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June 2018 

Chairman   : Syahrilnizam Abdullah, D.Phl 
Faculty       : Medicine and Health Sciences 
 
 

Autologous transplantation of patient specific iPS-derived cells for ex vivo gene 
therapy application could be the only curative option for patients that do not have 
compatible donor. One of the limitations of successful gene therapy is short-lived 
duration of transgene expression in mammalian cells cause by DNA methylation. 
Pluripotent stem cells have shown to possess minimal genomic methylation 
profile. Therefore, it is hypothesized that improve durability of transgene 
expression could be achieved if the transgene is introduced into a cell while it is 
still in a pluripotent state. The aim of this study is to assess durability of transgene 
expression in mouse pluripotent stem (iPS and ES) cells transduce with lentivirus 
carrying GFP reporter gene driven by either human elongation factor (EF1) or 
cytomegalovirus (CMV) promoter and to dissect the factors that influence the 
duration of transgene expression in both cells. LV/EF1/GFP and LV/CMV/GFP 
transduced iPS cells exhibited significant GFP expression (>80% expressing 
cells) with persistent mean fluorescent intensity (MFI) through out the 30 days of 
the study period and beyond. In ES cells, LV driven by either EF1 or CMV 
promoter presented lower GFP expression (>50%) but surprisingly, 
LV/EF1/GFP showed significantly higher MFI when compared to LV/CMV/GFP. 
Analysis on the integrated copy of transgene in all transduced cells 
demonstrated similar copy number in the cells’ genome. Significant increase in 
GFP intensity following 5aza-C treatment was observed in ES cells, implicating 
the effect of DNA methylation in transgene silencing. However, this effect was 
not observed in transduced iPS cells.  DNA methylation study showed that the 
transgene promoter and the GFP region of the provirus in ES cells had higher 
DNA methylation when compared to that of provirus in iPS cells. The transduced 
iPS cells were then induced to diffeentiate into hematopoietic stem cells (HSCs). 
The HSCs colony derived from the LV/EFI/GFP transduced iPS cells showed 
GFP+ cells of about 68.8%, while the LV/CMV/GFP transduced iPS-derived 
HSCs exhibited GFP+ cells of about 57.8%. This study demonstrated that, (1) 
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persistent transgene expression mediated by LV carrying GFP driven by both 
EF1 and CMV has been observed in iPS cells. However, a significant decrease 
in GFP expression in ES cell was seen, (2) GFP expression in ES cells is affected 
by a transgene silencing mechanism and this phenomenon was not observed in 
iPS cells, and (3) both LV/EF1/GFP and LV/CMV/GFP transduced cells were 
able to generate HSCs upon directed differentiation and the cells retained 
considerable level of GFP expression. These findings could potentially be 
beneficial in the application of iPS-derived cells for prolonged therapeutic gene 
expression and could be translated in clinic for a persistent correction of genetic 
disorders using gene therapy technology in the future.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

 
 

iii 
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Oleh 

SULEIMAN YUSUF ALHAJI 

Jun 2018 

Pengerusi   : Syahrilnizam Abdullah, D.Phil 
Fakulti         : Perubatan dan Sains Kesihatan 
 
 

