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1. Introduction 
 

1.1 A brief introduction of Selenium 

 

Selenium is an essential trace element which was discovered by the Swedish chemist 

Jöns Jacob Berzelius in 1817. “Selenium” was named after the Greek word for moon, 

selènè. In the early decades of selenium studies, selenium was always related to its toxic 

effect. It was reported that the livestock and insects were poisoned when they consumed 

selenium-accumulating plants (Moxon and Franke 1935; Hurd-Karrer 1936). This view of 

selenium toxicity was gradually shifted into selenium positive effect after 1954. Jane 

Pinsent first presented that selenite, an inorganic form of selenium, is essential for formic 

dehydrogenase synthesis in bacteria (Pinsent, 1954). Three years later, Klaus Schwarz 

and Calvin Foltz discovered that selenium deficiency in the diet caused liver necrosis in 

vitamin E-deficient rats. The condition was alleviated after selenium supplementation 

(Schwarz and Foltz 1957). This was the first time that selenium was recognized as an 

essential trace element in mammals. This remarkable finding guided people to investigate 

the beneficial effect of selenium. Shortly thereafter, Rahman discovered that selenium 

prevented exudative diathesis in chicken and poultry fed with a Vitamin E-deficient diet 

(Rahman et al. 1960). Subsequently, P.D Whanger demonstrated that selenium has a 

positive effect on protecting the lambs from developing white muscle disease (Whanger 

et al., 1969). These early selenium studies on livestock guided people to pay more 

attention on its biological function in the subsequent decades.  

 

1.2 Selenoproteins and their biological functions 

 

The main biological form of selenium is selenocysteine (Sec), the 21st proteinogenic amino 

acid, which is encoded by UGA codon (Labunskyy et al. 2014). Sec is co-translationally 

incorporated into selenoproteins. In the case of selenoproteins, in-frame UGA codon is 

decoded as Sec instead of recognizing as a canonical stop codon. This dedicated UGA 

recoding process required a complex and coordinated translational machinery, which will 

be explained in details in the next chapter. To date, there are 25 selenoprotein genes 

which were identified in human and 24 selenoproteins in mouse (Kryukov et al., 2003). 
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Almost all selenoproteins are recognized as oxidoreductases (Gpx family, Txnrd family, 

Selenow, Selenot etc.), which are mainly involved in maintaining redox homeostasis. 

However, individual selenoprotein serves diverse biological roles in different organs 

(Kasaikina et al. 2012). According to the known physiological functions of selenoproteins, 

selenoproteins are categorized into several families.   

 

1.2.1 Glutathione Peroxidases (Gpx family) 

 

Glutathione peroxidases are a group of critical antioxidant enzymes which are involved in 

the glutathione-dependent reduction of hydrogen peroxide and other hydroperoxides 

(Prabhakar et al. 2006). There are five identified Sec-containing GPXs (GPX1, GPX2, 

GPX3, GPX4, GPX6) in human and four in mice (Gpx1, Gpx2, Gpx3, Gpx4).  

 

Gpx1 is the first identified mammalian selenoprotein by Flohe (Flohe et al. 1973) and 

Rotruck (Rotruck et al., 1973). This cytosolic enzyme catalyzes glutathione (GSH)-

dependent reduction of hydroperoxides to water (Lubos et al. 2011). Gpx1 is the most 

abundant selenoprotein which is ubiquitously expressed in all cell types, particularly in the 

liver. Gpx1 expression is highly regulated by selenium status more than other 

selenoproteins (Sunde et al., 2009). Multiple Gpx1 knockout studies indicated that Gpx1 

is dispensable for surviving, since Gpx1 knockout mice were healthy and fertile. However, 

Gpx1 knockout mice were more susceptible than wild types when exposed to oxidative 

stress (De Haan et al. 1998). Besides its antioxidant function, Gpx1 is also involved in 

insulin signaling. Both Gpx1 knockout and overexpression mouse model studies 

demonstrated that Gpx1 could interfere with insulin sensitivity by regulating intracellular 

reactive oxygen species (ROS) level (McClung et al. 2004 ; Loh et al. 2009).  

 

Gpx2, the gastrointestinal form of glutathione peroxidases, is highly expressed in the 

mucosal epithelium of the gastrointestinal tract (Esworthy et al., 1998). Loss of Gpx2 in 

mice enhanced apoptosis in the intestinal epithelium (Florian et al., 2010). Furthermore, 

double knockout Gpx1-/- Gpx2-/- pups displayed a more severe phenotype in the ileum and 

the colon than Gpx1-/- Gpx2+/- pups under selenium depletion diet (Esworthy et al., 2005), 

indicating that Gpx2 is the predominate Gpx for the gastrointestinal tract.   
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Gpx3 is the only plasma glutathione peroxidase (Takahashi et al., 1987). Gpx3 is 

synthesized in the kidney epithelium and secreted into the plasma, where it plays an 

antioxidant role. The loss of Gpx3 in mice could interrupt the modulation of ROS, resulting 

in platelet activation and arterial thrombosis (Jin et al., 2011). Moreover, clinical studies 

indicated that a decreased level of plasma GPX3 has been associated with an increased 

risk of childhood stroke (Voetsch et al., 2007). The etiology of this disease was that the 

impaired modulation of ROS level, caused by the lack of plasma GPX3, reduced the 

bioavailability of nitric oxide (NO), resulting in abnormal platelet aggregation.  

 

Gpx4 is an unique enzyme among the Gpx family due to its particular ability to reduce 

membrane-bound lipid hydroperoxides (Ursini et al. 1985). The Gpx4 family consists of 

three isoforms: the nuclear isoform (nGpx4), the mitochondrial isoform (mGpx4), and the 

cytosolic isoform (cGpx4). Nuclear isoform nGpx4 was found in a low abundance in the 

somatic cells as well as germ cells. Previous study showed that nGpx4 has been 

associated with chromatin compaction during spermiogenesis (Puglisi et al., 2012). 

Nuclear GPx4, together with protamine, facilitated disulfide bond formation resulting in the 

stability of sperm chromatin (Conrad et al., 2005).  However, nGpx4 knockout mice did 

not show a significant defect in fertility and sperm maturation. Mitochondrial isoform 

mGpx4 is mainly expressed in the germ cells. Mitochondrial Gpx4 knockout mice showed 

infertility in males, demonstrating that mGpx4 is the major isoform in charge of 

spermatogenesis (Schneider et al., 2009). Cytosolic isoform cGpx4 is highly expressed in 

both somatic cells and germ cells. Cytosolic Gpx4 accounts for general Gpx4 function. 

Full knockout of Gpx4 resulted in embryonic lethality around postnatal 7.5 days (Yant et 

al., 2003), indicating a more vital function beyond maintaining the male fertility of mGpx4. 

Subsequent neuron-specific Gpx4 knockout mice showed movement disorders, neuronal 

degeneration and cortical astrogliosis (Seiler et al., 2008). The author also gave an 

explanation in this study that the loss of Gpx4 triggered apoptosis-inducing factor (AIF)-

mediated cell death in neurons. Recently, a novel type of programmed cell death 

“Ferroptosis” has been associated with Gpx4 function (Angeli et al. 2014). Subsequently, 

Gpx4 was defined as a key regulator of ferroptosis (Ingold et al., 2018). Sec-containing 

Gpx4 could prevent ferroptosis by its resistance to overoxidation and irreversible 

inactivation in response to over exceeding ROS level. Apart from Gpx4 mouse studies, 



  10 

patients with GPX4 mutations were identified with the symptom of Sedagathian disease 

(Smith et al., 2014). Sedaghatian-type spondylometaphyseal dysplasia (SSMD) is a lethal 

autosomal recessive disorder characterized by severe metaphyseal chondrodysplasia 

with mild limb shortening, platyspondyly, central nervous system abnormalities. This 

severe clinical phenotype of patients with mutant GPX4 emphasized the importance of 

GPX4.  

 

1.2.2 Thioredoxin reductases (Txnrd family) 

 

Thioredoxin reductases (Txnrds) together with thioredoxin (Txn) and nicotinamide 

adenine dinucleotide phosphate (NADPH) compose a thioredoxin system. The Txnrd 

family is involved in thiol-disulfide exchange reaction, which can regulate intracellular 

redox balance (Arnér, 2009). All three Txnrds (Txnrd1, Txnrd2, Txnrd3) are selenoproteins 

in mammals, which means the Txn system is selenium-dependent.  

 

Txnrd1 is expressed in the cytosol as well as in the nucleus, while Txnrd2 is a mitochondria 

protein (Labunskyy et al., 2014). Patients with homozygous mutations in TXNRD1 

displayed genetic generalized epilepsy. This severe neurological phenotype was ascribed 

to insufficient ROS detoxification caused by decreased TXNRD1 activity (Kudin et al., 

2017). Mouse study also confirmed the importance of Txnrd1 by the fact that Txnrd1 

knockout mice were embryonic lethal around E9 (Jakupoglu et al., 2005). Txnrd1 was also 

often reported in cancer research. Many studies manifested that Txnrd1 has strong 

correlation with carcinogenesis. Knockdown of Txnrd1 could inhibit tumor progression and 

metastases in a xenograft model (Yoo et al., 2006). The mitochondrial protein Txnrd2 is 

more related to cardiac function. Full Txnrd2 knockout mouse are embryonic lethal around 

E13 (Conrad et al. 2006). Subsequent heart specific Txnrd2 knockout mice showed a fatal 

dilated cardiomyopathy (Kiermayer et al., 2015). This phenotype was also identified in the 

patients carrying TXNRD2 missense mutations (Sibbing et al., 2011). Recently, another 

clinical study reported that a patient carrying a homozygous nonsense mutation in 

TXNRD2 showed severe neurodegenerative symptoms, indicating that TXNRD2 also 

plays an important role in neuronal maintenance (Holzerova et al., 2016). Txnrd3 was also 

named as thioredoxin/glutathione reductase, since it contains an N-terminal glutaredoxin 
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domain (not in Txnrd1 and Txnrd2) and a thioredoxin reductase domain (Sun et al., 2005). 

Txnrd3 has a low abundance in all tissues except in testis after puberty (Conrad et al., 

2006). In testis, Txnrd3 catalyzes isomerization of protein and interprotein disulfide bonds 

during sperm maturation (Su et al., 2005). 

 

1.2.3 Deiodinase family (Dio family) 

 

Deiodinases family comprises three paralogous proteins (Dio1, Dio2, Dio3) in mammals. 

All of three deiodinases are involved in the regulation of thyroid hormone metabolism. Fig 

1.1 below explicitly illustrates the thyroid axis and thyroid hormone metabolism.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1.1 Thyroid axis (left) and thyroid hormone metabolism (right): Thyroxine (T4) is 
the main product of thyroid gland. Thyrotropin stimulating hormone (TSH) that is secreted 
by the anterior pituitary regulates the secretion of T4. TSH is also regulated by T4 through 
a negative feedback system. T4 has to be converted into biologically active T3. This 
process is catalyzed by Dio1 and Dio2. Conversely, Dio3 inactivates T4 and T3 to form 
rT3 or T2, respectively. To be noticed, Dio1 is capable of both enzymatic functions: it can 
activate T4 to T3 and inactivate T4 to rT3 (not shown in figure). T4 and TSH level are vital 
indexes of thyroid function test in clinical research (Dumitrescu et al., 2005). 
 

Dio2 is mainly expressed in pituitary and brown fat tissue, while Dio1 is highly expressed 

in liver and kidney. Dio1 and Dio2 are both able to convert T4 to active T3, but with a 

different enzymatic efficiency (Luongo et al. 2019). Although both enzymes play important 
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roles in regulating thyroid hormone metabolism, Dio1, Dio2 single and double knockout 

mice were seemingly healthy (Schneider et al., 2001, 2006; Galton et al., 2009). The 

thyroid hormone test on Dio1 KO mice showed unaltered T3, TSH level and elevated T4, 

rT3 level, while unaltered T3, rT3 level and elevated T4, TSH level in Dio2 KO mice. 

Dio1/Dio2 double knockout mice presented a sum of the thyroid phenotype of Dio1 

knockout and Dio2 knockout mice. On one hand, active T3 level was unaltered in the lack 

of both enzymes, indicating that Dio1 and Dio2 are not essential for maintaining active T3 

level. On the other hand, the dysregulation of T4, rT3 and TSH level in the lack of both 

enzymes evidenced that Dio1 and Dio2 play an essential role in thyroid hormone 

homeostasis. Conversely, Dio3 catalyzes the conversion from T4 to rT3. Elevated active 

T3 level was the main consequence of the deficiency of Dio3. The loss of Dio3 in mice 

results in hyperactivity and central hypothyroidism (Hernandez et al., 2010).  

 

The first patient carrying SECISBP2 (Selenocysteine insertion sequence element binding 

protein 2) mutation was identified due to abnormal thyroid hormone metabolism. 

(Dumitrescu et al., 2005). Thyroid function test showed elevated TSH and T4 levels, while 

active T3 level was decreased. This syndrome of thyroid hormone resistance (RTH) will 

be explicitly introduced in Secisbp2 chapter (see the details in 1.3.5).    

 

1.2.4 Other selenoproteins 

 

Apart from the three mentioned selenoprotein families, there are still dozen of 

selenoproteins under explored. 

 

Selenoprotein P (Selenop) is a unique selenoprotein which contains multiple UGA/Sec 

codons in its open reading frame and two SECIS elements in the 3’ UTR (Hill et al., 2003). 

The function of Selenop is related to this unusual Sec-rich structure, since Selenop 

functions as a plasma selenium transport protein. Genetic targeting of Selenop interrupted 

selenium transport to multiple organs, including the brain (Schomburg et al., 2003). 

Further hepatocyte-specific Selenop knockout mouse studies revealed that plasma 

Selenop was mainly by synthesized in the liver and secreted from the liver (Streckfuß et 

al., 2005). 
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Selenophosphate synthetase 2 (Sephs2) is another special selenoprotein, which is the 

only selenoprotein involved in selenocysteine biosynthesis. In eukaryotes, Sephs2 

catalyzes the formation of active selenium donor, selenophosphate (H2SePO3-) (Xu et al., 

2007). Knockdown of Sephs2 in mice downregulated the expression of several 

selenoprotein which corroborates its role in selenoprotein biosynthesis (Xu et al., 2007).  

 

The selenoproteins (Selenok, Selenos, Selenot, Selenon, Selenom and Selenof) were 

identified as resident selenoproteins in endoplasmic reticulum (ER) (Shchedrina et al., 

2010). The ER serves many important functions in eukaryotic cells, including protein 

folding, protein misfolding quality control, phospholipids and steroids biosynthesis, protein 

transportation, synthesis of secretory proteins and regulation of the cellular calcium ion 

signal (Shchedrina et al., 2010). This specific location (ER) might designate the function 

of these six selenoproteins which are involved in ER-related processes. Selenok research 

was always related to immune system. Calcium flux in immune cells was impaired by the 

lack of Selenok, which consequently resulted in the loss of immune cell functions like cell 

migration, proliferation (Verma et al., 2011). Selenos has been studied along with Selenok 

due to their overlapping roles. Both Selenos and Selenok are involved in ER-associated 

degradation of glycosylated misfolded protein (Shchedrina et al., 2011). Apart from its 

essential role in ER, Selenos also plays an important role in the inflammatory pathway. 

Polymorphisms in the SELENOS gene leads to higher levels of inflammatory markers – 

cytokines, suggesting that SELENOS functions as a mediator of inflammatory response 

(Curran et al., 2005). Selenot is a thioredoxin-like enzyme which is abundantly expressed 

in different organs. In vitro studies confirmed that recombinant Selenot displays a 

thioredoxin reductase-like activity. Selenot knockout mice were early embryonic lethal 

which suggests a pivotal role of Selenot during embryogenesis (Boukhzar et al., 2016). 

Subsequent brain specific Selenot knockout mouse study demonstrated that the loss of 

Selenot leads to dopaminergic neuronal degeneration and motor dysfunction via induced 

oxidative stress (Boukhzar et al., 2016). Malfunction of Selenon is always related to 

muscle diseases. Patients carrying homozygous or compound heterozygous SELENON 

mutations suffered from SELENON-related myopathy (SEPN1-RM), a novel muscle 

disorder. The clinical phenotype of SEPN1-RM includes weakness of the neck and trunk 

muscles in patients which leads to respiratory insufficiency (Moghadaszadeh et al., 2001). 
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Further studies showed that SEPN1-RM is caused by oxidative stress and abnormal 

calcium ion flux which were both triggered by the loss of SELENON (Arbogast et al., 2009). 

Selenom is highly expressed in the brain and plays a protective role in neurons against 

oxidative stress (Reeves et al. 2010). Moreover, Selenom knockout mice displayed 

increased body weight, elevated white adipose tissue deposition and higher serum leptin 

level (Pitts et al., 2013), indicating its potential role in regulating energy metabolism.   

