10 min DF treatment 

20 min DF treatment 

30 min DF treatment 

40 min DF treatment 

60 min DF treatment 

50 min DF treatment 

Harvest mitotic cells and 
treat with 70 kDa DF for 

different time length 

30 min DF treatment 

60 min DF treatment 
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the hint from this result was showing that the time length of the external 

material suspension-incubation was the key affect to cell health, it is still not 

necessarily a bad result for future experiment, since it is not known whether 

cells would remain in healthy condition with a protection from cell extract.   

Cells that were treated with various time length of DF did not show much 

variation of the uptake ability during this test. Experiment result also 

revealed that the uptake event would launch in a very short time as long as 

cells were in metaphase, which the same observation has been mentioned in 

previous studies that synchronized cell can take up Dextran-Fluorescein 

within 15 min (Pellegrin et al. 2002). However, for the reprogramming work 

in the future, it is thought that a longer incubation time with cell extract 

would be a better chance to fully reprogramme donor cells, because cell 
extract is a multi-component solution, which contains various molecules 

with a large number of different-sized/typed components.  Also, it is 

suggested that different-sized/typed component requires different time-
length to get through the cell membrane, which means the time-length for 

the cell extract incubation might take much longer compared to Dextran-
Fluorescein (70kDa) as a single compound. Obviously, the answer would be 
found in practical reprogramming tests. 

 

 

 

 

 

 

 

 

 



! 108!

5.2.3 Experiment 3: Reprogramming test based on cell synchronization 

with long-term exposure of cell extract. 

5.2.3.1 Materials and Methods of Experiment 3 

The results of experiment 2, showed that 10 min incubation of mitotic cells 

with Dextran-fluorescein in suspension caused very little cell death 

compared to other treatments. However, the following reprogramming 

experiment used E14 mESC extract did not successfully change the fate of 

candidate cells by either morphology or gene expression (Data not shown), 

which seemed to indicate the cell extract incubation requires longer time to 

allow more components to be taken up. As a result, an experiment was 

designed to provide longer-term E14 mESC extract exposure to the 

reprogramming candidate cells.  

CRL2097 cells were cultured and treated with 5 µM STLC for 6 hr as 

described in 5.2.2.1. Mitotic cells were then collected by mitotic shake-off. 

Collected cells were counted as 25,000 cells per sample. Cells were then 

pelleted by centrifuge at 1000 RPM for 5 min at RT. Cell pellets of each 

sample were re-suspended in 100 µl prepared E14 mESC extract. Cell extract 

incubation was applied at 37˚C for 10 min in suspension. The experimental 

cells were re-plated together with the extract onto tissue culture plate coated 

with irradiated-MEF feeder cells and 0.1% gelatin, and cultured in hESC 
condition for 24 hr. Culture medium was changed every day and cells were 

observed by microscopy. 

Since precipitate formed during the reprogramming experiment, a time-lapse 
experiment was prepared to understand the time when precipitate forms. 

CRL2097 fibroblasts were counted, seeded to 6-well plate with 25,000 cells 
per well and cultured up to 60% confluence. Fresh E14 mESC extract was 

then applied to the cells with 100 µl in 2 ml culture medium. Cells were then 

placed under time-lapse microscope to monitor the precipitate formation in 

phase contrast channel.  
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5.2.3.2 Results of Experiment 3 

Candidate cells after 24 hr culture showed no morphology change but 

starting to have precipitate started to form in the wells (Figure 5.13b), while 

the control cells without cell extract treatment had no precipitate in the well 

(Figure 5.13a). Cells were continuously cultured for another 15 days, and PBS 

wash was provided every day, the morphology of the cells was gradually 

changed (Figure 5.14). Potential colony-like cell clumps started to form 

around Day 6 (Figure 5.14b), however the precipitate in the plate was getting 
thicker and could not be washed off completely. Colonies were continuously 

expanding by both size and quantity that had reached almost confluence in 

the plate on Day 15 (Figure 5.14e). However, the precipitate was too thick 

and it seemed had limited the space for cell expansion. In which case, it was 

decided to passage the cells onto a new culture plate. Several methods were 

tried, including using Collagenase, 0.25% trypsin-EDTA or direct cell 

scraping. However, Collagenase was too weak to the cells that it had no 

response. The trypsin was too strong and dissociated the cells into single cell 

suspension, and very few cells successfully re-plated subsequently. Direct 
cell scraping removed the colonies efficiently, but also the precipitate, and in 
the end the colonies did not re-plate.  

 

 

 

 

 

 

 

 

A B 

Figure 5.13   Candidate cells were treated with E14 mESC cell extract 
for 24 hr. (A) Control cells without CE treatment. (B) Candidate cells were 
treated with CE for 10 min in suspension and re-plated on irradiated-MEF 
coated plate with CE. 



! 110!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

C D 
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Figure 5.14   Morphology changes of the cells treated with E14 mESC 
extract. Candidate cells were treated with CE for 10 min in suspension 
and re-plated on irradiated-MEF coated plate with CE. Cells were cultured 
for 15 days in hESC condition and culture medium was changed every 
day. (A) Morphology on day 4. (B) Day 6. (C) Day 10, at 10x magnificent. 
(D) Day 10, at 20x magnificent. (E) Day 15, at 20x magnificent.  
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The time-lapse experiment result showed the precipitate formed 

approximately around 6 hr after CE been added in (Figure 5.15b). The 

precipitate was gradually getting thicker along with the increasing time of 

the CE incubation (Figure 5.15).  
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A B 

C D 

E F 

G H 

Figure 5.15   Time-lap monitoring of the precipitate formation. 
Candidate cells were incubated with E14 mESC extract for 24 hr, images 
were taken every 30 min of the same location in the plate. (A) 0 hr. (B) 6 
hr. (C) 9 hr. (D) 12 hr. (E) 15 hr. (F) 18 hr. (G) 21 hr. (H) 24 hr.  
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5.2.3.3 Discussion of Experiment 3 

It was understood from Experiment 2 that long-term treatment with DF in 
suspension culture would damage cells. Whereas, it seemed 10 min 

treatment of the CE to the cells was too short for cells to take up enough 

factors to launch the reprogramming activity. A compromise solution was to 

treat candidate cells with CE for 10 min then transfer the cell suspension with 

the CE to irradiated-MEF coated plate and culture in hESC condition. The 

medium with CE was left in the plate for 24 hr then replaced with fresh hESC 
culture medium.  

Unexpectedly, there was very thick precipitate formed during the process, 

which was later found irremovable. In order to prevent this happening, PBS 

wash was applied twice per day before the medium change, however the 

precipitate continuously formed each day until it fully covered the plate and 

limited the growth of the cells. Several methods were tested to passage the 

cells, however none of them was sufficient.  

Apart from the precipitate, the morphology change of the candidate cells was 
very encouraging. Potential colonies started to form on day 6, and 

continuously expanded until the precipitate was thick enough to stop the cell 

outgrowth. The encouragement was not only just the appearance of the 

potential colonies, but also the quantity. There were massive colonies spread 

over the plate, which potentially showed a very high reprogramming 

efficiency. In this case the only technical obstacle was to get rid of the 

precipitate. 

In order to understand the formation of the precipitate, which might help to 

make adjustments of the experimental protocol, a time-lapse experiment was 

designed to monitor the time that precipitates starts to generate. According 

to the result, precipitate started to form 6 hr after adding the CE and became 

thicker over the time passes. A solution was to keep the original protocol of 

the experiment 3 but to apply a PBS wash 6 hr after the cell reattachment. 

And to match the 24 hr CE incubation time-length, fresh CE could be 

provided after each 6 hr incubation. However, because of the huge 
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consumption of the CE this plan would require, it would be very difficult to 

produce enough CE practically for this experiment and almost impossible to 

maintain the quality of the different batches of the CE as well. In this case, 

alternatively, it was decided for future experiments to extend the incubation 

time-length of the candidate cells with CE in suspension despite the possible 

cell death during the incubation. 
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5.2.4 Experiment 4: Generation of iPSC with extract based method. 

5.2.4.1 Materials and Methods of Experiment 4 

Previous experiments had shown that after STLC treatment, cells are able to 

take up external materials and that it was detectable inside cells for at least 6 

days. This protocol was therefore tested for production of induced 

pluripotent stem cell (iPSC), by replacing Dextran-FITC with E14 mESC 
extract. As discussed in 5.2.3.3, the extended CE incubation could not be 

done during the adherent culture due to the precipitate formation. But 

extended incubation with multiple components in solution was thought to 

increase the probability that this delivery system would achieve optimal 

delivery of external materials, although it potentially would have a risk of 

increasing cell death. According to the result of experiment 3, the precipitate 

would form after 6 hr incubation. In this case, an experiment was therefore 

designed to reprogramme cells by synchronizing cells in metaphase followed 

by the incubation of mitotic cells with prepared CE for 6 hr in suspension, 

then cells were selected in hESC condition (Figure 5.16). 

 

 

 

 

 

 

 

 

 

Pick colonies 
and expand 

10%$DMEM" KOSR%media%+%bFGF"

Metaphase Blocking 
and mESC extract 
delivery 

Cell seeding and 
selection in hESC 
condition 

Maintain culture until 
colonies appear and to 
pick colonies 
 

Figure 5.16   The experiment procedure of the Extract based 
reprogramming test. Candidate cells were treated with 5 µM STLC for 6 hr. 
Mitotic cells were harvested, counted and treated with prepared cell extract for 
6 hr in suspension. Samples were then washed, re-plated onto irradiated-
MEF/0.1% gelatin coated plate and cultured in hESC condition. 
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CRL2097 human neonatal fibroblast were cultured in 75 cm2 tissue culture 
flasks with 12 ml culture medium up to logarithmic growth phase and 
treated with 5 µM STLC in 10% DMEM medium for 6 hours at 37˚C. STLC 

was removed by carefully replacing the medium with fresh 10% DMEM. The 

mitotic cells were then collected by mitotic-shake-off. Mitotic cells were 

counted and adjusted to 25,000 cells per sample per 100 µl suspension 

volume. For each reprogramming sample, 100 µl tested E14 mESC extract 

was added. Cells were then incubated for 6 hours at 37˚C, and occasional 

tapping was provided to keep cells in suspension. When finished, each 

reprogramming sample was washed once with 10% DMEM medium and 

subsequently re-plated onto 0.1% Gelatin coated 100mm dishes and co-
cultured with 1 million irradiated-MEF feeders. Cells were fed everyday 
with KOSR medium with 10 ng/ml bFGF, in 37˚C with 5% CO2 supply.  

Potential reprogrammed cells were maintained in hESC culture system, and 
expanded for standard identification and assessments, including 
morphology, immunohistochemistry, FACs, Embryoid body (EB) formation, 

EB random differentiation. 

 

5.2.4.2 Results of Experiment 4 

The experiment was repeated 3 times and it was found that the potential 

colonies started to appear around day 5 to day 12 (Figure 5.17). It was found 

approximately 3 colonies per 25,000 donor cells. On day 15, colonies were 

picked and seeded onto 12-well plates coated with Matrigel extracellular 

matrix and irradiated-MEF feeder (1 million feeder cells per plate) as 
supporting feeder cell layers. The extract induced pluripotent stem cells 
(eiPSCs) were expanded and passaged every 3 to 5 day.  

Morphology 

Images below show the donor cells had completely changed and obtained 

human embryonic stem cell (hESC) morphology, which has big nucleus and 
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tightly compacted cell colony with very clear edge (Figure 5.17a+b). 

Interestingly, cells that formed colonies showed clear hESC morphology 

right at the beginning (earliest on Day 5), and there were no partially 

reprogrammed cells found in the dish at all. Candidate cells had shown 

either ideal hESC morphology or remained fibroblastic looking. Cells that 

were generated by this novel technique were called ‘eiPSC’, which stands for 

‘Extract-induced pluripotent stem cell’.  
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(A) Day 5, 10x (B) Day 5, 20x 

(C) Day 20, 4x (D) Day 20, 20x 

Figure 5.17   The morphology of the formed potential eiPSC colony. 
(A) Image was taken on Day 5 after re-plate and selection in hESC 
condition, 10x magnificent. (B) Day 5, 10x. (C) Image was taken on Day 20 
after re-plate and selection in hESC condition, 10x magnificent. (D) Day 20, 
20x. 
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Human adult fibroblast (HDFa) and diseased-patient fibroblast (21756 

human Huntington disease line) were also used in the study for eiPSC 
production to see whether this new technique would apply to various 

donors. Same as the human neonatal fibroblasts reprogramming result, 

hESC-looking colonies from both human adult fibroblast and diseased-
patient fibroblast started to appear on the Day 5 as well (Figure 5.18). In both 

of the experiments, there was not any partially reprogrammed cells appeared 

at all. 
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(A) HDFa, 10x (B) HDFa, 20x 

(C) 21756, 10x (D) 21756, 20x 

Figure 5.18   The morphology of the formed potential eiPSC colony. 
(A) HDFa cells were reprogrammed and potential eiPSC colony was 
formed, image was taken on Day 5 after re-plating and selection in hESC 
condition, 10x magnification. (B) Day 5, 20x. (C) 21756 human Huntington 
diseased fibroblasts were reprogrammed and potential eiPSC colony was 
formed, image was taken on Day 5 after re-plating and selection in hESC 
condition, 10x magnification. (D) Day 5, 20x. 



! 119!

Immunohistochemistry 

Oct4 and Nanog are both key pluripotent markers, which are commonly 
used to identify hESCs. These two genes are also used as key factors in 

classic retroviral reprogramming methodology. For the immune-staining 
test, eiPSC colonies that generated from CRL2097 human neonatal fibroblasts 

were passaged fewer than 10 times then fixed and stained with anti-human 
Nanog antibody and anti-human Oct4 antibody respectively (Figure 5.19). 
The result showed that reprogrammed cells were strongly positive to both 

pluripotent markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Nanog, Phase contrast (B) Nanog, Fluorescent 

(C) Oct4, Phase contrast (D) Oct4, Fluorescent 

Figure 5.19   Immuno-staining of eiPSCs with Nanog and Oct4 
pluripotency markers. (A) eiPSC colony stained with anti-Nanog antibody, in 
phase contrast. (B) eiPSC colony stained with anti-Nanog antibody in 
fluorescent channel. (C) eiPSC colony stained with anti-Oct4 antibody, in 
phase contrast. (D) eiPSC colony stained with anti-Oct4 antibody in 
fluorescent channel. 
Antibody (Green) and DAPI (Blue). 
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FACs analysis for SSEA-4 and Tra-1-60 surface markers 

hESCs express cell surface markers such as stage specific embryonic antigen 

(SSEA4) and sialylated keratin sulfate proteoglycan (Tra-1-60) etc., which are 
commonly used to identify and assess the hESCs or iPSCs. In order to 

identify the eiPSCs generated by the new method, FACs analysis was 

introduced to assess the eiPSC expression of the SSEA4 and Tra-1-60 surface 
markers.   

eiPSCs were harvested by 0.25% Trypsin-EDTA and pipetted to be single cell 

suspension for anti-SSEA4/Tra-1-60 antibodies binding treatments. Cells 
were then washed and loaded to flow cytometer for FACs analysis. Cells that 

considered being healthy were called ‘live cells’. They were gated by their 

size from forward scatter and side scatter. For accurate analysis, positive cells 

for both anti SSEA-4 and Tra-1-60 antibodies were only considered within 

the ‘live cells’ population, and these double positive cells were the cells 

considered as quality hESC-like pluripotent stem cells. The figure below 

shows there were about 74% of harvested eiPSCs were both anti-SSEA4 and 
Tra-1-60 antibodies positive (Figure 5.20). 
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FCS 
Filename

Gate # of 
Events

% of 
Gated 
Cells

% of 
All 

Cells
100811.001 None 33775 100.0 64.94

100811.001 Live cells 33775 100.0 64.94

100811.001 Tra-160 189 0.56 0.36

100811.001 SSEA4 425 1.26 0.82

100811.001 SSEA4+Tra-160 424 1.26 0.82

100811.001 Tra-160 only 618 1.83 1.19

FCS 
Filename

Gate # of 
Events

% of 
Gated 
Cells

% of 
All 

Cells
100811.002 None 34283 100.0 66.13

100811.002 Live cells 34283 100.0 66.13

100811.002 Tra-160 3042 8.87 5.87

100811.002 SSEA4 2852 8.32 5.5

100811.002 SSEA4+Tra-160 25433 74.19 49.06

100811.002 Tra-160 only 30782 89.79 59.38
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Figure 5.20   FACs analysis of the eiPSC with SSEA4 and Tra-1-60 
marker. eiPSC cells were harvested, washed and stained with anti-SSEA4 
and Tra-1-60 antibody. (A) Forward and side scatter figure for gating live 
cells. (B) Gated live cells. (C) Control cells without antibody treatment. (D) 
Cells treated with anti-SSEA4 and Tra-1-60 antibody.  
Live cells  (Yellow) 
Tra-1-60 positive cells (Red) 
SSEA4 positive cells (Green) 
Both Tra-1-60 and SSEA4 positive cells (Blue) 
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Embryoid Body (EB) formation and random differentiation 

To examine the differentiation ability of eiPSCs in vitro, floating cultivation 

was applied to eiPSCs to form EBs. After one-week suspension culture, 

eiPSCs formed round-shaped structure classically like normal EBs generated 

from hESCs (Figure 5.21a). These EB-like structures were transferred to 0.1% 

gelatin coated plates for re-attachment and continually cultured for another 

14 days. All the EB-like structures re-attached nicely and expanded to form 

various cell types (Figure 5.21). Random differentiated eiPSCs were then 

fixed by 4% PFA for immunohistochemistry assessment which detected cells 

that were positive for ß-tubulin (ectoderm marker) (Figure 5.21b), muscle 
actin (mesoderm marker) (Figure 5.21c), and alpha-fetoprotein (AFP, 

endoderm marker) (Figure 5.21d). 
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Figure 5.21   EB formation, random differentiation and immune-staining 
assessment of differentiated eiPSCs with Ectoderm, Endoderm and 
Mesoderm markers. (A) EB formation. (B) Random differentiated EBs 
stained with beta-tubulin ectoderm marker. (C) Stained with Muscle actin 
mesoderm marker. (D) Stained with AFP endoderm marker. 
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Failure to replicate the new protocol 

During the time when we were putting more effort on assessing the eiPSCs 

in order to publish this novel protocol, the protocol stopped working. For 

several rounds of the repeating, it seemed cells after CE treatment could gain 

morphology change but nothing more, no hESC-like colony formed nor 

pluripotent markers turned positive (Figure 5.22).  
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Figure 5.22   Morphology change of the repeating reprogramming 
experiment. (A) The normal morphology of the CRL2097 human neonatal 
fibroblasts. (B) CRL2097 fibroblasts after CE treatment and cultured in 
hESC condition for 15 days, 4x magnificent. (C) Cell clump formed but not 
hESC-like colony morphology, 4x magnificent. (D) Other morphology type 
of cells with same CE treatment, 10x magnificent. 
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5.2.4.3 Discussion of Experiment 4 

Previous experiments (Experiment 1 and 2) had shown cells after STLC 
treatment are able to uptake external materials surround cells, and the 

external materials could stay inside cells for at least 6 days. Then, this 

protocol was used for eiPSC production by replacing Dextran-Fluorescein 

with E14 mESC extract. With several tests of different cell extract incubation 

time-length, we established that cells could be exposed to extract for 6 hr 

without precipitate forming (Experiment 3). And as mentioned in the 

discussion of experiment 2, longtime incubation with multiple-component 

solution would give this delivery system a better chance to achieve optimal 

delivery. 

