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Down Syndrome (DS) is caused by an additional copy of human chromosome 21 

(HSA21). It is characterised by several clinical phenotypes such as intellectual disability, 

facial features, early onset dementia, weak immune system and hypotonia. Deficits in 

motor functions happens throughout development among DS individuals leading to 

muscle weakness, joint hyperextensibility, delayed acquisition of postural control and 

poor balance. To date, the underlying cause of hypotonia in DS individuals remains 

unknown and limited studies on the pathophysiological and molecular characterisation 

of hypotonia in DS could be found. Ts1Cje is a DS mouse model with partial trisomy of 

mouse chromosome 16 (MMU16), which encompasses a high number of HSA21 

orthologous genes. This mouse model has been well reported to exhibit various typical 

neuropathological features as well characterised with muscle weakness that is similar to 

individuals with DS. The hypothesis of this study is that the trisomic genes in MMU16 

are over-expressed in Ts1Cje mice and disrupts the functional molecular networks, 

leading to muscle weakness in Ts1Cje. To test this hypothesis, the study was divided into 

two major parts namely the targeted approach to study selected important markers in 

muscle development and function, and global transcriptomic gene expression study to 

identify novel genes involved in Ts1Cje muscle weakness. In this study, the soleus and 

extensor digitorum longus (EDL) skeletal muscles were harvested from both Ts1Cje 

mice and disomic control mice. Reverse transcription quantitative real time polymerase 

chain reaction (RT-qPCR) analysis of nine selected genes Lamc1, Leprel1, Myl6b, Msn, 

Pgm5, Tmod1, Istn1, Synj1 and Rcan1 showed an upregulation of the triplicated genes 

Itsn1, Synj1 and Rcan1 in both soleus and EDL muscles of the Ts1Cje mice. The disomic 

genes Lamc1, Leprel1, Msn, Pgm5 and Tmod1 did not show any significant 

dysregulation in expression while Myl6b was the only disomic gene found to be 

significantly upregulated in the soleus muscles of Ts1Cje mice. Western blot analysis on 

three proteins of the myogenic regulatory factors (MRFs) family namely MyoD, Myf5 

and Myg showed no significant difference in expression in both muscles. Following the 

targeted study, transcriptomic profiling of the soleus and EDL muscles of the Ts1Cje and 

wild-type disomic mice using microarray was performed. Results showed a total of 166 
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coding DEGs found in soleus muscles with 37 of them located on MMU16 and a total of 

262 coding differentially expressed genes (DEGs) found in EDL muscles with 13 of them 

located on MMU16 (p-value ≤ 0.05, absolute fold change (abs FC) ≥ 1.5). Functional 

annotation clustering of these DEGs showed 5 significant functional clusters for soleus 

(signal transduction; development of reproductive system; nucleic acid biosynthesis; 

protein modification and metabolism and regulation of gene expression) and 3 significant 

functional clusters for EDL (neuron and cell development; protein modification and 

metabolic processes; and ion transport). Validation of nine selected genes which were 

found to be differentially expressed in both soleus muscles and EDL muscles was 

performed using RT-qPCR. The genes were Cdk13, Mansc1, Ifnar1, Ifnar2, Donson, 

Dyrk1a, Runx1, Sod1, and Tmem50b with the later 7 the trisomic genes. The analysis 

showed that all genes were upregulated in Ts1Cje soleus muscles by ≥ 1.5 fold while 

only Don, Ifnar2 and Tmem50b were upregulated in Ts1Cje EDL muscles by ≥ 1.5 fold. 

Western blot analysis of two of the trisomic genes at the protein level showed a 

downregulation of Ifnar1 in Ts1Cje soleus muscles and downregulation of Ifnar2 in both 

soleus and EDL muscles of Ts1Cje mice as oppose to being upregulated in microarray 

and RT-qPCR analysis. Collectively, these findings showed an overexpression of the 

trisomic genes in Ts1Cje skeletal muscles, validating the hypothesis that the 

dysregulation of the genes caused by the triplicated region of MMU16 leads to muscle 

weakness in Ts1Cje. However, further investigation on the role of these genes and the 

protein expression levels may provide further insight on the underlying mechanism 

responsible for muscle weakness in Ts1Cje 
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Sindrom down (DS), adalah disebabkan oleh penambahan kromosom 21 manusia 

(HSA21). Sindrom meliputi fenotip klinikal seperti kecacatan intelek, ciri-ciri struktur 

muka yang berbeza, demensia permulaan muda, sistem imun yang lemah dan hipotonia. 