 

Not all selenoproteins are mentioned above, while the function of some selenoproteins 

still remain unclear. However, some of not well-studied selenoproteins are probably not 

essential in humans, since homozygous inactivating alleles of these selenoproteins have 

been found in completely sequenced human genomes (Santesmasses et al. 2020). With 

current knowledge of well-studied selenoproteins, these selenoproteins are vital and 

indispensable for human health by exerting diverse and significant physiological functions.  

 

1.3 Selenoprotein biosynthesis 

 

The core event of selenoprotein biosynthesis is selenocysteine insertion (UGA recoding). 

In mammals, this essential process is facilitated by a complex translational machinery 

which requires several trans-factors and cis-factors, like selenocysteine tRNA[Ser]Sec 

(tRNAsec), Secisbp2, eukaryotic elongation factor for Sec (eEFsec), in-frame UGA/Sec 

codon, selenocysteine insertion sequence (SECIS element) and other non-essential 

SECIS binding proteins (eIf4a3, L30, nucleolin) (Labunskyy et al., 2014). The Fig 1.2 

below illustrates this complex selenoprotein biosynthesis machinery. 
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Fig 1.2 Selenoprotein biosynthesis machinery: This figure displays all the essential 
and non-essential factors which are required for Sec incorporation in response to in-frame 
UGA codon (Labunskyy et al., 2014). (See the text for details) 

 
 

1.3.1 Selenocysteine tRNA[Ser]Sec  
 

Selenocysteine (Sec) is a unique amino acid due to two aspects. One aspect is that Sec 

is encoded by a UGA codon, which was generally designated as a terminal codon (Russell, 

2003). Another aspect is that Sec biosynthesis occurs on its own tRNA, tRNA[Ser]Sec (Jing 

Yuan 2006). In eukaryotes, Sec biosynthesis on tRNA[Ser]Sec goes through several steps. 

Transfer RNA[Ser]Sec is initially aminoacylated with serine by seryl-tRNA synthetase 

(SERS). Then the charged serine-tRNA[Ser]Sec is phosphorylated by phosphoseryl-

tRNA[Ser]Sec kinase (PSTK) to form O-phosphoseryl-tRNA[Ser]Sec (pSer-tRNA[Ser]Sec). 

Inorganic selenium form is converted into active selenium donor (selenophosphate) by 

the presence of Sephs2. The final step is the production of Sec-tRNA[Ser]Sec  by using 

selenophosphate as selenium donor. This reaction is catalyzed by an enzyme, Sep (O-

phosphoserine) tRNA:Sec (selenocysteine) tRNA synthase (Sepsecs) (Xu et al., 2007). 
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Fig 1.3 The biosynthesis of Sec-tRNA[Ser]Sec: The de novo synthesis of Sec (top right) 
and Cys (bottom right) in eukaryotes are shown (Labunskyy et al., 2014). (see the text for 
details)  

 

 

Transfer RNA[Ser]Sec is encoded by transfer RNA Selenocysteine/Phosphoserine (Trsp). 

Since tRNA[Ser]Sec has been described as one of the central components of selenoprotein 

biosynthesis machinery (Gladyshev and Hatfield, 1999), Trsp knockout studies were 

widely applied to elucidate selenoproteome function in individual tissue or cell type. The 

first Trsp full knockout mouse study demonstrated the vital role of selenoproteins for 

survival of the organism and the importance of Trsp for selenoprotein biosynthesis (Bösl 

et al., 1997). Further conditional Trsp knockout mouse studies illustrated that 

selenoproteins are involved in maintaining the healthy status of many organs, cells and 

systems, like liver (Carlson et al., 2004), heart (Shrimali et al., 2007), brain (Wirth et al., 

2010), skin (Sengupta et al., 2010), thyroid (Chiu-Ugalde et al., 2012), prostate (Luchman 

et al., 2014) and immune system (Downey et al., 2009). Recently, a patient with a mutation 
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in tRNA[Ser]Sec  has been identified (Schoenmakers et al., 2016). The patient displayed a 

variety of symptoms, including abdominal pain, fatigue, muscle weakness, and low 

plasma levels of selenium. The clinical phenotype of this patient resembles patients with 

SECISBP2 mutations. 

 

1.3.2 Selenocysteine (Sec)-Specific Eukaryotic Elongation Factor (eEFSec) 
 

Literally, eEFSec is an elongation factor that exclusively delivers Sec-tRNA[Ser]Sec to the 

empty A site of the ribosome in response to an in-frame UGA/Sec codon. Unlike the 

general elongation factor (eEF1A), eEFSec is only able to interact with Sec-tRNA[Ser]Sec 

(Tujebajeva et al., 2000). Recently, the crystal structure of human eEFSec was resolved. 

eEFSec has four domains which are formed in a chalice like structure. Apart from domain 

I,II,III similar to eEF1A, eEFSec contains a unique domain IV (Dobosz-Bartoszek et al., 

2016). This unique domain IV is the key site for Sec-tRNA[Ser]Sec and Secisbp2 binding 

(Dubey et al. 2016).  

 

1.3.3 Selenocysteine insertion sequence (SECIS element) 

 

As mentioned before, in order to ensure that in-frame UGA codon in selenoprotein mRNA 

is decoded as Sec, a stem-loop structure (SECIS element) located in the 3’ UTR of 

selenoprotein mRNA (Berry et al., 1993) and its particular binding protein Secisbp2, are 

required (Copeland et al., 2000).  

 

The eukaryotic SECIS element consists of two helices, an internal loop, an apical loop 

and a GA Quartet (Grundner-Culemann et al., 1999). The GA Quartet is conserved among 

all species (Mariotti et al., 2013). It is composed of four tandem non-Watson-Crick base 

pairs which form a kink-turn motif. This particular kink turn motif is highly flexible, allowing 

the variable conformation of the SECIS element during the interaction with SECIS binding 

proteins (Fletcher et al., 2001). Mutations in GA Quartet lead to impaired Secisbp2 binding 

and a lower efficiency of UGA recoding (Copeland et al., 2000). Apart from conserved GA 

Quartet, the apical loop is relatively variable among the species. In general, SECIS 
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element can be classified into two types by the presence of a bulge in the apical loop 

(Grundner-Culemann et al., 1999).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 1.4 Type 1 and Type 2 of SECIS element: The structure of two types SECIS element 
are illustrated (Chapple et al. 2009). (See the text for the details) 

 
 
 

1.3.4 SECIS binding protein 2 (Secisbp2) 

 

Secisbp2 was identified and purified by anion exchange and RNA affinity chromatography 

(Copeland and Driscoll, 1999). Within this publication, the authors also discovered a 500 

kDa band in activity gel filtration chromatography of Secisbp2 (120 kDa), indicating that 

Secisbp2 might interact with other proteins forming a protein-protein complex. Since then, 

the scientists tried to figure out Secisbp2 function and the mechanism of selenoprotein 

translation. After one year, the same group revealed the dependency of Secisbp2 for Sec 

incorporation both in vivo and in vitro (Copeland et al., 2000). Apart from binding with 
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SECIS element, Secisbp2 was also shown to interact with eEFSec and the ribosomes 

(Kinzy et al., 2005). Secisbp2 was identified as a limiting factor of Sec incorporation (Low 

et al., 2000). Subsequently, three distinct domains of Secisbp2 were identified by using 

site-specific mutagenesis: N-terminal domain (1-399) and C-terminal domain (399-784). 

And C-terminal domain contains Sec incorporation domain (SID) and RNA binding domain 

(RBD) (Allmang et al., 2002; Caban et al., 2007). The C-terminal domain of Secisbp2 

accounts for full function of Secisbp2: SECIS element binding, interaction with eEFSec 

and ribosome binding. In details, RBD domain contains a conserved L7Ae domain 

(Allmang et al., 2002). Previous studies revealed that this L7Ae domain could specifically 

interacts with the kink-turn of the SECIS. The mutagenesis of RBD domain resulted in 

impaired SECIS binding (Fletcher et al., 2001). RBD domain is indispensable but not 

sufficient for Sec incorporation. SID domain is also involved in Sec incorporation. Although  

SID domain does not interact with SECIS element directly, SID domain can enhance the 

affinity between SECIS element and RBD domain (Donovan and Copeland, 2009).  
 

The function of the Secisbp2 N-terminal domain still remains unclear, since SID and RBD 

are sufficient for Sec incorporation in vitro (Copeland et al., 2000). The N-terminal domain 

contains a lysine-rich nuclear localization sequence (NLS). Previous studies showed that 

oxidative stress induced nuclear accumulation of Secisbp2 by NLS motif regulation (Papp 

et al., 2006). Additionally, the N-terminal of Secisbp2 underwent several splicing events. 

Some of the splicing events altered the open reading frame which lead to a premature 

stop codon. However, these splicing forms could be initiated from down-stream ATG start 

codons (Met 233, Met 300 etc.). Interestingly, all of these splicing isoforms contain the 

NLS motif (Papp et al., 2008). Although the N-terminal domain does not play a role in Sec 

incorporation, it might be involved in Secisbp2 translocation and Secisbp2 function in the 

nucleus.  

 

1.3.5 Human SECISBP2 mutations 

 

Clinical studies corroborated the importance of SECISBP2 and gave us some hints about 

SECISBP2 functions. To date, 13 individuals with either homozygous or compound 

heterozygous mutations in 11 families have been identified. In general, the clinical 
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phenotypes of patients carrying SECISBP2 mutations are relatively modest but variable 

(Schoenmakers and Chatterjee, 2020).  

 

The first family carrying homozygous SECISBP2 mutation (R540Q), which locates in SID 

domain, was identified in 2005. The patient displayed the short stature and delayed bone 

age. Therefore, patient was under thyroid hormone test. The thyroid hormone test showed 

the elevated TSH, T4 and rT3 levels and reduced active T3 level. Further test confirmed 

that the defect of the conversion from T4 to active T3 was caused by DIO2 deficiency. 

Apart from DIO2 deficiency, GPX activity and serum SELENOP were also grossly reduced 

in the patients (Dumitrescu et al., 2005).  

 

Another patient carrying missense compound heterozygous mutations (C691R, fs65X and 

fs76X), locates in RBD domain, was identified in 2010. The child patient presented a 

global development delay, muscle weakness and mild bilateral high-frequency hearing 

loss. Subsequently, the thyroid hormone test showed elevated T4 level, normal active T3 

level and normal TSH level in the patient. The serum selenium level was reduced together 

with plasma GPX3 and selenium transporter SELENOP. Muscle phenotype was similar to 

SELENON-related myopathy which leads the author to measure SELENON level. 

Reduced SELENON level is comparable to a case carrying SELENON mutation(Arbogast 

et al., 2009). In vitro, the antioxidative capacity of patient’s fibroblast was decreased due 

to a general reduction of selenoproteins (Schoenmakers et al., 2010).  

 

Both mutant SECISBP2 lead to a general selenoprotein deficiency, but with distinct clinical 

outcomes. Therefore, the correlation between phenotype and genotype on molecular 

basis need to be elucidated by generating mutant Secisbp2 mouse models. 

 

1.3.6 Secisbp2 mouse model  

 

The first full Secisbp2 knockout mouse model was generated by my former colleague 

Sandra Seeher. However, the homozygous Secisbp2 knockout mice were embryonic 

lethal around E 7.5 (Seeher et al., 2014). To overcome this embryonic lethality, tamoxifen-

inducible and tissue specific Secisbp2 conditional knockout mouse models were 



  21 

generated subsequently (Fu et al., 2017; Seeher et al., 2014). The tamoxifen-inducible 

full Secisbp2 knockout mouse model replicated the abnormal thyroid phenotype of 

patients carrying SECISBP2 mutation, as the elevated T4, rT3 level, as well as reduced 

deiodinases activity. However, active T3 level was unaltered in Secisbp2 knockout mice 

resembling Dio1 and Dio2 double knockout mice, while active T3 level was decreased in 

SECISBP2 patients. Not surprisingly, a global reduction of selenoproteins was also 

observed in this mouse model. In order to investigate tissue-specific effect, our group 

generated hepatocyte (Alb-Cre) and neuron (Camk-Cre) specific Secisbp2 knockout 

mouse models (Seeher et al., 2014). Hepatocyte specific Secisbp2 knockout mice did not 

show any obvious phenotype. Alanine-aminotransferase and aspartate-aminotransferase 

activities were not significantly increased, suggesting that there was no overt liver damage 

in the lack of Secisbp2 (Seeher et al., 2014). Selenoprotein mRNA and protein levels were 

generally reduced. However, the reduction of individual selenoproteins were quantitatively 

different. Several selenoprotein mRNAs are the canonical targets of non-sense mediated 

decay (NMD) when in frame UGA/Sec codon cannot be recoded. Accordingly, potential 

NMD targets, as Gpx1 and Dio1, were grossly reduced. Non-NMD targets, as Txnrd1 and 

Selenoi, remained unchanged. It was proposed that apart from its function in Sec 

incorporation, Secisbp2 also plays a role in stabilizing selenoprotein mRNA by preventing 

mRNA degradation. In contrast to the mild phenotype found in hepatocyte-specific 

Secisbp2 knockout mice, neuron-specific knockout mice showed lower body weight and 

body length, movement disorders and rarely survived over 21 days. A loss of GABAergic 

parvalbumin positive interneurons in primary somatosensory cortex and striatum was 

detected as well as massive astrogliosis in the deeper cortical layers (Seeher et al, 2014). 

Accordingly, selenoprotein mRNA and protein levels were reduced in neuron specific 

Secisbp2 knockout mouse cortex. However, the effect of Secisbp2 deficiency on individual 

selenoprotein is variable. The mRNA and protein levels of Gpx1 and Selenow were 

grossly reduced. While Gpx4 mRNA was unaltered, Gpx4 protein level was remarkable 

decreased. Therefore, a systematic and detailed research on individual selenoprotein was 

required. 

 

Ribosome profiling is a novel and robust methodology which provides a deep and detailed 

insight into translational process (Ingolia 2014). This technique is a perfect tool to 
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investigate the mechanism of selenoprotein biosynthesis from the side of translation. The 

information obtained from deep sequencing of ribosome protected mRNA fragments 

(RPFs) could reveal ribosome stalling, the speed of elongation, identifying the alternative 

initiation sites and frameshift as well as evaluation of UGA recoding in selenoprotein 

translation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Fig 1.5 The workflow of ribosome profiling on selenoprotein mRNAs: The Schematic 
of ribosome profiling. Monosomes are isolated by digesting polysomes with RNase. After 
full digestion of monosomes, RPFs are obtained and subsequently sequenced. Then 
RPFs are mapped to the transcripts which indicates the location of translating ribosomes. 
(Fradejas-Villar et al., 2017) 
 

 

The second study on the hepatocyte-specific Secisbp2 knockout mouse model used 

ribosome profiling for exploring Secisbp2 functions on individual selenoprotein 

biosynthesis (Fradejas-Villar et al., 2017). The profiling data showed that there was an 



  23 

80 % reduction of selenoprotein 3’RPF in the Secisbp2 knockout mouse liver, indicating 

that the lack of Secisbp2 highly affected UGA recoding. RNA-seq data was also performed 

in order to normalize RPFs by the amount of mRNA. By combining two datasets, 

selenoprotein was classified into three categories due to the loss of Secisbp2: (1) those 

selenoprotein levels were significantly reduced due to degradation of selenoprotein 

mRNAs like Gpx1, Selenow, Selenop, Dio1. (2) those selenoprotein levels were grossly 

reduced (3’RPFs), but their mRNA levels remained unchanged, like Gpx4, Selenof. (3) 

those selenoprotein mRNA and protein levels were both unaltered, like Txnrd1, Selenos. 

However, by integrating all the parameters and information (NMD rule, the type of SECIS 

element, the position of UGA/Sec codon), no overall mechanism was found to account for 

this selenoprotein expression pattern. Therefore, the authors suspected a gene-specific 

response to the loss of Secisbp2 according to their individual role in specific tissues. 

 

Although a global selenoprotein deficiency was observed in the patients with SECISBP2 

mutation, mutant SECISBP2 differentially affect selenoprotein expression. Therefore, by 

using ribosome profiling, a systematic study on how the mutant Secisbp2 affect individual 

selenoprotein translation was necessary.   

 

1.4 Translating ribosome affinity purification (TRAP) 

 

The cellular diversity of heterogeneous tissue obstructs gene-function studies in a specific 

cell type, such as neurons in the mammalian central nervous system (CNS). A novel 

methodology, translating ribosome affinity purification (TRAP), is one way to address this 

challenge (Doyle et al., 2008). Single cell RNA-Seq represents an alternative way, 

however, it cannot give information on translational level (Shapiro et al. 2013). The 

strategy of TRAP is that firstly genetically modified ribosomal protein (Rpl10, large 

ribosome subunit protein 10) is tagged with an enhanced green fluorescent protein (EGFP) 

under a Cre-loxp system (Zhou et al., 2013). Rpl10-EGFP is exclusively expressed in the 

specific cell type, depending on the specificity of Cre recombinase, such as Alb-Cre for 

hepatocytes in liver or CamK-Cre for neurons in brain. Then cell-specific translating 

polysomes are pulled down by GFP antibodies attached to magnetic beads. Eventually, 
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translating mRNA in specific cell type can be purified by RNA extraction kits and further 

analyzed by qPCR, Northern blot or RNA-Seq.  

