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SUMMARY  

The sex-determining region of Y chromosome (SRY) encodes a transcription factor that 
contains a motif called high mobility group (HMG) box. It has been shown that members of 
the SRY-related HMG box (Sox) gene family have significant regulatory function during 
neurogenesis. Suppression of Sox1-3 expression is a necessity for neural cells to differentiate 
(Bylund M, Andersson E, Novitch BG, Muhr J. Nat Neurosci 6:1162-1168. 2003) while 
Sox15 inhibits myogenesis (Béranger F, Méjean C, Moniot B, Berta P, Vandromme M. J Biol 
Chem 275:16103-16109. 2000). A better understanding of how Sox1-3 maintain neural cells 
undifferentiated relies on identification of their downstream target genes. Moreover, 
investigation about involvement of Sox15 and Sox3 in common pathways can unveil if 
neurogenesis and myogenesis are controlled through similar molecular pathways. 

It has been shown that cyclin D2 (CCND2) is a cell cycle regulatory gene and pleomorphic 
adenoma gene-like 1 (plagl1) induces cell cycle arrest. Several mouse whole-genome 
microarray experiments on Sox3 misexpressing and Sox15 overexpressing mouse myoblast 
cells indicated that these two genes were downregulated during differentiation in both cell 
lines. My real-time reverse transcription polymerase chain reaction (RT PCR) data confirmed 
the microarray data and suggest that Sox3 and Sox15 may function through similar molecular 
pathways. Moreover, downregulation of the cyclin D2 and plagl1 genes in Sox3 
overexpressing mouse embryonic stem (ES) cells was confirmed by microarray and real-time 
RT PCR, which indicates that these genes are true targets of the Sox3 transcription factor.  
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ABBREVIATIONS 
 
 
HMG   High mobility group 
SRY   Sex-determining region of Y chromosome 
Sox   SRY- related HMG box 
Real-time RT-PCR Real-time reverse transcription polymerase chain reaction 
ES cells  Embryonic stem cells 
Plagl1   Pleomorphic adenoma gene-like 1 
CNS   complementary DNA 
FBS   Fetal bovine serum 
IRES   Internal ribosome entry site 
GFP   Green fluorescent protein 
ORF   Open reading frame 
FACS   Fluorescence activated cell sorting 
RA   Retinoic acid 
DNase   Deoxyribonuclease  
DMEM   Dulbeccos modified Eagle medium 
CCND2  Cyclin D2 
B2M   Beta-2-microglobulin 
bFGF    basic fibroblast growth factor 
FGF8   Fibroblast growth factor 8 
FGF2   Dithiothreitol 
ChIP   Chromatin immunoprecipitation  
BMP-2   Bone morphogenetic protein-2 
CDM   Chemically defined medium 
RXR   Retinoid X receptor 
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INTRODUCTION   
 
The central nervous system (CNS) consists of two cell types: neurons and glia. During 
embryogenesis most of the neurons are generated by neural stem cells, which are present in 
the ventricular zone. During neurogenesis, neurogenic signals promote neural stem cells to 
develop along the neural lineage, whereas they block glial fates 14 (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Differentiation of neural stem cells to either neurons or glia. Neurogenic signals endorse the neural 
stem cells to develop toward a neural fate and block the gliogenesis. Modified with permission from the copy-
right holder 14 . 
 
The Sox gene family: 
 
In 1990, the sex-determining region of the Y chromosome (SRY) in mammals was identified 
10. SRY encodes a protein containing a 79 amino acid motif, which is a high mobility group 
(HMG)-type DNA binding  domain 25. The discovery of SRY led to the identification of  
SRY-related HMG box (Sox) proteins which share similarities in HMG box motif 10. In vitro,  
both Sox proteins and SRY target the same DNA consensus binding sequence 11,12. 
 
According to the similarity between their HMG domains and protein structures, the twenty 
identified members of the mammalian Sox gene family are categorized into eight groups (A-
H) 6. The amino acid sequence similarity between the HMG domains is ≥ 90% within a group 
while it decreases to approximately 60% between different groups 13. Group A includes SRY 
13. Group B is subdivided into two groups of B1 and B2 31, all with 95% similarity in the 
HMG domains 13. Subgroup B1 consists of Sox1, -2 and -3 proteins (Sox1-3), which are 
transcriptional activators, while subgroup B2 comprises two transcriptional repressors Sox14 
and Sox21 31. Sox1-3 actively maintain neural cells in a progenitor state, and suppression of 
their activities is a prerequisite for neural cells to commit to a differentiation program 8. The 
group B2 member Sox21 has the opposite activity and promotes neurogenesis 26. Group C 
includes Sox4 and Sox11 13, which are implicated in neuronal maturation 4. Group D proteins 
may act both as co-activators and as repressors in modulation of transcription. They activate 
specific genes in cartilage through cooperation with Sox9 18 (Figure 2). Sox15 belongs to 
Group G 6 and during myogenesis acts as a transcriptional repressor 3. The mammalian Sox 
genes of group A, B and C are intronless at least in their coding sequence while group D-G 
have exon-intron structure 32.   
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Figure 2. Similarity between different groups of the Sox proteins. Modified with permission from the copy-
right holder 13. 
 
