
 
 

UNIVERSITI PUTRA MALAYSIA 
 

MOLECULAR AND CELLULAR ANALYSIS OF MSC-EPO-MEDIATED 
PROTECTION OF DEGENERATING RETINAS 

 

 
 
 
 
 
 
 
 
 

AVIN KOH EE HWAN 
 
 
 
 
 
 
 
 
 
 
 
 

FPSK(p) 2022 22 



© C
OPYRIG

HT U
PMMOLECULAR AND CELLULAR ANALYSIS OF MSC-EPO-MEDIATED 

PROTECTION OF DEGENERATING RETINAS 

By 

AVIN KOH EE HWAN 

Thesis Submitted to the School of Graduate Studies, Universiti Putra 
Malaysia, in Fulfilment of the Requirements for the Degree of Doctor of 

Philosophy 

September 2021 



© C
OPYRIG

HT U
PM

 
 

All material contained within the thesis, including without limitation text, logos, 
icons, photographs and all other artwork, is copyright material of Universiti Putra 
Malaysia unless otherwise stated. Use may be made of any material contained 
within the thesis for non-commercial purposes from the copyright holder. 
Commercial use of material may only be made with the express, prior, written 
permission of Universiti Putra Malaysia. 
 
Copyright © Universiti Putra Malaysia 
 
 

  



© C
OPYRIG

HT U
PM

i 

Abstract of thesis presented to the Senate of Universiti Putra Malaysia in 
fulfillment of the requirement for the degree of Doctor of Philosophy 