Including the experiments done with human adult fibroblast and diseased-
patient fibroblast, eiPSC reprogramming experiment were successful 5 times. 
The eiPSCs were assessed with various techniques including morphology, 

immunohistochemistry, FACs, EB formation and EB random differentiation. 

All of the achieved assessments had shown the eiPSC were qualified of 

having same profile as the hESC. However, later the experiment was found 

unrepeatable.  

Several further repeats were done, but none of them successfully generated 

fully reprogrammed eiPSCs. Candidate cells had changed morphology a 

little bit but there was no hESC-like colony formed in the end. Part of the 

reason might be the changes inadvertently introduced into the protocol by 

the move of our lab to a new building, but there may be other reasons.  

After spending quite amount of time reviewing the technique, several points 

were thought to be critical that could fail the experiment, or at least making 

the protocol very difficult to repeat. First, synchronized mitotic cells were 

harvested and treated with CE for 6 hr in suspension. According to the result 

of experiment 2, cells treated with Dextran-Fluorescein for 1 hr already had 
reduced viability. It was thought that the protein matrix (CE) that had been 

adjusted to the same osmolarity as cell cytoplasm would be more protective 

to cells, but the 6 hr long-term incubation in suspension might be still a 
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potential great damage to candidate cells. By considering the observed 

reprogramming efficiency (3 colonies in 25,000 cells), it would be possible to 

lose successfully reprogrammed cells during the incubation or the cell wash 

before the cell re-plating. Secondly, candidate cells after CE treatment were 
re-plated to tissue culture plate and selected in hESC condition. During this 

step, the candidate cells should be remaining in metaphase. The re-
attachment efficiency and the survival rate of these treated mitotic cells are 
difficult to test or estimate, especially for the damaged cells.  

Apart from these two questions, other questions might also cause the failure 

of the experiment, such as the time for cells to escape metaphase, the time for 

cells to finish cell division and the quality of the delivered cell extract after 

long-term incubation in 37˚C. Since the cell’s major transcription network is 

off during the metaphase, the effect of the delivered external material would 

not be seen until candidate cells escaped metaphase and finished the 
division. However, this timing is also difficult to test or to make an 
assumption. Moreover, the awaiting time-length of the prepared CE was the 

6 hr incubation time plus the time required for cell division. This process 

took place at 37˚C, which is a risk to CE, because potentially some sensitive 

proteins in the CE might be degraded during the waiting time, and these 

proteins might be crucial to trigger the reprogramming or play an important 

role during the reprogramming processes. Although, protease inhibitors 

were added during the CE preparation, once CE was added to cell 

suspension, the inhibition effect would be lost.  

Overall, any of these technical shortcomings could have been the obstacle to 
repeatable reprogramming, which suggested that the current 
reprogramming technique is at least not robust. However, the successful 
reprogramming did give us a great encouragement to improve the technique.  
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Chapter 6      

Improvement of the novel reprogramming technique 

!

6.1 Introduction 

From the work described in the Chapter 5, it was understood that somatic 

cells could be reprogrammed to pluripotent level by the novel cell extract 

technique. However, it was later found the technique was not stable, and as 

the result it can’t be repeated latterly.  

There are several lines of evidence that suggest that it may be possible to 

reprogramme somatic cells by introducing extract from pluripotent cells. 

These include reprogramming of nuclear function by somatic cell nuclear 

transfer (SCNT) and cell fusion technique along with the innovative studies 

introducing extract in Philippe Collas laboratory. The research described in 

the dissertation has all been carried out with the aim of developing a 

procedure for delivering an adequate quantity of cell extract into the somatic 

cells. Although the procedures used in early experiments induced some 

changes in the somatic cells none reprogrammed the cells to pluripotency in 

a repeatable manner. 

In this Chapter, several hypotheses were tested in trying to improve the 

delivery system, including enhanced control of cell cycle, incubation 

temperature, endosome inhibition, lysosome inhibition, SSEA-3 positive 

candidate cell effect and TLR-3 stimulation. The basis for these modifications 

will be described in turn. 

2-Step cell cycle controlling system 

Single Metaphase blocking method 

Based on the results in Chapter 3, external materials can be taken up by the 
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cells in metaphase. However, in practice, there were problems in delivering 

the extract immediately after applying treatment to synchronize cell cycle 

stage. In order to have an adequate number of cells in metaphase cells at this 

stage of the cycle were detached by shake off. Throughout these experiments 

the extract was introduced during metaphase. It was then necessary for the 

cells to re-attach, complete mitosis and re-enter the cell cycle while intact 
extract was still present in the cell. It was thought that this might increase 

and prolong the opportunity for extract to remodel chromatin.  

Although the number of cells blocked in metaphase increases dramatically if 

exposure to STLC is prolonged from 6 to 18 or even 24 hr the resulting cell 

population is extremely heterogeneous, as shown by great variation in the 

time before the cells attached (data not shown).   

The number of the cells for extract treatment was still too low if the treatment 

was applied directly in the cultivation container after the STLC released. An 

additional physical method was added to solve the problem by harvest of 

mitotic cells with patting (Adherent cells in the mitotic phase would 

normally round up and become loose, and could be detached by shaking, 

which was called Mitotic Shake-off).  Although 18 to 24-hr STLC treatment 
could have been chosen for arresting cells in metaphase and processing the 

next experiment step, it was understood cells would need much longer time 

to escape the metaphase after the long-term STLC treatment such as 18-hr 
treatment, and it means the best timing for extract treatment would be very 

uncertain. 6-hr STLC treatment was selected as the best option. For this 

purpose, the experiment procedure including the preparation of the 

candidate cells was designed with compromise as shown in Figure 6.1.  
According to the experiment practice, one candidate cell sample of 25,000 

cells for reprogramming would require at least 3x 75cm2 flasks of candidate 

Fibroblast cells for STLC treatment, which is also a big waste of sources.  
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Thymidine 

Thymidine is a chemical compound that commonly used to synchronize cell 

cycle by inducement of synchronous growth and arrest in the S phase, which 

was firstly reported by Xeros (XEROS 1962; Anon n.d.). The effect is 
reversible by a simple PBS washing step after the Thymidine treatment. 

Nocodazole 

Nocodazole is a chemical reagent widely used in cell cycle synchronization 

to arrest mitotic cells, which is to do with the depolymerization of 

microtubules (R J Vasquez 1997; Huby 1998). The effect is also reversible by 

the replacement of culture medium without a need of wash, since 

microtubules do not depolymerize in low Nocodazole concentrations (R J 
Vasquez 1997).!

Thyimidine-Nocodazole double block system!

Thyimidine-Nocodazole double block system was firstly developed by Zieve 

et al., (Zieve et al. 1980) and used in an experiment focusing on identifying 

genome-wide gene expression during different phases of cell cycle in a 

human cancer cell line (HeLa) {Whitfield:tv}.  Candidate cells were firstly 

Cell! Release!STLC!

Mitotic&Shake"off!

CE! Cell$culture!

Figure 6.1   Experiment procedure of single Metaphase blocking 
method for cellular reprogramming. Candidate cells were treated 
with 5µM STLC for 6 hours. By tapping (Mitotic Shake-off), mitotic cells 
were detached and harvested when STLC was also released. 
Candidate mitotic cells were counted and treated with prepared cell 
extract for 6 hours. Samples were then washed and cultured in ES 
condition.  
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arrested in S phase by thymidine, released, then subsequently arrested in 
Metaphase with Nocodazole. The data from this study showed around 75% 

of cells were blocked in metaphase after Thymidine-Nocodazole double step 

treatment.  

In the previous studies, the distinct disadvantage of the cell synchronization 

method was that after extract incubation step candidate cells required a 

period of time to re-attach to the cultivate surface, finish mitosis and then to 

start transcription. The time-length for these steps is currently not possible to 

estimate precisely, but surely sensitive proteins maybe degraded during the 

awaiting time. The idea of changing the fundamental experiment procedure 

was to shorten this awaiting time, since the Thymidine-Nocodazole double 

blocking system could arrest most of the cells (>75%) in mitosis, release, and 

have them divide synchronously within 2 h after release from the 

Nocodazole treatment without detachment. This means the extract 

incubation step could be applied in the culture container directly after the 

Nocodazole release and the transcriptional network would launch very soon 

after the incubation with extract. 

Incubation temperature adjustment 

As the boundary between the intracellular and extracellular environment, 

the cell plasma membrane is crucial to cells for its multiple functions eg 

protection and permeable selection to facilitate the material transportation, 

etc., (Anon 2002). Cell membrane is formed with continuously amphipathic 

lipid molecules as a phospholipid bilayer about 5 nm thick (Figure 6.2). Each 
layer has hydrophilic heads on the outside of the membrane and 

hydrophobic tails within the bilayer. There are protein molecules on, across 

or under the bilayer. Phospholipid bilayer is generally an impermeable 

barrier to water-soluble molecules such as ions and polar molecules. Proteins 

associated with the cell membrane mediate most functions eg molecules 

transportation (Yeagle n.d.).  
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Internalization by eukaryotic cells is a complex process, which has several 

routes to allow molecules to enter a cell eg Phagocytosis, Macropinocytosis, 

Clathrin-mediated endocytosis, clathrin-independent endocytosis, caveolin-
mediated endocytosis and caveolin-independent endocytosis as shown in 

Figure 6.3 (Scita & Di Fiore 2010). According to Pierre Pellegrin’s study, 

macropinocytosis, a special form of pinocytosis, is generally linked to the 

presence of ruffles on plasma membrane(Hacker et al. 1997; Pellegrin et al. 
2002). Hacker’s report revealed that this delivery pathway could not be 

clathrin-mediated, since the pinosomes were 0.6 µm, 6 times the diameter of 

clathrin-coated vesicles, which means this uptake is non-clathrin mediated 
(Hacker et al. 1997). The description in the review of Mechanisms of 

Endocytosis, Macropinocytosis is cholesterol dependent (Doherty & 
McMahon 2009), and since the lipid raft, which has 3 to 5-fold the amount of 

cholesterol found outside the cell membrane bilayer, is then believed to be 

the mediator of the Macropinocytosis. Also, it seems that most endocytic 

pathways are sensitive to the cholesterol perturbation, and are cholesterol 

dependent (Mayor & Pagano 2007). A hypothesis was tested that the 

Figure 6.2   Human cell membrane structure. (A) An electron 
micrograph of a human red blood cell plasma membrane. (B) Two-
dimensional drawing of the longitudinal section of human cell 
membrane. (C) Three-dimensional drawing of a human cell membrane. 
4(Image is copied as original in the book, Molecular biology of the cell. 
4th edition.  
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enhancement of bilayer lipid activity by an increase in temperature would 

bring a rise of Macropinocytosis. 

 

 

 

 

 

 

 

 

 

 

 

According to Karin John’s study of synthetic bilayer membrane, trans-
membrane movement was greatly affected by phase transition temperature 

(Tc) due to the phospholipid status (John et al. 2002). There are three 
different phases of the phospholipid: Gel phase, crystalline phase and liquid 
phase, and a faster transbilayer lipid movement in the liquid-crystalline 
phase were observed compared to gel state. The movement is a protein 

mediated, energy absorptive action. Above the Tc, the membrane is 

composed of liquid-crystalline phase, when analog transbilayer movement is 

dramatically enhanced within a very short time. 

Dipalmitoylphosphatidylcholine (DPPC) was the model phospholipid used 

in this study of movement in monocytic cell membranes, and its Tc is 41˚C 
(John et al. 2002).  

Figure 6.3   Pathways of entry into cells. Large particle internalization of 
eukaryotic cell has various pathways, such as Phagocytosis, 
Macropinocytosis, Clathrin-mediated endocytosis, clathrin-independent 
endocytosis, caveolin-mediated endocytosis and caveolin-independent 
endocytosis. Most of them forms vesicles after internalization and carried to 
early endosome. (Image is copied as original from paper, Pathways of clathrin-
independent endocytosis. 
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Other studies confirm the importance of the lipid bilayer.  When Pierre 
Pellegrin et al., discovered that macropinocytosis is activated during the 

metaphase, it was also proved by experiment that the molecular uptake 

action was dramatically decreased when cells were incubated at 4˚C 
(Pellegrin et al. 2002). Based on the studies above, it seems likely that this 

result is due to a change to the gel-crystalline phase, which reduces material 
exchange through the cell membrane in either direction. Also it was reported 

that in a test in human mesenchymal stem cells using Lucifer yellow (LYCH), 
a well-known probe in the study of fluid-phase endocytosis, the uptake 

process was inhibited below 20˚C. Fourier transfer infrared spectroscopy 

studies suggested that this inhibition is associated with the membrane 

physical state (Oliver et al. 2004). Combining above information, a question 

is raised to ask whether extracellular material uptake could be increased if 

the incubation temperature is increased. What would happen when 

temperature is higher than normal condition? Gershfeld’s study revealed the 
temperature effect to the red blood cell (Gershfeld & Murayama 1988). When 
environmental temperature was equal to or less than 37°C, no hemolysis was 

observed, however cell morphology changed and hemolysis occurred in 

many cells when the temperature rose above 45°C.This result indicated that 
there are massive changes in the cell membrane in cells at higher 
temperatures. 

Based on the previous studies that cells when in metaphase would take up 

external materials that surround cells (Pellegrin et al. 2002). However, the 
temperature was not specifically mentioned in this paper. In the previous 

study, STLC was used to block cells in metaphase (Skoufias et al. 2006), and 
the STLC was suggested to be prepared in DMSO. In that case, the original 
experiment was designed to block cells using STLC and follow with ESC 
extract incubation, hoping metaphase-blocked cells would uptake ESC 
extract and eventually achieve pluripotency. 

However, DMSO and other cryoprotective agents produce a pronounced 
increase in the phase transition temperature of phospholipid membranes, 

indicating an increased stability (Lyman et al. 1976), which is also one reason 
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for DMSO to be used widely in cell frozen storage. After understanding the 
DMSO with its related functions, transbilayer movement and phase 

transition temperature issues, it is clear that when it was used to prepare the 

STLC solution, DMSO probably increased the cell membrane transition 
temperature, which might end up with a dramatic decrease of cell extract 

delivery. The consequence of this effect is that cells probably take up only 

very limited amount of cell extract during the metaphase, when 

Macropinocytosis is generally enhanced in that period. The experimental 

result was then a compromised outcome. 