Effect of Sox3: 
 
It has been shown that Sox15 inhibits myogenesis 3 and Sox3 suppresses neurogenesis 8. By 
comparison of gene expression profile of the Sox3-misexpressing and Sox15 overexpressing 
mouse myoblast cells to wild type mouse myoblast cells, genes whose expression fluctuated 
in Sox3 myoblast cells but not in Sox15 myoblast cells would be identified. This comparison 
also could unveil the common genes whose expression has been changed. Expression profile 
of genes in Sox3 overexpressing ES cells can also be compared to Sox1-GFP knock-in ES 
cell. By comparison of these two groups between myoblast cells and ES cells, the candidate 
target genes of Sox3 could be identified. 
 
Cell lines: 
 
Different cell lines developed in the Muhr laboratory to examine the roles of Sox3 and Sox15 
are shown in table 1. 
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Table 1. Cell lines and their properties 

 Cell type                   Sox expression                     Description                                                 Sox expression              
                                                                                                                                                   confirmed2                                              

  Mouse                     Sox3 misexrpession1,3          stably transfected with plasmid  + 
  myoblasts                                                             expressing Sox3-myc                                                                                                 
 
                                  Sox15 overexpression1,3      stably transfected with plasmid  + 
                                                                               expressing Sox15-myc                                                             
                                                       
  Mouse ES cells       Sox1-GFP knockin               sox1 gene replaced by gfp33        - 
                                              
                                                                             
                                  Sox1-GFP knockin;             sox1 gene replaced by gfp; stably                         + 

                                  Sox3 overexpression1          transfected with plasmid expressing          
                                                                               Sox3-myc                             

 1 These cell lines constructed in the Muhr lab. 
 2 Expression confirmed in the Muhr lab. by immunohistochemistry 
 3 Misexpression: protein expressed from a plasmid in a cell where it is not normally expressed; 
 overexpression: protein expressed from a plasmid in a cell where it is normally expressed   
 
Mouse myoblast cells differentiate into multinucleated myotubes when cultured without fetal 
bovine serum (FBS) and normally, they express Sox15 but not Sox3. Due to simultaneous 
expression of Sox1 and GFP in Sox1-GFP knock-in cells, Sox1-expressing cells can be 
harvested by fluorescence activated cell sorting (FACS). Due to expression of GFP in the 
Sox3 overexpressing ES cells, these cells are sorted with FACS as well. 
 
Expession profile analysis of mouse myoblast and mouse embryonic stem cells with 
microarray:  
 
Expression profile analysis was performed by my supervisor using affymetrix mouse whole-
genome microarray. In separate microarray experiments, expression profile of different genes 
in each of undifferentiated and one day differentiated Sox3 misexpressing and Sox15 
overexpressing mouse myoblast cell lines were compared to wild type mouse myoblast cells. 
In another microarray experiment, expression profile of different genes in four days 
differentiated, FACS sorted, Sox3 overexpressing mouse ES cells were compared to four days 
differentiated, FACS sorted, Sox1-GFP knock-in mouse ES cells. Expression of cyclin D2 and 
plagl1 showed significant difference in different microarray experiments (Table 4). 
                                                 
Gradient polymerase chain reaction: 
 
Gradient polymerase chain reaction is a type of conventional PCR in which a range of 
temperature is applied only for the annealing step of PCR. Gradient PCR is used to detect the 
annealing temperature at which no primer dimers are made. This annealing temperature then 
can be applied in subsequent real-time PCRs.  
 
Real-time reverse transcription polymerase chain reaction:  
 
Real-time RT-PCR is a method widely used for analysis of gene expression 7,15,27. The method 
consists of two steps: 1- Complementary DNA (cDNA) is synthesized by reverse transcribing 
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mRNA into cDNA 2- The synthesized cDNA is used as the template in real-time PCR. The 
amplicons are quantified in the second step in either of two ways: 
 
1- A dye, e.g. SYBR green is incorporated into the PCR product as it is amplified during real-
time PCR 2,9.  
 
2- A Taq-man probe which is a single-stranded oligonucleotide comprising 20-60 nucleotide 
and is complementary to a region between the priming sites on the template is used. A Taq-
man probe has a fluorophore at its 5’ end and a quencher at its 3’ end, which both are attached 
covalently. During the extension step of PCR, the Taq-man probe is degraded by the 5' to 3' 
exonuclease activity of the Taq polymerase and due to the release of fluorophore, a 
fluorescent signal is formed 17(Figure 3).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Taq-man probe real-time PCR assay.  Cleavage of Taq-man probe by Taq polymerase exonuclease 
activity leads to detection of fluorescent signal (R, Q and MGB stand for fluorophore, quencher and minor 
groove binder group respectively). Modified with permission from the copy-right holder 17. 
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A Taq-man probe can only bind to its complementary sequence in the PCR product while 
SYBR green can bind to any double stranded nucleic acid like a PCR product or primer 
dimers. Although SYBR green yields accurate gene expression measurements similar to those 
obtained with a Taq-man probe 1, the fact that a Taq-man probe does not bind to primer 
dimers counts as an advantage compared to SYBR green, and allows for more precise 
measurements. 
 