MOLECULAR AND CELLULAR ANALYSIS OF MSC-EPO-MEDIATED 
PROTECTION OF DEGENERATING RETINAS 

By 

AVIN KOH EE HWAN 

September 2021 

Chair : Mok Pooi Ling, PhD  
Faculty  : Medicine and Health Sciences 

The retina is a multi-layered tissue that functions to provide vision. Because of 
its complexity, a dysfunction in any layer can lead to retinal degeneration and 
various degrees of visual impairment. Such cases are imminent, and current 
treatments can only delay the disease onset. In order to restore the degenerating 
retina, stem cells can be introduced. Mesenchymal stem cells (MSC) have been 
heralded as a potential cure due to its multipotent differentiation and cellular 
reparative capabilities, as shown in numerous clinical studies. However, there 
were also contradicting findings that revealed a worse prognosis for blindness 
after MSC transplantation. Such variable results are due to the limitations of MSC 
therapy. For example, donor cell heterogeneity, epigenetic modifications, and 
health status can have a huge impact on MSC efficacy. These limitations can be 
tackled by genetically-modifying MSCs to express exogenous growth factors that 
enhance the survivability of transplanted MSCs and the surrounding tissue. 
Erythropoietin (EPO) is a potential enhancer. Apart from being involved in 
erythropoiesis, EPO plays another role in anti-apoptosis and neuroregeneration 
by binding to EPO-receptors on non-erythroid cells like the retina. In this study, 
the novel synergistic interactions between MSC and EPO were explored in the 
form of human EPO-expressing MSCs (MSCsEPO) to evaluate its therapeutic 
potential in recovering the retina of a rodent model of retinal degeneration. Firstly, 
this was tested in an in vitro model of retinal cell toxicity. ARPE-19 cytotoxicity 
was induced with a retinotoxin known as sodium iodate (NaIO3) and treated with 
conditioned media (CM) from MSCs or MSCsEPO. Subsequent cell viability 
assays performed using MTT and flow cytometry revealed statistically significant 
increases in ARPE-19 survivability at 24 h and 48 h post-treatment (P <0.05). 
Furthermore, MSCEPO-CM treatment was shown to be statistically significant in 
the early phase of the treatment (24 h). However, both MSC and MSCEPO-CM 
treatments were comparable at 48 h. After performing the proof of concept study 
in vitro, the study proceeded to in vivo experimentation. After an initial 
optimization with various doses of systemically-administered NaIO3 (20 – 80 
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mg/kg) in Sprague-Dawley rats, it was found that 40 mg/kg was the ideal dose 
to trigger moderate retinal degeneration (around 50%). This was assessed using 
histo-anatomical methods and electroretinography (ERG), which revealed the 
degenerated retinal layers and attenuated ERG graphs. After successfully 
developing the model, an intravitreal transplantation of MSCsEPO was performed, 
and the model was assessed using similar techniques. The results showed that 
after day 30, both the MSC and MSCEPO treatment groups exhibited improved 
visual functions compared to the sham control (P <0.05). Although MSCs were 
able to protect visual function, MSCsEPO showed comparable results with MSCs. 
A further in-depth investigation using RNA sequencing revealed a set of pro-
survival gene expressions. Most notably, MSCEPO was found to activate the 
phototransduction pathway. The PI3K-Akt signaling pathway, a downstream 
EPO activator, was also significantly activated by MSCEPO. The transcriptomics 
profile showed a clear, positive correlation with the functional data from the 
treated groups. Interestingly, several immune response pathways were 
upregulated in the MSC group but not MSCsEPO. Further studies are required to 
investigate the functional implications of this expression profile on 
immunomodulation. Taken together, this study has shown that treatment with 
MSCs conferred pro-survival benefits to retinal cells as well as protection against 
retinal degeneration. On the other hand, MSCsEPO showed comparable results 
with MSCs and hence, was not significantly better. Still, these results may be 
utilized in future studies to further investigate MSCEPO therapy for retinal 
diseases. 
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Retina adalah tisu berlapis-lapis yang terlibat dalam penglihatan. Kekompleksan 
retina menyebabkan disfungsi pada mana-mana lapisan akan mengakibatkan 
kemerosotan retina dan kecacatan penglihatan. Kecacatan ini tidak boleh 
disembuhkan dan rawatan yang sedia ada hanya melambatkan kemerosotan. 
Untuk memulihkan retina yang rosot, sel puncak digunakan. Sel punca 
mesenkima (MSC) dilihat sebagai penyembuh yang berpotensi disebabkan 
kebolehan pembezaan multipoten dan pembaikan sel oleh sel punca ini, seperti 
yang ditunjukkan dalam banyak kajian klinikal. Namun, terdapat beberapa 
dapatan di mana MSC mengakibatkan kemerosotan retina yang lebih serius. 
Keputusan yang pelbagai ini disebabkan oleh had terapi MSC. Sebagai contoh, 
keheterogenan, pengubahsuaian epigenetik, dan kesihatan sel penderma 
mempunyai pengaruh yang besar pada keberkesanan rawatan MSC. Had ini 
boleh diatasi dengan mengubah MSC secara genetik untuk mengekspres faktor-
faktor pertumbuhan eksogenus bagi meningkatkan kemandirian MSC yang 
dipindahkan dan tisu di sekeliling. Eritropoietin (EPO) adalah penggalak yang 
berpotensi. Selain terlibat dalam eritropoiesis, EPO juga memainkan peranan 
dalam proses anti-apoptosis dan penjanaan semula sel neuron secara mengikat 
kepada reseptor EPO pada sel-sel bukan eritrosit seperti retina. Dalam kajian ini, 
interaksi bersinergi antara MSC dan EPO dikaji dalam bentuk MSC manusia 
yang mengekspresi EPO (MSCEPO) untuk menilai potensi terapeutik bagi 
pemulihan retina dalam model tikus dengan retina rosot. Pertama sekali, kajian 
dilakukan ke atas model ketoksikan sel retina in vitro. Kesitotoksikan ARPE-19 
dicetuskan menggunakan sodium iodat (NaIO3) dan dirawat dengan medium 
terlazim (CM) daripada MSC atau MSCEPO. Ujian MTT dan sitometri aliran 
menunjukkan peningkatan kadar kemandirian sel ARPE-19 yang signifikan 
secara statistik dalam rawatan 24 dan 48 jam (P<0.05).  Malah, rawatan 
MSCEPO-CM menunjukkan keberkesanan yang signifikan pada fasa awal 
rawatan (24 jam). Namun, keberkesanan rawatan MSC dan MSCEPO-CM adalah 
setara pada 48 jam. Selepas pembuktian konsep kajian secara in vitro, kajian 
diteruskan secara in vivo. Selepas pengoptimuman awal dengan pelbagai dos 
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NaIO3 (20 – 80 mg/kg) yang diberi secara sipuncaik kepada tikus Sprague-
Dawley, ditemui bahawa 40 mg/kg adalah dos yang ideal untuk mencetuskan 
kadar kemerosotan retina yang sederhana (sekitar 50%). Ujian histologi dan 
elektoretinograf (ERG) digunakan untuk mengesahkan lapisan-lapisan retina 
yang merosot dan graf ERG yang terjejas. Selepas model berjaya dibentuk, 
pemindahan MSCEPO secara intravitreus dilakukan dan model dinilai 
menggunakan teknik-teknik yang sama.  Selepas 30 hari, keputusan 
menunjukkan bahawa kumpulan rawatan MSC dan MSCEPO menunjukkan 
penglihatan yang lebih baik berbanding dengan kawalan palsu (P<0.05). 
Walaupun rawatan MSCs dan MSCsEPO berkesan bagi mengekalkan fungsi 
penglihatan dan menunjukkan kesan yang setara, namun rawatan MSCEPO tidak 
menunjukkan kerbekesanan yang lebih baik. Kajian yang lebih mendalam 
menggunakan penjujukan RNA mendedahkan pengekspresan gen-gen yang 
menyokong kemandirian sel. Paling ketara, MSCEPO didapati mengaktifkan jejak 
laluan proses penglihatan (phototransduction). Jejak laluan pengisyaratan PI3K-
Akt, salah satu pengaktif hiliran EPO, juga diaktifkan oleh MSCEPO. Profil 
transkriptom menunjukkan hubungan positif yang jelas dengan data kumpulan 
dirawat. Di samping itu, terdapat jejak-jejak laluan pengisyaratan gerak balas 
imun yang boleh dikesan selepas rawatan MSC tetapi tidak bagi MSCEPO. Kajian 
lanjut diperlukan untuk menyiasat kesan profil ekspresi ini ke atas mekanisme 
immunomodulasi. Secara keseluruhan, kajian ini telah menunjukan bahawa 
rawatan dengan MSC memberikan perlindungan serta kebaikan bagi 
kemandirian sel-sel retina yang menunjukkan tanda-tanda kemerosotan. Namun, 
kerberkesanan rawatan MSCEPO dalam kajian ini adalah setara dengan MSC. 
Pada masa yang sama, dapatan ini boleh digunakan untuk kajian lanjut bagi 
membangunkan terapi MSCEPO bagi penyakit retina. 
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CHAPTER 1 