Pengurangan tonus otot serta fungsi motor dalam individu DS berlaku sepanjang 

tumberasan. Ini melibatkan kelemahan otot, pegenduran sendi yang melampau, 

kelewatan dalam kawalan postur dan kestidakeimbangan badan. Penyebab asas hipotonia 

bagi individu DS masih tidak diketahui dan kajian fisiopatologi dan pencirian di 

peringkat molecular mengenai hipotonia bagi DS adalah terhad. Ts1Cje merupakan 

model mencit DS yang mengandungi trisomi separa bahagian kromosom MMU16. 

Kromosom ini mempunyai jujukan terpelihara yang senteni dengan HSA21. Model 

mencit ini mempunyai ciri-ciri patologi deperti kelemahan otot yang sering dikaitkan 

dengan individu DS. Hipotesis kajian ini menyatakan bahawa ekspresi gen dari segmen 

trisomi MMU16 adalah lebih tinggi dalam otot rangka mencit Ts1Cje berbanding dengan 

mencit biasa lantas mengganggu jaringan molekul yang menyebabkan kelemahan otot 

mencit Ts1Cje. Untuk membuktikan hipotesis ini, kajian ini dibahagikan kepada dua 

bahagian iaitu kajian gen dan protein yang terlibat dalam pertumbuhan otot rangka 

terpilih berserta analisis trankriptom untuk mengenalpasti gen yang berkaitan dengan 

kelemahan otot dalam mencit Ts1Cje. Kajian ini menggunakan otot rangka “soleus” dan 

“extensor digitorum longus” (EDL) dari mencit Ts1Cje and mencit normal. Keputusan 

dari analisis transkripsi songsang - tindak balas berantai polymerase secara kuantitatif 

pada masa nyata (RT-qPCR) atas sembilan gen terpilih (Lamc1, Leprel1, Myl6b, Msn, 

Pgm5, Tmod1, Istn1, Synj1 dan Rcan1) menunjukkan peningkatan ekspresi gen trisomi 

Istn1, Synj1 dan Rcan1 dalam otot rangka mencit Ts1Cje. Analisis gen disomi (Lamc1, 

Leprel1, Msn, Pgm5 dan Tmod1) tidak menunjukkan sebarang perbezaan tahap ekspresi 

ketara kecuali Myl6b yang menunjukkan peningkatan secara ketara di otot soleus mencit 

Ts1Cje. Keputusan pedapan Western atas tiga protein daripada keluarga “myogenic 

regulatory factors (MRFs)” iaitu MyoD, Myf5 dan Myg menunjukkan tiada perbezaan 

ekspresi di kedua-dua otot rangka mencit Ts1Cje. Selepas kajian atas gen dan protein 

terpilih, analisis transkriptom soleus dan EDL dikaji dengan menggunakan teknologi cip 

tata susunan jujukan DNA mikro. Keputusan menunjukkan sebanyak 166 gen ekspresi 
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pembezaan (DEGs) di soleus dengan 37 gen daripada senarai DEGs merupakan gen 

trisomi MMU16. Sebanyak 262 DEGs diperolehi daripada analisis otot di EDL di mana 

13  daripada DEGs tersebut merupakan gen trisomi MMU16 (berdasarkan kriteria nilai 

p ≤ 0.05, perubahan kali ganda mutlak (abs FC) ≥ 1.5). Analisis pengelompokan anotasi 

berfungsi mengenal pasti 5 kelompok berfungsi yang ketara untuk soleus dan 3 

kelompok berfungsi yang ketara untuk EDL. Pengesahan sembilan gen terpilih yang 

didapati mempunyai ekspresi pembezaan di soleus dan EDL mencit Ts1Cje dijalankan 

dengan RT-qPCR. Ini termasuklah Cdk13, Mansc1, Ifnar1, Ifnar2, Donson, Dyrk1a, 

Runx1, Sod1, dan Tmem50b di mana tujuh gen terakhir merupai gen trisomi MMU16. 

Analisis menunjukkan penningkatan tahap ekspresi (≥ 1.5 fold) semua gen di otot soleus 

mencit Ts1Cje dan hanya gen Don, Ifnar2 dan Tmem50b menunjukkan peningkatan  

tahap ekspresi (≥ 1.5 fold) di otot EDL mencit Ts1Cje. Keputusan pedapan Western 

keatas dua protein gen trisomi menunjukkan pengurangan tahap ekspresi Ifnar1 di otot 

soleus mencit Ts1Cje dan Ifnar2 di kedua-dua otot soleus dan EDL mencit Ts1Cje. 