Cycle threshold (Ct):  
 
In real-time PCR, Ct is the number of the cycle in which the amount of amplicon reaches the 
threshold. The threshold is a level for fluorescent signal in which the amplification is above 
the noise level and distinguishable from it. At the threshold level, the amplification curves of 
different samples in the same run of real-time PCR are different. There is an inverse 
correlation between the Ct and the starting amount of template, which means that the more 
DNA, the lower the Ct value and vice versa. 
 
Efficiency of real-time polymerase chain reaction:  
 
The efficiency of real-time PCR indicates the number of molecules in each cycle that are 
amplified in the next cycle. It is presented in percentage. If all the molecules are amplified 
during the next cycle, the efficiency will be 1.0 or 100 % . When the efficiency is known, the 
number of amplified molecules in cycle n equals Xo×(E+1)n (equation 1), where Xo is the 
initial number of target molecules and E is the efficiency 19. Application of different 
efficiencies in the equation shows that, with the same initial number of target molecules, 
various numbers of amplified molecules in each cycle are generated, which results in different 
slopes for different efficiency regression lines (Figure 4). 

Figure 4. Correlation between real-time PCR efficiency and number of amplified molecules in each cycle. 
100 % efficiency (black) y = 1.4427 ln(x)+1E-14, 80 % efficiency (blue) y = 1.7013 ln(x)-2E-14, 60 % 
efficiency (orange) y = 2.1276 ln(x)-2E-14 and 40 % efficiency (gray) y = 2.972 ln(x)+1E-14 19. 
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If the slope (S) of the regression line is known, the efficiency of the real-time PCR is 
calculated as below:  
 
E = e 1/S -1                equation (2) 20 
 
Usually the value is multiplied by 100 so that the efficiency is expressed as a percentage. 
 
Selection of control genes in gene expression analysis with real-time polymerase chain 
reaction: 
 
Usually gene expression analysis is carried out for different tissues to analyse a disease, or for 
different samples from the same tissue. Due to fluctuations in the expression levels from 
different genes in various samples or tissues, the generated data should be normalized. To 
normalize the data, genes that show constant expression level are selected and depending on 
the examined tissues 5,30 or disease 22, different control genes are chosen. Normally, 
housekeeping genes like beta-actin or beta 2-microglobulin are proper candidates for this 
purpose. 
 
Relative gene expression measurement with real-time polymerase chain reaction: 
 
For more precise measurement in real-time PCR, the reactions are set up in triplicate and the 
average of these reactions is used for calculations. When the expression level is compared for 
a specific gene in two different samples, cDNA from each of the samples is amplified with 
two primer pairs in the same run of real-time PCR. One primer pair amplifies the control gene 
and the other amplifies the analyzed gene. Next, the average Ct value for each sample is 
calculated. Subtraction of the Ct value of the control gene from the Ct value of the analyzed 
gene for sample one, results in ∆Ct1. The same approach for sample two, yields ∆Ct2. 
Subtraction of ∆Ct1 from ∆Ct2 results in ∆∆Ct 19.  
 
To calculate the efficiency in real-time PCR, some other procedures should be carried out. 
Prior to real-time PCR, the cDNA is serially diluted. Next, the serial dilution is amplified with 
primer pairs that target the control gene and the analyzed gene during the same run of real-
time PCR. Subsequently, the obtained Ct values for each primer pair is plotted against the 
dilution. With the slope of regression line for each primer pair and equation two, the 
efficiency for that primer pair is calculated and the average of the efficiencies of amplification 
of the control gene and the analyzed gene is used for subsequent calculations. 
 
With the efficiency of real-time PCR and ∆∆Ct, the fold difference between samples one and 
two in the expression level of the analyzed gene is given by:  
 
(E+1) -∆∆Ct   equation (3) 19 
  
If the average of efficiencies is 100%, the equation will be 2 -∆∆Ct .   
 
Measurement of the absolute initial number of cDNA copies with real-time polymerase 
chain reaction: 
 
Real-time PCR covers a wide range of applications. Calculation of the number of the target 
sequences is one of its applications. For this purpose, a conventional PCR with the 
corresponding primers is carried out first. Next, the molar concentration of the PCR product is 
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calculated according to its sequence composition and the purified PCR product is serially 
diluted accordingly. Subsequently, the serial dilution and the analyzed sample are amplified 
with the corresponding primer pair during the same run of real-time PCR. Later, the obtained 
Ct values for the corresponding primer pair is plotted against the serial dilution. To calculate 
the concentration of cDNA in the analyzed sample, its Ct value is extrapolated to the known 
concentration of PCR product in the serial dilution. Knowing the volume of cDNA that was 
used in the real-time PCR reaction and Avogadro's number, 6.02 ×1023, the initial number of 
cDNA molecules in the analyzed sample can be calculated 29. 
 
Melting curve analysis in real-time polymerase chain reaction: 
 
In order to check if the proper amplicons have been obtained in real-time PCR, their melting 
curves are analysed. By increasing in the temperature after concluding the real-time PCR, 
PCR products and primer dimers are melted, and their incorporated dye such as SYBR green 
is released. Due to length difference between various PCR products and primer dimers and 
thus the amount of incorporated dye during the PCR step, their emitted fluorescent dyes are 
displayed in different peaks. Each peak indicates a PCR product or a primer dimer. 
 