INTRODUCTION 
1.  

1.1 Background of the study 

The visual system is a complex sensory feature that involves many components. 
The retina is the first component that is involved in visual processing. This multi-
layered neural tissue, which is situated in the eye, is an outer extension of the 
central nervous system (Siegel, Sapru and Siegel, 2006). Because of its critical 
involvement in processing light stimuli, our vision is immediately affected when 
retinal degeneration occurs. The causes are highly varied and can be due to 
inherited disorders (e.g. retinal dystrophies), infections (e.g. by varicella zoster 
virus, cytomegalovirus) and other disorders like age-related macular 
degeneration (Margalit and Sadda, 2003). Although these retinal degenerative 
disorders represent only a portion of ocular disorders (i.e. 24%), it is among 
those of higher prevalence in Malaysia (Zainal, 2002; Patel et al., 2011).  

To date, there are a number of treatments available to patients who intend to 
improve their ailing eyesight; however, the emerging applications of stem cell 
therapy as an alternative approach makes it particularly promising as these cells 
hold the ability to divide and form specialized cells, replacing those that have 
been damaged and lost (Wei et al., 2013). Mesenchymal stem cells are one such 
example that have been widely used in cellular regeneration studies. Current 
literature has shown that apart from differentiation, tissue repair can occur with 
the transfer of MSC-secreted exosomes/microvesicles that contain protein 
factors and RNA (Rani et al., 2015). However, donor heterogeneity, such as age 
and health status, can result in varied therapeutic efficacy Furthermore, MSC 
therapy can be improved by combining them with recombinant proteins that 
confer tissue protective and anti-apoptotic effects (Lombardero, Kovacs and 
Scheithauer, 2011).  