Endosome effect 

According to reviews of all the internalization pathways, Macropinocytosis, 

Clathrin-mediated endocytosis, clathrin-independent endocytosis, caveolin-
mediated endocytosis and caveolin-independent endocytosis would all form 

vesicles after the internalization as shown in Figure 6.3 (Mayor & Pagano 
2007). It is understood that following the formation of early endosomes, 

external materials (in this example receptor tyrosine kinases (RTKs)) as the 

cargo would either be recycled to the cell membrane or driven to form late 

endosome (Figure 6.4), reviewed by (Scita & Di Fiore 2010). And in the same 
figure, it also described the late endosome would eventually deliver the 

cargo/particle to lysosome for further degradation. All of these outcomes 

would lead to the removal or destruction of the cargo.  
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This knowledge actually generates questions. What if the delivery was 

successful but the particles were recycled or greatly degraded? Would this 

reduce the efficiency of reprogramming? These questions are certainly very 

difficult to answer, since there is no way to measure the rate of removal or 

decay of the cell extract. Ideally, if this was the case, finding an inhibitory 

system to introduce into this material metabolism cycle to interrupt the 

degradation procedure would be a preferable solution, which possibly could 

increase the usage of the delivered particles. Interestingly, there is such a 

compound. Searching in the Pubmed for inhibitors to endosomes, it was 

found that scientists in other field have already been using some drugs 

likewise as described above to improve the effect of the delivered external 

materials they interested in. And Bafilomycin A1 (BFLA-1) is one of such, 

Figure 6.4   Pathways of Endocytic trafficking. Image describes the 

pathways of clathrin-mediated endocytosis (left) and non-clathrin-mediated 

endocytosis (right). By either pathway, particles (in this example receptor 

tyrosine kinases (RTKs)) are driven to early endosomes. Through the early 

endosome, cargo would either recycled to the cell membrane or driven to 

form late endosome and taken to lysosome for further degradation. (Image is 

copied as original from paper, The endocytic matrix 4{Scita:2010ch}.) 
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which seemed can match our experiment platform easily. Bafilomycin A1 

had been reported that it could dramatically increase the infectivity of virus 

by 50-fold by inhibiting the formation of early endosomes (Fredericksen et al. 
n.d.). As reported, the method for using BFLA-1 is also simple and safe, 
which is just a pre-treatment of candidate cell samples with BFLA-1 before 

any further experimental steps. BFLA-1 is also reported to be the inhibitor of 

H+-ATPase which deeply involves in the conformation of endosomes, and the 

system would greatly affect the lysosome degradation (Dröse & Altendorf 
n.d.; Wei et al. 2005; Fredericksen et al. n.d.). The model used in the study 

was the internalization of epidermal growth factor (EGF), and it was found 

the lysosomal degradation of endocytosed EGF was completely abolished 

after the inhibition of the vacuolar ATPase by the treatment with BFLA-1 
(Dröse & Altendorf n.d.).  

Back to the current cell cycle mediated delivery system, it is possible that the 

delivered proteins bound by vesicles were sent to fuse with early endosomes, 

but if in future the early endosomes were fragmented by the BFLA-1 
treatment, protein degradation and recycling might be prevented. In this 
case, the effect of the extracts might be enhanced. Therefore, BFLA-1 was 
considered as an option for increasing the effect of the delivered factors in 

the reprogramming study, which might provide more time for the delivered 

factors remaining in the cell to finish the reprogramming work. 

Lysosome Effect 

Further to the endosome effect, lysosomal degradation is the terminator. 

Lysosomes are cellular organelles, which are the terminal point of the cell 

disposal system. Particles internalized by phagocytosis, endocytosis and 

autophagy would generally be delivered to lysosome for digestion (de Duve 
2005). With the same purpose as using the BFLA-1 to reduce the recycling 

and degradation effect on the delivered factors, protease inhibitors to 

lysosomes were checked. Leupeptin and pepstatin A were used in lysosomal 

degradation (Ingle et al. 2008). In previous experiments, protease inhibitor 

tablets from Roche Company were used to protect the extracted protein from 
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degradation (Figure 6.5). However, the previously used tablet seemed not 

effective on the lysosome proteases. In the new reprogramming experiments 

in this chapter, another different type of protease inhibitor tablet was used to 

pursue the idea. 

 

 

 

 

 

 

 

 

 

 

 

 

SSEA3 positive cells 

During the development of a new reprogramming system, a carefully 

selected candidate cell type is also very important. As reported in Kim’s 

paper, endogenous cells that naturally have high pluripotent gene expression 

would contribute higher reprogramming efficiency (J. B. Kim et al. 2008), 
however, this beneficial case does not apply to normal cell samples such as 
human skin cells. In this circumstance, other studies were done to find a 

better way to improve the candidate cells for reprogramming researches. An 

Figure 6.5   Protease Inhibitors used in the reprogramming 
experiment. Yellow box: The protease inhibitor used in the previous 
reprogramming experiment. Red box: The protease inhibitor used in all 
the new experiments. (Image is copied from Roche website: 
https://www.roche-applied-science.com) 
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exciting paper described that a subpopulation of human dermal fibroblasts 

that express SSEA3 (a pluripotency marker stage specific embryonic antigen 

3) has a far greater efficiency of iPSC generation (Byrne, Nguyen & Pera 
2009a). Interestingly, in this study, cells not expressing SSEA3 had no iPSC 

derivation at all. Transcriptional analysis of these subpopulation cells 

showed Nanog expression was significantly increased compared to other 

SSEA3 negative cells.  

In some experiments, the reprogramming candidate (CRL2097, human 

neonatal fibroblast) was sorted by FACs sorter with SSEA3 antibody, and 

was used in a reprogramming enhancement test in the retroviral 

reprogramming system.  

TLR-3 and Poly I:C 

During the tests for the new ideas of modifying the reprogramming protocol, 

there was an interesting paper released and had caught our attention that 

activation of inflammatory pathways (Toll-like receptor 3 (TLR3)) is closely 

related to efficient nuclear reprogramming aiming for pluripotency (Lee et al. 
2012). Toll-like receptors are proteins that play important roles in the innate 

immune systems, while TLR3 is activated by double-stranded RNA (dsRNA) 
associated with viral infection (Choe et al. 2005). Several reports have shown 

the activation of TLR3 is not only associated with innate immunity, but also 

it is believed can open the chromatin and increase the transcriptional 

accessibility (Roger et al. 2011). A synthetic dsRNA, Polyinosinic-
polycytidylic acid (Poly I:C) is an agonist specifically to TLR3, but also can 

down-regulate a suite of histone deacetylase (HDAC) genes. Since many 
reports had demonstrated that treatment with HDAC inhibitors could 

enhance reprogramming efficiency or improve the developmental 

competence in several reprogramming fields including SCNT and iPS cell 

productions, Poly I:C was also considered and proved to be able to enhance 

the reprogramming efficiency (J. Zhao et al. 2010; Wang et al. 2011; Feng et al. 
2009).  

More importantly, this reported reprogramming enhancement was applied 
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on a protein based reprogramming system, which uses four recombinant 

proteins (OCT4, SOX2, KLF4 and cMYC) with cell-penetrating peptide to 

trigger the changes of the cells. However, this method had been criticized for 

its low efficiency and unrepeatability since it published (Zhou et al. 2009; D. 
Kim et al. 2009; Lee et al. 2012). In this paper, it was found that the 

reprogramming success can be achieved when candidate cells were treated 

with Poly I:C. Although there are differences between the recombinant 

protein based reprogramming method and the current extract-based method, 

there are also similar situations in between. Both of the techniques were 

protein based, and there is no viral material involved. In the ideas of 

activation of innate immunity to increase the transcriptional accessibility, this 

effect might also apply to the extract based reprogramming method. In this 

case, the new enhancement step (using TLR3 ligand, Poly I:C) was 

considered as an additional step in the development of the new 

reprogramming system.  

Strategy for the assessment of these innovations 

The effect of these different innovations was examined, optimized and 

incorporated into the protocol in a final series of experiments 
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6.2 Experiments 

6.2.1 Experiment 1: S phase-Metaphase double blocking system test 

6.2.1.1 Materials and Methods of Experiment 1 

Cell culture 

CRL2097 human neonatal fibroblasts were cultured in DMEM+10% FBS until 

confluence, then counted and passaged to 6-well plate with 50,000 cells per 
well. CRL2097 cells were cultured at 37oC with 5% CO2 supply.  

S phase-Metaphase double blocking procedure 

After 6 hours incubation when cells were attached to the plates, 2mM 

Thymidine was applied for 24 hours (S-phase block). When finished, 

Thymidine was removed by washing the cells with 1x PBS one time, then 

100ng/ml Nocodazole or 5µM STLC was added to the culture media for 12 

hours (Metaphase block). Nocodazole or STLC was removed subsequently 

by direct media change to normal culture condition. Cells were then allowed 

to progress synchronously through Metaphase and G1.  

Images were taken after each step as shown in Figure 6.6 below, including 

control cells, cells after 24 hours Thymidine treatment, cells at 3 hours after 

release from Thymidine, cells after 12 hours Nocodazole or STLC treatment 

and cells cultured for 24 hours after release from Nocodazole or STLC. By the 

comparison of the morphological differences between the two blocking 

system, one of the systems was selected for later experiments. 

FACs assessment of cells in different stages 

FACs again was introduced in the test of the two stage blocking system in 

order to compare the two systems more precisely. Similarly, samples were 

collected after each step (control cells, cells after 24 hours Thymidine 

treatment, cells after 12 hours Nocodazole or STLC treatment and cells 

cultured for 24 hours after release from Nocodazole or STLC) as the Figure 
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6.6 shows.  

  

 

 

 

 

     

 

6.2.1.2 Results of Experiment 1 

CRL2097 human neonatal fibroblasts when passaged to 6-well plate with 
50,000 cells per well, showed normal morphology with about 2% mitotic cells 

randomly distributed in the figure (Figure 6.7). Cells were then treated with 

2mM thymidine for 24 hours (S-phase block). After the treatment, there were 

no mitotic cells in any field of the wells (Figure 6.7b). When finished, 

thymidine was removed by washing cells once with 1x PBS media before this 

was replaced with normal fibroblast culture medium and culture was 

continued for another 3 hr for cells to recover from the arrest. Interestingly, 

some cells entered metaphase within this period and showed mitotic 

rounded up shape (Figure 6.7c). Comparing the Figure 6.7b and 6.7c, which 
were taken from the same well same plate, clearly within 3 hr, cells 
expanded significantly. This showed a good quality of S phase 

synchronization.  

 

 

 

Cell! Thymidine! Release! Nocodazole)or)STLC! Cell$culture!

Figure 6.6   The procedure of Experiment 1: S phase-Metaphase double 
blocking system test.  
       Images were taken after each step 
       FACs samples were collected after each treatment step in the procedure. 
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Figure 6.7   Thymidine treatment result. (A) Control CRL2097 cells 
without thymidine treatment, 4x bright field. (B) CRL2097 cells treated with 
2 mM thymidine for 24 hr, 4x bright field. (C) CRL2097 cells treated with 2 
mM thymidine for 24 hr, and thymidine was released for 3 hr, 4x bright 
field. 

(A) Control (without any treatment) (B) 24 hr Thymidine treated cells  

(C)$Cells$3$hr$after$release$the$thymidine!
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After the S phase blocking, cells were then treated with 100ng/ml 

Nocodazole or 5 µM STLC for 12 hours (Metaphase block). After the 

treatment, it was clearly seen that most cells were arrested in the metaphase 

in both experimental groups (Figure 6.8). However the shape of the mitotic 

cells arrested by Nocodazole or STLC was very different. Cells arrested by 

Nocodazole were in pairs in division (Figure 6.8b), while cells blocked by 

STLC were all independent and spherical (Figure 6.8d). This suggested that 
the cells were arrested in different stage of metaphase by these two different 

chemicals and it seemed that cells in Nocodazole progressed further through 

metaphase before they arrest. Also, cells treated with Nocodazole were less 

firmly attached to the plate compared to the STLC group, as would be 

expected at a later stage of metaphase.  

After the metaphase blocking, Nocodazole or STLC was removed by direct 

medium change to normal culture conditions and the cells were cultured for 

2 hr. Surprisingly, after 2 hr culture, most cells in the Nocodazole group had 

flattened down and expanded, which clearly showed they had escaped 

metaphase (Figure 6.9b). In parallel, cells in the STLC group still had the 

same rounded shape as before the 2 hr incubation (Figure 6.9d).   

Cells were then cultured for a further 24 hr, when cells from both 

Nocodazole group and STLC group showed same morphology and similar 
density, which indicated that the general growth rate of the two groups was 

similar and cells in Nocodazole were not far ahead compared to STLC group 

(Figure 6.10).  

In order to compare the two systems more precisely, FACs was introduced to 

test each step of the two double-blocking systems. Samples were collected in 

the control group cells, after 24 hours Thymidine treatment, after 12 hours 

Nocodazole or STLC treatment, 2 hours after Nocodazole or STLC been 

released and after culture for 24 hours following release from Nocodazole or 

STLC. Results are shown in the figure below (figure 6.11). In normal 

condition (control group), there were 7% cells in S phase while 19% cells in 

G2/M phase. Cells after 24 hr thymidine treatment, appeared to be only one 

peak that located between G0/1 and G2/M position in the figure, and there 
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were approximate 43% of cells in S phase. Cells were then treated with 

Nocodazole or STLC. In the Nocodazole group, there were 58% of cells in 

metaphase, and only 23% cells remained in metaphase 2 hr after Nocodazole 

had been removed; while there were 74% of cells arrested in Metaphase by 

STLC, and there was very little difference 2 hours after STLC been removed 

when there were still 72% of cells remaining blocked in Metaphase. After 24 

hours culture of the cells from both Nocodazole group and STLC group, cells 

all came back as normal cell cycle pattern as cells in control group. 
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(A) Cells Treated with Nocodazole 
for 12 hr. 4x 

(B) Cells Treated with Nocodazole 
for 12 hr. 20x 

(C) Cells Treated with STLC for 
12hr. 4x 

(D) Cells Treated with STLC for 
12hr. 20x 

Figure 6.8   Nocodazole/STLC treatment of cells. (A) CRL2097 cells 
after thymidine treatment was treated with 100 ng/ml Nocodazole for 12 
hr, 4x bright field. (B) (A) CRL2097 cells were treated with 100 ng/ml 
Nocodazole for 12 hr, 20x bright field. (C) CRL2097 cells after thymidine 
treatment was treated with 5 µM STLC for 12 hr, 4x bright field. (D) 
CRL2097 cells were treated with 5 µM STLC for 12 hr, 20x bright field. 
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(A) 2hr after release Nocodazole. 4x (B)$2hr$after$release$Nocodazole.$20x!

(C) 2hr after release STLC. 4x (D) 2hr after release STLC. 20x 

Figure 6.9   2 hr after Nocodazole/STLC released. CRL2097 cells in all 
groups were treated with thymidine and followed with Nocodazole/STLC 
treatment for 12 hr. Nocodazole/STLC was then released, and cells were 
continuously cultured for 2 hr. (A) 2 hr after Nocodazole was released, 4x 
bright field. (B) 2 hr after Nocodazole was released, 20x bright field. (C) 2 hr 
after STLC was released, 4x bright field. (D) 2 hr after STLC was released, 
20x bright field. 
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(A) 24 hr after release Nocodazole, 4x (B) 24 hr after release STLC, 4x 

Figure 6.10   24 hr after Nocodazole/STLC was released. CRL2097 cells 
after thymidine treatment and Nocodazole/STLC treatment was continuously 
cultured for 24 hr. (A) Image taken 24 hr after Nocodazole was released, 4x 
bright field. (B) Image taken 24 hr after STLC was released, 4x bright field. 

Control 

Thymidine Treated  

Nocodazole or STLC 

2hr after Release 

24 hr after release 

Figure 6.11   FACs assessment of two cell cycle 
synchronization systems. CRL2097 cells were 
treated with thymidine for S phase blocking 
(Orange), released and then treated with 
Nocodazole/STLC for metaphase blocking (Green). 
Cells from Nocodazole/STLC treatment were then 
released from metaphase and cultured for 2 hr (Blue) 
and maintained culture for 24 hr (Red). Control 
sample without any treatment was also collected for 
test (Cyan). (A) Metaphase block by Nocodazole. (B) 
Metaphase block by STLC. 

(B) STLC Group (A) Nocodazole Group 
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6.2.1.3 Discussion of Experiment 1 

Based on the microscopy result, it was understood that cells when firstly 

blocked in S phase could dramatically increase the number of cells blocked in 

metaphase when secondly treated with Nocodazole or STLC. FACs result 
also clearly confirmed the morphology observation. It showed S phase 
blocking was successful. After that, the majority of the cells could be arrested 
in metaphase by either Nocodazole or STLC.  

The proportion of the cells that arrested in metaphase by double blocking 

strategy was very great. This gave us a great opportunity to manipulate the 

protocol for further experiments. In this case, unlike the previous single 

blocking system, there is no need to detach mitotic cells to obtain enough 

cells for reprogramming, which means that it is not necessary to allow time 

for the cells to detach and re-plate. Similarly, the recovery time for re-plated 
cells is also saved, including the time for cells to finish the metaphase and to 

finish the cell division. The time required for each of these steps is 
unpredictable, variable and difficult to test or control. By removing all of 

these unpredictable factors, further experiments are easier to control, and it 

creates the opportunity to deliver multiple treatments of external materials, 

as many as required. In this way this change to the protocol enhanced the 

treatment to reprogramme cells. It can also be used in a wider field of 

research such as control of differentiation and transgenesis. 