AIM 
 
The aim of the current project was to use real-time RT-PCR to better understand how Sox1-3 
can regulate growth and differentiation of neural progenitors or, in other words, how Sox1-3 
maintain neural cells undifferentiated. Another goal of the project was to investigate whether 
Sox15 and Sox3, which inhibit myogenesis and neurogenesis, respectively, function through 
similar molecular pathways and if they have the same downstream target genes. 
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RESULTS  
 
Optimization of primer pairs with gradient PCR, is the first step in expression analysis of 
different genes with real-time PCR. 
 
Optimization of different primer pairs with gradient polymerase chain reaction: 
 
To optimize the primer pairs that target beta 2-microglobulin, cyclin D2, plagl1 and sox3 
genes, four gradient PCRs were performed each with one primer pair. First, the same amount 
of RNA from the wild type mouse myoblast cells was used for cDNA synthesis and then the 
cDNAs were applied in gradient PCRs. Since 55 ˚C annealing temperature yielded proper 
amplicons and no primer dimers for all the genes, this temperature was chosen for annealing 
for subsequent real-time PCR experiments (Figure 5).  
                                                                
              1    2    3   4    5    6    7   8    9   10  11 12  13  14                                        1    2     3    4    5    6    7    8     9 
 
 
                                          (A)                                                                                            (B) 
                                                                              
                               1  2   3   4   5  6   7   8                                                    1  2    3   4   5    6   7   8   9  10                                     
 
                                      
                                      (C)                                                                                            (D)   
 
Figure 5. Agarose gel electrophoresis of gradient PCR with primer pairs against beta 2-microglobulin, 
cyclin D2, plagl1 and sox3 genes. (A) Beta 2-microglobulin DNA with the range of annealing temperature from 
50 ˚C to 60 ˚C. Lane 1, water at 55 ˚C; lane 2, 50 ˚C; lane 3, 51 ˚C; lane 4, 51.7 ˚C; lane 5, 53.6 ˚C; lane 6, 54.5 
˚C; lane 7, 55.1 ˚C; lane 8, 56 ˚C; lane 9, 57.1 ˚C; lane 10, 57.8 ˚C; lane 11, 59 ˚C; lane 12, 60 ˚C; lane 13, 50 bp 
marker and lane 14, 100 bp marker. The size of the expected band was 146 bp.  (B) Cyclin D2 DNA with the 
range of annealing temperature from 50 ˚C to 56 ˚C. Lane 1, water at 55 ˚C, lane 2, 50 ˚C; lane 3, 51 ˚C; lane 4, 
51.7 ˚C; lane 5, 53.6 ˚C; lane 6, 54.5 ˚C; lane 7, 55.1 ˚C; lane 8, 56 ˚C and lane 9, 100 bp marker. The size of the 
expected band was 94 bp. (C) Plagl1 DNA with the range of annealing temperature from 51.7 ˚C to 56 ˚C. Lane 
1 water at 55 ˚C, lane 2, 51.7 ˚C; lane 3, 53.6 ˚C; lane 4, 54.5 ˚C; lane 5, 55.1 ˚C; lane 6, 56 ˚C; lane 7, 50 bp 
marker and lane 8  100 bp marker. The size of the expected band was 116 bp. (D) Sox3 DNA with the range of 
annealing temperature from 50 ˚C to 56 ˚C. Lane 1 water at 55 ˚C, lane 2, 50 ˚C; lane 3, 51 ˚C; lane 4, 51.7 ˚C; 
lane 5, 53.6 ˚C; lane 6, 54.5 ˚C; lane 7, 55.1 ˚C; lane 8, 56 ˚C; lane 9, 50 bp marker and lane 10, 100 bp marker. 
The size of the expected band was 75 bp.                                                                                               
 
Identification of control gene:  

 

 
From RNA extracted from eight different samples, cDNA was generated and in one run of 
real-time PCR, the expression level of the three housekeeping genes encoding beta 2-
microglobulin, beta-actin and 28s rRNA were analysed. Beta 2-microglobulin RNA was 
expressed more evenly in all the samples compare to other housekeeping genes. Thus, it was 
chosen as control gene for next real-time PCR experiments (Figure 6). 
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Figure 6. Analysis of expression levels of beta 2- microglobulin, beta-actin and 28s rRNA genes in different 
samples. Expression levels of beta 2-microglobulin, beta-actin and 28s rRNA are shown in purple, blue and 
orange respectively. Wt,D0, undifferentiated wild type mouse myoblast cells; wt,D1, 1 day differentiated wild 
type mouse myoblast cells; Sox3,D0, undifferentiated Sox3 misexpressing mouse myoblast cells; Sox3,D1, 1 
day differentiated Sox3 misexpressing mouse myoblast cells; Sox15,D0, undifferentiated Sox15 overexpressing 
mouse myoblast cells; Sox15,D1, 1 day differentiated Sox15 overexpressing mouse myoblast cells; Sox1,ES, 
Sox1-GFP knock-in mouse ES cells; Sox3,ES, Sox3 overexpressing mouse ES cells. Ct on the y axis is the Ct 
value. The standard deviations are shown as error bars. 
 