In order to improve the chances of success for MSC therapy, several strategies 
have been employed. Most notably, MSCs were enhanced with the expression 
of cell stimulating growth factors through genetic modification as a synergistic 
approach to improve donor cell survivability and regenerative potential (Chan et 
al., 2005; Kavanagh et al., 2015; Park et al., 2015). Erythropoietin (EPO) is a 
potential growth factor due to its neuroprotective and anti-apoptotic effects 
(Maiese, 2016; Wang et al., 2015). These therapeutic effects have been shown 
to benefit retinal cells, whereby studies have demonstrated that EPO could 
attenuate the inflammatory response (Chang et al. 2013) and protect retinal cells 
from oxidative stress-induced damage such as in cases of macular degeneration 
(Wang et al. 2009). Most importantly, EPO demonstrated retinal protective 
effects in animal models after a number of insults, including optic nerve crush 
(Sullivan et al., 2011), light-induced photoreceptor damage (Colella et al., 2011), 
as well as genetic photoreceptor degeneration (Colella et al., 2011).  
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These effects were exhibited due to the presence of EPO receptors in the retina 
where, when activated, leads to the expression of a number of pathways involved 
in pro-survival, including JAK-STAT (Galal, Abdel-Rafei, & Hasan, 2018), MAPK 
(Yuen et al., 2011), NF-κB (Zhang et al., 2018), and PI3k/Akt (Rong & Xijun, 
2015). However, systemic administration of EPO in humans could lead to 
complications, especially an increased risk of blood clots/thrombovascular 
events (Singh et al., 2006). Repeated intraocular injections of EPO may also 
pose a surgical risk. Hence, bringing MSCs into the picture could potentially 
make EPO a possible treatment solution for retinal degeneration.  
 
 
By modifying MSCs to express EPO (MSCEPO), researchers have found that a 
single transplant could rescue the retina from degeneration in an animal model 
by prolonging the presence of MSCEPO and enhancing its therapeutic effect 
(Guan et al., 2013). Hence, utilizing transplanted MSCsEPO could act as a lasting 
treatment that benefits those who suffer from this debilitating affliction. However, 
the effectiveness of MSCsEPO and their influence on the genetic expression of 
the local tissue has not been well studied. Hence, this study aimed to understand 
this stem cell-host tissue interaction and exploit this unique approach in treating 
retinal dystrophies.  
 
 
1.2  Hypothesis  
 
 
Erythropoietin-expressing mesenchymal stem cells enhance retinal regeneration 
through the influence of erythropoietin and mesenchymal stem cells on the 
retinal transcriptome. 
 
 
1.3  Research Objectives 
 
 
This study has one main general objective that is supported by four specific 
objectives. 
 
General Objective: 
 
To investigate the protective role of erythropoietin-expressing mesenchymal 
stem cells in a prophylaxis model of sodium iodate-induced retinal 
degeneration. 
 
 
Specific Objectives: 
 
i. To characterize culture-expanded erythropoietin-expressing mesenchymal 
stem cells and evaluate its rescue potential in the survivability of a sodium iodate-
induced ARPE-19 retinal cells in vitro 
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ii. To develop an in vivo retinal degeneration model by using sodium iodate as a 
retinotoxin, and characterize the model using electrophysiological and 
histopathological analysis 
 
iii. To evaluate the degree of visual improvement in the in vivo model on a 
functional and cellular level after intravitreal stem cell transplantation by using 
comparative electrophysiological and histopathological analysis 
 
iv. To elucidate the protective and prophylactic role of transplanted 
erythropoietin-expressing mesenchymal stem cells against retinal degeneration 
in the in vivo model on a molecular level by using differential gene expression 
and topology-based analyses in an RNA-Seq approach 
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APPENDICES 
 