 

The first application of TRAP was to identify cell-specific enriched transcripts for 24 CNS 

cell populations (Doyle et al., 2008). Thousands of cell-specific mRNAs, which were not 

detected in whole-tissue studies, were identified. Since EGFP is exclusively expressed in 

the cell of interest, EGFP fluorescence could be also utilized to localize the cell of interest. 

Therefore, a cellular taxonomy in the CNS was also well-defined by performing TRAP. 

Subsequently, TRAP has been widely used for either identifying the markers of specific 

cell type or discovering gene regulation of specific cell type under physiological 

perturbations,  as identifying candidate markers in preoptic sleep neurons (Chung et al., 

2017) and Purkinje cells (Kratz et al., 2014), the pattern of excitatory neuronal gene 

expression in long term potential (Chen et al., 2017),  cholinergic-neuronal gene regulation 

in neurodegenerative disease (McKeever et al., 2017). After being validated by numerous 

studies, TRAP has become a solid, promising method for the study of cell-specific 

transcripts in complex tissue. However, TRAP has more potential applications by coupling 

with other methods. Recently, TRAP was coupled with ribosome profiling protocol 

(Sapkota et al., 2019). Instead of completely digestion after pulling-down polysomes by 

TRAP, RNaseI was applied to pulling-down polysomes for digesting only unprotected 

mRNA fragment. As described in ribosome profiling before, RPFs of cell of interest were 

captured. Eventually, RPFs were deep sequenced (Sapkota et al., 2019). This 

combination (TRAP-RP) could provide translational information of a specific cell type in a 

codon resolution, which breaks the limitation of both methods.  

 

In order to establish and validate this robust TRAP in our lab, one of our mouse models 

(CamK-Cre Trit1 knockout) has been used as a trial. Transfer RNA isopentenyltransferase 

1 (Trit1) accounts for tRNA modification N6-isopentenyladenosine (i6A37) in several 

tRNAs (Fradejas et al., 2013). The lack of i6A37 modification leads to translational infidelity. 

Differential analysis of RNA-seq datasets of CamK-Cre Trit1 mice and wild types showed 

that a bunch of upregulated genes were involved in integrated stress response (ISR), and 

a bunch of downregulated genes were cytoskeleton-related in CamK-Trit1 KO mouse 

cortex. More detailed information about CamK-Cre Trit1 knockout mouse model can be 
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obtained from Dr. Simon Bohleber’s doctoral thesis (Einfluss der tRNA Modifikation i6A37 

auf die Translation in Säugern und deren Mitochondrien). Instead of collecting the 

information from the transcripts of all the cell types in the cortex, neuronal transcripts will 

be particularly captured and analyzed by performing TRAP. The validation of TRAP on 

CamK-Trit1 KO mice will be multifaceted. 
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2. Material and Methods 
 

2.1 Material 

 

2.1.1 Chemicals and disposable materials 

 

All the used chemicals in the lab were purchased from the manufacturers below: Sigma-

Aldrich, Merck, Applichem, Thermo Fisher Scientific, Qiagen and Roche. The disposable 

materials in the lab were purchased from the manufacturers below: Eppendorf, Sarstedt, 

Bio-Rad, Medltrade.  

 

 

2.1.2 Commercial Kits 

 

Table 2.1: Commercial Kits 

Commercial Kit Manufacturer  Accession Number 

Absolute qPCR SYBR Green 

Fluorescein Mix 

ThermoFisher        AB-1219/B 

iScript cDNA Synthesis Bio-Rad       1708891 

Pierce BCA Protein ThermoFisher        23225 

SuperSignalTM West Dura ThermoFisher        34095 

TRIzol ThermoFisher       15596026 
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2.1.3 Equipment  

 

Table 2.2: Equipment 

Equipment  Manufacturer 

Nanodrop 2000 Thermo Fisher Scientific 

Plate reader Infinite 200 Pro Tecan 

Zeiss Axioplan 2 Carl Zeiss 

Centrifuge 5471C 

Centrifuge 5417R  

Centrifuge 5810R 

Thermomixer comfort 

Eppendorf 

Eppendorf 

Eppendorf 

Eppendorf 

Vortex IKA VF2 

Pipettes (0.1-2.5 µl, 0.5-10 µl, 10-100 µl, 100-1000µl) 

Mastercycler Nexus GSX1 

Janke & Kunkel 

Eppendorf 

Eppendorf 

Mastercycle EPgradients Eppendorf 

Classic Gel documentation 

Cryosection CM 3050S 

Vibratome VT 1000S 

Electrophoresis Powersupply E802 

Balance BP2100S 

pH-Meter 761 Calimatic 

Rotarod 

Electrophoresis System 

Tapestation 2000 

Incubator 

Fusion Solo imaging system 

Shaker #3016 

Intas 

Leica 

Leica 

Consort 

Sartorius 

Knick 

Jones & Roberts 

BioRad 

Agilent 

Heraeus  

Vilber Lourmat 

GFL 
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2.1.4 Software 
 

Table 2.3: Software 

Software Manufacturer 

Mendeley v1.19.4 

Axiovision 4.1  

ImageJ 1.48 

GraphPad Prism 7 

Microsoft Office 2016 16.16.9 

Adobe photoshop CS6 

Elsevier 

Carl Zeiss 

NIH 

GraphPad Prism Software 

Microsoft (Germany) 

Adobe (Germany) 

 

 

2.1.5 The approval of mouse study 
 
 
Mouse studies were approved by the authorities in Berlin and Nordrhein-Westfalen: 

approval numbers G0468/09 and T0458/09 and approval number 84-02.04.2012.A146. 

The generation of the mice was performed by my former colleague Sandra Seeher. The 

mice were bred and matured in the animal facility of Haus für Experimentelle Therapie 

(HET) at University of Bonn.  
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2.2 Method 

 

2.2.1 Genotyping of CamK-RQ, CamK-CR, Alb-RQ and Alb-CR mice 

 

The ear punches from mice were collected in 1.5 ml reaction tubes. The tissue was lysed 

in 100 µl Alkaline buffer (25 mM NaOH, 0.2 mM EDTA, PH 12) in the thermomixer at 95 °C 

for 1 h. Subsequently, one hundred microliter Neutral Buffer (0.04 mM Tris-HCl, 22 mM 

HCl PH 6) was added for neutralization. One microliter of the resulting lysate was applied 

for PCR reaction. PCR protocols are given in table 2-4, 2-5, 2-6, 2-7 and 2-8. The used 

primers are available in table 2-9. At the meantime, a 2% Agarose gel (2g Agarose powder 

in 100 ml 1x TBE Buffer (0.1M Tris, 0.1M Boric acid, 2 mM Na2EDTA) with 3 µl HD Green 

Plus DNA Stain. The agarose gel was prepared by overheating in the microwave and 

cooling to room temperature. Twenty-five microliter PCR product from each sample was 

mixed with 5 µl 6x Loading Buffer (0.25 % Bromophenol blue, 30 % Glycerol). After loading 

of the total sample amount and 7 µl DNA ladder (Thermo Fisher), 125 V where applied for 

40 minutes onto the gel. Afterwards, the bands were visualized by UV light.  
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Table 2.4: Genotyping reaction of Alb-Cre 

PCR Component  PCR Program 

dH2O                                             22.3 µl 

10x Buffer                                           3 µl 

5 mM dNTPs                                   1.5 µl 

10 µM Alb-Cre fwd                             1 µl 

10 µM Alb-Cre rv                                1 µl 

5 U/µl Taq Polymerase                                1 µl                                 

Genomic DNA                                    1 µl 

Total                                                 30 µl 

  

94 °C            5 min 

 

94 °C            30 sec 

57 °C              30 sec   35 cycles 

72 °C            45 sec 

 

72 °C            3 min 

 

 

 

 

 

Table 2.5: Genotyping reaction of CamK-Cre 

PCR Component  PCR Program 

dH2O                                             22.3 µl 

10x Buffer                                           3 µl 

5 mM dNTPs                                   1.5 µl 

10 µM CamK-Cre fwd                        1 µl 

10 µM CamK-Cre rv1                         1 µl 

10 µM CamK-Cre rv2                         1 µl 

5 U/µl Taq Polymerase                             0.2 µl                                 

Genomic DNA                                    1 µl 

Total                                                 30 µl 

  

94 °C            5 min 

 

94 °C            30 sec 

57 °C              30 sec   35 cycles 

72 °C            45 sec 

 

72 °C            3 min 
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Table 2.6: Genotyping reaction of Secisbp2 floxed 

PCR Component  PCR Program 

dH2O                                            21.38 µl 

10x Buffer                                           3 µl 

5 mM dNTPs                                    1.5 µl 

50 mM MgCl2                                      1 µl 

10 µM Secisbp2 floxed fwd                1 µl 

10 µM Secisbp2 floxed rv                   1 µl 

5 U/µl Taq Polymerase                       0.125 µl                                 

Genomic DNA                                    1 µl 

Total                                                 30 µl 

  

94 °C            5 min 

 

94 °C            30 sec 

60 °C              45 sec   35 cycles 

72 °C            45 sec 

 

72 °C            3 min 

 

 

 

 

 

Table 2.7: Genotyping reaction of Secisbp2 R543Q 

PCR Component  PCR Program 

dH2O                                             21.3 µl 

10x Buffer                                          3 µl 

5 mM dNTPs                                   1.5 µl 

50 mM MgCl2                                     1 µl 

10 µM Secisbp2 R543Q fwd              1 µl 

10 µM Secisbp2 R543Q rv                 1 µl 

5 U/µl Taq Polymerase                             0.2 µl                                 

Genomic DNA                                    1 µl 

Total                                                 30 µl 

  

95 °C            3 min 

 

95 °C            30 sec 

58 °C              45 sec   35 cycles 

72 °C             1 min 

 

72 °C             3 min 
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Table 2.8: Genotyping reaction of Secisbp2 C696R 

PCR Component  PCR Program 

dH2O                                             21.3 µl 

10x Buffer                                           3 µl 

5 mM dNTPs                                   1.5 µl 

50 mM MgCl2                                     1 µl 

10 µM Secisbp2 C696R fwd              1 µl 

10 µM Secisbp2 C696R rv                1 µl 

5 U/µl Taq Polymerase                            0.2 µl                                 

Genomic DNA                                    1 µl 

Total                                                 30 µl 

  

95 °C              3 min 

 

95 °C            45 sec 

60 °C              45 sec   35 cycles 

72 °C              1 min 

 

72 °C              3 min 

 

 

 

Table 2.9: Genotyping primer list 

Gene Sequence 

Alb-Cre fwd 

Alb-Cre rv 

ACCTGAAGATGTTCGCGATTATCT     

ACCGTCAGTACGTGAGATATCTT      

CamK-Cre fwd 

CamK-Cre rv1 

CamK-Cre rv2 

 

 

GGTTCTCCGTTTGCACTCAGGA 

CCTGTTGTTCAGCTTGCACCAG 

CTGCATGCACGGGACAGCTCT 
Secisbp2 floxed fwd 

Secisbp2 floxed rv 

TGTTTCTATTCTCATCTACTCTGCTCA 

TAACTCCCCCTTTCCATCTG 

Secisbp2 R543Q fwd 

Secisbp2 R543Q rv 

GTTCTGGTTTGATGTTTTGGTTCC 

AGGCCACAGTCCTATGGTTG 

Secisbp2 C696R fwd 

Secisbp2 C696R rv 

TGCAGCCAGATGCTTAGTAAAG 

AGGTCAGGCTAACTGCTGGA 
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2.2.2 Sample preparation and storage 

 

The mice were killed in accordance with the guidelines of the Animal Welfare. The mice 

were anesthetized by carbon dioxide inhalation and then decapitated. Brain and liver were 

removed after sacrifice. The tissue was then snap-frozen in liquid nitrogen and stored at 

- 80 °C if not used immediately. The samples were used for RNA isolation, Western blot, 

RNA-seq, 3’RNA-seq.  

 

For immunohistochemistry, the mice were anesthetized by carbon dioxide inhalation and 

then transcardially perfused by 1x phosphate-buffered saline (PBS) and 4% 

paraformaldehyde (PFA). Then the intact brain was removed and fixed in 4% PFA 

overnight at 4 °C. Eventually, the brain was gently washed with 1x PBS to remove 4% 

PFA. Fixed brain was stored in 1x PBS at 4 °C and ready for sectioning by the vibratome.  

 

2.2.3 Real-time Polymerase Chain Reaction (RT-PCR) 

 

2.2.3.1 RNA isolation 

 

Fifty micrograms of each sample were used for RNA isolation. The samples were 

homogenized in 1 ml TRIzol with a hand homogenizer. The well-homogenized samples 

were incubated for 5 minutes for completely dissociation. After addition of 200 µl 

chloroform, the samples were mixed and incubated for 2 minutes at room temperature. 

Afterwards the samples were centrifuged for 15 minutes at 12000 x g at 4 °C. The aqueous 

phase was transferred to a new 1.5 ml tube and 500 µl (1.5 volumes) of isopropanol was 

added. The samples were incubated for 10 minutes at room temperature and centrifuged 

for 10 minutes at 12000 x g at 4 °C. The supernatant was discarded with a tiny pipette. 

The pellet was resuspended by adding 1 ml 75% ethanol and then centrifuged for 5 

minutes at 7500 x g at 4 °C. The supernatant was discarded again with a pipette. The 

pellet was air-dried for 10 minutes, resuspended by adding 30 µl RNase-free water and 

then incubated at 55 °C for 15 minutes. Total RNA concentration was determined by 

Nanodrop. 
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2.2.3.2 cDNA synthesis  
 

cDNA synthesis was performed by following by the iScript cDNA Synthesis Kit protocol. 

The composition of the reaction as well as the temperature program is available in Table 

2-10. After reaction, the samples were diluted 1:10 with dH2O and stored at -20 °C. 

 

 

 

 

 

Table 2.10: cDNA synthesis reaction mix and program 

Reaction components  Program 

iScript Reaction Buffer                       4 µl 

Reverse Transcriptase                      1 µl 

RNA                                                   1 µg 

dH2O                                            ad 20 µl 

25 °C            5 min 

46 °C           20 min 

95 °C             1 min 
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2.2.3.3 RT-PCR 
 

The RT-PCR was followed by SYBR Green Fluorescein Mix protocol. The reaction mix 

and RT-PCR program are available in Table 2-11. The primer sequences were listed in 

Table 2-12. To be noticed, the cDNA templates from previous step were diluted 1:10 with 

RNase-free water.  

 

 

 

 

 

Table 2.11: RT-PCR reaction mix and program 

PCR Component  PCR Programm 

SYBR Green Mix                           12.5 µl 

10 µM Primer fwd                           0.25 µl 

10 µM Primer rv                             0.25 µl 

cDNA template (1:10)                        5 µl 

RNase-Free Water                             7 µl 

Total                                                 25 µl 

  

95 °C            15 min 

 

95 °C            30 sec 

60 °C             45 sec   40 cycles 

72 °C            30 sec 

 

72 °C              3 min 
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Table 2.12: RT-PCR Primer list 

Gene Sequence (5’ to 3’) 

Gpx1 fwd 

Gpx1 rev 

ATCAGTTCGGACACCAGGAG    

CATTCCGCAGGAAGGTAAAG     

Gpx4 fwd 

Gpx4 rev1 

 

ATGCCATCAAATGGAACTTTAC 

GTGTAGGGGCACACACTTGTA 

Selenop fwd 

Selenop rev 

GTTGAAGAAGCCATTAAGATCG 

ATTCTCTGAAGGCTTACTGCTG 

Selenow fwd 

Selenow rev 

CAGCTCAAGGAGAAGCTAGAAC 

 

GGAACTTGCTCTCTGTATCCAC 
Selenot fwd 

Selenot rev 

GGCTTAATAATTGTTGGCAAAG 

TATCTCAAATGCACCTGTTGAC 

 

 Sephs2 fwd 

Sephs2 rev 

TAGCTTGTGCCAATGTGCTC 

TAATCCACGGGTTGACCACT 

18s rRNA fwd 

18s rRNA rev 

 

TTGACGGAAGGGCACCACCAG 

GCACCACCACCCACGGAATCG 

Actb fwd 

Actb rev 

AGTGTGACGTTGACATCCGT 

TGCTAGGAGCCAGAGCAGTA 
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2.2.4 Western Blot 

 

2.2.4.1 Sample preparation 

 

Two hundred microliter RIPA lysis buffer (50 mM Tris-HCl (pH7.5), 150 mM NaCl, 1% NP-

40, 0.5 % deoxycholate, 0.1 % SDS, 1x protease inhibitors cocktail, 1 mM DTT) was 

added into each tube for the lysis of the samples. The samples were well homogenised 

by a homogenizer on ice and then centrifuged for 10 minutes at 15000 x g at 4 °C. The 

supernatant was transferred to a new pre-chilled tube on ice.  