Bagi pesakit yang tidak mempunyai penderma yang serasi, pemindahan sel atau 
tisu autologous sel iPS yang telah melalui terapi genetik secara ex vivo, adalah 
merupakan satu-satunya pilihan untuk rawatan. Bagaimanapun, salah satu 
batasan untuk terapi genetik yang berjaya adalah jangka hayat pendek ekspresi 
transgen tersebut. Salah satu mekanisma gen kawalan yang lazim membawa 
kepada penyeyapan transgen dalam sel mamalia adalah melalui metilasi DNA. 
Menarik sekali sel iPS menunjukkan profil metilasi DNA yang amat rendah. 
Adalah dijangkakan bahawa perubahan yang bermakna kepada tempoh 
ekspresi transgen boleh dikecapi sekiranya transgen tersebut didedahkan ke 
dalam sel semasa ianya masih dalam keadaan pelbagai potensi. Oleh itu, tujuan 
kajian ini adalah untuk menentukan keupayaan pengekspresan transgen untuk 
tempoh yang panjang dalam sel stem pelbagai potensi, khususnya dalam sel 
stem janin  (ES) dan sel iPS tikus, selain mengenalpasti faktor-faktor yang boleh 
mempengaruhi tempoh ekspresi transgen dalam kedua-dua sel ini. Lentivirus 
(LV) dengan protein pendarfluor hijau (GFP) yang didorong sama ada oleh 
promoter faktor pemanjangan manusia (EF1) ataupun promoter 
cytomegalovirus (CMV) telah digunakan dalam kajian ini. Sel iPS yang telah 
dijangkiti oleh LV/EF1/GFP dan LV/CMV/GFP menunjukkan ekspresi GFP 
yang signifikan (>80% sel yang nyata menunjukkan ekspresi), dengan tahap 
intensiti purata pendaflour (MFI) berterusan sepanjang 30 hari kajian. Dalam sel 
ES pula, LV yang didorong sama ada oleh faktor EF1 ataupun CMV, 
menunjukkan ekspresi GFP yang rendah (>50%). Namun apa yang 
mengejutkan adalah sel ES yang telah dijangkiti oleh LV/EF1/GFP 
menunjukkan signifikasi MFI yang tinggi apabila dibandingkan dengan 
LV/CMV/GFP. Analisis ke atas salinan transgen yang dicantum ke dalam genom 
semua sel yang dijangkiti menunjukkan bilangan salinan transgen yang sama. 
Sel yang dijangkiti kemudiannya dirawat dengan ejen nyahmetilasi iaitu 5aza-C. 
Sel ES yang menunjukkan penurunan dalam ekspresi transgen, telah 
menunjukkan kenaikan intensiti GFP yang signifikan dengan peningkatan 
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konsentrasi 5aza-C. Ini menunjukkan kesan metilasi DNA ke atas penindasan 
transgen tersebut. Walau bagaimanapun, kesan ini tidak kelihatan pada sel iPS. 
Kajian metilasi DNA menunjukkan bahawa kedua-dua promoter dan bahagian 
GFP provirus di dalam sel ES tersebut mempunyai profil metilasi DNA yang 
tinggi berbanding dengan sel iPS. Sel iPS yang dijangkiti kemudiannya diaruh 
untuk menjadi sel stem hematopoietik (HSCs). Koloni HSCs yang terbentuk 
daripada sel iPS yang dijangkiti oleh LV/EF1/GFP menunjukkan sel GFP+ 
sebanyak 68.8%, manakala HSCs yang terbentuk daripada iPS sel yang 
dijangkiti oleh LV/CMV/GFP menunjukkan sel GFP+ sebanyak 57.8%. 
Kesimpulannya, kajian ini menunjukkan bahawa, (1) ekspresi transgen yang 
berterusan daripada LV dengan GFP yang didorong oleh kedua-dua EF1 dan 
CMV telah diperhatikan dalam sel iPS. Walaubagaimanapun, terdapat 
penurunan ekspresi transgen yang ketara dalam sel ES, (2) ekspresi GFP dalam 
sel ES terjejas akibat mekanisma penyenyapan transgen dan fenomena ini tidak 
kelihatan dalam sel iPS, dan (3) kedua-dua sel pelbagai potensi yang dijangkiti 
oleh LV/EF1/GFP dan LV/CMV/GFP berupaya menjana HSCs teraruh yang 
mengekalkan tahap ekspresi GFP. Penemuan ini boleh memberi manfaat untuk 
aplikasi sel iPS dengan ekspresi gen terapeutik yang berpanjangan dan 
mungkin dapat digunakan di dalam bidang perubatan untuk merawat penyakit 
genetik dengan berterusan melalui teknologi terapi gen. 
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CHAPTER 1 
 
 