 
Appendix 1: Animal ethics approval for conducting the present study. 
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Appendix 2: Extension of animal ethics approval for the present study. 
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Appendix 3: Formation of cataracts or lens scarring after intravitreal 
transplantation of stem cells. This may occur if the injecting needle damages 
the lens, but it has also been reported that intravitreally transplanted MSCs may 
also cause cataracts (Huang et al., 2019). A. Left eye without transplant. B. Right 
eye one week after MSC transplant. 
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Appendix 4: Optimizing MSC transplantation for the present study. 
Transplanting MSCs four days after NaIO3 administration did not result in any 
improvements in visual function. Conversely, transplanting MSCs 4 days before 
NaIO3 administration resulted in a statistically significant improvement in ERG b 
wave response. The results were presented as mean ± SEM, where P values 
were obtained using two-way ANOVA, followed by Tukey’s multiple comparisons 
test post-hoc where sham was used as the reference (*P < 0.05). Sham, 
degenerated control; Post-induced transplant, MSCs transplanted after NaIO3 
administration; Pre-induced transplant, MSCs transplanted before NAIO3 
administration. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* * 
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Appendix 5: Command lines/scripts used in NGS selective alignment and 
transcript quantification with the Salmon tool. Selective alignment and 
transcript quantification were then performed in Salmon’s mapping-based mode 
using both the generated reference index and the RNA-Seq FASTQ files. The 
output files containing the transcript abundance were then stored. A 
representative example (using the MSCEPO ID) of the command used in Salmon 
are as follows: 
 

# denotes a description and is not a command 
$ denotes a command input in Ubuntu 
 
# the Salmon program was invoked 
$ salmon activate 
# the reference index for Rattus norvegicus was generated 
$ cat Rattus_norvegicus.Rnor_6.0.cdna.all.fa Rattus_norvegicus.Rnor_ 
6.0.dna.toplevel.fa > gentrome.fa 
$ salmon index -t gentrome.fa -i r.norv_index --decoys decoys.txt -k 31 
# Selective alignment and quantification were performed 
$ salmon quant -i r.norv_index -l A -1 EPO1_R1.fastq EPO2_R1.fastq 
EPO3_R1.fastq -2 EPO1_R2.fastq EPO2_R2.fastq EPO3_R2.fastq -p 
8 --validateMappings -o EPO_quant 

 
  



© C
OPYRIG

HT U
PM

 

184 

 

Appendix 6: Command lines/scripts used for differential gene expression 
analysis and visualization of transcripts with the DESeq2 tool. The DESeq2 
tool was used to perform differential gene expression analysis. The normalized 
count data was then exported and stored. Visualization of the data was done in 
Rstudio. The commands used in Tximport and DESeq2 in Rstudio are as follows: 
 