 

2.2.4.2 Protein quantification 

 

Protein quantification was performed following the BCA Protein Assay Kit protocol. The 

standards were prepared in following concentrations: 2.0, 1.5, 1.3, 1.0, 0.75, 0.5, 0.375, 

0.25, 0.1875, 0.125, 0.0625 and 0.0 µg/µl BSA in 1.5 ml tubes. 10 µl of each standard, 2 

µl of each sample and blank (RIPA lysis buffer) were added into 240 µl (for samples) and 

248 µl (for standards) pre-mixed solution A and B in the kit, respectively. 220 µl of each 

standard and sample was incubated at 37 °C for 30 minutes and then transferred onto 96 

wells plate. The absorbance was measured at 562 nm on the Tecan plate reader. Protein 

concentration was calculated by the standard curve formula. The working dilution of 

samples (2 µg/µl) was prepared with 4x Laemmli buffer (8 % SDS, 40 % glycerol, 0.01 % 

Bromophenol Blue, 0.2572 M Tris-HCl (pH 6.8), dH2O) according to calculated protein 

concentration. The samples were stored at -20 °C if not used immediately. 

 

2.2.4.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS Page) 

 

SDS page is a technique used to separate the proteins according to their sizes. The effect 

of different shapes and charges of proteins can be eliminated by adding Dithiothreitol (DTT) 

and SDS. The proteins can be separated depending on the individual mobility in a 

polyacrylamide gel. The Bio-Rad gel caster system was used for the SDS pages. The 

recipes of stacking gel and resolving gel were available in Table 2-13. 
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Table 2.13: The component of SDS PAGE gel 

Component 12 % Resolving Gel (40ml) 5% Stacking Gel (18ml) 

H2O 

1.5 M Tris-Cl pH 8.8 

40% acrylamide 

20% SDS 

10% APS 

TEMED 

17.4 ml 

10 ml 

12 ml 

200 µl 

400 µl 

40 µl 

11 ml 

4.5 ml 

2.25 ml 

90 µl 

180 µl 

18 µl 

 

 

Prior loading, the samples were incubated in a thermal block at 95 °C for 10 minutes and 

pulse centrifuged. 50 µg liver protein and 100 µg brain protein were applied for gel 

electrophoresis, respectively. 7 µl protein marker was loaded as an indicator of protein 

size. The polyacrylamide gel was running in running buffer (25 mM Tris-HCl, 190mM 

glycine, 0.1% SDS) under 90 V until the front bromophenol blue line reached the resolving 

gel and then under 120 V until the front line reached the bottom.  

 

2.2.4.4 Membrane transfer and immunoblot 

 

After gel electrophoresis, the stacking gel was cut and discarded. The remaining resolving 

gel was rinsed in the transfer buffer (25 mM Tris-HCl, 290 mM glycine, 20 % methanol) 

together with whatman paper and 0.2 µm nitrocellulose membrane. The semi-dry transfer 

system was running under 23 V for 1 h. After the transfer, the membrane was rinsed in 

ponceau red solution (0.1% Ponceau in 5 % acetic acid) for checking the quality of transfer. 

Then the membrane was incubated in blocking solution (5 % milk powder in TBST) at 

room temperature for 1 h and then with diluted primary antibody solution at 4 °C overnight 

(table 2-14). On the following day, the primary antibody solution was removed and 

recycled. The membrane was washed 3 times 10 minutes each with TBST (20 mM Tris-

HCl, 150 mM NaCl, 0.1 % Triton x100) and then incubated with corresponding secondary 

antibody solution (1 % milk powder in TBST) on a shaker at room temperature for 1 h. 

Again, the membrane was washed 3 times 10 minutes each with TBST. Eventually, the 

detection was performed by Fusion Solo imaging system using Supersignal West Dura.  
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Table 2.14: The list of Western Blot Antibodies 
Antibody Dilution Manufacturer 

Primary Antibody: 

Anti-Gpx1 (rabbit) 

Anti-Gpx4 (rabbit) 

Anti-Txnrd1 (rabbit) 

Anti-Selenot (rabbit) 

Anti-Selenom (rabbit) 

Anti-Sephs2 (mouse) 

Anti-Selenow (mouse) 

Anti-Selenos (rabbit) 

Anti-Secisbp2(rabbit) 

Anti-b-actin (mouse) 

 

1:1000 

1:1000 

1:1000 

1:250 

1:1000 

1:1000 

1:2000 

1:1000 

1:1000 

1:25000 

 

Abcam 

Abcam 

Abcam 

Sigma Aldrich 

Sigma Aldrich 

Rockland 

Rockland 

Sigma Aldrich 

Proteintech 

Sigma Aldrich 

Secondary Antibody: 

HRP goat anti-mouse 

HRP goat anti-rabbit 

 

1:15000 

1:15000 

 

Jackson Immunotech 

Jackson Immunotech 
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2.2.5 Immunohistochemistry 

 

The mice were transcardially perfused with 1x PBS and then 4% Paraformaldehyde (PFA). 

After rapid dissection, brains were post-fixed in 4% PFA overnight and then washed three 

times with 1 x PBS for 10 minutes at room temperature. Seventy micrometer brain slices 

were cut by vibratome and placed in 1 x PBS in 24 well plate. Then the brain slices were 

washed 3 times for 5 minutes with 1 x PBST and soft shaking. Two percent BSA (Bovine 

serum albumin) in 1 x PBST was used as blocking solution for 1 h incubation. The brain 

slices were incubated with primary antibodies at 4 °C overnight and washed 3 times for 5 

minutes by 1 x PBST with soft shaking. The corresponding secondary antibodies were 

applied and incubated for 1 h. After incubation, the brain slices were washed 3 times 5 

minutes by 1 x PBS and then placed on the glass slides. The glass slides were mounted 

by Mowiol and then covered by coverslips. The images were captured by Zeiss Axioplan 

2 microscope and operated by Axiovision software. The cell counting was performed by 

using ImageJ.  

 

 

 

Table 2.15: The list of Immunohistology Antibodies 

Antibody Dilution Manufacturer 

Primary Antibody: 

Anti-Parvalbumin (rabbit) 

Anti-GFAP (mouse) 

Anti-Iba1 (rabbit) 

 

1:5000  

1:1000  

1:1000  

 

Swant 

Sigma Aldrich 

Wako 

Secondary Antibody: 

Alexa 488 goat anti-rabbit 

Dylight 488 donkey anti-mouse 

Cy3 donkey anti rabbit 

 

1:1000  

1:1000  

1:1000  

 

Jackson Immunotech 

ThermoFish Scientific 

Jackson Immunotech 
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2.2.6 High throughput sequencing (3’ mRNA Sequencing, RNA Sequencing, Ribosome 

Profiling) 

 

RNA sequencing is widely used for analyzing differential gene expression between control 

and experimental group. RNA from mouse cortex was isolated by following RNeasy Mini 

Kit protocol. The RNA-Seq library was prepared by following NEBNext Small RNA Library 

Prep Set Guide. Subsequently, the samples were sequenced by using Illumina HiSeq 

2000. The sample preparation was performed by my colleagues Dr. Noelia Fradejas Villar 

and Dr. Simon Bohleber. Sequencing was performed by Dr. Brian Dalley in the University 

of Utah.  

 

Three prime RNA sequencing is a newly developed RNA sequencing technology. The 

dataset produced by 3’ mRNA sequencing is highly overlapping with RNA sequencing 

dataset and reproducible between biological replicates (Ma et al., 2019). Compared to the 

conventional RNA sequencing, 3’ mRNA sequencing has relatively lower cost and simpler 

library preparation protocol. Total RNA was isolated by following TRIzol protocol. The 3’ 

mRNA sequencing library was prepared by following QuantSeq 3’mRNASeq Library Prep 

Kit Guide by our university intern core facility. Subsequently, the samples were sequenced 

by using Illumina HiSeq 2500. The sequencing was performed by Dr. André Heimbach in 

the Next Generation Sequencing Faculty of University of Bonn.  

 

Ribosome profiling is a robust method to detect the location of translating ribosomes on 

mRNAs and assess the translational process (Ingolia 2014). For ribosome profiling, 50 

mg mouse cortex was homogenized in the 1 ml lysis buffer (10 mM Tris-HCl (pH 7.5), 300 

mM KCl, 10 mM MgCl2, 200 µg/ml cycloheximide, 1 mM DTT and 1% Triton X-100). After 

centrifugation at 12000 x g at 4 °C, the supernatant was transferred to a new pre-chilled 

1.5 ml reaction tube on ice. Ten microliter RNase1 (1000 U) was added into tissue lysate 

and incubated for 20 minutes on a shaker at room temperature for proper digestion to 

monosomes. After incubation, the reaction was blocked by adding 10 µl SUPERase 

Inhibitor. Subsequently, 220 µl of the lysate was placed on top of a 50% sucrose buffer 

and centrifuged for 3 h at 85.000 rpm on a Beckman-Coulter ultracentrifuge with the 

TLA110 rotor. The supernatant was removed and the pellets were resuspended in Qiazol 
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and the mRNA fragments with attached ribosomes were isolated by following miRNeasy 

kit guide. The RNA concentration was determined by Nanodrop 2000. Further RPF 

purification was done by the sequencing core facility of the university of Utah by Dr. Brian 

Danley via Pippin Prep on 15 % TBE-Urea Gel.  Indicating by the size marker, 17-34 

nucleotides region was excised and gel purification was performed afterwards. The 

ribosome profiling library was constructed by following TruSeq Small RNA Sample Prep 

kit Guide. Then the samples were sequencing by Illumina HiSeq 2000.  

 

All the high-throughput sequencing data analysis were performed by my colleague Dr. 

Simon Bohleber, institut für Biochemie und Molekularbiologie, Rheinische Friedrich-

Wilhelms Universität Bonn. The raw sequencing data of CamK-RQ is available in the NCBI 

GEO repository entry GSE119681. The scripts for data analysis of CamK-Trit1 KO can be 

tracked in Dr. Simon Bohleber doctoral thesis (Einfluss der tRNA Modifikation i6A37 auf 

die Translation in Säugern und deren Mitochondrien).  

 

2.2.7 Translating ribosome affinity purification (TRAP) 

 

The Rosa26fsTRAP mice were obtained from Jackson laboratory (Stock No.022367). 

ROSA26, locates on mouse chromosome 6, is a locus widely used for both constitutive 

and conditional gene expression in mice. The structure of constructed Rosa26 fsTRAP allele 

is displayed in Fig 2-1. The Rosa26 locus consists of a strong CAG promoter followed by 

a floxed-neomycin (Neo) resistance cassette, a polyA sequence, GFP-L10 cDNA, 2xHA 

(hemagglutinin) tagged bacterial birA (biotin ligase) and a polyA sequence. GFP was 

fused with large 60s ribosomal subunit L10. In the absence of Cre, the expression of GFP-

L10 is prevented by the stop signal. 

 

 

 

 
 

Fig 2-1 The structure of Rosa26fsTRAP allele (Zhou et al., 2013) 
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Further, the Rosa26fsTRAP mice were interbred with CamK-Cre Trit1 knockout mice. After 

removal of the loxP-flanked Neo-polyA cassette via CamK-Cre-mediated recombination, 

activated GFP-L10a is expressed exclusively in the ribosomes of the neurons (Zhou et al., 

2013). 

 

TRAP was performed based on Heiman’s work (Heiman et al., 2014), but with some subtle 

modifications. The materials and recipes of solutions are listed in Table 2-16 and 2-17. 

The top priority of the experiment is to avoid RNase contamination. Before starting the 

experiment, it is thus important to set up an RNase-free work zone. RNase 

decontaminating reagents RNase-Zap was used to decontaminate working surface and 

equipment. Certified RNase-free plasticware and reagents, as well as aerosol resistant 

tips, were also used.  
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Table 2.16: Materials used for TRAP 

 

 

 

 

 

 

 

 

 

Reagent and Chemicals Manufacturer  Accession Number 

Absolutely RNA Nanoprep kit Agilent  400753 

Biotinylated Protein L Fisher Scientific  PI-29997 

IgG and protease-free Bovine Serum  Jackson  001-000-162 

Cycloheximide Sigma C7698 

Dl-Dithiothreitol  Sigma D9779 

Ethanol Sigma E7023 

Glucose Sigma G7528 

Hank’s Balanced Salt Solution Invitrogen 14065-056 

HEPES Affymetrix 16924 

1M MgCl2 Solution         Applied Biosystems AM9530G 

Methanol Sigma 322415 

NP-40  AG Scientific P1505 

2M KCl Solution Applied Biosystems AM9640G 

Protease inhibitor tablets Roche 11836170001 

RNase Zap Wipes    Applied Biosystems AM9786 

RNasin Promega N2515 

NaHCO3 Sigma S6297 

Streptavidin MyOne T1 Dynabeads Invitrogen 65601 

Sulfolane Sigma 400753 

Superasin Applied Biosystems AM2694 
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Table 2.17: The recipe of solutions for TRAP 

Solution Component (final concentration) 

Dissection Buffer 1 x HBSS 

2.5 mM HEPES 

35 mM Glucose 

4 mM NaHCO3 

100 µg/ml Cycloheximide  

RNase-free water 

Tissue lysis Buffer  20 mM HEPES  

10 mM MgCl2  

150 mM KCl 

0.5 mM DTT 

1 tablet Protease Inhibitor 

100 µg/ml Cycloheximide  

40 U/ml RNasin 

40 U/ml Superasin 

RNase-free water 

Low Salt Buffer 20 mM HEPES  

10 mM MgCl2  

150 mM KCl 

0.5 mM DTT 

100 µg/ml Cycloheximide  

1% NP-40 

RNase-free water 

 

High Salt Buffer 20 mM HEPES  

10 mM MgCl2  

350 mM KCl 

100 µg/ml Cycloheximide  

1% NP-40 

RNase-free water 
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2.2.7.1 Preparation of the affinity matrix  

 

Each affinity matrix for 40 mg mouse cortex requires: 150 μl Streptavidin MyOne T1 

Dynabeads, 60 μl Biotinylated Protein L (1 μg / μl in 1x PBS), and 25 μg each of GFP 

antibodies 19C8 and 19F7. The GFP antibodies were purchased from Memorial-Sloan 

Kettering Monoclonal Antibody Facility. One hundred and fifty microliter magnetic beads 

were transferred from the well-mixed original bottle to a new 1.5 ml reaction tube. Then 

the beads were washed by 1 x PBS and then incubated with 60 µl biotinylated Protein L 

in 1 x PBS for 35 minutes at room temperature by using a tube rotator. The Protein L-

coated beads were collected on the magnet and then washed 5 times with 3% BSA in 1 

x PBS. Afterwards, the beads were incubated with GFP antibodies (19C8 and 19F7) for 1 

h at room temperature. After 1 h incubation, the beads were washed 3 times with low salt 

buffer. Eventually, the beads were resuspended and kept in 200 µl low salt buffer.  

 

2.2.7.2 The preparation of mouse cortex lysate  

 

Rapid hand dissection of mouse brain was performed. Forty milligram fresh mouse cortex 

was weighted and placed into pre-chilled dissection buffer. After quickly wash with 

dissection buffer, the tissue was transferred into a pre-chilled 1,5ml Ep tube and 

homogenized with 1 ml tissue lysis buffer on ice. Then the supernatant was collected after 

2000 x g centrifugation at 4°C for 10 minutes. 111 µl 10% nonyl 

phenoxypolyethoxylethanol (NP-40) and 123.5 µl 300 mM 1,2-diheptanoyl-sn-glycero-3-

phosphocholine (DHPC) were added into the supernatant and then mixed gently. 

Eventually, the supernatant was collected after 20000 x g centrifugation at 4°C for 10 

minutes.  

 

2.2.7.3 Immunopurification and RNA isolation 

 

200 µl pre-prepared affinity matrix was added into the supernatant above and incubated 

at 4 °C for 16 h in a tube rotator. After incubation, the beads were collected with a magnet 

on ice and subsequently washed with high salt buffer three times. After removing all 

washing buffer, the beads were placed at room temperature for 5 minutes. Then the beads 
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were resuspended in 100 µl Nanoprep Lysis Buffer (Absolutely RNA Nanoprep Kit) with 

0.7 μl β-mercaptoethanol and incubated for 10 minutes at room temperature. The RNA-

containing supernatant was seperated from the beads with a magnet and ready for RNA 

isolation.  