But on the other hand, in the previous experiments described in Chapter 5, 
mitotic cells were harvested by ‘mitotic shake’ method and counted for 

further CE treatment. In that experiment strategy, it gave 25,000 cells pure in 

metaphase for following steps. However, in the double blocking system, 

although more than 50% cells in average would be synchronized in 

metaphase, the pure mitotic cells would be cut down to half if the starting 

cell population remains 25,000. In this case, in the new double blocking 

system, the starting population was raised to 50,000 cells to match up the 

original 25,000 pure mitotic cell number to give a consistent platform for 

further test. 
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A difference between the two synchronization systems was also apparent. It 

was confirmed by both morphology observation and FACs analysis that after 
drug removal cells treated with Nocodazole escaped metaphase much 

quicker compared to cells treated with STLC. This gives us a great 
opportunity to design a more precise experiment for tests of further 

hypotheses. Firstly, cells in Nocodazole group can be treated with external 

materials immediately after the metaphase synchronization, whereas cells in 

STLC group cannot. Cells in Nocodazole group could finish metaphase and 

cell division and attach to the dish within 2 hours after release from 

Nocodazole. This makes the experiment practically easier because cell extract 

could be removed directly without worrying about loss of any cells. In 

contrast cells in STLC group remain mitotic shape and unattached so that it 

would be very difficult to take out the cell extract without removing cells. 

Especially, cells in STLC would remain in metaphase 2 hours after release 

from STLC. It is certainly very difficult to test and estimate the time length 

for majority cells in STLC group to escape metaphase and finish division in 
practice, since the recovery is not necessarily synchronized.  

All in all, a double blocking strategy is the optimal system for extract-
reprogramming experiments, and the thymidine-Nocodazole double 

blocking system is certainly better than thymidine-STLC system in practice 
and for further hypothesis tests.  
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6.2.2 Experiment 2: Incubation temperature test 

6.2.2.1 Materials and Methods of Experiment 2 

According to the hypothesis described in the introduction, it is believed that 

a higher incubation temperature can increase the uptake of external 

materials. In this experiment, several different incubation temperatures were 

tested based on the new fundamental procedure shown below (Figure 6.12), 

while candidate cells would be sequentially synchronized to S phase 
followed by metaphase (Detailed description of the synchronization 

procedure is in 6.2.1). After the metaphase synchronization by either STLC 

treatment or Nocodazole treatment, cells were treated with dextran-
fluorescein 10mg/ml 70kDa or 150kDa as indicators at three-different 
temperatures (37˚C, 40˚C and 42˚C) for 2 hr respectively. After the 

incubation, cells were washed twice with 1x PBS and fixed in 0.4% PFA. 

Images were taken under fluorescent microscope with same exposure time-
length. Two samples were set as controls, one of which was cells not been 

synchronized nor treated with DF, whereas the other was cells not been 

synchronized but treated with DF for 2 hr at 37˚C. In order to compare the 

uptake of dextran-fluorescein, images were collected at the end of the 

experiment and compared within the same synchronization system and 

across the two synchronization systems. And to clearly show the differences 

between each condition, images were all collected as photographic mosaic, 

which means for each image, there were 4x4 continue images combined to 

show a large field of each sample. For analysis, all images were loaded to 

ImageJ software and manually counted for the Fluorescein positive cells. The 

number of the positive cells were divided by the total cell number appeared 
in the image to provide the percentage of the positive cells. 

The uptake of different molecular weight Dextran was assessed individually 

(75, 150 and 500KDa). In addition, 70kDa Dextran-Texas Red was applied 

along with 150kDa Dextran-Fluorescein, in order to assess the   uptake in the 

presence of multiple materials. Also, 500kDa Dextran-Fluorescein as a 

representative of big molecules was applied in the both synchronization 
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systems to test their internalization abilities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12   The procedure of Experiment 2: Incubation 
temperature test. Candidate cells were synchronized to metaphase by 
Thymidine-Nocodazole double blocking. Cells were then treated with 
70 kDa DF, 70 kDa DF plus 150 kDa DF or 150 kDa DF singly for 2 hr 
at 37˚C, 40˚C and 42˚C respectively. Images were then taken after the 
treatment. 

Cell! Double!Block!

70#kDa#DF#treatment!

150$kDa$DF$treatment!

70#kDa#DTR#&#150#kDa#DF#
treatment!

37˚C!

42˚C!

40˚C!

37˚C!

42˚C!

40˚C!

37˚C!

42˚C!

40˚C!

2"hr!



! 152!

6.2.2.2 Results of Experiment 2 

Same as the experiment 1, tests of optimal incubation temperature were 

applied on CRL2097 human neonatal fibroblasts with 50,000 cells per well 

from the beginning. Cells were firstly synchronized to S phase, then followed 

by metaphase as described in 6.2.1.1 with two different chemicals, 

Nocodazole or STLC respectively. Cells after Nocodazole or STLC treatment 

were both subsequently treated with 70 kDa Dextran-Fluorescein (DF) for 

2hr at three different temperatures (37˚C, 40˚C and 42˚C). After the 
incubation, cells were fixed and observed by microscopy, then analyzed in 

the way that was described in 6.2.2.1. For the thymidine-STLC group, the 

original plan was to treat cells with 70 kDa DF for 2 hours after cells had 
been blocked in metaphase with STLC treatment, then wash the cells twice 

with 1xPBS and observe them under the microscope after fixation. However, 

STLC treated cells were able to recover and re-attach to the plates within 2 

hours so the plan was changed to only discard the DF solution and replace if 

with normal culture medium followed by 4 hr culture at 37˚C until mitotic 

cells flattened down. Cells were then fixed with 0.4% PFA and observed 

under fluorescence microscope. 

The comparison of the cells with different temperature condition within each 

groups had shown a consistent result that cells treated with Dextran at 40˚C 

would end up more cells taken up the Dextran materials. As shown below in 

Table 6.1, cells in the thymidine-Nocodazole group, there were 46.3% of cells 

taken up DF at 37˚C, and the percentage raised to 63.4% DF positive cells at 

40˚C. The percentage dropped a little down to 56.5% at 42˚C, while in the 

control group, only 8.7% of unsynchronized cells took up DF (Figure 6.14). In 

the thymidine-STLC group, there were 54.3% of cells taken up DF at 37˚C, 

and the percentage raised to 81.2% DF positive cells at 40˚C. Same as the 

thymidine-Nocodazole group, the percentage dropped to 56.5%, when cells 

were treated at 42˚C. Because of the longer term incubation with the DF, 

unsynchronized cells in the control group were 15.8% positive in the field at 

37˚C.  
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Table 6.1 The DF uptake influenced by incubation temperature in two 
synchronization systems 

Incubation 
Temp Thymidine-Nocodazole Thymidine-STLC 

 Control Treatment Control Treatment 
37˚C 8.7% 46.3% 15.8% 54.3% 
40˚C - 63.4% - 81.2% 
42˚C - 56.5% - 72.6% 

 

After above tests, it was understood that 40˚C was the best incubation 

temperature out of 39˚C and 42˚C, and it seemed thymidine-Nocodazole 

system was better. Further test was then applied based on Nocodazole 

system at 40˚C by introducing both 70 kDa Dextran-Texas Red (DTR) and 

150 kDa Dextran-Fluorescein to the candidate cells, in order to observe the 

uptake behaviors of multiple external materials. As Figure 6.16 showed, both 
70 kDa Dextran-Texas Red and 150 kDa DF could be taken up individually. 

When synchronized cells were treated with both types Dextrans, most of 

cells took up some Dextrans of each type. There were fewer cells taken up 

150 kDa DF compared to 70 kDa DTR, but still a reasonable number of cells 

taken up both types of Dextrans. 

Then, 500 kDa DF was applied to the thymidine-Nocodazole system at 40˚C 

and 390C incubation temperature, in order to examine the effect of phase 

transition on e uptake. As shown in Figure 6.17, there were very low signals 

of uptake in the sample that was not synchronized, however, lots of cells had 

taken up 500 kDa DF at 40˚C. Interestingly, when the incubation temperature 

was adjusted to be 39˚C, the uptakes reduced to almost the same as the 

control revealing a very dramatic effect around phase transition temperature. 
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C! D!

E!

Figure 6.13   Dextran-Fluorescein delivery test in thymidine-Nocodazole 
group at different temperatures. (A) Control 1, cells were neither 
synchronized nor treated with DF. (B) Control 2, cells were not synchronized, 
but treated with DF at 37˚C for 2hr. (C) Cells synchronized by thymidine and 
Nocodazole to metaphase, then treated with 70kDa DF for 2 hr at 37˚C. (D) 
Cells synchronized by thymidine and Nocodazole to metaphase, then treated 
with 70kDa DF for 2 hr at 40˚C. (E) Cells synchronized by thymidine and 
Nocodazole to metaphase, then treated with 70kDa DF for 2 hr at 42˚C. 
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Figure 6.14   Cells treated with 70 kDa Dextran-Fluorescein at 40˚C for 2 hr. 
(A+B) Cells positive for 70 kDa dextran-FITC, 10x. (C+D) Cells positive for 70 kDa 
DF, 20x. 
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Figure 6.15   Dextran-Fluorescein delivery test in thymidine-STLC group 
at different temperatures. (A) Control 1, cells were neither synchronized nor 
treated with DF. (B) Control 2, cells were not synchronized, but treated with DF 
at 37˚C for 2hr. (C) Cells synchronized by thymidine and Nocodazole to 
metaphase, then treated with 70kDa DF for 2 hr at 37˚C. (D) Cells 
synchronized by thymidine and Nocodazole to metaphase, then treated with 
70kDa DF for 2 hr at 40˚C. (E) Cells synchronized by thymidine and 
Nocodazole to metaphase, then treated with 70kDa DF for 2 hr at 42˚C. 
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Figure 6.16   Dextran delivery test in thymidine-Nocodazole group at 
different temperatures. Two types of Dextrans were used, 70 kDa Dextran-
Texas Red (DTR) and 150 kDa Dextran-Fluorescein (DF).  
Control 1 , cells were not synchronized but treated with DTR (A) or DF (B) at 
37˚C for 2hr. 
Control 2 , cells were not synchronized but treated with DTR (C) or DF (D) at 
40˚C for 2hr. 
(E) Cells were synchronized by thymidine and Nocodazole to metaphase, 
then treated with DTR for 2 hr at 40˚C. (F) Cells synchronized by thymidine 
and Nocodazole to metaphase, then treated with DF for 2 hr at 40˚C. (G) 
Cells synchronized by thymidine and Nocodazole to metaphase, then treated 
with both 70 kDa DTR and 150 kDa DF for 2 hr at 40˚C, Overlap image. 
 

Figure 6.17   Delivery test of 500 kDa Dextran-Fluorescein (DF) in 
thymidine-Nocodazole blocking system at different temperatures. (A) Cells 
not synchronized nor treated with 500 kDa DF at 37˚C. (B) Cells not 
synchronized but treated with 500 kDa DF at 37˚C. (C) Cells were synchronized 
by thymidine-Nocodazole blocking system and treated with 500 kDa DF at 39˚C. 
(D) Cells were synchronized by thymidine-Nocodazole blocking system and 
treated with 500 kDa DF at 40˚C. 

A! B!

C! D!
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6.2.2.3 Discussion of Experiment 2 

According to the result shown above, the hypothesis that incubation 

temperature might affect the uptakes of external materials was proved to be 

true, while of all three tested conditions, 40˚C was the incubation 

temperature at which the greatest proportion of cells took up dextran. 

For thymidine-Nocodazole group itself, cells treated with DF at 40˚C had 
significant higher percentage of positive cells (63.4%) compared to the cells 

treated at 37˚C. The percentage of positive cells dropped a little from 63.4% 

down to 56.5% at 42˚C, which was very little higher than the cells treated at 
37˚C (46.3%). This result fits the description in Karin’s paper (John et al. 
2002), which stated that transbilayer movement would rapidly enhance at 

phase transition temperature, and decrease when temperature raised above 

the Tm. The similar observation was found in the thymidine-STLC group, 

while there were 81.2% positive cells at 40˚C compared to 54.3% positive cells 

at 37˚C. A drop of positive cells rate (72.6%) was also spotted at 42˚C in the 

thymidine-STLC system.  

The uptake rates of the thymidine-STLC group were significant higher at 

every selected temperature compared to thymidine-Nocodazole group. 

However, there were technical defects of the thymidine-STLC system, which 
probably have affected the result. The problem was the recovering time. As 

shown in the 6.4.1, cells after STLC treatment required much longer time 

than Nocodazole treated cells that took only 2 hours to flatten down and 

expand. This technical obstacle generated a practical problem that after DF 

treatment candidate cells could not be washed immediately; otherwise, 

mitotic cells would come off. A compromised change had been made that 
cells were treated with DF followed by only a careful medium change. Cells 

were then kept at 37˚C incubator for another 4 hours until most mitotic cells 

had flattened down. Since the DF was not thoroughly washed off, the DF 

leftover would continually surround the candidate cells for the 4 hours. It 

seems likely that this is one reason why the uptake rate of unsynchronized 

cells (control) from thymidine-STLC group was 15.8%, while the control from 
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thymidine-Nocodazole group was only 8.7% positive. Although the cells in 

the control groups were not synchronized the method of removing DF was 

the same as that used with the cells that had been synchronized. As with the 

synchronized groups it seems likely that this longer period of exposure to 

some DF allowed more of the cells to enter metaphase and so take up DF. In 

that case, the actual uptake rate of the thymidine-STLC group after 

synchronization was probably much lower than the estimate that was 

obtained. Therefore, thymidine-Nocodazole double blocking system was 
selected for future experiment.  

After the single factor delivery test was confirmed, the multiple-material test 
was tried. Candidate cells were treated with both Dextran-Texas Red and 

Dextran-Fluorescein, the result showed successful delivery of both factors 

into same cells, which suggests that there would be uptake from the protein 

mixture in the proposed extract reprogramming experiment. 

The molecular weight limit for natural uptake by human fibroblasts was 
reported to be 150 kDa at physiological temperature (Pellegrin et al. 2002). In 
the present studies the question was then asked, whether the molecular 

weight limit could be extended if cells were incubated at higher temperature 

due to the increased transbilayer movement? 500 kDa DF was used as an 
indicator and applied to the thymidine-Nocodazole double blocking system. 

Candidate cells after synchronization in metaphase were treated with 500 

kDa DF for 2 hr at 40˚C. Surprisingly, a large proportion of the cells had 

strong DF signals showing the positive uptake of 500 kDa DF. And 

interestingly, the uptake dramatically decreased when this DF treatment was 
applied at 39˚C, which seemed also match the description in Karin’s paper 

that the temperature-induced transbilayer move enhancement is a rapid 

change (John et al. 2002).  

To sum up, 40˚C was selected as the optimal incubation temperature for 

further experiment. 
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6.2.3 Experiment 3: Test of the improvement of maintenance of 

delivered material (Dextran-Fluorescein) by BFLA-1 treatment 

6.2.3.1 Materials and Methods of Experiment 3 

In order to test whether the stability of the extracellular material could be 

maintained, 6 nM BFLA-1 was included in half the dishes for the last 3 hr of 

the treatment with Nocodazole with a control group in which BFLA-1 was 
not added. Uptake of dextran was assessed as before. This experiment was 

carried out at the optimum temperature with same procedure as previous 

experiments (Figure 6.18).  

Uptake efficiency would increase as well as transbilayer material lasting time 

by combining BFLA-1 treatment with the new understood optimal 

incubation temperature as determined in experiment 6.2.2. 

!

!

!

6.2.3.2 Results of Experiment 3 

CRL2097 human neonatal fibroblasts were used in this test as 50,000 cells per 

sample per well of 6-well plate. Cells were synchronized by thymidine-
Nocodazole double blocking system (as described in 6.2.1.1) followed with a 
70 kDa or 150 kDa DF treatment at 40˚C. During the last 3 hr of Nocodazole 

Cell! Thymidine! Release! Nocodazole!

BFLA"1!

CE! Cell$culture!

Figure 6.18   The procedure of Experiment 3: Test of the improvement 
of maintenance of delivered material (DF) by BFLA-1 treatment. 
Images were taken after DF treatment and 4 days maintenance culture. 
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treatment, 6 nM Bafilomycin A1 (BFLA-1) was applied. Then, BFLA-1 was 
removed by replacing the medium that contains Dextran-Fluorescein (DF) 

when Nocodazole treatment was finished. After DF treatments, all of the 

samples were washed twice with 1x PBS and cultured in normal 10% DMEM 

medium for 4 days at 37˚C.  Cells from all groups were then washed again 
with 1x PBS and fixed with 0.4% PFA. Images were taken by fluorescence 

microscope with same exposure time-length. Again, in order to obtain a 

clearer conclusion out of the microscopy data, images were collected as 

photographic mosaic and combined by 4x4 continue images of each sample. 

There were several different controls. In this experiment, as the control 

(Sample A), unsynchronized cells without BFLA-1 treatment were incubated 
with 70 kDa DF on Day0, these cells after 4 days culture had shown very 

weak fluorescein signals (Figure 6.19a). Another control (Sample B), 
synchronized cells without BFLA-1 treatment were also incubated with 70 

kDa DF on Day0 followed with 4 days culture had shown stronger signals in 

both quantity and quality compared to the Sample A control cells (Figure 

6.19b). On the other side, another group of cells were treated in the same way 
as the sample B but with BFLA-1 treatment had shown much stronger 

fluorescein signals compared to sample B after 4 days culture (Figure 6.19c). 
In order to confirm the observation, 150 kDa DF was used in the comparison. 
Synchronized cells were treated with BFLA-1 and followed by 150 kDa DF 

treatment. After 4 days culture, although the number of positive cells were 

lower compared to 70 kDa group, the signals were still very strong compared 

to the sample B that cells hadn’t treated with BFLA-1 (Figure 6.19d). 

 

 
 
 
 
 
 
 
 
 



! 163!