Efficiency calculation for different primer pairs in real-time polymerase chain reactions: 
 
Extracted RNA from wild type mouse myoblast cells was used for cDNA synthesis. The 
cDNA was serially diluted and the serial dilutions were amplified in duplicate with primer 
pairs targeting beta 2-microglobulin, cyclin D2 and plagl1 during the same run of real-time 
PCR. Subsequently, the Ct values for different primer pairs were plotted against the serial 
dilution of the cDNA (Figure 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Standard curve for efficiency calculation of beta 2-microglobulin, cyclin D2 and plagl1 primer 
pairs in real-time PCR. Beta 2-microglobulin (orange, y = -1.599 ln(x) + 11.475, R2 = 0.999), cyclin D2 
(purple, y = -1.508 ln(x) + 15.531, R2 = 0.995) and plagl1 (blue, y = -1.625 ln(x) + 26.318, R2 = 0.982) primer 
pairs were shown. 
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The efficiency of the real-time PCR for each primer pair was then calculated and the average 
efficiencies for beta 2-microglobulin and cyclin D2, or the average for beta 2-microglobulin 
and plagl1 primer pairs was calculated (Table 2). 
 
Table 2. Efficiency of beta 2-microglobulin, cyclin D2 and plagl1 primer pairs in real-time PCR  

            Primer pair                                   Efficiency (%)                                 Average (%) 

 
             Cyclin D2                                               95     
                                                                                                                                91.5 a 
     Beta 2-microglobulin                                     88                          
                                                                                                           86.5 b 
                Plagl1                                                  85 

a  average of cyclin D2 and beta 2-microglobulin primer pairs 
b  average of plagl1 and beta 2-microglobulin primer pairs                                               
 
Effect of Sox15 on gene expression in mouse myoblasts: 
 
Extracted RNA from undifferentiated and one day differentiated wild type and Sox15 
overexpressing mouse myoblast cells were used for cDNA synthesis. The cDNA from each 
cell type was amplified in triplicate with beta 2-microglobulin and either cyclin D2 or plagl1 
primer pairs in the same run of real-time PCR. Subtraction of Ct value average of beta 2-
microglobulin from Ct value average of either cyclin D2 or plagl1 in undifferentiated or one 
day differentiated wild type cells resulted in ∆Ct1 for the undifferentiated or one day 
differentiated wild type cells and the same approach for Sox15 overexpressing cells resulted 
in ∆Ct2 for the undifferentiated or one day differentiated Sox15 overexpressing cells. For each 
of cyclin D2 or plagl1, subtraction of ∆Ct1 of undifferentiated wild type cells from ∆Ct2 of 
undifferentiated Sox15 overexpressing cells resulted in ∆∆Ct for undifferentiated cells and the 
same approach for one day differentiated cells resulted in ∆∆Ct for one day differentiated 
cells (Figure 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. ∆∆Ct values for cyclin D2 and plagl1 in undifferentiated and 1 day differentiated wild type and 
Sox15 overexpressing mouse myoblast cells. D0, undifferentiated; D1, one day differentiated cells. 
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Since the average efficiencies of the beta 2-microglobulin and cyclin D2 primer pairs was 
91.5% (Table 3), equation 3 yielded 445.27 times higher expression of cyclin D2 in 
undifferentiated wild type cells compare to undifferentiated Sox15 overexpressing cells and 
this was decreased to 188.05 times in one day differentiated cells. A similar calculation for 
beta 2-microglobulin and plagl1 primer pairs, 86.5% average efficiencies yielded 3.17 times 
more expression of plagl1 in undifferentiated wild type cells as compared to undifferentiated 
Sox15 overexpressing cells. This was reduced to 1.99 times in one day differentiated cells 
(Table 3).     
  
Effect of Sox3 on gene expression in mouse myoblasts: 
 
Extracted RNA from undifferentiated and one day differentiated wild type and Sox3 
misexpressing mouse myoblast cells were used for cDNA synthesis. The cDNA from each 
cell type was amplified in triplicate with beta 2-microglobulin and either cyclin D2 or plagl1 
primer pairs in the same run of real-time PCR. The same calculation as in the previous section 
yielded ∆∆Ct for cyclin D2 or plagl1 in undifferentiated cells and one day differentiated cells 
shown in figure 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. ∆∆Ct values for cyclin D2 and plagl1 in undifferentiated and 1 day differentiated wild type and 
Sox3 misexpressing mouse myoblast cells. D0, undifferentiated; D1, one day differentiated cells. 
 
This showed that the expression of cyclin D2 was 228.52 times more in undifferentiated wild 
type cells compare to undifferentiated Sox3 misexpressing cells, and this was reduced to 
151.43 times in one day differentiated cells. The expression of plagl1 was 4.15 times more in 
undifferentiated wild type cells compare to undifferentiated Sox3 misexpressing cells and this 
was decreased to 3.26 times in one day differentiated cells (Table 3).  
 