Keputusan ini bertentangan dengan keputusan berdasarkan teknik cip tata susunan 

jujukan DNA mikrodan RT-qPCR yang menunjukkan peningkatan ekspresi gen Ifnar1 

dan Ifnar2. Kesimpulannya, keputusan kajian ini menunjukkan bahawa gen trisomi 

didapati mengalami peningkatan tahap ekspresi lalu membuktikan hipotesis kajian yang 

menyatakan perubahan tahap ekspresi gen trisomi MMU16 menyebabkan kelemahan 

otot mencit Ts1Cje. Walau bagaimanapun, kajian lanjut perlu dilaksanakan ke atas 

peranan gen dan tahap ekspresi protein terlibat untuk mendalami pengetahuan tentang 

kelemahan otot mencit Ts1Cje secara khususnya, dan hipotonia pada individu DS secara 

amnya.  
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CHAPTER 1 

INTRODUCTION 

1.1  Overall Study 

Down syndrome (DS) is a genetic disorder caused by trisomy of human chromosome 21 

(Homo sapien autosome 21 - HSA21). DS is the most common genetic form of 

intellectual disability and is characterised by a complex set of pathologies and clinical 

phenotypes. Some of the phenotypes associated with DS individuals are intellectual 

disability, characteristic set of facial features, dementia, weak immune system and 

hypotonia (Antonarakis et al., 2004; Wiseman et al., 2009). There are more than 80 

clinical manifestations reported in DS individuals  (Epstein et al., 1991). However, not 

all the characteristics are present in every DS individual. Intellectual disability, 

characteristic facial dysmorphology, hypocellular brain and hypotonia are some of the 

characteristics seen in all DS individuals (Antonarakis et al., 2004; Hassold et al., 2007; 

Wiseman et al., 2009).  

 

Hypotonia which is muscle weakness is one of the phenotypes present in DS individuals. 

Studies have shown that individuals with intellectual disabilities generally show motor 

functions deficits throughout development (Palisano et al., 2001). Intellectual disability 

in DS has been widely characterised. To date, only limited studies on the 

pathophysiological and molecular characterisation of hypotonia in DS could be found. 

The causative mechanisms of muscle weakness in DS individuals remains unknown. 

This study intends to determine the dysregulated pathways and differentially expressed 

transcripts (DETs) caused by altered gene dosage of skeletal muscles in the wild type 

and DS mouse model.  

 

Mouse is an invaluable model organism for the study to understand the genomic 

landscape that results in diseases in humans. This is due to its genetic and physiological 

similarities to humans. Orthologs of HSA21 genes are located on 3 mouse chormosomes 

(MMU) namely the telomeric region of MMU16, internal segments of MMU17 and 

MMU10 (Gardiner, 2004). The DS mouse model used in this study is the Ts1Cje which 

contains a segmental triplication of MMU16, from superoxide dismutase 1 (Sod1) (non-

functional) to msh-like 1 (Mx1) (Antonarakis et al., 2004; Richtsmeier et al., 2000; Sago 

et al., 1998).  

 

Ts1Cje exhibits several clinical phenotypes associated with DS individuals, such as 

enlarged brain ventricle, decreased neurogenesis, learning and behavioural deficits 

(Belichenko et al., 2007; Ishihara et al., 2010; Pennington et al., 2003; Reeves et al., 

1995; Sago et al., 2000; Siarey et al., 2005) as well as muscle weakness and poor muscle 

coordination (Bala et al., 2016). Studies have demonstrated that the skeletal muscle 

strength of Ts1Cje is lower than average. Thus, Ts1Cje will serve as an ideal alternative 

model to define the genetic landscape, metabolic profiles and functional aspect of 

skeletal muscle leading to muscle weakness. 
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To date, there has not been any literature related to muscle weakness in Ts1Cje mice. 

Thus, this study aims to determine the underlying mechanisms of muscle weakness by 

studying the transcriptome of the Ts1Cje skeletal muscles. There are two types of skeletal 

muscle fibres, namely the slow twitch (Type I) and fast twitch (Type II) fibres (Boron 

and Boulpaep, 2011). The Type I muscle used in this study is soleus and Type II muscle 

is extensor digitorum longus (EDL).  