 

The RNA isolation was performed by following Absolutely RNA Nanoprep Kit Guide. All 

the reagents mentioned below are available in the kit. 100 µl 80% sulfolane was added 

into the supernatant above and mixed well. The mixture was transferred into a seated 

nano-spin cup and centrifuged at 12000 x g for 1 minute. The filtrate was discarded and 

the nano-spin cup was retained. After two times washing with high-salt buffer, 15 µl DNase 

solution was added directly onto the fiber matrix of the spin cup and incubated at 37 °C 

for 15 minutes. Again, after two times washing low-salt buffer, 10 µl elution buffer was 

added directly onto the fiber matrix and incubated at 60 °C for 2 minutes. Then the nano-

cups were spun twice at 12000 x g for 5 minutes. The filtrate was transferred into a new 

reaction tube. The quality of RNA was tested by Tapestation 2000. Further, RNA samples 

were sequenced by following the 3’ mRNA sequencing protocol.  
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3. Results 
 

3.1 Hepatocyte-specific Secisbp2 R543Q and C696R mice are indistinguishable from 

Secisbp2 knockout mice 

 

3.1.1 The generation of hepatocyte-specific Secisbp2 R543Q and C696R mice 

 

Mouse studies were approved by the authorities in Berlin and Nordrhein-Westfalen: 

approval numbers G0468/09 and T0458/09 and approval number 84-02.04.2012. A146, 

respectively. The original idea was to reproduce patients’ pathological mutations in the 

mouse models. Unexpectedly, homozygous Secisbp2 R543Q and C696R mice were 

embryonic lethal around E7, resembling Secisbp2 knockout mice (Table 3.1). Therefore, 

conditional Secisbp2 mutant mice were required for the further study due to the embryonic 

lethality of full homozygous Secisbp2 mutant mice. Conditional Secisbp2 mutant mice 

were generated by combining a missense mutant allele with a conditional Secisbp2 

knockout allele. On the Secisbp2 knockout allele, the deletion of Secisbp2 was caused by 

the activation of Cre/loxP system.  Here, the Cre recombinase expressed under the control 

of a hepatocyte-specific albumin promoter (Alb-Cre) (Seeher et al., 2014). Thus, the only 

translated Secisbp2 mRNA was produced by the missense Secisbp2 allele in hepatocytes 

(Alb-Cre Secisbp2 fl/R543Q, Alb-Cre Secisbp2 fl/C696R). Moreover, hepatocyte-specific 

Secisbp2 knockout mice (Alb-Cre Secisbp2 fl/fl) was included in most analyses for the 

comparison (Seeher et al, 2014). In order to simplify the terms, Alb-RQ, Alb-CR, Alb-KO 

will be mentioned below.  
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Table 3.1: Number of mice born from heterozygous Secisbp2 mutations 
                            Genotype                                                                          Number 

Heterozygous Secisbp2 R543Q/+ cross-breeding 

               Secisbp2 +/+                                                                                      43 

               Secisbp2 R543Q/+                                                                             66 

               Secisbp2 R543Q/R543Q                                                                      0 

Heterozygous Secisbp2 C696R/+ cross-breeding 

               Secisbp2 +/+                                                                                       30 

               Secisbp2 C696R/+                                                                              80 

               Secisbp2 C696R/C696R                                                                       0 

 

 

3.1.2 Undetectable Secisbp2 expression in Alb-RQ and Alb-CR mouse livers resembling 

Alb-KO 

 

Western blot analysis (Fig 3.1) showed that both mutant Secisbp2 proteins were virtually 

undetectable like full KO in the liver.  

 

 

 

 

 

          

 

 

 

 

 

 

 

Fig 3.1 Secisbp2 expression in hepatocyte-specific Secisbp2 mutant mice assessed 
by western blot. Wildtype mice (Ctl) were compared with Alb-KO, Alb-CR, Alb-RQ. The 
non-specific bands indicate equal loading. 

    Ctl           Alb-KO         Alb-CR       Alb-RQ 

Secisbp2 
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3.1.3 Reduced selenoprotein expression in Alb-RQ and Alb-CR mouse liver 

 

Previous study suggested that Secisbp2 is indispensable for selenoprotein translation 

(Copeland et al., 2000). Apart from facilitating selenoprotein translation, Secisbp2 also 

plays a role in stabilizing selenoprotein mRNA (Fradejas-Villar et al., 2017). Selenoprotein 

contains one or multiple in-frame UGA codons on its mRNA, which might cause 

selenoprotein mRNA being degraded by nonsense-mediated decay (NMD) in response to 

the inactivation of Secisbp2 (Seeher et al., 2014). In order to probe the impact of both 

mutant Secisbp2 on selenoprotein expression in the liver, selenoprotein mRNA and 

protein expression were measured by RT-RCR and western blot, respectively. RT-RCR 

analysis (Fig 3.2) revealed that all selected selenoprotein mRNA levels were significantly 

reduced in Alb-RQ and Alb-CR resembling Alb-KO. Gpx1 and Selenop mRNA, two most 

abundant selenoproteins in the liver, were virtually undetectable in Alb-CR and Alb-RQ 

mouse livers. Selenow and Sephs2 mRNA also presented a gross reduction in Alb-Cre 

CR and RQ mouse livers. In contrast, Gpx4 and Selenot mRNA displayed a relatively 

moderate reduction. To be noticed, all selected selenoprotein mRNAs showed no obvious 

difference between Alb-RQ and Alb-CR.  
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Fig 3.2 Reduced Selenoprotein mRNA in hepatocyte-specific Secisbp2 mutant 
mouse livers. Wildtype mice (Ctl) were compared with Alb-KO, Alb-CR and Alb-RQ. RT-
PCR analysis was applied for selected selenoproteins. Calculated DDCT values are 
normalized to 18S rRNA as housekeeping gene. Means are given ± S.D. n=2 (per 
genotype). 
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Meanwhile, Gpx1, Gpx4, Selenot and Sephs2 protein levels were accordingly reduced in 

Alb-CR and Alb-RQ resembling Alb-KO (Fig 3.3). Based on the condition of non-

overexposure of wildtype bands, Gpx1, Selenot and Sephs2 protein were virtually 

undetectable, while subtle bands were remaining in Alb-CR and Alb-RQ on the Gpx4 blot. 

Txnrd1 protein level was unaltered in all groups. Again, all selected selenoproteins 

showed no obvious difference between Alb-RQ and Alb-CR. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.3 Reduced selenoprotein in hepatocyte-specific Secisbp2 mutant mouse 
livers assessed by western blot. Two individual liver extracts were analyzed for each 
genotype. Housekeeping protein b-actin indicates equal loading. 
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3.2 Neuron specific Secisbp2 R543Q is partial functional and Secisbp2 C696R is function 

null in the cortex 

 

As mentioned in 3.1, both homozygous Secisbp2 mutant mice were embryonic lethal. 

Additionally, patients carrying SECISBP2 mutations and other single or global 

selenoprotein knockout mouse models showed a diverse spectrum of neurological 

phenotypes (Schoenmakers & Chatterjee, 2020; Pitts et al., 2014). Therefore, neuron is 

another desired cell type in Secisbp2 mutation studies. Neuron-specific Secisbp2 mutant 

mice were generated by using a Cre recombinase expressed under the control of the 

calcium/calmodulin-dependent protein kinase II (CamK) promoter (Seeher et al, 2014). 

The only translated Secisbp2 mRNA was produced by the missense mutant Secisbp2 

allele in neurons, while a deletion of the other allele was caused by Cre/loxP system 

(CamK-Cre Secisbp2 fl/R543Q, CamK-Cre Secisbp2 fl/C696R). Moreover, neuron-specific 

Secisbp2 knockout mice (CamK-Cre Secisbp2 fl/fl) was included in most analyses for the 

comparison (Seeher et al. 2014). In order to simplify the terms, CamK-CR, CamK-RQ and 

CamK-KO will be mentioned subsequently.  

 

3.2.1 CamK-CR mice presented a neurological phenotype resembling CamK-KO 

 

Compared to wild types, CamK-CR mice displayed smaller stature and died before 

weaning (Fig 3.4). On P16-18, the mean body masses were 7.27 ± 0.56 g and 3.82 g ± 

0.60 g for the wild types and CamK-CR, respectively. CamK-CR mice showed a dystonic 

gait in the cages. Moreover, CamK-CR mice gripped their forelegs when handling, while 

hardly recovered the balance after handling. This neurological phenotype was similar to 

CamK-KO mice. Subsequently, based on previous CamK-KO mouse study (Seeher et al. 

2014), the presence of astrogliosis and the loss of parvalbumin positive interneurons was 

tested in CamK-CR mice in the next step.  
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3.2.2 Astrogliosis and the loss of parvalbumin positive interneurons in CamK-CR mouse 

somatosensory cortex 

 

Astrogliosis is a spectrum of molecular and cellular changes in astrocytes in response to 

CNS insults, such as chronic neurodegenerative disease and traumatic brain injury 

(Sofroniew 2015). Fig 3.5 shows that the occurrence of astrogliosis in the lower cortical 

layer of somatosensory cortex were observed, when Gfap immunohistochemistry was 

performed at P16. Additionally, the location of astrogliosis was consistent to Gfap staining 

in the somatosensory cortex of CamK-KO mice (Seeher et al, 2014), which further 

confirmed the consistence between CamK-CR and CamK-KO mice.  

 

 

 

 

 

         Ctl         CamK-CR 

Fig 3.4 Size comparison of wild type mice and 
CamK-CR mice. Compared to wild type mice, 
CamK-CR mice presented a smaller stature. The 
picture was captured at 16 days of age.  
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Fig 3.5 Astrogliosis in the somatosensory cortex of CamK-CR assessed by GFAP 
staining (P16). Astrogliosis in CamK-CR mouse cortex was visualized with antibody 
against astrocyte marker Gfap (green). Gfap immunoreactivity was increased in the lower 
cortical layer of somatosensory cortex. The brain slices were sectioning for 70 µm by the 
vibratome. The images are the representative of results obtained from 2 animals per 
genotype. Scale bar (black bar), 100 µm. 

 

 

Parvalbumin positive interneurons (PV+) are a subgroup of GABAergic inhibitory 

interneurons. The loss of parvalbumin positive interneurons was a common phenotype in 

many mouse models with single or global selenoprotein deficiency (neuron-specific Gpx4, 

Secisbp2 knockout) (Seeher et al, 2014; Wirth et al., 2010). A loss of parvalbumin positive 

interneurons in the somatosensory cortex of CamK-CR mice was also observed (Fig 3.6). 

Counting by ImageJ, the mean amount of PV+ interneurons per mm2 were 107 ± 9 and 

75 ± 11 in wild types and CamK-CR, respectively. Taken together, the neurological 

phenotype of CamK-CR is comparable to CamK-KO, displaying a similar 

neurodegeneration. 

 

 

 

 

 

 

 

Gfap 

CamK-CR Ctl 



  56 

 

 

                            

 

 

 

 
 
 

 
Fig 3.6 The loss of parvalbumin positive interneurons in CamK-CR somatosensory 
cortex (P16). Parvalbumin positive interneurons was visualized with antibody against 
parvalbumin (red). The brain slices were sectioning for 70 µm by the vibratome. The 
images are the representative of results obtained from 3 animals per genotype. Scale bar 
(black bar), 100 µm. 
 

 

3.2.3 A global selenoprotein reduction in CamK-CR mouse cortex 
 

Again, the evaluation of selenoprotein expression is essential to probe mutant Secisbp2 

function. As shown in Fig 3.7 A, sensitive selenoprotein mRNAs (Gpx1, Selenow) were 

reduced, while Gpx4 and Selenot mRNAs were unaltered between the genotypes. But 

both Gpx4 and Selenot protein level were remarkable reduced in CamK-CR (Fig 3.7 B). 

Except Txnrd1, overall selenoprotein protein levels were reduced in CamK-CR 

somatosensory cortex. Because in-frame UGA/Sec codon in Txnrd1 mRNA locates at the 

penultimate codon closed to C-terminus. Selenos also did not show a remarkable 

reduction since its selenocysteine also locates closed to C-terminus. But unlike 

undetectable selenoprotein expression in mutant Secisbp2 liver samples, selenoproteins 

remained partial expression in CamK-CR mouse cortex.   
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Fig 3.7 General reduced Selenoprotein expression in CamK-CR mouse cortex. A, 
RT-PCR analysis were applied for selected selenoprotein mRNA. Calculated DDCT values 
are normalized to 18S rRNA as housekeeping gene. Means are given  ± S.D. n=2 (per 
genotype). B, Selenoprotein protein level in wild type (Ctl) and CamK-CR mouse cortex 
assessed by western blot. Two individual cortex extracts were analyzed for each group. 
Housekeeping protein b-actin indicates equal loading. 
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3.2.4 Unlike CamK-CR, no behavioral abnormalities in CamK-RQ mice 

 

CamK-RQ mice behaved indistinguishable from wild types. Unlike CamK-CR and CamK-

KO, the body weight and length of CamK-RQ mice were comparable to wild types. 

Additionally, CamK-RQ did not show any obvious neurological phenotype. Based on 

previous experiment on CamK-CR, parvalbumin immunohistology was also applied for 

the somatosensory cortex of CamK-RQ. As in Fig 3.8 shown, expectedly, no remarkable 

reduction of parvalbumin positive interneurons was observed in the somatosensory cortex 

of wild types and CamK-RQ (P35). Counting by ImageJ, the mean amounts of PV+ 

interneurons per mm2 were 197 ± 18 and 215 ± 9 in wildtype and CamK-RQ, respectively.  

 

 

 

 

 

 

 

 

 

 

Fig 3.8 Unaltered parvalbumin positive interneuron density in the somatosensory 
cortex of CamK-RQ mice (P35). Immunohistology for Parvalbumin positive interneurons 
(red). The brain slices were sectioning for 70 µm by the vibratome. The images are the 
representative of results obtained from 4 animals per genotype. Scale bar (black bar), 100 
µM.  
 

 

3.2.5 Reduced but retained mutant Secisbp2 in CamK-RQ mouse cortex 

 

As in Fig 3.9 shown, Secisbp2 expression were reduced in the cortex of CamK-RQ and 

CamK-CR mice, but not above the retaining level in CamK-KO samples. Moreover, unlike 

undetectable mutant Secisbp2 expression in the liver samples, mutant Secisbp2 was 

retaining in the cortex samples.  
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Fig 3.9 Secisbp2 expression in neuron-specific Secisbp2 mutant mice. Wildtype 
mice were compared with CamK-KO, CamK-CR, CamK-RQ. Western blot analysis for 
Secisbp2 protein expression. The non-specific bands indicate equal loading. 
 

 

3.2.6 Generally reduced selenoprotein in CamK-RQ mouse cortex 

 

Similar to the pattern of selenoprotein expression in CamK-CR, Gpx4 mRNA was 

unaltered in CamK-RQ, while Selenow mRNA was reduced in CamK-RQ (Fig 3.10 A). 

With the exception of Txnrd1, all selected selenoprotein protein levels were reduced in 

CamK-RQ mouse cortex (Fig 3.10 B). However, the extent of the reduction of 

selenoprotein protein level in CamK-RQ is slightly lower than in CamK-CR, with the 

exception of Selenos. Moreover, a distinct pattern of individual selenoprotein mRNA and 

protein expression was observed. The above results of selenoprotein mRNA and protein 

expression were also verified by RNA-seq and Ribosome Profiling (Fig 3.10 C). The deep 

sequencing and evaluation of selenoprotein transcripts and ribosome protected fragments 

(RPF) can reflect selenoprotein mRNA abundance and selenoprotein translational state, 

respectively. Consistent with previous qPCR and western blot results, RNA-seq and 

ribosome profiling results also presented a general selenoprotein reduction in CamK-RQ 

mouse cortex (Fig 3.10 C). According to the distinct responses to mutant Secisbp2 RQ, 

selenoproteins can be categorized into three groups. 1: Selenoproteins (Gpx1, Selenow, 

Selenoh, Selenof, Selenom) were down-regulated in both mRNA and protein level in 

CamK-RQ mouse cortex. 2: Selenoprotein (Gpx4, Selenos, Sephs2) protein levels were 

reduced, while their mRNA levels were unaltered. 3: Selenoproteins (Txnrd family, 

Selenoo, Selenok, Selenoi) were unaltered on both mRNA and protein levels (Fig 3.10 C). 

Noticeably, Dio2 mRNA and protein level were unexpectedly upregulated in CamK-RQ 
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cortex. Therefore, a deeper insight on UGA recoding of individual selenoprotein was 

required.  
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Fig 3.10 Global reduction of selenoprotein in CamK-RQ mouse cortex. A, RT-PCR 
analysis were applied for selected selenoprotein mRNA. Calculated DDCT values are 
normalized to 18S rRNA as housekeeping gene. Means are given  ± S.D. n=3 (per 
genotype). B, Selenoprotein protein level in neuron-specific Secisbp2 RQ and wild type 
mouse cortex. Two individual cortex extracts are analyzed for each group. Housekeeping 
protein b-actin indicates equal loading. C, Relative abundance of selenoprotein-related 
reads in Ribo-Seq (RPF) and RNA-Seq (mRNA) CamK-RQ mice were compared with wild 
types. n = 2, *, q < 0.05, BH correction. Significant changes are highlighted in red. 
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3.2.7 Mild immune response in CamK-RQ mouse cortex 

 

Apart from reduced selenoproteins, a bunch of immune response related genes were up-

regulated both on the transcriptional level (RNA-seq) and translational level (Ribosome 

Profiling). As in Fig 3.11 shown, red dots represented immune-related genes. Almost all 

the up-regulated immune-related genes were involved in the innate immune system. The 

pathway analysis also showed that the majority of regulated genes were involved 

inflammatory response and innate immune response (Fig 3.12 A). In details, upregulation 

of some immune cell (microglia, macrophage, neutrophil) markers (Cx3cr1, Mpeg1, Cd48, 

Cd180, Ly6e, Ly86, Lag3, Trem2) was observed. Accordingly, chemokines (Ccl3 and 

Ccl4), released by immune cells, was also up-regulated. Apart from activated immune cell 

markers, several up-regulated genes (C1qa, C4b, Itgax, Itgam) were involved in 

complement pathway, which plays an essential role in the innate immune system 

(Mayilyan et al., 2008). Interestingly, proteins associated with lysosomes (Lamp2, Lyz1, 

Lyz2, Laptm5, Hexb, Ctss, Ctsd, and Ctsz) were also observed in the up-regulated dataset. 