INTRODUCTION 
 

 
Delivery of genes into mammalian cells to supplement a defective gene via gene 
therapy may be the only curative option for many genetic diseases (Hoban, 
Orkin, & Bauer, 2016; O'Connor & Crystal, 2006). Various approaches using 
either non-viral or viral gene transfer systems have been employed for the 
delivery of genetic material into mammalian cells for effective gene expression 
in biomedical research (Hahn & Scanlan, 2010). Although non-viral gene delivery 
system has proven to be effective, viral mediated gene transfer is far more 
efficient for mammalian gene transfer. This is because some viral vectors such 
as Adenoa-associated virus (Marcos-Contreras et al. 2016), Retrovirus and 
Lentivirus can integrate into the host genome and provide stable transgene 
expression (Nayerossadat et al., 2012). Unfortunately, one of the limitations of 
viral gene transfer vectors is the silencing of therapeutic gene or transgene 
expression after a certain period of adequate expression, caused by epigenetic 
influences in mammalian cells (Dupont et al., 2015). This issue has been 
recognized as one of the major challenges in achieving persistent transgene 
expression in various gene delivery applications (Bestor, 2000; Chen, et al., 
2004). However, control of gene expression via epigenetics is a fundamental 
mechanism in mammalian cell proliferation, cellular differentiation, and genome 
stability (Xu. D & Juliano, 2005). It also plays a vital role in providing defense 
against exogenous genes serving as protective measures upon invading foreign 
DNA sequence (Matzke, Mette, & Matzke, 2000). Therefore, transgene being an 
exogenous DNA sequence may be recognized by cellular epigenetic machinery 
as a target for host protective defense measures, leading to inhibition of its 
expression (Yoder et al., 1997).  
 
 
Effective gene delivery strategy that provides sustained and long-term 
therapeutic benefits remain as one of the crucial hindrances for successful 
application of gene therapy in clinics (Nayerossadat et al., 2012). Unfortunately, 
none of the existing gene delivery strategies are efficient enough to provide 
effective gene delivery and reliable transgene expression in target cells (Brunetti-
Pierri, 2017; Wilson, 2009). 
 
 
Lentivirus has been reported to remarkably transduce both dividing and non-
dividing cells (Cockrell & Kafri, 2007). It is relatively safe, especially with the 
emergence of self-inactivating Lentivirus (Albrecht et al.,). The SIN LV has a 
deletion of few hundred nucleotides in the Long Terminal Repeat region, which 
abolishes the functionality of the LTR promoter activity and reduces the chances 
of activating oncogenes by insertional mutagenesis (Christophe Delenda, 2004). 
Unlike other viruses such as Adenovirus and Sendai, lentivirus is able to 
integrate its genome into the host, and able to carry large gene sequences. 
Extended duration of transgene expression via LV gene delivery in pluripotent 
cells was shown by Pfeifer,  Bannister & Kouzarides, leading to the generation 
of transgenic mice that retained transgene expression for many several 



© C
OPYRIG

HT U
PM

 
 

2 

generations (Bannister et al,. 2011). Despite successes, the main focus of the 
study was to produce transgenic animals, and not directed towards its use in 
gene therapy. Thus, no epigenetic analysis was performed in the study. Lentiviral 
vectors have shown promising outcome in recent gene therapy clinical trials for 
hematological related genetic diseases (Ferrari  et al., 2017). In the reports, 
remarkable results were obtained in sickle cell anemia gene therapy clinical trials 
using Lentivirus carrying healthy ß-globin gene (LentiGlobin) (Ribeil et al., 2017). 
The LentiGlobin also demonstrated extended transgene expression after 
transplantation and engraftment of the genetically transduced hematopoietic 
stem cells. 
  

Many other studies have shown prolonged transgene expression in pluripotent 
cells transduced with LV (Kwok-Keung et al., 2008). This efficacy of transgene 
expression was found to be promoter dependent in undifferentiated stem cells 
and varies upon directed differentiation (Hong et al., 2007; Wang R, et al., 2008; 
Herbst et al., 2012a) . Different constitutive promoters in the transgene construct 
may modulate duration of transgene expression at varying degree (Qin et al., 
2010). For example, CMV promoter is known to drive inferior transgene 
expression compared to PGK, EF1 and CAG in pluripotent cells (Norrman et 
al., 2010). It is speculated that CMV promoter may be sensitive to methylation 
compared to other promoters such as EF1 and PGK, which may be methylation 
resistant (Wang X. et al., 2017). This may have contributed to the varying degree 
of transgene expression observed in pluripotent stem cells transduced with LV 
driven by different constitutive promoters (Hong et al., 2007).  Nevertheless, to 
date, there are limited reports underlying the mechanism of promoter dependent 
transgene expression variation mediated by LV in mammalian cells (Xia, et al,. 