 

1.2  Problem Statement 

DS is the most common genetic form of intellectual disability with the estimated 

incidence of Down syndrome worldwide of 1 in 1,000 to 1 in 1,100 live births (World 

Health Organization, 2016). In Malaysia, the incidence of Down syndrome is 

approximately 1 in 800 live births (Ismail et al., 2009). Down syndrome has been linked 

with learning disabilities, characteristic facial dysmorphology, hypocellular brain and 

hypotonia (Antonarakis et al., 2004; Hassold et al., 1996). 

 

Much research on Down syndrome has been focused on learning disabilities and 

hypocellularity of the brain. However, the cause of hypotonia and how trisomy of HSA21 

is linked to hypotonia remains unknown. There is limited literature reporting on the 

functional characterisation, molecular mechanism and metabolic alterations underlying 

muscle weakness in Down syndrome individuals. Motor functions are an integral part of 

the human life and is necessary for even the most basic parts of our daily chores. The 

presence of hypotonia reduces the quality of life of the Down syndrome individuals 

limiting their mobility and ability to carry out basic day to day tasks is limited.  

 

In general, DS children learn to walk, grasp objects and many other fundamental skills 

but their movements lack in precision, appear poorly coordinated and less efficient than 

the movements of normally developing children (Henderson et al., 1981). When 

comparing to normal individuals, both children and adults with DS are slower and more 

variable in reaction time task, clumsy and have poor movement coordination (Anson 

1992). Musculoskeletal conditions have been shown to cause more functional limitations 

in the adult population as compared to other group of disorders which is a major cause 

of years lived with disability in all continents and economies (Woolf and Pfleger, 2003). 

They tend to lose their independence and instead having to depend on carers which in 

turn affects their education and general socio-economic status (Cunningham, 1996). This 

poses a financial impact to the families.  

 

The economic burden of health care costs in the US for infants to 4 years of age with DS 

were found to be 12 to 13 fold higher in average and median medical costs compared 

with children of the same age without DS (Boulet et al., 2008). Another study in Australia 

showed that the total mean annual cost of medical care was $4,209 across age groups 

with a median cost of $1,701 (Geelhoed et al., 2011) where the major costs were 

hospitalisation and ‘other health costs’, comprising costs for therapy and respite care. 

Besides direct financial impact to the family, DS individuals require special care and 

attention for their livelihood. Special healthcare and welfare centres are dedicated to 
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improve the quality of life of the DS individuals which brings about a financial impact 

to the economy. A study in China showed the economic burden for the family and 

societal to be US$47,172 and US$54,871 respectively (Chen et al., 2008). Thus, 

understanding how having DS leads to muscle weakness is important. 

 

Human samples, in particular skeletal muscle samples, are difficult to obtain for research. 

Collection of skeletal muscle samples are very invasive as they usually involve biopsies 

or surgeries leading to various ethical issues. Thus, an alternative animal model such as 

Ts1Cje mice will be a useful substitute to understand the role of gene dosage in hypotonia 

in Down syndrome.  

 

1.3  Hypothesis 

This study hypothesises that differential gene expression due to the partial triplication of 

MMU16 genes causes an alteration of gene dosage, disrupting the molecular pathways 

involved in the development and function of the skeletal muscles and therefore leading 

to muscle weakness.  

 

1.4  Objectives 

General Objective 

This study aims to determine the candidate genes and disrupted molecular pathways due 

to the gene dosage effect in Ts1Cje skeletal muscles that are responsible for muscle 

weakness. 

 

Specific Objectives 

1. To evaluate the expression of selected genes associated with skeletal muscle 

development and function. 

2. To identify the differentially expressed transcripts in adult skeletal muscles of 

wild type and Ts1Cje mouse.  

3. To determine disrupted molecular pathways responsible for hypotonia in 

Ts1Cje mouse. 

4. To validate the selected differentially regulated transcripts and proteins in the 

skeletal muscles of wild type and Ts1Cje mouse. 
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1.5  Significance of Study 

The fundamental knowledge of genotype to phenotype (muscle weakness) correlations 

in Ts1Cje mice model for DS will enhance the current understanding of mechanisms 

underlying muscle weakness. The effort to elucidate the molecular mechanisms 

underlying muscle weakness in Ts1Cje mouse model will serve as fundamental 

knowledge to understand hypotonia in DS individuals. The results of the study will 

eventually be used to formulate targeted investigations in human DS skeletal muscle in 

the future as well as development of more effective therapy for muscle weakness in DS 

individuals. This will potentially lead to improvements in the quality of life of DS 

individuals, later impacting the social and economy of the country positively.  
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