To be noticed, Gfap (astrocyte marker) mRNA level was increased in CamK-RQ mouse 

cortex, while Pvalb protein level was decreased.  
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Fig 3.11 Transcriptional (mRNA) and translational (RPF) analysis by RNA-seq (A) 
and ribosome profiling (B).  Selenoproteins are labeled in green and immune-related 
genes in red. Only significant regulated genes are shown. n = 2. *, q < 0.05, BH correction. 
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Since the expression of macrophage markers were upregulated in CamK-RQ mouse 

cortex, an immune infiltration (increased number of macrophages) and an activation of 

resident macrophage (microglia) has to be distinguished. Therefore, Iba-1 staining was 

performed on CamK-RQ and wild type mouse cortex (Fig 3.12 C). The mean amount of 

labelled cell density was 375 and 378 cells/mm2 for control and CamK-RQ mice, 

respectively. No difference of cell density was observed, which indicated that microglia 

activation accounts for the up-regulation of macrophage markers. As mentioned before, 

pvalb protein level was slightly reduced in CamK-RQ, but previous parvalbumin staining 

did not show any difference between CamK-RQ and wild type. Additionally, Gfap mRNA 

was upregulated in CamK-RQ mouse cortex. Hence, Gfap immunohistology was 

performed for assessing the occurrence of astrogliosis. A widespread astrogliosis was 

observed in the lower cortical layers of CamK-RQ mouse cortex (Fig 3.12 B). Above all, a 

mild immune response associated with the dysregulation of selenoproteins was ongoing 

in the somatosensory cortex of CamK-RQ mice.   
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Fig 3.12 A mild immune response in CamK-RQ mouse cortex. A, Pathway analysis 
shows that immune-related pathways were induced on the transcriptional level. B, 
Astrogliosis assessed by GFAP staining in the somatosensory cortex. Gfap 
immunoreactivity was increased in the lower cortical layer of somatosensory cortex. The 
brain slices were sectioning for 70 µm by the vibratome. The images are the 
representative of results obtained from 2 animals per genotype. C, Iba1 staining in the 
somatosensory cortex. Mean cell density was 375 and 378 cells/mm2 for control and 
CamK-RQ mice, respectively. Scale bar (black bar), 100 µm. 
 

 

3.3 Analysis of selenoprotein translation in CamK-RQ mouse cortex by ribosome 

profiling 

 

UGA recoding is the central event of selenoprotein biosynthesis. Secisbp2 is the central 

component of UGA recoding (Copeland et al., 2000). Therefore, evaluating UGA recoding 

efficiency of selenoproteins can reflect the functionality of Secisbp2. This can be achieved 

by deep sequencing of ribosome protected fragments (RPF) by performing ribosome 

profiling. 3’ UGA/Sec RPFs on selenoprotein mRNAs can represent the occurrence of 

UGA recoding. Based on selenoprotein western blot results in CamK-RQ, a lower 

occurrence of UGA recoding event was expected. 
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3.3.1 RPF coverages on individual selenoprotein mRNA 

 

By plotting the distribution of RPFs on individual selenoprotein mRNA, the translational 

state of selenoprotein can be visually presented. In a typical RPF coverage plot, the 

horizonal axis represents the open reading frame of selenoprotein mRNA, and the vertical 

axis represents the number of RPFs per million mapped reads (RPM). The red lines 

indicated the location of in-frame UGA/Sec codon. As shown in Fig 3.13, the RPF 

coverage plot of Gpx1 showed overall reduction of RPF reads along the open reading 

frame, which was consistent with previous qPCR and western blot results. The RPF 

coverage plot of Selenow showed a similar pattern to Gpx1, which was consistent with 

previous results. However, this overall RPF reduction on Gpx1 and Selenow mRNA 

cannot reflect UGA coding efficiency accurately by only assessing 3’ UGA/Sec RPFs. In 

contrast, the RPF coverage of 5’ of the Gpx4 UGA codon was unaltered, but the RPF 

coverage of 3’ of the Gpx4 UGA codon was impressively reduced. Therefore, a lower UGA 

recoding efficiency of Gpx4 was accordingly interpreted. A similar pattern as Gpx4 was 

also observed in Selenof. The RPF coverage plot of Selenom showed an overall reduction 

along the entire open reading frame, but the effect of Secisbp2 RQ on Selenom 

expression is not as remarkable as on Gpx1 expression.  
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Fig 3.13 RPF coverage of selected selenoprotein mRNAs. The horizonal axis 
represents the open reading frame of selenoprotein mRNA, and the vertical axis 
represents the number of RPFs per million mapped reads (RPM). The position of the 
Sec/UGA codon is indicated by a red bar. Reads are plotted in blue for controls (Ctl) and 
in orange for CamK-RQ. 
 

 

3.3.2 Lower UGA recoding efficiency of selenoproteins in CamK-RQ mouse cortex 

 

Previous study from our group designed URE (UGA recoding efficiency) as a parameter 

for evaluating UGA recoding (Fradejas-Villar et al., 2017). URE is calculated as ribosomal 

density 3’ of the Sec/UGA codon divided by ribosomal density 5’ of the Sec/UGA codon. 

As shown in Fig 3.13 A, except for Gpx1 and Selenot, URE of the selected selenoproteins 

were reduced. Particularly, the URE of Gpx4 was strikingly decreased. However, URE 

does not account for the absolute number of RPFs on a single mRNA, if mRNA abundance 

has been changed significantly. For example, Gpx1 mRNA was massively reduced. 

Consequently, its RPF reads were also accordingly reduced in CamK-RQ. Therefore, 

according to URE algorithm, URE of Gpx1 was unaltered in CamK-RQ compared to wild 

type. In contrast, Gpx4 mRNA level was unchanged in CamK-RQ, while RPF reads were 

grossly reduced. Therefore, URE of Gpx4 were utmost decreased among the selected 

selenoprotein. Apparently, mRNA abundance should be considered as a normalization 

factor for evaluating UGA recoding. Hence, a new, accurate algorithm (3’RPM/mRNA) 

was introduced. The number of RPFs 3’ of the Sec/UGA per million mapped reads (3’RPM) 

was calculated and further divided by mRNA abundance. By using 3’RPM/mRNA as a 



  72 

new parameter of UGA recoding, a noticeable overall reduction of 3’RPM/mRNA of 

selected selenoproteins were observed in CamK-RQ, which means Secisbp2 RQ results 

in a lower UGA recoding efficiency of selenoprotein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3.14 Lower UGA recoding efficiency in CamK-RQ assessed by ribosome 
profiling. A. URE calculated for selenoproteins. URE is calculated as (3’RPFmutant / 
5’RPFmutant) / (3’RPFcontrol / 5’RPFcontrol). B.3’RPM (reads 3’ of UGA/Sec per million 
mapped reads) calculated for selenoproteins and then normalized to mRNA abundance. 
*, p <0.05, Student’s t test. Error bars, S.D.  
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3.4 The application of Translating Ribosome Affinity Purification (TRAP) on CamK-Cre 

Trit1 knockout mouse model 

 

3.4.1 Validation of CamK-Cre L10-GFP mouse model 

 

Initially, TRAP (L10-GFP) mice were interbred with CamK-Cre transgenic mice. In order 

to validate the activation of Cre-loxp recombination, GFP immunohistology was performed 

for CamK-Cre TRAP mice. As Fig 3.14 showed, GFP fluorescence was observed in 

several cerebral regions, like cortex, striatum and hippocampus, which was compatible 

with CamK (Ca2+/CaM-activated protein kinase II) expression pattern (Wang et al., 2013). 

Taken together, our TRAP mouse model has been successfully generated. After the 

validation of Cre-loxp recombination, TRAP mice were interbred with CamK-Cre Trit1 KO 

mice. Consistent with the phenotype of CamK-Cre Trit1 KO mice, CamK-Cre Trit1 KO 

TRAP mice also presented smaller stature and microcephaly, indicating that TRAP mice 

cannot generate the negative effect on the original mouse model.   
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Fig 3.15 GFP fluorescence in CamK-Cre TRAP mouse brain slice. A. Overview of GFP 
expression (green) on the cerebral slice (coronal section) Scale bar (white bar), 2 mm. B. 
The confocal images display GFP expression in cortex, dentate gyrus, stratium, 
hippocampus (CA1). The brain slices were sectioning for 70 µm by the vibratome. Scale 
bar (white bar), 50 µm. 
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3.4.2 Amplified effect of the loss of Trit1 on the neurons in TRAP dataset 
 

After the validation of TRAP mice, TRAP mice were interbred with CamK-Cre Trit1 KO 

mice, in order to test the feasibility of method. Consistent with the phenotype of CamK-

Cre Trit1 KO mice, CamK-Cre Trit1 KO TRAP mice also presented smaller stature and 

microcephaly, which indicated that TRAP mice cannot generate the negative effect on 

exsiting mouse models. The 3’RNA-seq data of CamK-Cre Trit1 KO mouse cortex has 

been previously collected, and then differential analysis was performed by my colleague 

Dr. Simon Bohleber, which is further referred as non-TRAP dataset. Strikingly, several 

cytoskeleton-related genes (neurofilaments and tubulins) were down-regulated in CamK-

Cre Trit1 KO, consistent with the phenotype of CamK-Trit1 KO mice – microcephaly. 

Moreover, the pathway analysis showed that integrated stress response (ISR) was 

induced by the loss of Trit1. Several genes involved in ISR were induced in CamK-Trit1 

KO mouse cortex. The detailed dataset can be obtained from Dr. Simon Bohleber doctoral 

thesis.   

 

In order to obtain neuron-specific information, TRAP was performed on CamK-Cre 

wildtype TRAP mouse cortex and CamK-Cre Trit1 KO TRAP mouse cortex. Subsequently, 

differential analysis of TRAP 3’ RNA-seq dataset between two genotypes was performed 

by my colleague Dr. Simon Bohleber, which is further referred as TRAP dataset. A similar 

pattern of characterized gene clusters (cytoskeleton, ISR pathway) was observed in TRAP 

dataset and non-TRAP dataset. In the Table 3.2 and 3.3, a bunch of significant regulated 

genes existing in both non-TRAP and TRAP RNA-seq dataset were listed. Among the 

down-regulated genes in both datasets, cytoskeleton-related genes were most 

predominant. Importantly, the fold change of down-regulated neuronal cytoskeleton-

related genes in TRAP dataset was generally higher than non-TRAP dataset. In the up-

regulated gene list, ISR-related genes were most predominant. The fold change of up-

regulated ISR-related genes in TRAP dataset was also generally higher than non-TRAP 

dataset. The effect of the loss of Trit1 on CamK-expressed neurons was amplified by 

performing TRAP. In another word, neuronal transcripts were enriched in TRAP samples. 
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Theoretically, only transcripts in CamK-expressed neurons were deep-sequencing in the 

TRAP dataset, while all neuronal and glial transcripts were deep-sequencing in the non-

TRAP dataset. The differential analysis of non-TRAP dataset showed that astrocyte 

marker (Gfap) was significantly upregulated in CamK-Trit1 KO mouse cortex, which was 

also verified by Gfap immunohistology. However, this significant up-regulation of Gfap 

was not observed in TRAP dataset. This means that non-neuronal transcripts were largely 

excluded in the TRAP samples.  

 

 

 

 

Table 3.2: List of downregulated cytoskeleton-related genes with their Log2 fold 
change in both non-TRAP and TRAP RNA datasets. Differential analysis of 3’ RNA 
sequencing datasets was performed. Only significant downregulated cytoskeleton-related 
genes were listed here. n = 2. q < 0.05, BH correction. 
 

 

 

 

 

 

 

 

 

Gene  Non-TRAP (log2 Fold Change) TRAP (log2 Fold Change) 

Nefh -0.9 -1.8 

Nefl -1.2 -1.5 

Nefm -1.3 -2.2 

Tubb3  -1.0 -1.5 

Tuba4a -1.3 -1.4 

Map1a -0.5 -1.6 

Myl4 -1.1 -1.8 
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Table 3.3: List of upregulated ISR-related genes with their Log2 fold change in both 
non-TRAP and TRAP RNA datasets. Differential analysis of 3’ RNA sequencing 
datasets was performed. Only significant upregulated ISR-related genes were listed here. 
n = 2. q < 0.05, BH correction. 
 

 

 

 

 

 

 

  

Gene  Non-TRAP (log2 Fold Change) TRAP (log2 Fold Change) 

Slc7a11 1.2 2.6 

Slc3a2 1.1 1.6 

Slc1a4 1.1 1.7 

Slc7a3  2.7 4.9 

Sars 0.9 1.5 

Yars 1.0 1.6 

Lars 1.1 1.6 

Aars 1.2 1.9 

Nars 1.2 1.5 

Cars 1.6 2.5 

Atf5 2.4 3.7 

Ddit3 1.9 3.5 

Trib3 2.6 7.2 

Shmt2 1.6 2.7 

Mthfd2 2.1 4.0 
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4. Discussion 
 

4.1 The choice of mouse models 

 

Selenium is an essential trace element in many organisms. The studies on the 

physiological roles of Se revealed that selenocysteine (Sec), the 21st amino acid, is the 

major form of selenium in the cells. Sec is so unique among other amino acids that it is 

encoded by a canonical stop codon UGA and its biosynthesis occurs on its own tRNA 

(tRNA[Ser]Sec). Since the first discovery of Sec, 25 human selenoproteins, which contain 

Sec, were identified subsequently. Selenoproteins are indispensable for many essential 

biological processes, such as maintaining redox homeostasis, regulating thyroid hormone 

metabolism, involving in ferroptosis. (Labunskyy et al., 2014; Ingold et al., 2018).  Given 

that the uniqueness and unconventionality of Sec and the importance of selenoproteins, 

Sec incorporation, the core event of selenoprotein biosynthesis, became an important 

issue to be elucidated in the selenium field. To date, this unique selenoprotein translation 

machinery has been uncovered progressively. In order to incorporate Sec at in-frame UGA 

codon, a unique RNA stem-loop structure in 3’UTR of selenoprotein mRNA (SECIS 

element) firstly interacts with SECIS-binding protein 2 (Secispb2). This interaction serves 

as a signal that dictates recoding of UGA as Sec, instead of a premature termination. Then 

tRNA[Ser]Sec is recruited by a unique elongation factor (eEFSec) and finally Sec is 

incorporated into the nascent polypeptide. Accumulating evidence indicated that Secisbp2 

is the central component of selenoprotein translational machinery (Kinzy et al., 2005). One 

research group firstly demonstrated that Secisbp2 is the only limiting factor of 

selenoprotein translation in vitro (Copeland et al., 2000). Subsequently, total body 

Secisbp2 knockout mice were designed, but embryonic lethal (Seeher et al., 2014). Taken 

all together, the importance of Secisbp2 does not need further explanation.  

 

Mutations in SECISBP2 are always related to human diseases (Schoenmakers and 

Chatterjee, 2020), since the disruption of SECISBP2 function lead to inappropriate Sec 

incorporation resulting the deficiency of selenoprotein expression. To date, 13 individuals 

carrying homozygous or compound heterozygous mutations in SECISBP2 have been 

identified, resulting in diverse clinical phenotypes. The identification of SECISBP2 patients 
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was based on two biochemical characteristics, lower circulating selenium (lower plasma 

GPX3 and SELENOP) and abnormal thyroid hormone function (lower activity of 

deiodinases) (Dumitrescu et al., 2005; Schoenmakers and Chatterjee, 2020). Among 

patient SECISBP2 mutations, most of them are non-sense mutations causing premature 

stop codon, which not surprisingly leads to produce non-fully functional, truncated 

SECISBP2 protein (Di Cosmo et al., 2009), while non-sense mutations located in C-

terminal of SECISBP2 could completely abrogate SECISBP2 function. Before, in vitro 

protein truncation analysis has also revealed that the C-terminal domain of Secisbp2 (aa 

399-846) accounts for the minimum fully functional protein (Fletcher et al., 2001). 