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.2.3.3 Discussion of Experiment 3 

The novel reprogramming system is based on the internalization of the 

external materials by the candidate cells. However, successfully internalized 
materials cannot persist in the cell for a very longtime mainly caused by two 

reasons. One of them is that during cell division half of the delivered 

materials will be separated into two daughter cells. Hence the amount of 

material in each cell is half the original The other reason is the cellular 

metabolism, while vesicles that contain internalized materials would fuse 

Figure 6.19   Bafilomycin A1 (BFLA-1) treatment test for delivered 
Dextran-Fluorescein (DF) maintenance. (A) Unsynchronized cells treated 
with 70 kDa DF without BFLA-1 and cultured for 4 days. (B) Cells treated 
with 70 kDa DF without BFLA-1 and cultured for 4 days. (C) Cells treated 
with 70 kDa DF after BFLA-1 treatment and cultured for 4 days. (D) Cells 
treated with 150 kDa DF after BFLA-1 treatment and cultured for 4 days. 
 

A! B!

C! D!
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into early endosomes and subsequently be recycled back to cell membrane or 

sent to lysosome for degradation. The first event is unavoidable, however, 

making some changes to the second one is possible. BFLA-1 has been 
reported to be able to fractionate early endosomes, which would help to 

protect internalized materials and extend the maintenance (Fredericksen et al. 
n.d.). In that study BFLA-1 was used to improve the virus infection efficiency 

and increase the persistence BFLA-1 was also expected to have the same 

effect on DF and the extract proteins.  

The data of this experiment was clean and clear. For 70 kDa DF treatments, 

the BFLA-1 really extended the maintenance up to at least 4 days, while the 

signals from the non BFLA-1 sample were only a little stronger than the 

control, which also indicated that materials internalized by natural uptake 

would reduce dramatically in 4 days. Also, candidate cells were 

continuously cultured, and the BFLA-1 didn’t affect the viability or 

morphology of the cells, which indicated that the BFLA-1 at 6 nM 
concentration is safe to use. 

To sum up, it was proved that BFLA-1 was able to extend the maintenance of 

internalized materials. In this case, BFLA-1 was confirmed as an extra 

supplement for further experiments. 
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6.2.4 Experiment 4: Test of SSEA3 positive cell and its effect in cellular 

reprogramming 

6.2.4.1 Materials and Methods of Experiment 4 

Candidate cell preparation 

Early passaged CRL2097 (passage 4) and HDFn (passage 6), human neonatal 

fibroblasts were cultured until confluent, then counted and passaged for 

classic retroviral reprograming test. 

Early passaged CRL2097 human fibroblasts were harvested for FACs sorting 

using anti-SSEA3 antibody. Both SSEA3 positive, negative and unsorted 

CRL2097 fibroblast samples were collected to passage for further 

experiments and frozen storage. 

Reprogramming effect of SSEA3 positivity 

Classic retroviral reprogramming experiment was organized according to 

Yamanaka protocol. Both CRL2097 and HDFn cell samples were tested for 
their reprogramming capability and efficiency. According to the result, 

SSEA3 positive CRL2097 cell sample, together with SSEA3 negative and 

unsorted CRL2097 samples were used for testing the reprogramming 

efficiency in the retroviral reprogramming system. Colonies from unsorted 

samples and SSEA3 negative candidate samples were picked and passaged 
for EB formation test and further differentiation test. 

6.2.4.2 Results of Experiment 4 

Early passaged CRL2097 (passage 4) and HDFn (passage 6), human neonatal 

fibroblasts were used as candidate cells for classic retroviral reprogramming. 

For both samples, there were 50,000 cells used as candidate at the beginning 

in each 100 mm dish. Surprisingly, there was a very big difference of 

transfection efficiency between the two candidate lines. The HDFn (human 

dermal fibroblast) had showed much higher transfection efficiency on day 5 
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after the treatment of Yamanaka 4 factors using retroviral vectors (See Figure 

6.20), whereas the transfection was much poorer in the CRL2097 group. As 

judged by checking the number of colonies formed. Colonies from the both 

groups were later picked, passaged for further selection in hESC culture 

conditions, and the picked colonies were all retroviral iPS cells. 

In trying to understand the reason for the different transfection efficiency 

between the two lines (CRL2097 cells and HDFn cells), both of the lines were 
checked for the SSEA3 surface marker using FACs. As shown in Figure 6.21, 

17% of CRL2097 cells were positive for SSEA3, while there were 33.7% 

SSEA3 positive cells in the HDFn group. Combined with the observation of 

the retroviral transfection, the result seemed have shown SSEA3 positive 

cells respond at higher transfection efficiency and maybe higher 

reprogramming efficiency. 

With the purpose of checking whether a greater proportion of SSEA3 

positive cells respond to reprogramming, FACs sorting technique was 

applied on CRL2097 cells using anti-SSEA3 antibody. Both SSEA3 positive, 

negative and unsorted CRL2097 human neonatal fibroblasts (Passage 4) were 

sorted, collected, and then passaged for further reprogramming experiments 

using classic retroviral method. Unlike the previous FACs caliber result, this 
time there was only 2.49% of SSEA3 positive cells were observed, sorted and 

collected. SSEA3 negative cells were also collected for the later experiments 

(See Figure 6.22). Sorted cells were continuously cultured until enough cells 

were available for reprogramming test. Then SSEA3 positive cells, SSEA3 

negative cells and unsorted cells were transfected with 4 Yamanaka factors 

(Oct4, Sox2, Klf4 and c-Myc) and selected in hESC conditions. iPSC-like 
colonies started to appear on day 7, with more iPSC-like colonies observed 

for SSEA3 positive and unsorted cell samples. Potential iPSC colonies were 

picked before the candidate cells reached confluence. As shown in Figure 

6.23 below, there were significantly more potential colonies in the case of 

SSEA3 positive cells and unsorted fibroblasts. Colonies from all three-
candidate groups were picked, expanded and characterized (Figure 6.23). 

Colonies all possessed hESC-like morphology, expressed pluripotency 
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markers (Oct4 and Nanog) and formed embryoid bodies (EB). EBs were then 
re-plated, expanded and stained with classic markers from all three germ 

layers (Ectoderm, mesoderm and endoderm), see Figure 6.24. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A!

B!

Figure 6.20   The direct picture of candidate cells treated with 
Yamanaka factors by retroviral method showing the different 
transfection efficiency. (A) CRL2097 human neonatal fibroblast 
transfected with classic Yamanaka 4 factors using retroviral method, 
and cultured for 5 days. (B) HDFn, human dermal fibroblast transfected 
with classic Yamanaka 4 factors using retroviral method, and cultured 
for 5 days. 
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Figure 6.21   FACs test of CRL2097 cells and HDFn cells with SSEA3 
surface marker. (A) CRL2097 cells control sample without Ab. (B) 
CRL2097 cells treated with anti-SSEA3 Ab, which showed 17% of cells 
were positive for SSEA3 surface marker. (C) HDFn cells control sample 
without Ab treatment. (D) HDFn cells treated with anti-SSEA3 Ab, and 
showed 33.7% of cells were positive for SSEA3 surface marker. 
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Figure 6.22   FACs sorting data – CRL2097 cells sorted with anti-
SSEA3 Ab. (A) Unstained sample, alive cells were gated based on 
Forward & Side Scatter signals. (B) Unstained samples, Unstained 
cells were gated for boundary of positive signals. (C) Cells stained with 
anti-SSEA3 Ab, which had showed 2.49% of total population was 
SSEA3 positive. 
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Figure 6.23   Reprogramming of SSEA3 positive, SSEA3 negative and 
unsorted CRL2097 fibroblasts. (A) The appearance of iPSC-like colony 
derived from SSEA3 negative fibroblasts prior to colony pickup on a phase-
contrast image at 4x magnification. (B) Number of iPSC-like colonies picked 
from each sample. (C) Image of colonies at 10x magnification. (D) Image of 
colonies at 20x magnification. Arrow points out at forming embryoid body. (E). 
Representative bright field micrograph of embryoid body formed by SSEA3- -
iPSC (lacuna-like structures are indicated by arrows). (F) and (G) 
Immunostaining of Oct4 and Nanog, respectively, in  SSEA3- -iPSC colonies. 
(H) The appearance of a representative iPSC colony derived from unsorted 
fibroblasts after colony pick up on a phase-contrast image at times 4 
magnification. 
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Figure 6.24   SSEA3 negative iPSC can differentiate into cell types 
representatives of three germ-layers. (A) Immunostaining of cells 
expanded from SSEA3 negative-iPSC-derived embryoid bodies showing 
expression of neuroectoderm marker beta-Tubulin. (B) Endoderm marker 
alpha-Fetoprotein. (C) and Mesoderm marker Smooth-muscle actin.  
From top to bottom - marker fluorescence images, DAPI fluorescence 
images and merged images (DAPI-blue; marker-red). 
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6.2.4.3 Discussion of Experiment 4 

Based on the result, candidate sample with higher SSEA3 positive cells had 

higher transfection efficiency and also had better reprogramming efficiency. 

As assessed by FACs analysis, more HDFn than CRL fibroblasts were SSEA3 
positive. 

Whereas an earlier paper reported that no iPSCs could be generated from 

SSEA3 negative cells, we found the cells from SSEA3 negative subpopulation 

could also be reprogrammed with retroviral reprogramming technique 

(Byrne, Nguyen & Pera 2009a). However, we did find both the viral 
transfection efficiency and the reprogramming efficiency were greatly 

increased with SSEA3 positive cells, especially for the transfection part, 

which was the same as the description in the paper (Byrne, Nguyen & Pera 
2009a). 

In another group, candidate cells from SSEA3 positive group were cultured 

for several passages, it was found that the transfection efficiency and 

reprogramming efficiency were both decreased down to the normal stage 

same as the unsorted cells (Data not shown). The reason might due to 

continuous loss of the SSEA3 expression along with the passage number 

increases and have returned to the level similar to that of unsorted fibroblast 

population. Although we did not test the positivity of the late-passaged 
SSEA3 positive subpopulation, others have reported that SSEA3 marker is 

unstable in adherent culture especially in the case of fibroblasts of a late 

passage (Vega Crespo et al. 2012). This indicates that reprogramming should 

be applied as soon as the SSEA3 positive subpopulation is obtained, which 

would be the case for further experiment designs.  
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6.2.5 Experiment 5: Reprogramming test based on new designed 

protocol  

6.2.5.1 Materials and Methods of Experiment 5 

Series of cellular reprogramming experiments were designed based on the 

understandings of above tests. All the changes of the fundamental procedure 

were put together in order to accomplish reprogramming with the new 

designed protocol (Figure 25).  

Cell culture 

SSEA3 positive human neonatal fibroblast CRL2097, normal HDFn human 

neonatal fibroblasts and mouse embryonic fibroblast (MEF) were cultured in 

DMEM+10% FBS at 37oC with 5% CO2 supply until confluence, then counted 

and passaged to 6-well plate with 50,000 cells per well for reprogramming 

test. 

S phase-Metaphase double blocking procedure 

Following the same cell cycle synchronization procedure as in 6.2.2 part, 6 hr 

incubation when passaged candidate cells attached plates, 2mM Thymidine 
was applied for 24 hr (S-phase block). When finished, Thymidine was 

removed by washing cells with 1x PBS one time, then added 100ng/ml 

Nocodazole to the culture media for 12 hr (Metaphase block). During the last 

3 hr of the Nocodazole treatment, 6 nM BFLA-1 was added. Nocodazole and 

BFLA-1 were removed subsequently by direct medium change.  

Cell extract treatment 

Following the last step of cell synchronization, medium that contained 

Nocodazole and BFLA-1 was replaced with DMEM + 10% FBS + 10 ng/ml 
bFGF with prepared E14 mESC extract in the ratio as 100µl extract in 900 µl 

medium, 1 ml per well per sample. 300 ng/ml Poly I:C was also added at the 

same time. Candidate cells were then incubated at 40˚C with 5% CO2 supply 
for 3 hr until most of the cells escaped metaphase and flattened down. Cell 
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extract was removed after 3  hr  incubation by replacing the culture medium 

with DMEM + 10% FBS + 10 ng/ml bFGF + 300 ng/ml Poly I:C, 2 ml per 

well per sample. Cells were cultured for 24 hr and cell extract was applied 
same way everyday for 7 days.  

 

 

 

 

 

 

Further cell culture 

Candidate cells were passaged once after 7 days on to irradiated MEF feeders 

(1 million MEF feeder cells per 6-well plate).  Culture medium was changed 
to KOSR medium with 10 ng/ml bFGF supplement.  

Assessment 

Candidate cells were tested with Alkaline Phosphatase live staining on day 7, 

and repeated the test on day 14.  

6.2.5.2 Results of Experiment 5 

SSEA3 positive human neonatal fibroblast CRL2097, normal HDFn human 

neonatal fibroblasts and mouse embryonic fibroblast (MEF) were used as 

reprogramming candidates in the test with 50,000 cells per well per sample. 
In each candidate group, 3 samples were applied with the new protocol 

identically. Candidate cells were all cultured in DMEM+10% FBS plus 
10ng/ml bFGF at 37oC with 5% CO2 supply from the first day of the 
reprogramming process up to the day 7. All candidate cells were then 

Cell! Thymidine! Release! Nocodazole!

BFLA"1!

CE! Cell$culture!

Poly%I:C!

Figure 6.25   The procedure of Experiment 5: Reprogramming test 
based new designed protocol.  
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passaged onto irradiated MEF feeder. CRL2097 and HDFn cells were then 

cultured in hESC condition, and MEF cells were cultured in mESC condition 

for another 20 days. 

As described in Material and Methods, candidate cells were all double 

synchronized in S phase followed with metaphase, when Bafilomycin A1 

(BFLA-1) and Poly I:C were applied. Cells were then treated with prepared 

E14 mESC extract for 2 hr after the synchronization and cultured for 24 hours 

until the next cell extract (CE) treatment. CE treatment was applied to 

candidate cells every day for 7 days. 

Cells were then assessed with Alkaline Phosphatase (AP) live staining on 

day 7 before the splitting and observed with EVOS Cell Imaging System (See 
Appendix 1). As shown in the Figure 6.26, there were some AP positive cells 

in both CRL2097 and HDFn candidate samples, but no AP positive cells 

found in MEF sample. In CRL2097 and HDFn samples, most of the positive 
cells were round shape unlike normal fibroblast looking, however there were 

also some long-shaped fibroblast looking cells in HDFn group positive for 
AP (Figure 6.26c).  

All candidates were then passaged and cultured in hESC condition or mESC 

condition for 7 days. On Day 14, all candidates were again assessed with AP 
live staining test and observed with Zeiss Axio Observer Z1 microscope (See 
Appendix 1). In CRL2097 group, unfortunately, there was no positive cell 

found in all identical samples, only some of the fibroblasts showed very 

weak signal (Figure 6.27a). However, two iPSC-like colonies were found in 

HDFn group (Figure 6.27b and c). Interestingly, lots of fibroblast-shaped cells 
were also positive for AP staining, indicating the change had applied to more 

cells not only to the cells that changed morphology. In MEF group, there 

wasn’t any formed colony found, however there were some AP positive 

single cells found in all three identical samples (Figure 6.27D). As shown in 

the figure, these AP positive cells assembled as positive areas, indicating that 

the change had applied to a reasonable number of the cells.  

All candidate group cells were then continuously cultured for a further week 
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till the experiment finished. During that time, the colonies in HDFn group 

appeared to be expanding. However, none of them survived after picking 
and passage. There was not any further colony found neither in CRL2097 

group nor MEF group. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



! 177!

 

A!

B!

C!

D!

Figure 6.26   Alkaline Phosphatase live staining test of the new Extract 
based reprogramming system on Day 7 at 10x magnificent. (A) 
CRL2097 cells. (B+C) HDFn cells. (D) Mouse Embryonic Fibroblast (MEF). 
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6.2.5.3 Discussion of Experiment 5 

This was the first time that all innovations were applied in one complete 

experiment and the result is promising. For HDFn cells, there were iPSC-like 
colonies formed within 14 days of the CE treatment and these colonies were 

positive for AP live staining, while there were AP positive cells found in 

MEF samples and assembled as positive areas. The Poly I:C was also firstly 
used in the reprogramming test, because of it, the experiment procedure was 

adjusted according to the published paper that used Poly I:C in order to 

enhance the reprogramming efficiency as expected(Lee et al. 2012).  

Unfortunately, there was not any colony formed or AP positive cell found in 

the CRL2097 sample, especially, the candidate CRL2097 cells were FACs 
sorted for SSEA3 expression. The possible reason was as described in 6.3.4.2 

that SSEA3 expression would gradually decrease to normal level during the 

culture. There were several passages had been done to accumulate enough 
SSEA3 postive cells for reprogramming experiment in this test. 

Due to the changes made to the original reprogramming protocol in Chapter 

5, it seemed that there was a decrease of the reprogramming speed in 

comparison to the original 7 days. The possible reasons were the culture 

condition and the CE application. In the new system, hESC culture condition 

was only applied to the candidates 7 days after the first round treatment, 

when candidate cells were very confluent. The lack of the support of all 

kinds of the growth factors, proteins or cytokines from the MEF feeder and 

the KOSR mediums, early reprogramming changes might well be delayed. 
Also, the CE was applied every day, but only for 2 hr each day whereas 

Figure 6.27   Alkaline Phosphatase live staining test of the new 
Extract based reprogramming system on Day 14 at 10x magnificent. 
(A) CRL2097 cells. (B+C) HDFn cells. (D) Mouse Embryonic Fibroblast 
(MEF). 
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previously the cells were exposed to extract for 6 hours before being 

transferred directly to feeders. The strength and the amount of extract 

delivery for each day is difficult to test, especially for the later 6 days apart 

from the first day. It is likely that during the later 6 days the uptake of extract 
was much lower than during the first day because the cells were not 

synchronized. As a result, not all of the cells would have passed through 

metaphase during the time when the CE was present.   