Measurement of absolute initial number of cDNA copies of Sox3 overexpressing and 
Sox1-GFP knock-in ES cells with real-time RT PCR: 
 
To identify the downstream target genes of Sox3, precise measurement of the amount of Sox3 
overexpression in Sox3 overexpressing ES cells in comparison with Sox1-GFP knock-in ES 
cells was important. This was achieved by calculation of the absolute initial number of cDNA 
copies instead of relative measurement. For this purpose, four days differentiated Sox1-GFP 
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knock-in ES cells and four days differentiated Sox3 overexpressing ES cells (also expressing 
Sox1-GFP) were FACS sorted, and extracted RNA from these cells was used for cDNA 
synthesis. Two separate conventional PCRs, one with the beta 2-microglobulin primer pair 
and the other one with the Sox3 primer pair were performed on the cDNA of Sox3 
overexpressing ES cells. The PCR products were purified and based upon molecular weight 
of one strand of each amplicon, the concentration of each of the purified PCR products was 
measured 24. Next, serial dilutions were made of each of the purified PCR products from 1 nM 
to 1 aM. In the same run of real-time PCR, two master mixes were used. One master mix 
contained the Sox3 primer pair and was used for amplification of Sox3 PCR product serial 
dilutions in duplicate and the cDNA from both Sox3 overexpressing and Sox1-GFP knock-in 
ES cells in triplicate. Another master mix contained the beta 2-microglubulin primer pair and 
was used to amplify beta 2-microglubulin PCR product serial dilution in duplicate and the 
cDNA from both Sox3 overexpressing and Sox1-GFP knock-in ES cells in triplicate. Later, Ct 
values were plotted against serial dilutions (Figure 10).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Real-time PCR on serial dilutions of purified PCR products from Beta2-microglobulin and 
Sox3. 96 % efficiency for Beta2-microglubulin primer pair (blue, y = -1.4961 ln(x) – 28.469, R2 = 0.999) and 91 
% efficiency for Sox3 primer pair (purple, y = -1.5428 ln(x) – 27.373, R2 = 0.997) were calculated. The standard 
deviations are indicated as error bars. 
 
The concentrations of cDNA corresponding to beta 2- microglubulin and Sox3 was calculated 
from their average Ct values from their regressions in figure 10. The number of cDNA 
molecules, was then calculated from this concentration, the known volume of cDNA in the 
real-time PCR reaction (2 μl) and the Avogadro's number (6.02 ×1023). Subsequently, in each 
of the Sox3 overexpressing and Sox1-GFP knock-in ES cells, the number of cDNA molecules 
containing Sox3 priming sequences were divided by the number of the ones that contain beta 
2- microglubulin priming sequences. Finally, the obtained figure in the Sox3 overexpressing 
ES cells was divided by the obtained figure in Sox1-GFP knock-in ES cells. The final figure 
indicated that there were 1.17 times more Sox3 mRNA molecules in Sox3 overexpressing ES 
cells than in Sox1-GFP knock-in ES cells. By confirmation of Sox3 overexpression in Sox3 
overexpressing ES cells, its downstream target genes due to fluctuation in their normal 
expression level can be identified.   
 
Effect of Sox3 on gene expression in mouse ES cells: 
 
Four days differentiated Sox1-GFP knock-in ES cells and 4 days differentiated Sox3 
overexpressing ES cells were FACS sorted and extracted RNA from these cells was used for 
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cDNA synthesis. The cDNA from each cell type was amplified in triplicate with beta 2-
microglobulin, cyclin D2 and plagl1 primer pairs in the same run of real-time PCR. ∆∆Ct for 
beta 2-microglobulin and cyclin D2 or plagl1 in Sox1-GFP knock-in ES cells and Sox3 
overexpressing ES cells were calculated as before (Figure 11).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. ∆∆Ct values for cyclin D2 and plagl1 in Sox1-GFP knock-in and Sox3 overexpressing ES cells. 
 
 
This showed that the expression of cyclin D2 was 6.93 times more in Sox1-GFP knock-in 
compared to Sox3 overexpressing ES cells. The expression of plagl1 was 16.45 times more in 
Sox1-GFP knock-in compared to Sox3 overexpressing ES cells (Table 3). 
 
All the microarray results of my supervisor and my obtained real-time PCR data in this 
project were compared (Table 3).  
 
Table 3. Expression comparison of cyclin D2 and plagl1 genes with microarray and real-time PCR in 
different cell types.  

                                                               Relative expression level (fold difference 2) 
  
                                          Sox3 misexpressing                  Sox15 overexpressing               Sox3 overexpressing 
                                         mouse myoblast cells                 mouse myoblast cells                   mouse ES cells  
          
Gene name     MA/         day 0        after 1 day                 day 0        after 1 day                      after 4 days  
                        PCR1                      differentiation                           differentiation                  differentiation 

Cyclin D2       MA             73.5              45.8                        232                 ND                                 1.19    
                        PCR           228.52         151.43                     445.27           188.05                             6.93      
 
  Plagl1           MA            2.08              3.2                          53.8                ND                                  48.5     
                        PCR          4.15              3.26                        3.17                1.99                                16.45  

1 MA (expression analysis with microarray) or PCR (expression analysis with real-time RT PCR) 
2 Expression level of mouse myoblast cells relative to wild type myoblast cells and Sox3 overexpressing ES cells 
relative to Sox1-GFP knock-in ES cells. Numbers show fold reduction in expression level.  
 