Subsequently, in vitro experiment uncovered that C-terminal domain of Secisbp2 is 

comprised of SID domain and RBD domain (Donovan et al., 2008). Based on in vitro 

studies of these two functional domains, SID domain is required for Sec incorporation but 

not directly binding with SECIS element, while RBD domain is indispensable for SECIS 

element binding (Allmang et al., 2002; Caban et al., 2007). In order to probe Secisbp2 

functional domain (SID and RBD) in vivo, full-length Secisbp2 protein with disrupting two 

functional domains individually was required. Therefore, two human missense SECISBP2 

mutations (R540Q, C691R) locating in the SID and RBD domain were our prior choices 

among all SECISBP2 mutations. Moreover, the patients carrying SECISBP2 homozygous 

R540Q and compound heterozygous C691R mutation showed distinct severities of 

phenotypes (Schoenmakers et al., 2010; Dumitrescu et al., 2005). Patients carrying 

R540Q mutation presented a relatively milder phenotype, while patients carrying C691R 

mutation had more severe phenotype. Therefore, to investigate genotype/phenotype 

correlation on a molecular basis was also necessary. Taken all together, both 

homozygous mutant Secisbp2 mice were the desired mouse models. However, both 

homozygous mutant Secisbp2 mice were embryonic lethal. Given that, conditional 

Secisbp2 mutant mouse models were generated. 

 

Selenium organification, metabolism and distribution are organized by the liver. In addition, 

selenoprotein level in the liver can be substantially reduced by the depletion of Trsp, 

Secisbp2 or a selenium deficiency diet, but without disturbing normal liver function 

(Fradejas-Villar et al., 2017; Seeher et al., 2014). This indicates that the liver is tolerant to 

the loss of selenoproteins. Therefore, the liver is an ideal organ to study selenoprotein 
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deficiency. Brain is another essential targeted organ in the selenium research field, while 

patients with impaired selenoprotein expression displayed diverse neurological 

phenotypes (Fradejas-Villar, 2018). Global selenoprotein deficiency (Trsp, Secisbp2, 

Sepsecs) or single selenoprotein deficiency transgenic mouse models also presented 

distinct severities of neurological pathology (Renko et al., 2008; Wirth et al., 2010; Seiler 

et al., 2008). Taken all together, neuron and hepatocyte specific Secisbp2 mutant mouse 

models were the ideal materials for our study.  

 

4.2 The assessment of four mouse models  

 

4.2.1 Phenotypic discrepancy between human and mouse 

 

Both homozygous Secisbp2 R543Q and C696R mice were embryonic lethal, while 

patients with these two mutations can survive. The case of Secisbp2 C696R mice was 

anticipated, while Secisbp2 R543Q mice not. The C696R mutation, locates in the 

conserved cysteine-rich L7Ae RBD domain of Secisbp2, was expected to disrupt protein 

structure and further protein function. This conserved RBD domain shared the similar 

sequence with U4 snRNA-binding protein 15.5 kD/Snu13p (Allmang et al., 2002). Based 

on the well-studied structural data of 15.5 kD/Snu13p, several amino acids in SECISBP2 

were predicted to be directly involved in the interaction between SECISBP2 and SECIS 

element. Although C696 is not one of those predicted amino acids, it locates adjacent to 

two groups of interacting amino acids. Therefore, replacing a non-polar amino acid 

cysteine to a polar, bulky amino acid arginine might reconfigure the structure of this 

interacting domain, further disrupt SECIS element binding. In vitro translation assay also 

demonstrated that mutant Secisbp2 C696R abrogates the complete Secisbp2 function 

(Fig.S1). Moreover, patient carrying compound heterozygous SECISBP2 C691R mutation 

still harbor one allele (fs65X + fs76X), which can still synthesize truncated, but functional 

C-terminal SECISBP2 protein from downstream ATG codon, although the allele with 

C691R mutation synthesize non-functional SECISBP2 protein. Therefore, the embryonic 

lethality of homozygous Secisbp2 C696R mice mirrored like full body Secisbp2 knockout 

mice is rational. 
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The phenotype of patients carrying homozygous SECISBP2 R540Q is modest 

(Dumitrescu et al., 2005). However, homozygous Secisbp2 R543Q mice were 

unexpectedly embryonic lethal. Mouse study is extremely useful and necessary for 

studying a single gene function and human diseases when the desired organs are not 

accessible in human. However, despite of the similarities, the discrepancy between two 

species still has to be highly evaluated. Recently, a study revealed that mouse and human 

showed different tolerance towards the loss of selenoproteins. Mouse is more tolerant to 

the loss of deiodinases (DIOs) than human, while human is more tolerant to the loss of 

GPX4 and TXNRD2 than mouse (Santesmasses et al., 2020). The clinical phenotype of 

patients carrying pathological SECISBP2 mutations was mainly ascribed to abnormal 

thyroid hormone metabolism caused by the deficiency of deiodinases (Dumitrescu et al., 

2005). Thyroid hormone test showed that patients carrying SECISBP2 mutations had 

elevated rT3 and T4 level and lower active T3 level, which resulted in a growth retardation 

(Schoenmakers and Chatterjee, 2020).  However, the phenotype of double Dio1 and Dio2 

knockout mice appears to be no different from the wild types (Shchedrina et al., 2010). 

Surprisingly, active T3 level was unaltered in double knockout mice, although Dio1 and 

Dio2 account for the conversion from T4 to active T3. The mouse was tolerant for the 

complete loss of Dio1 and Dio2, while human was even intolerant for reduced DIO2 

activity. Another example is the differential tolerance between human and mouse towards 

the loss of Gpx4. The patient with a homozygous nonsense mutation in GPX4 could 

survive 4 months after birth, while Gpx4 knockout embryos died in utero (Smith et al., 

2014; Yant et al., 2003). Both evidences imply the differences in the physiological 

importance of selenoproteins between human and mouse. This might explain that 

impaired selenoprotein expression caused by single Secisbp2 R543Q mutation can lead 

to the distinct phenotypes in two species.  
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4.2.2 Both mutant Secisbp2 R543Q and C696R resemble Secisbp2 knockout in the liver 

 

To our knowledge of the phenotypic difference between patients carrying distinct 

SECISBP2 mutations and distinct functions of SID and RBD domain, a phenotypic 

difference in two mutant Secisbp2 mouse livers was expected. However, both mutant 

Secisbp2 R543Q and C696R resemble Secisbp2 knockout in the liver. Except Txnrd1, all 

the selected selenoprotein in Alb-CR and Alb-RQ were virtually undetectable as in Alb-

KO. Paradoxically, in vitro translation assay showed that Secisbp2 C696R cannot facilitate 

Sec incorporation like several negative controls, while Secisbp2 R543Q appears no 

difference from wildtype Secisbp2 irrespective of the type of SECIS element (Fig.S1). 

Apparently, based on in vitro translation assay, selenoprotein expression in Alb-RQ was 

expected above in Alb-CR. Therefore, two questions were raised that why do both mutant 

Secisbp2 behave the same in the liver and what causes this paradoxical result in vivo and 

in vitro? Based on undetectable mutant Secisbp2 protein in the liver, the instability of 

mutant Secisbp2 protein in vivo was suspected. Further analysis of protein stability 

confirmed that Secisbp2 R543Q is thermally unstable with elevated temperature (Fig.S2). 

The distinct stability of mutant Secisbp2 in vivo and in vitro could explain the paradoxical 

results in vivo and in vitro. Secisbp2 C696R was not included in this experiment, since its 

Sec incorporation activity was as low as negative control which cannot be mediated by 

the temperature. However, Secisbp2 C696R might be also thermal unstable, based on its 

undetectable expression in the liver resembling Secisbp2 R543Q. Therefore, no 

phenotypic difference was observed between two mutant Secisbp2. And both Alb-CR and 

Alb-RQ behaved like Alb-KO.  

 

Apart from mutant Secisbp2 instability in the liver, selenoproteins also had distinct 

responses to the loss of functional Secisbp2 in the liver. Gpx1, Selenop, Selenow and 

Sephs2 mRNA were grossly reduced and almost undetectable, while Gpx4 and Selenot 

mRNA were only 50% reduced. However, the protein levels of all the selected 

selenoproteins were reduced to a similar extent in Alb-CR and Alb-RQ due to the impaired 

selenoprotein translation machinery, except Txnrd1. These results point to a pre-

translational regulation, which apparently only affecting selenoprotein mRNA levels. It 

seems like a selenoprotein hierarchy is existing when selenoprotein biosynthesis was 
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impaired. The concept of selenoprotein hierarchy was firstly initiated due to that 

selenoproteins have different responses to selenium deficiency (Hoffmann and Berry, 

2005). While Gpx1 and Selenow mRNA (referred to stress-related selenoproteins) were 

significantly decreased, mRNA expression of Gpx4 and Txnrd family (referred to as 

housekeeping selenoproteins) is less regulated under Se-deficient dietary (Hill et al., 1992; 

Sunde and Raines, 2011). Since Secisbp2 is the limiting factor of selenoprotein 

biosynthesis, the loss of functional Secisbp2 might also establish a similar selenoprotein 

hierarchy. Moreover, previous study demonstrated that apart from the role in facilitating 

selenoprotein translation, Secisbp2 also plays a role in stabilizing selenoprotein mRNA by 

preventing non-sense mediated decay. The half-life of Sephs2 mRNA was clearly reduced 

in Secisbp2-deficient hepatocytes (Fradejas-Villar et al., 2017), which is consistent with 

the gross reduction of Sephs2 mRNA level in Alb-CR and Alb-RQ. Therefore, this pre-

translational regulation (selenoprotein hierarchy) might be also mediated by mRNA 

surveillance pathways due to the loss of functional Secisbp2. However, other regulatory 

or compensatory mechanism of selenoprotein might be also contributed to selenoprotein 

hierarchy. For example, Selenot expression can be induced after injury in the liver which 

plays a cytoprotective role (Boukhzar et al., 2016). Therefore, it is not surprising that 

Selenot mRNA in mutant Secisbp2 mouse liver remained half level of wild types. In 

addition, Txnrd1 protein level was unaltered in all groups, because its in-frame UGA codon 

locates at the penultimate position close to the C terminus. One amino acid difference 

cannot be distinguished by western blot. Therefore, the failure of Sec incorporation in 

Txnrd1 was not able to be detected by assessing its protein expression. Overall, 

selenoprotein hierarchy is determined by multiple factors, which requires a more 

systematic research.  

 

4.2.3 Secisbp2 C696R resembles Secisbp2 knockout in the brain, while Secisbp2 R543Q 

not 

 

As mentioned above, Secisbp2 C696R is not functional irrespective of in vivo and in vitro. 

Therefore, it is not surprising that CamK-CR behaved mirroring like CamK-KO. CamK-CR 

presented all the clear-cut neurological phenotype of selenoprotein deficiency mouse 

models (i.e. the loss of parvalbumin positive interneurons) (Wirth et al., 2010; Seeher and 
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Schweizer, 2014; Pitts et al., 2014). Parvalbumin positive interneurons are a 

subpopulation of inhibitory GABAergic-interneurons, which supports critical 

developmental trajectories, sensory and cognitive processing, and social behavior 

(Steullet et al., 2017). Particularly, parvalbumin positive interneurons are vulnerable to 

oxidative stress (Behrens MM 2007). Therefore, the elevated oxidative stress can result 

in the loss of parvalbumin positive interneurons, which was caused by a single or global 

selenoprotein deficiency (Wirth et al., 2010; Seeher and Schweizer, 2014; Pitts et al., 

2014). In details, 8-oxo-2’-deoxyguanosine (the marker of oxidative stress) was elevated 

in Selenop knockout mouse cortex, resulting the loss of parvalbumin positive interneurons. 

Nrf2-dependent genes (the regulators of an antioxidative responses) were induced in 

CamK-KO mouse cortex, also resulting the loss of parvalbumin positive interneurons. 

Although the oxidative stress has not been measured in CamK-CR yet, the loss of 

parvalbumin positive interneurons in CamK-CR mouse cortex can be also ascribe to the 

elevated oxidative stress resembling CamK-KO, causing by a global selenoprotein 

deficiency.  

 

Interestingly, Alb-RQ mice behaved resembling Alb-CR and Alb-KO mice, while CamK-

RQ mice did not present the obvious phenotype of CamK-CR and CamK-KO (Seeher et 

al, 2014). This indicates Secisbp2 R543Q retained partial Secisbp2 function above 

Secisbp2 C696R and KO in the brain, which rescued the severe phenotype of CamK-CR 

and CamK-KO mice. Unlike both undetectable mutant Secisbp2 expression in the liver 

samples, both mutant Secisbp2 remained partially in the brain samples assessing by 

western blot. Although the possibility of that the remaining mutant Secisbp2 was from 

other cell types in CNS cannot be excluded, it is still reasonable to deduce that the stability 

of Secisbp2 R543Q in the brain is completely different from unstable Secisbp2 R543Q in 

the liver. Therefore, the cellular environment might affect the stability of a mutant protein 

and thus its activity. This inspires to open up a new thought. The correlation between 

phenotype and genotype might not only depend on the location of single pathological 

mutation. The distinct stability of a mutant protein in different cellular environment can also 

result in a phenotypic difference. Therefore, it is also necessary to investigate the stability 

of mutant protein in different cell types for other missense point mutations in the future.  
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CamK-RQ mice presented only a mild inflammatory response in the brain. No loss of 

parvalbumin positive interneurons were observed, although Pvalb, a marker gene specific 

for parvalbumin positive interneuron (PV+ interneuron), was reduced in CamK-RQ 

ribosome profiling dataset. The reduction of Pvalb expression cannot lead to quantitative 

change of PV+ interneurons which indicated that the oxidative stress triggered in CamK-

KO and CamK-CR was not induced in CamK-RQ. Additionally, the regulation of oxidative 

stress-related genes was also not observed in the RNA-seq data of CamK-RQ. Since 

oxidative stress was mainly caused by selenoprotein deficiency in CamK-KO and CamK-

CR, global selenoprotein deficiency affected by Secisbp2 R543Q might be not as the 

same extent as in Secisbp2 C696R or Secisbp2 knockout. 

 

4.3 The impact of Secisbp2 R543Q mutation on selenoprotein expression in the neurons 

 

Unlike the unstable mutant Secisbp2 in the liver, both mutant Secisbp2 in the brain are 

detectable. In addition, Secisbp2 R543Q in the neurons remains partial function, while 

Secisbp2 C696R completely abrogates Secisbp2 function. Based on previous studies, 

selenoprotein function are mainly confined to the neurons in the CNS (Zhang et al., 2008). 

Taken all together, CamK-RQ is the desired model to study the impact of full-length 

Secisbp2 with single mutation on selenoprotein expression. Combined RNA-seq with 

ribosome profiling provides us a deeper insight on selenoprotein translation. 

 

Highly consistent qPCR and RNA-seq results revealed a general selenoprotein mRNA 

reduction in CamK-RQ mouse cortex. Sec insertion (UGA recoding) is a relatively 

inefficient process compared to the insertion of other amino acids (Suppmann, 1999). It 

requires a unique translational machinery and has to compete with terminal signal. The 

interaction between Secisbp2 and SECIS element serves as a signal which could define 

in-frame UGA for Sec incorporation, instead of termination. Once the central component 

(Secisbp2) could not exert its function properly, this limited efficiency could be even lower. 

Then the terminal signal could overwhelm Sec insertion. Therefore, this in-frame UGA 

codon is identified as a pre-mature stop codon, which might lead to non-sense mediated 

decay (NMD). The current rule for NMD requires that the pre-mature stop codon is more 

than 50 nucleotides upstream of an exon–exon junction. For example, Gpx1 and Selenoh 
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mRNA are subject to NMD rule, which could be the reason for the significant reduction of 

their mRNAs in CamK-RQ. But this is not a general role for all selenoproteins. Gpx4 is 

also subject to canonical NMD rule, however, Gpx4 mRNA level was unaltered. Moreover, 

Selenow is not subject to the NMD rule, but its mRNA level was still significantly reduced 

in CamK-RQ. This leads us to speculate that different extent of individual selenoprotein 

reduction caused by single mutant Secisbp2 is not simply only due to the NMD rules. 

Moreover, a consistence of selenoprotein reduction was observed in both liver and brain. 

Stress related selenoprotein mRNAs (Gpx1, Selenow, Selenoh) was grossly affected, 

while housekeeping selenoprotein mRNAs (Txnrd family, Gpx4) was relatively less 

affected. As mentioned before, selenoprotein hierarchy might be determined by multiple 

factors. However, at least this selenoprotein hierarchy is consistent between liver and 

brain.  

 

In terms of selenoprotein protein level in CamK-RQ, most selenoproteins showed a 

remarkable reduction assessing by western blot and ribosome profiling. This indicated 

that selenoprotein translation was impaired by mutant Secisbp2 R543Q in the neurons. 