Apart from the above considerations, the treatment of CE in this experiment 

was firstly designed to be 14 rounds for 14 days, however the experiment 

was interrupted by unexpected reasons and there were only 7 rounds CE 

treatment was finally applied, which also left an expectation of the 

reprogramming result of fully 14 rounds treatment. 

Overall, the new extract based reprogramming protocol had some promising 
effects. Although no completely reprogrammed cells were generated in this 

new protocol the new treatment initiated reprogramming as judged in three 

ways.  There were AP positive colonies were found in human samples. 

Secondly other AP positive cells were found outside these colonies indicating 

that reprogramming had been initiated in a much larger number of cells. 
Finally, these changes were observed in both human and mouse samples. 

There are still several changes that could be made to improve the protocol, 

such as culturing the candidate cells in ES condition from the beginning and 

extending the CE treatment, the protocol at least showed it had been 

amended on a right direction for the improvement.  
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Chapter 7 

Future Direction 

Although the new changes to the technique still need optimization, the 

potential of the technique has already been shown. It seems likely that the 

innovations that were made during this research project will make it possible 

to change the fate of mammalian somatic cells with extract from target cells.  

In the future studies, a series of tests will be introduced in the current 

experimental platform to enhance the current changes to the reprogramming 

candidates. As mentioned in the introduction, Xenopus egg extracts made 

from cells in metaphase can globally reduce the histone H3 and H4 
acetylation level that can dramatically improve the reprogramming 

efficiency(Ganier et al. 2011). Also, it was found that only by carefully 

synchronizing the cell cycle stage between the transplanted cells and 

recipient cell in interphase did the candidate cells achieve pluripotency. This 

suggests that the cell cycle stage synchronization would possibly support the 
recognition of key transcription factors between the reprogramming 

materials and candidate cells, or alternatively that key factors are only 

present during specific stages (Kang et al. 2014). One way to assess the 
hypothesis that cell cycle synchronization is crucial during the 

reprogramming process and to use cell cycle synchronization to improve the 
cloning technique would be to carefully vary the stage of interphase of both 

donor cell and recipient oocyte in a search for the optimum combination. 

Although this research was done based on the cells in interphase, the cell 

cycle matching concept is valuable for further exploring studies on my 

researches. In this case, in the future experiments, mESCs will be tested to 

synchronize in metaphase, then be extracted, and later be introduced to 

reprogramming candidate cells that were synchronized in metaphase.  

Another interesting idea to test in future is the additive inhibitors to reduce 

cell senescence pathways. Because of the low efficiency of cellular 

reprogramming, there were debates around about whether reprogramming 
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is a stochastic event. Despite the arguments, at least the low reprogramming 

efficiency is true among all current reprogramming techniques in the field, 
which is suggesting that barriers during the reprogramming process are 

limiting its efficiency. Senescence is possibly one of such barriers (Banito et al. 
2009). In previous studies, the expression of the four reprogramming factors 

can trigger senescence by up-regulation p53, p16 and p21. And it was found 

that by either knockout these genes or introducing inhibition (2i) of mitogen-
activated protein kinase signaling and glycogen synthase kinase-3 (GSK3) 
could help the reprogramming candidates pass the intermediate stage and 
dramatically improve the reprogramming efficiency(Silva et al. 2008). In the 
future study of my current protocol, it would be very interesting to explore 

the possibility of improving the reprogramming by introducing these two 

inhibitors during the reprogramming process. 

Also, using small molecules to substitute certain reprogramming factors by 

so to enhance reprogramming efficiency has always been an idea in the 

future. As described in the introduction, it was reported that miPSCs can be 

generated completely by only using seven small molecular compounds (Hou 
et al. 2013). The similar observation was reported that iPSCs can be 
generated by Oct4 and chemical compounds(Masuda et al. 2013). Because the 
human iPSCs can be obtained by force expression of four mouse 

transcriptional factors (Takahashi et al. 2007), it was thought that these 

chemical compounds might also support to at least enhancing the 

reprogramming efficiency in my further studies. 

Apart from mentioned ideas above, the beauty of this novel reprogramming 

platform is its compatibility for introducing any other materials or systems 

that were designed for making changes of the cell fate, i.e. the DNA 

plasmids. 

Talking about the manipulation of the cell fate, the original idea of 

developing such reprogramming system is not only for changing cell fate to 

reach pluripotency, but also to explore the possibility of conducting the cell 

fate towards any other linage. To test these ideas, some experiments were 
done in trying to direct convert human skin fibroblast into myoblast.  
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The generation of human skeleton myoblasts holds great potential for muscle 

repair and exploring the knowledge of skeleton muscle and motor neuron 

conjunctions(Barberi et al. 2007). Currently, scientists can derivate skeletal 
myoblasts from hESCs, but it takes more than 50 days to finish the 

differentiation process(Barberi et al. 2007). Alternatively, human myoblasts 

can be isolated from natural sources, but it not only takes a long time, but 

also ends up with only about 50% myoblasts mixed with fibroblasts 

(Grohmann 2005). Previously, during the time when the extract-based 
method was still working, the Proof of concept experiments were tried to 

directly convert human skin fibroblast into the myoblast linage using the 

mouse C2C12 myoblast as the extract resource. The primary data showed 

that the human skin fibroblast changed the morphology 5-10 days after the 
CE treatment. And after 3 days culture in low serum medium, the potential 

myoblast-like cells fused as normal myoblast would do to be multinucleated 

(Figure 7.1).   The fused cells were then continuously cultured for another 7 

days then stained with anti-muscle actin antibody. The result clearly 

confirmed the myoblast-like cells had fused to be multinucleated structure 

(Figure 7.2). However, prior to the further exploration of the direct 
conversion ideas, the experiment also failed to repeat when we moved to the 

new lab. But this concept would be certainly worth to extend when the 

extract-based reprogramming method became available again. 

 

 

 

 

 

 

Figure 7.1   Differentiation test of human myoblast-like cells. 
Reprogrammed myoblast-like cells were cultured to 80% confluence, then 
cultured in DMEM with 1% horse serum supplement for 3 days. Cells were 
observed in under EVOS Cell Imaging System at 10x magnification. 
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Figure 7.2   Immune-staining of differentiated myoblast-like cells. 
Reprogrammed myoblast-like cells were differentiated in DMEM with 1% 
horse serum supplement for 7 days till confluent. Cells were then fixed in 
0.4% PFA and double stained with muscle actin and DAPI. Cells were 
then observed in under Zeiss Axio microscope. Images were collected as 
mosaic of 4x4 area under microscope at 10x magnification. 
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Generally, the concept and methods described in this thesis generates a great 

potential that cells are possible to be changed in such way to achieve 

pluripotency or directly converted from one type to another within or 

between germ layers. Furthermore, once the technique is optimized, it could 

also be used for cell differentiation when it may be able to promote fully 

functional maturation.  

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

 



! 187!

BIBLIOGRAPHY 
 
 

Akashi, K. et al., 2000. A clonogenic common myeloid progenitor that gives 
rise to all myeloid lineages. Nature, 404(6774), pp.193–197. 

Ali, F., Stott, S.R.W. & Barker, R.A., 2013. Stem cells and the treatment of 
Parkinson's disease. Experimental neurology. 

Anon, Cell - A model of cell cycle control: Effects of thymidine on 
synchronous cell cultures. cell.com. Available at: 
http://www.cell.com/retrieve/pii/0092867475900896 [Accessed July 28, 
2013]. 

Anon, Chapter 15 Simultaneous Measurement of Cell Cycle and Apoptotic 
Cell Death. sciencedirect.com. Available at: 
http://www.sciencedirect.com/science/article/pii/S0091679X08615848 
[Accessed November 18, 2013]. 

Anon, 2002. Membrane Structure. 

Anon, 2007. Oct4 and Sox2 Directly Regulate Expression of Another 
Pluripotency Transcription Factor, Zfp206, in EmbryonicStem Cells. 
pp.1–9. 

Banito, A. et al., 2009. Senescence impairs successful reprogramming to 
pluripotent stem cells. Genes & development, 23(18), pp.2134–2139. 

Barberi, T. et al., 2007. Derivation of engraftable skeletal myoblasts from 
human embryonic stem cells. Nature medicine, 13(5), pp.642–648. 

Brambrink, T. et al., 2008. Sequential expression of pluripotency markers 
during direct reprogramming of mouse somatic cells. Cell stem cell, 2(2), 
pp.151–159. 

Bushman, F.D., 2007. Retroviral integration and human gene therapy. Journal 
of Clinical Investigation, 117(8), pp.2083–2086. 

Byrne, J.A., Nguyen, H.N. & Pera, R.A.R., 2009a. Enhanced Generation of 
Induced Pluripotent Stem Cells from a Subpopulation of Human 
Fibroblasts. PloS one, 4(9), p.e7118. 

Byrne, J.A., Nguyen, H.N. & Reijo Pera, R.A., 2009b. Enhanced generation of 
induced pluripotent stem cells from a subpopulation of human 
fibroblasts. PloS one, 4(9), p.e7118. 

Cheng, J. et al., 2004. Improved generation of C57BL/6J mouse embryonic 
stem cells in a defined serum-free media. genesis, 39(2), pp.100–104. 



! 188!

Cho, H.-J. et al., 2010. Induction of pluripotent stem cells from adult somatic 
cells by protein-based reprogramming without genetic manipulation. 
Blood, 116(3), pp.386–395. 

Choe, J., Kelker, M.S. & Wilson, I.A., 2005. Crystal structure of human toll-
like receptor 3 (TLR3) ectodomain. Science (New York, N.Y.), 309(5734), 
pp.581–585. 

Coughlin, C.M. et al., 2004. RNA-transfected CD40-activated B cells induce 
functional T-cell responses against viral and tumor antigen targets: 
implications for pediatric immunotherapy. Blood, 103(6), pp.2046–2054. 

Cowan, C.A., 2005. Nuclear Reprogramming of Somatic Cells After Fusion 
with Human Embryonic Stem Cells. Science (New York, N.Y.), 309(5739), 
pp.1369–1373. 

Davis, R.L., Weintraub, H. & Lassar, A.B., 1987. Expression of a single 
transfected cDNA converts fibroblasts to myoblasts. Cell, 51(6), pp.987–
1000. 

de Duve, C., 2005. The lysosome turns fifty. Nature cell biology, 7(9), pp.847–
849. 

Doherty, G.J. & McMahon, H.T., 2009. Mechanisms of endocytosis. Annual 
Review of Biochemistry, 78(1), pp.857–902. Available at: 
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubme
d&id=19317650&retmode=ref&cmd=prlinks. 

Dröse, S. & Altendorf, K., Bafilomycins and concanamycins as inhibitors of 
V-ATPases and P-ATPases. 

Eggan, K. et al., 2004. Mice cloned from olfactory sensory neurons. Nature, 
428(6978), pp.44–49. 

El-Rachkidy, R.G., Davies, N.W. & Andrew, P.W., 2008. Pneumolysin 
generates multiple conductance pores in the membrane of nucleated cells. 
Biochemical and biophysical research communications, 368(3), pp.786–792. 

Evans, M.J. & Kaufman, M.H., 1981. Establishment in culture of 
pluripotential cells from mouse embryos. Nature, 292(5819), pp.154–156. 

Feng, B. et al., 2009. Molecules that promote or enhance reprogramming of 
somatic cells to induced pluripotent stem cells. Cell stem cell, 4(4), pp.301–
312. 

Fitzpatrick, K.M., Raschke, J. & Emborg, M.E., 2009. Cell-Based Therapies for 
Parkinson's Disease: Past, Present, and Future. Antioxidants & Redox 
Signaling, 11(9), pp.2189–2208. 

Freberg, C.T. et al., 2007. Epigenetic reprogramming of OCT4 and NANOG 
regulatory regions by embryonal carcinoma cell extract. Molecular biology 
of the cell, 18(5), pp.1543–1553. 



! 189!

Fredericksen, B.L. et al., Inhibition of Endosomal/Lysosomal Degradation 
Increases the Infectivity of Human Immunodeficiency Virus. 

Ganier, O. et al., 2011. Synergic reprogramming of mammalian cells by 
combined exposure to mitotic Xenopus egg extracts and transcription 
factors. Proceedings of the National Academy of Sciences. 

Gaustad, K.G. et al., 2004. Differentiation of human adipose tissue stem cells 
using extracts of rat cardiomyocytes. Biochemical and biophysical research 
communications, 314(2), pp.420–427. 

Gershfeld, N.L. & Murayama, M., 1988. Thermal instability of red blood cell 
membrane bilayers: Temperature dependence of hemolysis. Journal of 
Membrane Biology, 101(1), pp.67–72. 

Gresch, O. et al., 2004. New non-viral method for gene transfer into primary 
cells. Methods, 33(2), pp.151–163. 

Grohmann, M., 2005. Isolation and validation of human prepubertal skeletal 
muscle cells: maturation and metabolic effects of IGF-I, IGFBP-3 and TNF. 
The Journal of Physiology, 568(1), pp.229–242. 

Gurdon, J.B., ELSDALE, T.R. & FISCHBERG, M., 1958. Sexually mature 
individuals of Xenopus laevis from the transplantation of single somatic 
nuclei. Nature, 182(4627), pp.64–65. 

Hacker, U., Albrecht, R. & Maniak, M., 1997. Fluid-phase uptake by 
macropinocytosis in Dictyostelium. Journal of cell science, 110 ( Pt 2), 
pp.105–112. 

Håkelien, A.-M. et al., 2002. Reprogramming fibroblasts to express T-cell 
functions using cell extracts. Nature Biotechnology, 20(5), pp.460–466. 

Hipp, J. & Atala, A., 2008. Sources of stem cells for regenerative medicine. 
Stem cell reviews, 4(1), pp.3–11. 

Hochedlinger, K. & Jaenisch, R., 2002a. Monoclonal mice generated by 
nuclear transfer from mature B and T donor cells. Nature, 415(6875), 
pp.1035–1038. 

Hochedlinger, K. & Jaenisch, R., 2002b. Nuclear transplantation: lessons from 
frogs and mice. Current opinion in cell biology, 14(6), pp.741–748. 

Hochedlinger, K. & Plath, K., 2009. Epigenetic reprogramming and induced 
pluripotency. Development, 136(4), pp.509–523. 

Hooper, M. et al., 1987. HPRT-deficient (Lesch-Nyhan) mouse embryos 
derived from germline colonization by cultured cells. Nature, 326(6110), 
pp.292–295. 



! 190!

Hou, P. et al., 2013. Pluripotent stem cells induced from mouse somatic cells 
by small-molecule compounds. Science (New York, N.Y.), 341(6146), 
pp.651–654. 

Huang, J.K. et al., 2010. Retinoid X receptor gamma signaling accelerates 
CNS remyelination. Nature neuroscience, 14(1), pp.45–53. 

Huangfu, D. et al., 2008. Induction of pluripotent stem cells by defined 
factors is greatly improved by small-molecule compounds. Nature 
Biotechnology, 26(7), pp.795–797. 

Huby, R.D.J., 1998. Nocodazole Inhibits Signal Transduction by the T Cell 
Antigen Receptor. Journal of Biological Chemistry, 273(20), pp.12024–12031. 

Ingle, G.S. et al., 2008. High CD21 expression inhibits internalization of anti-
CD19 antibodies and cytotoxicity of an anti-CD19-drug conjugate. British 
journal of haematology, 140(1), pp.46–58. 

Israel, M.A. & Goldstein, L.S., 2011. Capturing Alzheimer's disease genomes 
with induced pluripotent stem cells: prospects and challenges. Genome 
medicine, 3(7), p.49. 

John, K. et al., 2002. Transbilayer Movement of Phospholipids at the Main 
Phase Transition of Lipid Membranes: Implications for Rapid Flip-Flop 
in Biological Membranes. Biophysical Journal, 83(6), pp.3315–3323. 

Kaji, K. et al., 2009. Virus-free induction of pluripotency and subsequent 
excision of reprogramming factors. Nature, 458(7239), pp.771–775. 

Kang, E. et al., 2014. Nuclear reprogramming by interphase cytoplasm of 
two-cell mouse embryos. Nature. 

Kim, D. et al., 2009. Generation of human induced pluripotent stem cells by 
direct delivery of reprogramming proteins. Cell stem cell, 4(6), pp.472–476. 

Kim, J.B. et al., 2008. Pluripotent stem cells induced from adult neural stem 
cells by reprogramming with two factors. Nature, 454(7204), pp.646–650. 

Kim, K. et al., 2010. Epigenetic memory in induced pluripotent stem cells. 
Nature, 467(7313), pp.285–290. 

Kondo, M., Weissman, I.L. & Akashi, K., 1997. Identification of clonogenic 
common lymphoid progenitors in mouse bone marrow. Cell, 91(5), 
pp.661–672. 

Lacoste, A., Berenshteyn, F. & Brivanlou, A.H., 2009. An efficient and 
reversible transposable system for gene delivery and lineage-specific 
differentiation in human embryonic stem cells. Cell stem cell, 5(3), pp.332–
342. 