2007). 

 
Application of pluripotent cells in gene therapy and regenerative medicine is at 
the forefront of clinical medicine (Ilic, et al., 2015). Pluripotent cells have unique 
ability to differentiate into three primary germ layers (ectoderm, mesoderm and 
endoderm), which eventually generate all cell types. Pluripotent cells have been 
recognized as invaluable tool for understanding mechanisms in cell specific 
lineage differentiation, unravelling the mechanism of disease progression, drug 
testing, and developmental defects, as well as for the prospective use in 
regenerative and gene therapy of many genetic diseases. Pluripotent cells can 
be derived from either inner cell mass of an early developing embryo (blastocyst 
stage) (Bryja, et al., 2006)  as an embryonic stem (ES) cells, or  by reprograming 
of somatic cells (such as skin cells) into a pluripotent state (Takahashi & 
Yamanaka, 2006). These cells are known as induced pluripotent stem cells. 
Numerous studies highlighted strong similarities between ES and iPS cells in 
term of functionality and molecular characteristics (Choi et al., 2015). Although, 
both ES and iPS cells are pluripotent stem cells, there is a marked variation in 
their global gene expression profile and imprinted genes clusters. However, they 
do not substantially differ from each other, especially in their differentiation 
potentials. It is not clear whether these variations may have a significant 
functional biological difference (Marks et al., 2012).  
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DNA methylation is one of the major epigenetic effects that was reported to be 
associated with transgene silencing in mammalian somatic cells (Brooks et al., 
2004). Studies have shown that DNA methylation is minimal during 
embryogenesis (Smith et al., 2012), and this observation was reported to be 
similar with that of iPS cells. As development progresses, DNA methylation 
dramatically increases along the developmental stages as the cells become 
more specialized (Smith et al., 2012). Therefore, an association between 
pluripotency and epigenetics is suspected as DNA methylation increases 
exponentially after cells’ specific specialization (Meshorer & Misteli, 2006a).  
Thus, in order to circumvent the silencing effects by epigenetic machinery in 
gene therapy application, the transgene could be introduced while the cells are 
still at pluripotent state, while their epigenetic profile is still plastic, and the cells 
might recognize the transgene as self. 
 
 
Although, there have been many studies showing impressive duration of 
transgene expression in pluripotent cells, none have compared the duration of 
transgene expression between iPS and ES cells simultaneously, and none have 
compared the efficacy of the two most commonly used constitutive promoters, 
CMV and EF1, in the pluripotent cells. In addition, no study has evaluated the 
transgene methylation profiles between the two promoters following integration 
in the genome of pluripotent cells. Therefore, this study may be beneficial as 
pluripotent cells, especially iPS cells, can be potentially used for autologous ex 
vivo gene therapy application in the future. 
 

Therefore, it is hypothesized that prolonged duration of transgene 
expression via lentiviral mediated gene delivery could be achieved if the 
transgene is delivered into the cells during pluripotency state. The possible 
outcome of persistent duration of transgene expression in the LV transduced 
pluripotent cells may be due to the absence or minimal DNA methylation on the 
promoter and/or the reporter gene.  
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The general objectives of the study:-  

 

To assess persistency of transgene expression in pluripotent cells transduced 
with lentivirus carrying reporter gene driven by either CMV or EF1 promoter, 
and to dissect the factors that contribute to the prolonged duration of transgene 
expression.  
 
 
Specific objectives: - 

1. To produce lentivirus carrying Green Fluorescent Protein reporter gene 
driven by CMV or EF1 promoters.  

2. To assess the duration of transgene expression in different pluripotent 
cells lines.     

3. To ascertain whether absence or limited DNA methylation on the 
transgene construct is a factor that contributes to extended duration of 
transgene expression.  

4. To differentiate transduced pluripotent cells that show evidence of 
extended duration of transgene expression into hematopoietic 
progenitor cells. 
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Figure 1.1: The flow chart described the general activities in each chapter 
of this study. It also reflected the experimental design of each objective in 
this project. 
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