Noticeably, Txnrd1 is an exception, because its UGA/Sec codon locates at penultimate 

codon closed to C-terminal. Based on the robust method (Ribosome Profiling), ribosome 

coverage plot provided a deeper insight on selenoprotein translational state. In the case 

of Gpx4, 5’ RPFs to in-frame UGA codon was unaltered (unchanged mRNA level), while 

only 3’ RPFs to in-frame UGA codon was grossly reduced in CamK-RQ (less UGA 

recoding). This highly consistent result indicated that the UGA recoding of Gpx4 was 

largely impaired by Secisbp2 R543Q. While in the case of Gpx1, Selenom and Selenow, 

an overall reduced RPFs on selenoprotein mRNAs were observed in CamK-RQ due to 

less mRNA abundance. By interpreting the new parameter 3’RPM/RNA, Secisbp2 R543Q 

leads to a general lower UGA recoding efficiency of all selected selenoproteins. However, 

previous in vitro translation assay showed that Secisbp2 R543Q has no difference from 

non-mutant Secisbp2 in terms of the ability of Sec incorporation (Fig.S1). These 

paradoxical results lead to a hypothesis that the amount of recombinant Secisbp2 R543Q 

might be oversaturated in the assay. Subsequent titration experiment verified this 

hypothesis (Fig. S3). By adding less amount of recombinant Secisbp2 R543Q and titrated 

reporter mRNA into the assay, Secisbp2 R543Q results in less UGA recoding compared 
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to non-mutant Secisbp2, but still retains partial Secisbp2 function as in vivo. Although SID 

domain does not interact with SECIS element directly, it still plays a vital role in UGA 

recoding of selenoprotein irrespective of in vivo and in vitro. However, the effect of the 

loss of SID domain function on selenoprotein expression is not as same as the loss of 

RBD domain function. This indicates that SID domain is required for selenoprotein 

translation, but it is not indispensable.  

 

4.4 Mild inflammatory response in CamK-RQ mouse cortex 

 

The differential analysis of RNA-seq and ribosome profiling dataset are highly consistent. 

Apart from down-regulation of selenoproteins in CamK-RQ RNA-seq and ribosome 

profiling dataset, a group of up-regulated immune-related genes was observed in CamK-

RQ mouse cortex dataset. Gfap is one of the most striking genes in this dataset, because 

the occurrence of astrogliosis is a typical phenotype in many neuron-specific single or 

global selenoprotein deficiency mouse models (Wirth et al., 2010; Seeher and Schweizer, 

2014). Particularly, astrogliosis in these mouse models was often confined to occur in the 

lower cortical layers. This might be due to uneven CamK-Cre transgene expression and 

recombination patterns in the mouse cerebral cortex (Wang et al., 2013). The existence 

of astrogliosis commonly refers to a response to all forms of CNS injury and disease 

(Sofroniew, 2015). But astrogliosis does not occur independently, instead it coordinates 

with other glia cells in response to CNS insults, such as the resident immune cell in the 

CNS -- microglia. Therefore, it is not surprise that a bunch of microglia-related genes were 

also observed in up-regulated gene list. Although this can prove the activation of microglia 

on the molecular basis, the activation of microglia has to be further confirmed by 

determining its morphology via a higher resolution microscopy. Apart from reactive 

astrocytes and microglia, several macrophage and phagocytosis-related genes were also 

present in the up-regulated gene list. However, through Iba-1 staining (a marker for 

microglia and macrophage), no remarkable difference between wildtype and CamK-RQ 

was observe, indicating no considerable infiltrated macrophage penetrated into the brain 

through blood brain barrier under immune response. However, we could not exclude the 

possibility of that macrophage infiltration might be observed if the mice were killed later 

than 35 days. The interaction between microglia and astrocyte requires diverse molecular 
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signals, such as by releasing cytokines and chemokines (Sofroniew, 2015b). Hence, it is 

not hard to explain that several cytokines and chemokines were up-regulated in CamK-

RQ mouse cortex. Additionally, complement genes were also increased in CamK-RQ, 

which are mostly involved in innate immune response. Pathway analysis also presented 

a bunch of differential genes enriched in innate immune response. Innate immune system 

provides a front line of host defense not only due to the engagement of pathogen or 

environmental insult, but also during brain injury and chronic disease (Rivest, 2009). Since 

the activation of innate immune system can be still observed in CamK-RQ, it is also a sign 

of “mild phenotype” of CamK-RQ mice.  

 

By coincidence, a similarity between CamK-RQ and Niemann-Pick Type C (NPC) RNA-

seq dataset has been discovered (Alam et al., 2012). Particularly, the genes involved 

innate immune system are highly overlapped. NPC disease is a lysosomal disorder with 

progressive neurodegeneration. Elevated lysozyme activity is one of diagnosis markers 

of NPC disease. Coincidently, a group of lysosomal genes (Lyz1, Lyz2, Lamp2, Laptm5) 

were upregulated in CamK-RQ RNA-seq dataset. This finding indicates mutant Secispb2 

R543Q might also result in abnormal lysosomal function. But a severe neurodegeneration 

in NPC mouse model was not observed in CamK-RQ, and the induction of immune-related 

genes in NPC mouse model are much higher than in CamK-RQ mouse model. Since NPC 

mouse model presented “progressive” neurodegeneration, CamK-RQ mouse also has a 

possibility to develop neurodegeneration during the aging. The underlying correlation 

between lysosomal disorder NPC and CamK-RQ mouse model is fascinating to be 

uncovered in the future.  

 

4.5 The validation of Translating ribosome affinity purification (TRAP) method 

 

The cellular heterogeneity of central nerve system obstructs to elucidate the biological 

properties of distinct neuronal and non-neuronal types. Particularly, applying for 

differential analysis of gene expression in the brain is always not accurate and complete. 

The effect in a certain cell type in the CNS might not be observed or narrowed, while this 

effect can be diluted in the mixed and heterogeneous high-throughput dataset. Two 

possibilities of causing this situation are listed here. One is that the desired cell type is just 
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a small portion in the heterogeneous CNS. Any gene regulation in a small population of 

CNS might be so subtle that this regulation cannot be detected. Another possibility is that 

a compensatory regulation might be existing. Although different cell types in the CNS play 

distinct roles, the communication among these cell types is dynamic and helps maintain 

the CNS homeostasis. To overcome these difficulties, TRAP is an ideal method to be 

performed.  

 

The GFP histology of our TRAP mice demonstrated that our interbreeding between 

CamK-Cre mouse and L10a-GFP mouse has been successfully settled down. This 

effective intercross and Cre-loxp recombination confirmed the feasibility of Zhou’s Cre-

driven TRAP method (Zhou et al., 2013).  In order to establish and validate TRAP method 

in our lab, CamK-Cre Trit1 KO TRAP mouse line was generated. This new mouse line 

reproduced the neurological phenotype of CamK-Cre Trit1 KO mouse line, neither 

deterioration nor rescue. This indicates TRAP does not produce negative effect on original 

mouse line. Microcephaly is the characterized phenotype of CamK-Cre Trit1 KO mice. 

Based on immunohistology and RNA-seq data of CamK-Cre Trit1 KO mice, we inferred 

that microcephaly was caused by a bunch of down-regulated cytoskeleton-related genes 

instead of the loss of neurons. By the comparison of differential analysis between non-

TRAP and TRAP dataset, all of differential cytoskeleton-related genes showed a greater 

reduction in the differential analysis of TRAP dataset than non-TRAP dataset. Apparently, 

the “dilution” effect of heterogeneous non-TRAP dataset was eliminated by the relatively 

“pure” TRAP dataset, since neuronal transcripts were enriched in TRAP samples. In a 

deeper sight, only the translating polysomes and monosomes in the neurons, which is the 

CamK-activated cell type in the cortex, were pulled down in TRAP sample.  

 

Apart from reduced cytoskeleton-related genes in non-TRAP dataset, a bunch of up-

regulated genes were involved in integrated stress response (ISR). Consistently, several 

ISR markers were also observed in the TRAP dataset. To be noticed, the induction of ISR 

in TRAP dataset was more remarkable than in non-TRAP dataset. This demonstrated that 

ISR was predominantly induced in the neurons rather than other cell types in the cortex. 

Again, the extent of ISR induction caused by the loss of Trit1 was diluted by 

heterogeneous non-TRAP dataset. Taken all together, neuron-specific transcripts were 
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obtained by performing TRAP method. However, the robustness of TRAP was not 

completely well presented, since CamK-driven neurons are a large cell population of the 

CNS. If a small subpopulation of neurons or other cell types in the CNS was the cell of 

interest, some subtle effects in these cell population can be remarkable amplified, which 

might be submerged in the heterogeneous non-TRAP datasets. Indeed, one of further 

goals is to investigate how the loss of Secisbp2 affect parvalbumin positive interneurons 

on the molecular basis.  

 

As the shown selenoprotein mRNA and protein expression pattern, the discrepancy 

between the abundance of protein and mRNA molecules is frequently observed. TRAP 

dataset only reflects the abundance of translating transcripts, but not the translational 

state of transcripts. Therefore, a combination between TRAP and ribosome profiling 

(TRAP-RP) has been developed recently (Sapkota et al., 2019). The advantage of TRAP-

RP is that the translational information of a certain cell type in a complex tissue is also 

accessible. Our preliminary trials also validated the feasibility of TRAP-RP (data not 

shown). Thus, a comprehensive and precise study of selenoprotein transcription and 

translation in the cell of interest in complex tissue will be conducted in the future.   
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Supplementary result 
 
 

 

 

 

 

 

 

 

 

 

 

Fig.S1 Functional analysis (Sec incorporation) of recombinantly expressed mouse 
Secisbp2 R543Q and C696R assessed by in vitro translation assay. In vitro translation 
assay was adapted from Prof. Dr. Paul Copeland by my colleague Dr. Hendrik Schmidt 
(Mehta et al., 2004). Reporter constructs containing a Sec-dependent luciferase cDNA 
and SECIS elements cloned into the 3’UTR were in vitro translated, and the amount of 
luminescence produced by luciferase was measured by performing a luciferase assay. 
The reaction mix consists of 6.5 µl rabbit reticulocyte lysate (Promega), 13 nM of reporter 
mRNA, 0.02 mM amino acid mixture, 40 units of RiboLock (Thermo Fisher Scientific), and 
160 nM recombinant C-terminal Secisbp2 in a total volume of 12.5 µl. After incubation at 
30 °C for 1 h, 2 µl of the reaction mix were added to 50 µl of 1x PBS. Luminescence was 
measured after adding 50 µl of luciferase assay reagent (Promega) by using an Infinite 
M200 Pro plate reader (Tecan). The SECIS element of murine Gpx1, Gpx4 and Txnrd1 
were cloned into the reporter constructs, respectively. The rat Gpx4 SECIS element 
lacking of the core kink-turn motif (AUGA) was cloned into reporter construct as a negative 
control. A substitution of UGA/Sec for UAA/Stop codon in reporter construct served as 
another negative control. Further negative controls were adding no reporter mRNA, no 
recombinant C-terminal Secisbp2 in the reaction mix. Secisbp2 R543Q and Secisbp2 
C696R were compared to the positive control (non-mutant Secisbp2) and several negative 
controls. A log2 scale of luminescence is used to better illustrate the subtle experimental 
background (negative controls). Error bars, S.D. The assay was performed twice in 
triplicates. Overall, Secisbp2 R543Q is as functional as the positive control (non-mutant 
C-Secisbp2) irrespective of the types of SECIS element, while Secisbp2 C696R abrogates 
Secisbp2 function (Sec incorporation) completely as two negative controls (lacking of C-
Secisbp2 in the reaction mix, deletion of the core of SECIS element) (Zhao et al., 2019).  
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Fig.S2 Thermal instability of Secisbp2 R543Q in vitro. In order to test the thermal 
stability of Secisbp2, both control (non-mutant Secisbp2) and Secisbp2 R543Q was 
incubated for 30 minutes on ice or at 37 °C before in vitro translation assay (performed at 
30 °C). (Error bar, S.D., p < 0.05, Student’s t test). The assay was performed twice in 
triplicates. With the elevated temperature, Secisbp2 R543Q was more heat-labile than the 
control at the elevated temperatures. Secisbp2 C696R was not included, since the 
luminescence produced by Sec-dependent luciferase is not able to be mediated by the 
elevated temperature due to dysfunctionality of Secisbp2 C696R. (This assay was 
performed by Dr. Hendrik Schmidt.) 
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Fig.S3 Secisbp2 R543Q affects Sec incorporation in vitro. In order to test the effect of 
Secisbp2 R543Q on Sec incorporation in vitro, titration experiments were performed twice 
in triplicates. (Error bar, S.D., p < 0.05, Student’s t test) A. The luminescence produced 
by Secisbp2 R543Q group was consistently less than the control group irrespective of the 
types of SECIS element. The reporter mRNA was diluted into nine different concentrations 
in a range of 0.1-20 nM (shown in the figure) and 80 nM recombinant Secisbp2 was added 
into the reaction mix. B. The EC50 of Txnrd1 and Dio1 were significantly reduced in 
Secisbp2 R543Q, while the EC50 of Gpx4 was unaltered.The half maximal effective 
concentration (EC50) can be an indicator of the affinity of SECIS:Secisbp2 interaction. 
Although the EC of Gpx1 was reduced as expected, the reduction did not reach a statistic 
significance. Overall, Secisbp2 R543Q results in less UGA recoding and the affinity of 
SECIS; Secisbp2 in the case of Txnrd1 and Dio1. In the case of Gpx4, less UGA recoding 
was observed, although the affinity of SECIS:Secisbp2 was unaltered. This indicates 
Secisbp2 R543Q is less active than non-mutant Secisbp2. 

A 

B 



  94 

5. Abstract 
 
Recoding of in-frame UGA/Sec codon in selenoproteins requires a complex translational 

machinery. The core of this event is the interaction between selenocysteine insertion 

sequence (SECIS element) in the 3’UTR of eukaryotic selenoprotein mRNAs and SECIS-

binding protein 2 (SECISBP2). SECISBP2 consists of three domains: N-terminal domain, 

Sec incorporation domain (SID) and RNA binding domain (RBD). N-terminal domain of 

Secisbp2 remains unclear, while the sum of SID and RBD domains (C-terminal domain) 

accounts for essential Secisbp2 function (facilitating selenoprotein translation). Patients 

carrying pathogenic SECISBP2 mutations displayed a spectrum of clinical phenotypes. 

The most common outcome is abnormal thyroid hormone level caused by the deficiency 

of deiodinase, a selenoprotein that regulates thyroid hormone. In order to investigate the 

correlation between genotype and phenotype on molecular basis, two pathogenic human 

SECSISBP2 missense mutations (R540Q and C691R) were selected and reproduced in 

mice (R543Q and C696R). Unexpectedly, both homozygous Secisbp2 mutant mice were 

embryonic lethal. Therefore, hepatocyte and neuron conditional Secisbp2 mutant mice 

were generated for further study.  Regardless of in vivo or in vitro, the C696R substitution 

in the RBD domain abrogates SECIS binding function and does not support selenoprotein 

translation above the complete loss of Secisbp2. The R543Q missense substitution 

located in the SID domain leads to a residual activity in vitro and reduced selenoprotein 

expression in vivo. Further experiment showed that Secisbp2 R543Q is thermally unstable 

in vitro and undetectable in the liver, while being partial functional in the brain. Therefore, 

the interrogation of how this partial functional Secisbp2 R543Q in the brain impacts on 

selenoprotein expression is the priority. The R543Q mutation in the brain resulted in 

reduced selenoprotein translation evidenced by western blot and ribosome profiling. 

Combining with transcriptomic data, the expression of individual selenoproteins was 

affected by Secisbp2 R543Q in different ways. Selenoproteins like Gpx1 and Selenow 

were reduced both in transcriptional and translational level. Selenoprotein like Gpx4 was 

not changed in transcriptional level, but remarkable reduced in translational level due to 

the inefficient UGA/Sec recoding. The effect of Secisbp2 R543Q on selenoprotein 

expression is gene-specific. Apart from reduced selenoproteins, a mild immune response 

was observed in the neuron-specific Secisbp2 R543Q mouse cortex. Overall, differential 
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SECISBP2 protein stability in individual cell types may dictate clinical phenotypes to a 

much greater extent than molecular interactions involving a mutated amino acid in 

SECISBP2. Additionally, a single missense mutation can affect selenoprotein expression 

via different mechanisms which means that the hierarchy of selenoproteins is not simply 

a result of SECIS:SECISBP2 affinity.   

 

The cellular diversity of heterogeneous tissue obstructs gene-function studies in a specific 

cell type, such as neurons in the mammalian central nervous system (CNS). A novel 

methodology, translating ribosome affinity purification (TRAP), is one way to address this 

limitation. In order to establish and validate this robust method, TRAP was performed on 

neuron-specific Trit1 knockout mouse model (CamK-Trit1 KO). The interbreeding 

between TRAP mice and CamK-Trit1 KO mice did not have side effects on original mouse 

model, while both presented similar phenotype. Differential analysis of TRAP dataset 

showed that the effect of the loss of Trit1 on neuronal transcripts was amplified compared 

to non-TRAP dataset, indicating the well-establishment and feasibility of TRAP method.  
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