Lambert, H. et al., 1990. Electroporation-mediated uptake of proteins into 
mammalian cells. Biochemistry and Cell Biology, 68(4), pp.729–734. 



! 191!

Landsverk, H.B. et al., 2002. Reprogrammed gene expression in a somatic 
cell-free extract. EMBO reports, 3(4), pp.384–389. 

Lee, J. et al., 2012. Activation of innate immunity is required for efficient 
nuclear reprogramming. Cell, 151(3), pp.547–558. 

Li, Y. et al., 2005. Murine embryonic stem cell differentiation is promoted by 
SOCS-3 and inhibited by the zinc finger transcription factor Klf4. Blood, 
105(2), pp.635–637. 

Lujan, E. et al., 2012. Direct conversion of mouse fibroblasts to self-renewing, 
tripotent neural precursor cells. Proceedings of the National Academy of 
Sciences, 109(7), pp.2527–2532. 

Lyman, G.H., Preisler, H.D. & Papahadjopoulos, D., 1976. Membrane action 
of DMSO and other chemical inducers of Friend leukaemic cell 
differentiation. Nature, 262(5567), pp.360–363. 

Maherali, N. & Hochedlinger, K., 2008. Guidelines and techniques for the 
generation of induced pluripotent stem cells. Cell stem cell, 3(6), pp.595–
605. 

Maherali, N. et al., 2007. Directly reprogrammed fibroblasts show global 
epigenetic remodeling and widespread tissue contribution. Cell stem cell, 
1(1), pp.55–70. 

Markoulaki, S., Meissner, A. & Jaenisch, R., 2008. Somatic cell nuclear 
transfer and derivation of embryonic stem cells in the mouse. Methods, 
45(2), pp.101–114. 

Martin, G.R., 1981. Isolation of a pluripotent cell line from early mouse 
embryos cultured in medium conditioned by teratocarcinoma stem cells. 
Proceedings of the National Academy of Sciences of the United States of America, 
78(12), pp.7634–7638. 

Masuda, S. et al., 2013. Chemically induced pluripotent stem cells (CiPSCs): a 
transgene-free approach. Journal of molecular cell biology, 5(5), pp.354–355. 

Maury, J.J.P., Choo, A.B.-H. & Chan, K.K.-K., 2011. Technical advances to 
genetically engineering human embryonic stem cells. Integrative biology : 
quantitative biosciences from nano to macro, 3(7), pp.717–723. 

Mayor, S. & Pagano, R.E., 2007. Pathways of clathrin-independent 
endocytosis. Nature reviews. Molecular cell biology, 8(8), pp.603–612. 

Mikkelsen, T.S. et al., 2008. Dissecting direct reprogramming through 
integrative genomic analysis. Nature, 454(7200), pp.49–55. 

Miller, R.A. & Ruddle, F.H., 1976. Pluripotent teratocarcinoma-thymus 
somatic cell hybrids. Cell, 9(1), pp.45–55. 



! 192!

Mitsui, K. et al., 2003. The homeoprotein Nanog is required for maintenance 
of pluripotency in mouse epiblast and ES cells. Cell, 113(5), pp.631–642. 

Morrison, S.J. & Weissman, I.L., 1994. The long-term repopulating subset of 
hematopoietic stem cells is deterministic and isolatable by phenotype. 
Immunity, 1(8), pp.661–673. 

Morrison, S.J. et al., 1997. Identification of a lineage of multipotent 
hematopoietic progenitors. Development, 124(10), pp.1929–1939. 

Nakagawa, M. et al., 2008. Generation of induced pluripotent stem cells 
without Myc from mouse and human fibroblasts. Nature Biotechnology, 
26(1), pp.101–106. 

Neri, T. et al., 2007. Mouse fibroblasts are reprogrammed to Oct-4 and Rex-1 
gene expression and alkaline phosphatase activity by embryonic stem 
cell extracts. Cloning and stem cells, 9(3), pp.394–406. 

Nichols, W.W. et al., 1977. Characterization of a new human diploid cell 
strain, IMR-90. Science (New York, N.Y.), 196(4285), pp.60–63. 

Nickoloff, J.A., 1995. Animal Cell Electroporation and Electrofusion Protocols, 
New Jersey: Humana Press. 

Nishimoto, M. et al., 1999. The gene for the embryonic stem cell coactivator 
UTF1 carries a regulatory element which selectively interacts with a 
complex composed of Oct-3/4 and Sox-2. Molecular and cellular biology, 
19(8), pp.5453–5465. 

Nunes, S.S. et al., 2013. Biowire: a platform for maturation of human 
pluripotent stem cell-derived cardiomyocytes. Nature methods, 10(8), 
pp.781–787. 

O'Malley, J. et al., 2013. High-resolution analysis with novel cell-surface 
markers identifies routes to iPS cells. Nature, 499(7456), pp.88–91. 

Odorico, J.S., Kaufman, D.S. & Thomson, J.A., 2001. Multilineage 
differentiation from human embryonic stem cell lines. Stem cells (Dayton, 
Ohio), 19(3), pp.193–204. 

Ogawa, S. et al., 2013. Three-dimensional culture and cAMP signaling 
promote the maturation of human pluripotent stem cell-derived 
hepatocytes. Development, 140(15), pp.3285–3296. 

Okita, K. et al., 2008. Generation of Mouse Induced Pluripotent Stem Cells 
Without Viral Vectors. Science (New York, N.Y.), 322(5903), pp.949–953. 

Okita, K., Ichisaka, T. & Yamanaka, S., 2007. Generation of germline-
competent induced pluripotent stem cells. Nature, 448(7151), pp.313–317. 

Okumura-Nakanishi, S., 2004. Oct-3/4 and Sox2 Regulate Oct-3/4 Gene in 
Embryonic Stem Cells. Journal of Biological Chemistry, 280(7), pp.5307–5317. 



! 193!

Oliver, A.E. et al., 2004. Loading Human Mesenchymal Stem Cells with 
Trehalose by Fluid-Phase Endocytosis. Cell Preservation Technology, 2(1), 
pp.35–49. 

Pagani, F.D. et al., 2003. Autologous skeletal myoblasts transplanted to 
ischemia-damaged myocardium in humans: Histological analysis of cell 
survival and differentiation. Journal of the American College of Cardiology, 
41(5), p.879. 

Park, I.-H. et al., 2008. Reprogramming of human somatic cells to 
pluripotency with defined factors. Nature, 451(7175), pp.141–146. 

Pellegrin, P. et al., 2002. Macromolecular uptake is a spontaneous event 
during mitosis in cultured fibroblasts: implications for vector-dependent 
plasmid transfection. Molecular biology of the cell, 13(2), pp.570–578. 

Polo, J.M. et al., 2012. A molecular roadmap of reprogramming somatic cells 
into iPS cells. Cell, 151(7), pp.1617–1632. 

R J Vasquez, B.H.A.M.Y.P.W.L.C., 1997. Nanomolar concentrations of 
nocodazole alter microtubule dynamic instability in vivo and in vitro. 
Molecular biology of the cell, 8(6), p.973. 

Ratajczak, M.Z. et al., 2007. A hypothesis for an embryonic origin of 
pluripotent Oct-4(+) stem cells in adult bone marrow and other tissues. 
Leukemia : official journal of the Leukemia Society of America, Leukemia 
Research Fund, U.K, 21(5), pp.860–867. 

Roger, T. et al., 2011. Histone deacetylase inhibitors impair innate immune 
responses to Toll-like receptor agonists and to infection. Blood, 117(4), 
pp.1205–1217. 

Santamaria, X. et al., 2011. Derivation of Insulin Producing Cells From 
Human Endometrial Stromal Stem Cells and Use in the Treatment of 
Murine Diabetes. Molecular Therapy. 

Schacht, V. et al., 2003. T1alpha/podoplanin deficiency disrupts normal 
lymphatic vasculature formation and causes lymphedema. The EMBO 
journal, 22(14), pp.3546–3556. 

Scita, G. & Di Fiore, P.P., 2010. The endocytic matrix. Nature, 463(7280), 
pp.464–473. 

Shi, Y. et al., 2008. A combined chemical and genetic approach for the 
generation of induced pluripotent stem cells. Cell stem cell, 2(6), pp.525–
528. 

Silva, J. et al., 2008. Promotion of reprogramming to ground state 
pluripotency by signal inhibition. PLoS biology, 6(10), p.e253. 



! 194!

Skoufias, D.A. et al., 2006. S-trityl-L-cysteine is a reversible, tight binding 
inhibitor of the human kinesin Eg5 that specifically blocks mitotic 
progression. The Journal of biological chemistry, 281(26), pp.17559–17569. 

Smith, A.G., 2001. Embryo-derived stem cells: of mice and men. Annual 
review of cell and developmental biology, 17, pp.435–462. 

Stadtfeld, M. et al., 2008. Induced Pluripotent Stem Cells Generated Without 
Viral Integration. Science (New York, N.Y.), 322(5903), pp.945–949. 

Sullivan, G., Bai, Y. & Fletcher, J., 2010. Induced pluripotent stem cells: 
epigenetic memories and practical implications. Molecular human …. 

Tachibana, M. et al., 2013. Human Embryonic Stem Cells Derived by Somatic 
Cell Nuclear Transfer. Cell, pp.1–11. 

Tada, M. et al., 1997. Embryonic germ cells induce epigenetic reprogramming 
of somatic nucleus in hybrid cells. The EMBO journal, 16(21), pp.6510–
6520. 

Tada, M. et al., 2001. Nuclear reprogramming of somatic cells by in vitro 
hybridization with ES cells. Current biology : CB, 11(19), pp.1553–1558. 

Takahashi, K. & Yamanaka, S., 2006. Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell, 
126(4), pp.663–676. 

Takahashi, K. et al., 2007. Induction of pluripotent stem cells from adult 
human fibroblasts by defined factors. Cell, 131(5), pp.861–872. 

Taranger, C.K. et al., 2005. Induction of dedifferentiation, genomewide 
transcriptional programming, and epigenetic reprogramming by extracts 
of carcinoma and embryonic stem cells. Molecular biology of the cell, 16(12), 
pp.5719–5735. 

Thomson, J.A. et al., 1998. Embryonic stem cell lines derived from human 
blastocysts. Science (New York, N.Y.), 282(5391), pp.1145–1147. 

Thomson, J.A. et al., 1995. Isolation of a primate embryonic stem cell line. 
Proceedings of the National Academy of Sciences of the United States of America, 
92(17), pp.7844–7848. 

Vega Crespo, A. et al., 2012. Human skin cells that express stage-specific 
embryonic antigen 3 associate with dermal tissue regeneration. 
BioResearch open access, 1(1), pp.25–33. 

Vo, N. et al., 2005. From The Cover: A cAMP-response element binding 
protein-induced microRNA regulates neuronal morphogenesis. 
Proceedings of the National Academy of Sciences, 102(45), pp.16426–16431. 



! 195!

Wang, W. et al., 2011. Rapid and efficient reprogramming of somatic cells to 
induced pluripotent stem cells by retinoic acid receptor gamma and liver 
receptor homolog 1. Proceedings of the National Academy of Sciences. 

Warren, L. et al., 2010. Highly efficient reprogramming to pluripotency and 
directed differentiation of human cells with synthetic modified mRNA. 
Cell stem cell, 7(5), pp.618–630. 

Wei, B.L. et al., 2005. Inhibition of lysosome and proteasome function 
enhances human immunodeficiency virus type 1 infection. Journal of 
Virology, 79(9), pp.5705–5712. 

Weissman, I.L., 2000. Translating stem and progenitor cell biology to the 
clinic: barriers and opportunities. Science (New York, N.Y.), 287(5457), 
pp.1442–1446. 

Weissman, I.L., Anderson, D.J. & Gage, F., 2001. Stem and progenitor cells: 
origins, phenotypes, lineage commitments, and transdifferentiations. 
Annual review of cell and developmental biology, 17, pp.387–403. 

Wernig, M. et al., 2007. In vitro reprogramming of fibroblasts into a 
pluripotent ES-cell-like state. Nature, 448(7151), pp.318–324. 

Wilmut, I. et al., 2008. Rapid induction of pluripotency genes after exposure 
of human somatic cells to mouse ES cell extracts. Experimental cell research, 
314(14), pp.2634–2642. 

Wilmut, I. et al., 1997. Viable offspring derived from fetal and adult 
mammalian cells. Nature, 385(6619), pp.810–813. 

Woltjen, K. et al., 2009. piggyBac transposition reprograms fibroblasts to 
induced pluripotent stem cells. Nature, 458(7239), pp.766–770. 

XEROS, N., 1962. Deoxyriboside control and synchronization of mitosis. 
Nature, 194, pp.682–683. 

Yeagle, P.L., Lipid regulation of cell membrane structure and function. 
fasebj.org. 

Yu, B. et al., 2013. Reprogramming Fibroblastsinto Bipotential Hepatic Stem 
Cells by Defined Factors. Stem Cell, pp.1–13. 

Yu, J. et al., 2009. Human induced pluripotent stem cells free of vector and 
transgene sequences. Science (New York, N.Y.), 324(5928), pp.797–801. 

Yu, J. et al., 2007. Induced pluripotent stem cell lines derived from human 
somatic cells. Science (New York, N.Y.), 318(5858), pp.1917–1920. 

Zhao, J. et al., 2010. Histone deacetylase inhibitors improve in vitro and in 
vivo developmental competence of somatic cell nuclear transfer porcine 
embryos. Cellular reprogramming, 12(1), pp.75–83. 



! 196!

Zhao, X.-Y. et al., 2009. iPS cells produce viable mice through tetraploid 
complementation. Nature, 461(7260), pp.86–90. 

Zhao, Y. et al., 2008. Two Supporting Factors Greatly Improve the Efficiency 
of Human iPSC Generation. Stem Cell, 3(5), pp.475–479. 

Zhou, H. et al., 2009. Generation of Induced Pluripotent Stem Cells Using 
Recombinant Proteins. Stem Cell, 4(5), pp.381–384. 

Zieve, G.W. et al., 1980. Production of large numbers of mitotic mammalian 
cells by use of the reversible microtubule inhibitor nocodazole. 
Nocodazole accumulated mitotic cells. Experimental cell research, 126(2), 
pp.397–405. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!



! 197!

Appendix 1 

Detail of Chemicals and Reagents 

 
 
Name Companies Catalog No. 
Cells 
CRL2097 human neonatal fibroblast ATCC CRL-2097 
HDFn human neonatal fibroblast Invitrogen C-004-5C 
HDFa human adult fibroblast Invitrogen C-013-5C 
HEK 293T human Embryonic Kidney cell ATCC CRL-11268 
IMR90 human fetal diploid fibroblast ATCC CCL-186 

E14tg2α mouse embryonic stem cell 
MRC-Centre for 

Regenerative medicine 
- 

Platinum-A (Plat-A) Retroviral Packaging Cell 

Line 
Cell Biolabs, Inc. RV-102 

Media 
2-mercaptoethanol Gibco, Invitrogen, UK 31350-010 
DMEM high glucose with L-glutamine Gibco, Invitrogen, UK 41965-039 
DMEM/F-12 Gibco, Invitrogen, UK 11320-033 
Fetal Bovine Serum Gibco, Invitrogen, UK 10099141 
Fluorescence Mounting Medium Dako S3023 
Gelatin solution, 2% in H2O, tissue culture grade Sigma, UK G1393 
Glasgow Minimum Essential Medium Sigma, UK G5154 
Hanks Balanced Salt Solution, Calcium and 
Magnesium free 

Gibco, Invitrogen, UK 14170-138 

KnockOutTM DMEM Gibco, Invitrogen, UK 10829-018 
KnockOutTM Serum Replacement Gibco, Invitrogen, UK 10828-028 
L-glutamine Gibco, Invitrogen, UK 25030-024 
MEM Non-Essential Amino Acids solution, 

100x 
Gibco, Invitrogen, UK 11140-035 

MEM, high glucose, high sodium bicarbonate Gibco, Invitrogen, UK A14518-01 
BD Matrigel Basement Membrane Matrix, 10ml BD Biosciences 354234 
Opti-MEM I Reduced Serum Medium Gibco, Invitrogen, UK 31985-070 
PBS Lonza, UK BE17-512F 
Penicillin/Streptomycin Sigma, UK P4333 
Sodium Pyruvate 100mM Solution Gibco, Invitrogen, UK 11360-039 
Antibodies 
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Alexa Fluor 488 anti-human SSEA-4 Antibody BioLegend 330412 
Alexa Fluor 488 anti-human SSEA-3 Antibody BioLegend 330306 
DAPI(4',6-Diamidino-2-Phenylindole, Dilactate) BioLegend 422801 
PE anti-human TRA-1-60-R Antibody BioLegend 330610 
Growth factors and enzymes 
Collagenase, Type IV, powder Gibco, Invitrogen, UK 17104019 
Leukemia inhibition factor (ESGRO®) Chemicon, Millipore ESG1106 
Recombinant human FGF basic R&D systems 233-FB-025 
Ribonuclease A from bovine pancreas (RNase) Sigma, UK R4875 
0.25% trypsin-EDTA (1x), phenol red Gibco, Invitrogen, UK 25200-056 
Chemicals and Experimental kits 
100 bp DNA Ladder New England Biolabs N3231L 
Agarose (Broad separation range for 