In all the real-time PCR experiments, the melting curve analyses indicated that the obtained 
PCR products were unique. 
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DISCUSSION  
 
In expression analysis with microarray, it’s possible to have an overall idea of a large number 
of genes that are either up- or downregulated while real-time RT PCR is limited to analysis of 
a few genes. False positive microarray results count as a drawback of this method while real-
time RT PCR yields more precise measurements. 
 
Although there was a difference between the real-time RT PCR analysis and the result with 
the whole genome microarray, downregulated expression of cyclin D2 and plagl1 were 
confirmed by real-time RT PCR. It has been shown that cyclin D2 is a cell cycle regulatory 
gene 16 that is downregulated during differentiation. This was confirmed by both microarray 
and my obtained real-time RT PCR results in both Sox3 misexpressing and Sox15 
overexpressing mouse myoblast cells. Moreover, it has been shown that plagl1 induces 
apoptosis and cell cycle arrest and inhibits proliferation of tumor cells 28 . However, according 
to my results the expression of plagl1 was downregulated during differentiation in both Sox3 
misexpressing and Sox15 overexpressing mouse myoblast cells. According to my real-time 
RT PCR analysis, overexpression of Sox3 in Sox3 overexpressing ES cells compare to Sox1-
GFP knock-in ES cells was not significant which may be achieved by transfection of these 
cells with other vectors. However, my real-time RT PCR analysis confirmed the 
downregulation of cyclin D2 and plagl1 expression in Sox3 overexpressing mouse ES cells 
which was obtained by microarray.  
 
My results show that both Sox3 misexpression and Sox15 overexpression in mouse myoblast 
cells lead to downregulation of both cyclin D2 and plagl1 indicating that Sox3 and Sox15 may 
work through similar pathways. Interestingly, the same genes were downregulated in Sox3 
overexpressing mouse ES cells, suggesting that these genes are true targets for the Sox3 
transcription factor. 
 
The final outcome of this project will target human. It was shown that retinoid X receptors 
(RXRs) but not retinoic acid (RA) receptors are mediating the effect of retinoic acid on the 
upregulation of the Sox3 gene in human embryonal carcinoma cells23. Moreover, it was shown 
that addition of bone morphogenetic protein-2 (BMP-2) to chemically defined medium 
(CDM) with Activin A and fibroblast growth factor 2 (FGF2) results in significant alteration 
of Sox15 expression in human fetal femur-derived cells21.  
  
Future perspectives 
 
Up- or downregulation of other genes can be confirmed with the real-time PCR. Candidate 
downstream target genes of Sox3 can be further characterized in terms of expression using in 
situ hybridization and they can be functionally examined using chick embryo electroporation. 
Chromatin immunoprecipitation (ChIP) combined with gene-chip (ChIP-chip) analyses can be 
further used to detect Sox3 transcription factor binding sites and identifying its downstream 
target genes. The Sox1-GFP knock-in mouse embryonic stem cells that were used in this 
project had endogenous Sox3 expression. Establishment of a cell line enabling inducible Sox3 
expression can lead to exclusion of the endogenous Sox3 expression effect and better 
identification of the candidate downstream target genes.    
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Nestin promoter Sox3 Myc tag 

MATERIALS AND METHODS  
 
Cell lines and media:  
 
Stable transfection of Sox3 misexpressing mouse myoblast cells was carried out with a 
plasmid containing Sox3-myc and puromycin resistance gene sequences with internal 
ribosome entry site (IRES) in the interval between these sequences. The same construct but 
with Sox15-myc, was used for stable transfection of Sox15 overexpressing mouse myoblast 
cells. 
 
In the Sox1-GFP knock-in ES cells, the Sox1 gene open reading frame (ORF) was replaced by 
green fluorescent protein (GFP) coding sequence and an IRES-linked puromycin resistance 
gene33. This cell line was stably transfected with a myc-Sox3 construct (Figure 12) to form 
Sox3 overexpressing mouse ES cells.  
              

  
 
 

Figure 12. The construct used for stable transfection of Sox3 overexpressing mouse ES cells.  In this 
construct, Myc-Sox3 is expressed under control of the nestin promoter (Maria Bergsland, personal 
communication).  
 
Mouse myoblast cell lines were maintained in 1x Dulbecco’s Modified Eagle’s Medium 
(DMEM)(GIBCO) containing 4.5 g/l glucose, 8.9 % fetal bovine serum (FBS), 89 units/ml 
penicillin, 89 µg/ml streptomycin, 1.78 mM L-glutmine and 2 µg/ml puromycin at 37 °C with 
5% CO2 in a humidified atmosphere. For differentiation, the cells were maintained in the 
same medium but with 98 units/ml penicillin, 98 µg/ml streptomycin, 1.96 mM L-glutamine 
and 2 µg/ml puromycin. 
 