# denotes a description and is not a command 
> denotes a command input in RStudio 
 
# running tximport, setting the directory, and converting transcript 
files > library(tximport) 
> library(readr) 
> dir <- "C:/Avin/UPM/Thesis/Results/NGS/DeSeq2ShamRef" 
> samples <- read.table(file.path(dir,"samples.txt"), header=TRUE) 
> files <- file.path(dir, "salmon", samples$run, "quant.sf") 
> names(files) <- paste0("sample", 1:12) 
> library(GenomicFeatures) 
> txdb <- makeTxDbFromGFF("Rattus_norvegicus.Rnor_6.0.98.gtf") 
> k <- keys(txdb, keytype = "TXNAME") 
> tx2gene <- select(txdb, k, "GENEID", "TXNAME") 
> txi <- tximport(files, type = "salmon", tx2gene = tx2gene, 
ignoreTxVersion = TRUE) 
> sampleTable <- data.frame(condition = factor(rep(c("NTD", "Sham", 
"MSC", "EPO"), each = 3))) 
> rownames(sampleTable) <- colnames(txi$counts) 
# running DESeq2 and differential gene expression analysis 
> library(DESeq2) 
140 
> dds <- DESeqDataSetFromTximport(txi, sampleTable, ~condition) 
> dds$condition <- relevel(dds$condition, ref = "Sham") 
> dds <- DESeq(dds) 
> keep <- rowSums(counts(dds)) > 1 
> dds <- dds[keep,] 
> rld <- rlog(dds, blind=F) 
# extracting transformed differentially expressed genes (e.g. MSCEPO) 
> resLFC_MSC_EPO <- lfcShrink(dds, 
coef="condition_EPO_vs_NTD", type="apeglm") 
# annotating data with gene symbols and function (e.g. MSCEPO) 
> library(Rattus.norvegicus) 
> ens.str <- substr(rownames(resLFC_EPO_Sham), 1, 18) 
> resLFC_EPO_Sham$symbol <- mapIds(Rattus.norvegicus, keys=en 
s.str, column="SYMBOL", keytype="ENSEMBL", multiVals="first") 
> resLFC_EPO_Sham$description <- mapIds(Rattus.norvegicus, 
keys= ens.str, column="TERM", keytype="ENSEMBL", 
multiVals="first") 
# Visualization of differentially expressed genes in RStudio (e.g. 
MSCEPO) 
> library(EnhancedVolcano) 
> EnhancedVolcano(resLFC_EPO_Sham, lab = NA, x = 'log2FoldCha 
nge', y = 'padj', xlim = c(-12, 12), ylim = c(0, -log10(10e-20)), xlab = 
bquote(~Log[2]~ 'fold change'), ylab = bquote(~- 
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141 
Log[10]~adjusted~italic(P)), title = 'EPO', subtitle = 'vs Sham' , pCutoff 
= 0.05, FCcutoff = 2, legend=c('NS','Log2 FC','Adjusted p-
value','Adjusted p-value & Log2 FC'), legendPosition = 'right', 
legendVisible = FALSE, gridlines.major = FALSE,gridlines.minor = 
FALSE, captionLabSize = 0 ) 
> library(pheatmap) 
> library(dplyr) 
> library(viridis) 
> library(gplots) 
> library(dendsort) 
> topVarianceGenes <- head(order(rowVars(assay(rld)), decreasing= 
T),500) 
> matrix <- assay(rld)[topVarianceGenes,] 
> matrix <- matrix - rowMeans (matrix) dend = dendsort(hclust 
(dist(matrix))) 
> pheatmap(matrix, annotation_col=annotation_data, cluster_rows= 
dend, show_rownames=TRUE, cluster_cols=TRUE, show_colnames = 
F, color = greenred(20), border_color = "NA", main = "Differentially 
expressed genes in the stem cell-treated sodium iodate rat models", 
fontsize_col = 4, fontsize_row = 2.5) 
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Appendix 7: Command lines/scripts used for Topology-based pathway 
analysis and visualization of differentially expressed genes with the 
Signaling Pathway Impact Analysis tool. Firstly, the present list of KEGG 
pathways were downloaded using Ubuntu and stored in the SPIA directory file. 
After that, the SPIA tool was activated in RStudio, and the expression dataset 
file was loaded. Once the data was generated, Graphpad Prism 
(https://www.graphpad.com/ scientific-software/prism/) was used to construct 
the bar plots. The commands used in SPIA and Rstudio are as follows: 
 

# denotes a description and is not a command 
$ denotes a command input in Ubuntu 
> denotes a command input in RStudio 
 
# downloading the list of KEGG kgml pathway maps 
$ curl "http://rest.kegg.jp/list/pathway/rno" | cut -f 1 | while read A ; do 
curl -o "${A}.xml" "http://rest.kegg.jp/get/${A}/kgml" ; done 
# Activating and running SPIA (e.g. MSCEPO) 
> library(SPIA) 
> mydir=system.file("extdata/keggxml/rno",package="SPIA") 
> makeSPIAdata(kgml.path=mydir,organism="rno",out.path="./") 
> EPOsham_spia <-read.csv("EPOsham_spia.csv", row.names = 1) 
> EPOsham_spia< 
EPOsham_spia[!duplicated(EPOsham_spia$entrez),] 
> tg1<-EPOsham_spia[EPOsham_spia$padj<0.1,] 
> DE_EPOsham=tg1$log2FoldChange 
> names(DE_EPOsham)<-as.vector(tg1$entrez) 
> ALL_EPOsham=EPOsham_spia$entrez 
> res=spia(de=DE_EPOsham,all=ALL_EPOsham,organism 
="rno",data. 
dir="./",nB=2000,plots=FALSE,beta=NULL,combine="fisher",verbose=
FALSE) 
> res_EPOsham_spia <- res 
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