DNA/RNA/Genetic analysis grade) 
Fisher Scientific BP1356-500 

Albumin from bovine serum (BSA) Sigma, UK A7906 
Acetic Acid, Glacial (HPLC) Fisher Scientific A35-500 
Alkaline Phosphatase Live Stain (500x) Invitrogen, UK A14353 
ATP Sigma, UK A3377 
Bio-Rad Protein Assay kit I Bio-Rad 500-0001 
Bafilomycin A1 (BFLA-1) Sigma, UK B1793-10UG 
CaCl2 Sigma, UK C4901 
Creatine Kinase Sigma, UK C3755 
cOmplete ULTRA Tablets Mini, EASYpack Roche, UK 05892970001 
cOmplete ULTRA Tablets Mini, EDTA-free, 
EASYpack 

Roche, UK 05892791001 

Cloned AMV First-Strand cDNA Synthesis Kit Gibco, Invitrogen, UK 12328-032 
DL-Dithiothreitol solution, DTT Sigma, UK 646563 
Dimethyl sulfoxide (DMSO) Sigma, UK D2650 
Dextran, Texas Red, 70 kDa, Neutral Gibco, Invitrogen, UK D-1830 
Ethylenediaminetetraacetic acid Sigma, UK EDS-500G 
Fluorescein isothiocyanate-dextran 70kDa Sigma, UK FD70S 
Fluorescein isothiocyanate-dextran 150kDa Sigma, UK 46946 
Fluorescein isothiocyanate-dextran 500kDa Sigma, UK FD500S 
GoTaq Hot Start Polymerase, PCR kit Promega, UK M7401 
GTP Sigma, UK G8752 
HEPEs (pH 7.9) Sigma, UK H3375 
Lipofectamine 2000 Transfection Reagent Gibco, Invitrogen, UK 11668-019 
Leukocyte Alkaline Phosphatase Kit Sigma, UK 86R 
MgCl2 Sigma, UK M8266 
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NaCl2 Sigma, UK S7653 
NaOH Sigma, UK S8045 
Nucleotide triphosphate (NTP) set Roche 1277057 
Nocodazole Sigma, UK M1404 
Phenylmethylsulfonyl fluoride, PMSF Sigma, UK P7626 
Phosphocreatine Sigma, UK P7936 
Paraformaldehyde, powder, 95% Sigma, UK 158127 
Polybrene Infection/Transfection Reagent Millipore TR-1003-G 
Polyinosinic-polycytidylic acid sodium salt 
(Poly I:C) 

Sigma, UK P0913-10MG 

Propidium iodide solution Sigma, UK P4864 
RNeasy Maxi kit Qiagen 75162 
Streptolysin O from Streptococcus pyogenes Sigma, UK S5265 
SYBR, Gold Nucleic Acid Gel Stain (10,000x 

concentrate in DMSO) 
Gibco, Invitrogen, UK S-11494 

Sodium azide Sigma, UK S2002 
S-Tritylcysteine (STLC) Sigma, UK 164739 
TRIzol Reagent Gibco, Invitrogen, UK 15596-018 
Tris base Fisher Scientific BP152-1 
TritonTM X-100 Sigma, UK X-100 
Thymidine Sigma, UK T1895 
Plasmid DNA and Primers 
pMXs-mOCT4 Addgene 13366 
pMXs-mSOX2 Addgene 13367 
pMXs-mKLF4 Addgene 13370 
pMXs-m-MYC Addgene 13375 
Primers Eurofins - 
Plastics and Equipments 
Compact Ultrasonic Laboratory Homogenizer hielscher UP50H 
Centrifuge tubes, PET, 15-ml Corning 430055 
Centrifuge tubes, PET, 50-ml Corning 430304 
EVOS®FL Cell Imaging System Life technologies AMEFC4300 
FACS tubes Greiner 115101 
FACSAria III cell sorter BD Biosciences - 
FACSCalibur flow cytometer BD Biosciences - 
Gel DocTm 2000, Electrophoresis analyser Bio-Rad 170-8126 

Micro-osmometer 
Advanced Instruments 
Inc. 

Model 3300 

NucleofectorTM 2b Device Lonza AAB-1001 
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NanoVue Plus, spectrophotometer GE Lifesciences 28-9569-58 
PCR tubes BIO-RAD TWI-0201 
PCR machine, Gradient Thermal Cycler  Hybaid 27249 
Syringe filter unit, 0.22 µm, gamma sterilized Millipore SLGVM33RS 
Ultra low attachment multiple well plates Corning #3471 
Vector NTI software Invitrogen - 
Whatman ® qualitative filter paper, Grade 1 Sigma, UK Z274852 
Zeiss Axio Observer Z1 microscope Carl Zeiss Ltd.  Z1 
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Appendix 2 

Recipes of Buffer Media and Stock solutions 

 

1. Cell culture related reagents and mediums 

All the culture mediums were prepared in a tissue culture hood under 

aseptic conditions. After mixing the components, prepared medium were all 
filtered through 0.22 µl filter unit. The bottle of the prepared medium was 
clearly labeled with a black permanent marker with the date of medium 

preparation, the title of the medium, and the expiry date. The prepared 

medium was stored at 4˚C for no longer than 2 weeks. 

1.1 HEK 293T cells and IMR90 human fetal fibroblast culture medium 

Reagent Quantity Final Conc 

MEM (Invitrogen) 450 ml 90% 

FBS (Invitrogen) 50 ml 10% 
Sodium pyruvate (Invitrogen) 5 ml 1 mM 
NEAA (100x) (Invitrogen) 5 ml 0.1 mM 

L-glutamine (200mM) (Invitrogen) 5 ml 2mM 

1.2 CRL2097 human neonatal fibroblast and mouse embryonic 
fibroblast culture medium (10% DMEM) 

Reagent Quantity Final Conc 

DMEM (Invitrogen) 450 ml 90% 

FBS (Invitrogen) 50 ml 10% 
Sodium pyruvate (Invitrogen) 5 ml 1 mM 

L-glutamine (200mM) (Invitrogen) 5 ml 2mM 
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1.3 HDFn human neonatal fibroblast and Platinum-A cell culture 

medium 

Reagent Quantity Final Conc 

DMEM (Invitrogen) 450 ml 90% 

FBS (Invitrogen) 50 ml 10% 
Sodium pyruvate (Invitrogen) 5 ml 1 mM 
NEAA (100x) (Invitrogen) 5 ml 0.1 mM 

L-glutamine (200mM) (Invitrogen) 5 ml 2mM 

1.4 Mouse embryonic stem cell culture medium 

Reagent Quantity Final Conc 

GMEM (Sigma) 400 ml 80% 

FBS (Invitrogen) 100 ml 20% 
Sodium pyruvate (Invitrogen) 5 ml 1 mM 
NEAA (100x) (Invitrogen) 5 ml 0.1 mM 

L-glutamine (200mM) (Invitrogen) 5 ml 2mM 

2-mercaptoethanol (Invitrogen) 100 µl 0.1 mM 

LIF (Chemicon) 500 µl 100 IU/ml 

Penicillin and streptomycin (Sigma) 5 ml 100 IU/ml 

1.5 Human induced pluripotent stem cell culture (KOSR medium) 

Reagent Quantity Final Conc 

Knockout DMEM (Invitrogen) 400 ml 80% 

KOSR (Invitrogen) 100 ml 20% 
Sodium pyruvate (Invitrogen) 5 ml 1 mM 

NEAA (100x) (Invitrogen) 5 ml 0.1 mM 

L-glutamine (200mM) (Invitrogen) 5 ml 2mM 

2-mercaptoethanol (Invitrogen) 100 µl 0.1 mM 

bFGF (R&D systems) 500 µl 100 IU/ml 

Penicillin and streptomycin (Sigma) 5 ml 100 IU/ml 
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1.6 Cell cryopreservation medium (DMSO 2x Freezing mix) 

Reagent Quantity 
FBS (Invitrogen) 8 ml 
DMSO (Sigma) 2 ml 

1.7 Embryoid Body Medium (EB Media) 

Reagent Quantity Final Conc 

Knockout DMEM 400 ml 80% 

FBS 100 ml 20% 
NEAA (100x) 5 ml 1x 

L-glutamine (200mM) 2.5 ml 1mM 

β-mercaptoethanol (1/10 dilution) 0.035 ml  

1.8 Gelatin for extracellular matrix 

Reagent Quantity 
2% Gelatin (Sigma) 5 ml 
H2O 95 ml 
Total volume 100 ml 

1.9 Collagenase working solution 

1) Weigh 100mg Collagenase powder (Invitrogen). Dissolve to be 1mg/ml in 

knockout DMEM.  

2) Filter the collagenase working solution with 0.22 µm filter unit. 

 

2. Cell extract preparation related reagents and solutions 

2.1 PMSF stock solution (100mM) 

1) Weigh 0.174 g PMSF powder (Sigma), add 10 ml of DMSO. 

2) Dissolve the PMSF in DMSO by pipetting. 
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3) Aliquot the PMSF stock solution to 200-µl tubes and stored at -20˚C. 

2.2 Cell Lysis Buffer (CLB) 

Stock solutions of the components of cell lysis buffer was prepared and kept 

for long-term storage at 4˚C. 

Chemicals for Cell lysis Buffer 

1 
NaCl2 stock solution (5M):  

1) Weight 2.922 g NaCl2  
2) Adjust the volume up to 10 ml by adding H2O to make up 5M stock solution. 
3) Use 0.22 µm filter unit to filter the prepared solution. 

2 

HEPEs stock solution (1M): 
   1) Weight 2.383g HEPEs 

2) Adjust the volume up to 10 ml by adding H2O to make up 1M stock solution. 
3) Adjust the pH to 8.2 
4) Use 0.22 µm filter unit to filter the prepared solution. 

3 
MgCl2 stock solution (1M): 

1) Weight 1.01655g MgCl2  
2) Adjust the volume up to 5 ml by adding H2O to make up 1M stock solution. 
3) Use 0.22 µm filter unit to filter the prepared solution. 

 

Then CLB was prepare with the listed stock solutions of above table: 

For"100"ml" !
NaCl!(Sigma)! 50mM! 1ml! Of!5M!Stock!
MgCl2(Sigma)! 5mM! 0.5!ml! Of!1M!stock!
Hepes,!pH!8.2!(Sigma)! 100mM! 2ml! Of!1M!stock!(pH8.2)!
H2O! ! 96.5ml! !
!
Aliquot"and"freeze"
NB:!there!will!be!a!drop!of!~1!pH!unit!upon!lysate!preparation.!
!
Prior"to"use,"add" !
DTT! 1!ul/ml!solution!from!1M!stock!("20oC)!(1mM!final!conc.)!
PMSF! 10!ul/ml!solution!from%100mM!stock!(1mM!final!conc.)!
Cocktail!of!Protease!
inhibitor!(Roche)! 7x!stock!solution.!
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3. SLO-mediated permeabilisation related reagents and 

solutions 

3.1 Streptolysin O (SLO) stock solution (100 µg/ml) 

1) SLO powder (Sigma) was dissolved on ice in sterilized H2O to 100 !g/ml. 

2) SLO solution was aliquoted 10 µl per tube of 200µl-tubes on ice and store 

at -20˚C.  

3) Discard all tubes after one month of storage at -20˚C and prepare a new 
stock of SLO. Stock aliquots should be thawed only once.  

3.2 CaCl2 stock solution (1M) 

1) Weigh 1.1098 g CaCl2 powder (Sigma). 

2) Add 10 ml sterile H2O. 

3) Filter the prepared solution with 0.22 µm filter unit. 

3.3 Components of the ATP-regeneration system 

ATP (Sigma A3377; 200mM stock, 100x; final conc.: 2 mM) 

 
H2O 0.5ml 
ATP 0.055g 

Make 10ul aliquots and freeze 
Phosphocreatine (Sigma P7936; 2M stock, 100x; 20 mM final) 

 H2O 0.5 ml 
 Phosphocreatine 0.255g 
 Make 10ul aliquots and freeze. 

Creatine Kinase (Sigma C3755; 5mg/ml stock, 100x; 50 ug/ml final) 
 H2O 0.5 ml 
 Creatine Kinase 0.0025 g 
 Make 10 ul aliquots and freeze 

GTP (Sigma G8752; 10mM stock, 100x; 100uM final) 
 H2O 0.5 ml 
 GTP 0.0026 g 
 Make 10 ul aliquots and freeze. 

!
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3.4 Nucleotide triphosphate (NTP) stock solution 

1) Mixing 20 µl of each NTP (Roche) in the set at a 1:1:1:1 ratio on ice.  

2) Aliquot the mixture 10 µl per tube and store at -20˚C. (This makes an NTP 
mix at 25 mM of each NTP).  

 

4. Reagents and solutions that related to cell cycle 

manipulation or metaphase-based reprogramming technique 

4.1 Thymidine stock solution (100 mM) 

1) Weigh 0.242g Thymidine powder (Sigma), then add 10 ml PBS to obtain a 

100mM stock solution. This can be achieved by placing the solution into a 

37˚C water bath. 

2) Filter the solution with 0.22 µm filter unit. 

3) Aliquot the stock solution 1 ml per tube and store at -20˚C for at least 3 

months. 

4.2 S-Tritylcysteine (STLC) stock solution (50 mM) 

1) Weigh 3.6348 mg STLC powder, add 200 µl DMSO. 

2) Aliquot the stock solution, 20 µl per tube and stored at -20˚C. 

4.3 Nocodazole stock solution (1 mg/ml) 

1) The bottle of Nocodazole purchased from Sigma was 2 mg. Direct add 2 

ml of DMSO to obtain a 1 mg/ml stock solution. Mix well. This may require 
placing the bottle in 37˚C water-bath. 

2) Aliquot the stock 20 µl per tube and store at -20˚C for 12 months.  
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4.4 Bafilomycin A1 (BFLA-1) stock solution (100 µM) 

1) The bottle of BFLA-1 (Sigma) purchased from Sigma was 10 µg. Directly 

open the bottle and add 160 µl DMSO to 10 µg BFLA-1 to obtain a 100 µM 

stock solution. 

2) Aliquots were prepared as  5 µl per tube. 

3) Store the aliquots at -20˚C.  

4.5 Polyinosinic-polycytidylic acid sodium salt (Poly I:C) stock solution 

(10 mg/ml) 

1) The bottle of Poly I:C (Sigma) purchased from Sigma was 10 mg. Directly 

open the bottle and add 1 ml of H2O to obtain a 10 mg/ml stock solution. Mix 

well.  

2) Aliquot the stock 13 µl per tube and store at -20˚C. 

4.6 Poly I:C working solution 

1) Add 10 µl of stock to 1 ml culture medium. Mix well. 

2) Add 3 µl working solution per ml to the cells in culture. 

4.7 Preparation of Dextran-Fluorescein or Dextran-Texas Red stock 
solution 

1) Directly add certain volume PBS to obtain 10 mg/ml concentration. 

2) Aliquot the stock into 1.5-ml Eppendorf tubes, 1 ml per tube. 

3) Store the stock solutions at -20˚C for long-term use. Avoid repeated 

freezing and thawing. 

4) To use: add the stock solution 100 µl per ml into the treatment medium. 
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5. Reagents and solutions that related to cell assessments 

5.1 Agarose gel TAE buffer (50x) 

TAE buffer was prepared as a 50x stock solution for DNA electrophoresis 

use. A 50x stock solution was prepared by dissolving 242g Tris base (Fisher 

Scientific) in water, followed by adding 57.1 mL glacial acetic acid (Fisher 

Scientific), 100mL of 500 mM EDTA (pH 8.0) (Sigma) solution, and adjusted 
the final volume to 1 liter with water. This stock solution can be diluted 50:1 

with water to make a 1x working solution. This 1x solution will contain 

40mM Tris, 20mM acetic acid, and 1mM EDTA. 

5.2 Paraformaldehyde (PFA) 20% stock solution 

1) Weigh 4 g PFA (Sigma) into glass bottle and add 16 ml PBS. Add 2 drops 

of 1M sodium hydroxide (NaOH) using P20 Gilson pipette. 

2) Heat until dissolved in a water bath at 65˚C and allow cooling. Adjust the 

pH to 7.0-7.4 by 1M NaOH. 

3) Filter the solution into universal tubes and cover with foil. Store at 4˚C for 

up to 1 month or store at -20˚C in aliquots. 

4) Dilute to working concentration of 4% (1:5) with PBS. 

5.3 FACS PBS 

Reagent Quantity Final Conc 

PBS (Lonza) 100 - 

Sodium azide (Sigma) 0.1 g 0.1% 

BSA (Sigma) 0.1 g 0.1% 
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5.4 Propidium iodide (PI) working solution  

Reagent Quantity 
FACS PBS 10 ml 
PI (Sigma) 500 µg 

RNase (Sigma) 1 mg 

 

5.5 Blocking Buffer for immunofluorescence test 

1) Add 0.5 ml normal serum from the same species as the secondary 

antibody to 10 ml PBS. Mix well. 

2) While stirring, add 30 µl Triton™ X-100 (Sigma). 

For 2% Bovine Serum Albumin (BSA) : Add 200 mg BSA (Sigma) to 10 ml 

PBS. Allow to dissolve and filter through 0.22 µm filter unit. 

5.6 Antibody Dilution Buffer:  

1) Add 30 µl Triton™ X-100 (Sigma) to 10 ml 1X PBS. Mix well. 

2) Add 0.1g BSA. Mix well. 

 