Mouse ES cells were propagated on gelatinized culture dishes in DMEM medium (GIBCO) 
containing nutrient mixture F-12 (DMEM/F12) (GIBCO) with 49 % Neurobasal (GIBCO), 1 
mM L-glutamine (GIBCO), 1% B27 supplement (GIBCO), 0.5% N2 supplement (GIBCO) 
and 0.04 mM β-mercaptoethanol (GIBCO) at 37 °C with 5% CO2 in a humidified atmosphere. 
For differentiation, the ES cells were incubated in the same medium containing in addition 20 
ng/ml basic fibroblast growth factor (bFGF) (Invitrogen), 100 ng/ml fibroblast growth factor 8 
(FGF8) and 0.4 µM all trans-retinoic acid (GIBCO). The cells were harvested after four days 
differentiation.  
 
RNA extraction:  
 
RNA was extracted from different cells line using the RNeasy® Mini kit (Qiagen) according 
to the manufacturer’s instruction. To avoid DNA carry over with RNA, an On-Column 
(Qiagen) DNase digestion step was performed. The RNA concentration was measured in 
triplicate at wavelength of 260 Å spectrophotometrically (Eppendorf BioPhotometer) in 100 
times diluted samples. All extracted RNA were stored at -70 ˚C. 
 
cDNA synthesis:  
 
1 µg RNA, 0.5 mM each dNTP (GE Healthcare) and 0.025 µg/µl oligo dT (Invitrogen) in a 
volume of 13 µl was incubated at 65 ˚C for 5 min and then kept on ice for 1 min. The reaction 
was mixed with 2 U/µl RNase inhibitor (Promega), 5 mM dithiothreitol (DTT)(Invitrogen), 
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1x First-Strand buffer and 10 U/µl Superscript III (Invitrogen) in final volume of 20 µl. Then 
the reaction was incubated at 50 ˚C for 1 h and deactivated at 70 ˚C for 15 min.   
 
Primer sequences:  
 
Different primer pairs were designed and used for both gradient and real-time PCR (Table 4). 
 
Table 4. Primers a 

 
          Gene                         Primer                          Sequence (5’ 3’)                          PCR product length (bp)   

 
Beta 2- microglobulin Forward  CTGACCGGCCTGTATGCTAT   146                                   

Reverse  CCGTTCTTCAGCATTTGGAT 
 

     Cyclin D2  Forward  CATCCAACCGTACATGCGCAG   94 
Reverse  CATGGCCAGAGGAAAGACCTC 

 
        Plagl1  Forward  AAGCCTTCGTCTCCAAGTAT   116 

Reverse  GTTCTTCAGGTGGTCCTTC 
                                            
         Sox3  Forward  AAGGAGTACCCGGACTACAA            75 

Reverse  CAGCGAGTACTTGTCCTTCT 
 
    Beta-actin  Forward  ACTCTTCCAGCCTTCCTTC                           85 

Reverse   ATCTCCTTCTGCATCCTGTC 
 

     28S rRNA  Forward  CGACGACCCATTCGAACGTCT       71 
Reverse   CTCTCCGGAATCGAACCCTGA 

 
 a The program Primer3 was used to design all the primers. 
 
Gradient polymerase chain reaction:  
 
Gradient PCRs were performed in reactions comprising  2 µl cDNA, 0.2 mM each dNTP (GE 
Healthcare), 2 mM MgCl2 (Invitrogen), 0.2 µM of each primer and 0.02 U/µl Taq Platinum 
(Invitrogen) in 25 µl 1x PCR buffer (Invitrogen). The reactions were incubated at 95 ˚C for 2 
min followed by 45 cycles of 95 ˚C for 15 s, X ˚C for 15 s and 72 ˚C for 30 s in a 
thermocycler (DNA Engine, DYADTM). X was varied between 50 ˚C and 60 ˚C for Beta 2- 
microglobulin DNA, between 51.7 ˚C and 56 ˚C for Plagl1 DNA and between 50 ˚C and 56 
˚C for both Cyclin D2 and Sox3 DNA. 
 
Agarose gel electrophoresis:   
 
PCR products were electrophoresed in 2 % agarose gels with 1X TAE buffer (Tris-acetate-
EDTA: 40 mM Tris, 40 mM glacial acetic acid, 1 mM EDTA, pH 8.0) at 110 V for 35 min, 
stained with 0.25 µg/ml ethidium bromide (BIO RAD) and visualized using an ultraviolet 
transilluminator. 
 
Real-time polymerase chain reaction:  
 
Real-time PCR was performed in reactions containing 2 µl cDNA, 0.2 µM of each primer in 
25 µl 1x Quantimix EASY SYG kit (Biotools, Madrid) which contained SYBR green dye at 
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the appropriate concentration. The reactions were incubated at 95 ˚C for 2 min followed by 45 
cycles of 95 ˚C for 15 s, 55 ˚C for 15 s and 72 ˚C for 30 s using a Rotor-gene RG-3000 A 
(Corbett Research) machine. The melting curve program was from 72 ˚C to 95 ˚C with 1 ˚C 
increase and 5 s hold at each step on the FAM channel. The amplicons from each reaction 
were analysed with Rotor-Gene V6.0 [Build19] software. 
 
Fluorescence activated cell sorting and microarray: 
 
Fluorescence activated cell sorting (FACS) of Sox1-GFP knock-in mouse ES cells and Sox3 
overexpressing mouse ES cells based on their GFP expression, were performed in the FACS 
facility of Karolinska Institute. For all the microarray experiments, the cell lines were sent to 
the microarray facility of Karolinska Institute.  
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