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SOUHRN 
 

  Postnatální adaptace novorozence na extrauterinní prostředí je kromě jiného závislá i 

na efektivním průběhu mitochondriální biogeneze v období fetálního vývoje. Proto 

studium mitochondriální biogeneze na molekulárně genetické a biochemické úrovni 

může příspět k zlepšení péče o předčasně narozené děti, zvláště o kriticky nemocné 

novorozence. 

   Práce vznikla v Laboratoři pro studium mitochondriálních poruch Kliniky dětského a 

dorostového lékařství 1.LF UK v Praze a zabývá se molekulárně genetickými analýzami 

zaměřenými na charakterizaci exprese genů podílejících se na mitochondriální 

biogenezi včetně genů pro systém oxidativní fosforylace (OXPHOS) a na charakterizaci 

změn množství mitochondriální DNA v průběhu fetálního vývoje člověka.  

   Získané výsledky umožňují: 

• Efektivní analýzu expresní hladiny mRNA metodou real-time PCR  

ve fetálních tkáních 

• Kvantifikaci množství mtDNA v různých fetálních tkáních 

• Pochopit a vysvětlit tkáňové specifické rozdíly v expresi OXPHOS genů a genů 

podílejících se na transkripci mtDNA a regulaci jejího množství v průběhu 

druhého trimestru gestace 
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SUMMARY 
 

    Postnatal adaptation of neonate to extrauterine life is among others dependent on 

effective mitochondrial biogenesis during fetal development. Therefore the study of 

mitochondrial biogenesis on molecular and biochemical level may improve the care of 

very premature neonates, especially critically ill premature neonates. 

   This thesis has been worked out in The laboratory for study of mitochondrial disorders 

(Department of Pediatrics, 1st faculty of Medicine, Charles University in Prague). The 

thesis is based on molecular genetic analyses, which are focus on characterization of 

expression of gene involved in mitochondrial biogenesis including gene of oxidative 

phosphorylation system (OXPHOS) and on changes in mtDNA content during human 

fetal development.  

  The results than enable : 

• Efective analysis of the mRNA expression level by quantitative real-time PCR 

method in fetal tissues.  

• Analysis of the changes in the mtDNA content in different fetal tissues 

• To understand and to explain the tissue-specific differences in expression of the 

OXPHOS genes and of the genes involved in mtDNA transcription and in 

regulation of mtDNA content during second trimester of gestation. 
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1  INTRODUCTION 
 

  Mitochondria are best known for their role as cell “powerhouses” because they 

generate ATP from metabolic fuels through oxidative phosphorylation system 

(OXPHOS) (Gibson, 2005; Papa, 1996). Therefore these semiautonomous organelles 

are essential for practically all eukaryotic cells. Different tissues contain mitochondria 

that differ substantially in number, structure and function, reflecting their variable 

energetic demand (Garesse and Vallejo, 2001; Heerdt and Augenlicht, 1990).  

   The genesis of mitochondria includes both mitochondrial proliferation and 

differentiation processes (Izquierdo, et al., 1995). The proliferation is a long-term 

program controlled mainly at the transcriptional level of gene expression. Meanwhile the 

differentiation is a short-term regulation of mitochondrial biogenesis which is controlled 

at post-transcriptional levels that involve the regulation of the stability and translational 

efficiency of the mRNAs encoding mitochondrial proteins (Cuezva, et al., 1997). The 

complexity of mitochondrial biogenesis involves changes in the expression of more than 

1000 genes, the cooperation of two genomes, and alters the level of aproximately 20% 

of cellular proteins (Lenka, et al., 1998). 

   The efficient mitochondrial biogenesis is considered as an important factor for both 

successful maturation of oocyte and postnatal adaptation to extrauterine life (May-

Panloup, et al., 2007). Therefore the inadequate efficiency of mitochondrial biogenesis 

leads to low energy production which may play a crucial role both in the fetal 

development and neonatal morbidity. The complete understanding of the regulation of 

mitochondrial function and biogenesis may improve the care of premature neonates. 

Moreover it could be benefit for diagnostics of the mitochondrial disorders with neonatal 

onset in critically ill neonates (Arnon, et al., 2002; Honzik, et al., 2008). There are 

several stages where the mitochondrial biogenesis is the critical factor for onward cell or 

tissue development – the oocyte maturation and selection, the placentation, the early 

postnatal adaptation.  

   Sufficient activation of mitochondrial biogenesis is necessary for selection of the 

oocyte during maturation. Oocyte growth and maturation may be improve by addition of 

several hundreds of mitochondria (May-Panloup, et al., 2007; Perez, et al., 2000). 

   In the oocyte, the stage of mitochondrial biogenesis may be reflecting by the mtDNA 

content. According some studies, the mtDNA content is highly variable in human oocytes 
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(Reynier, et al., 2001; Steuerwald, et al., 2000) and it could be explained by differences 

in maturation levels of the oocytes (May-Panloup, et al., 2007).  

   The mitochondrial biogenesis also takes place during the placentation period (Alcolea, 

et al., 2006). On gestational day 12, the rat placentary circulation is established and 

oxygen becomes more available to the embryo, the mitochondria undergo considerable 

morphofunctional changes coinciding with the partial switch from glycolytic to oxidative 

metabolism (Alcolea, et al., 2006; Shepard, et al., 1998; Shepard, et al., 1997). In this 

way rat embryo mitochondria reaches a more differentiated stage with a more efficient 

oxidative metabolism that facilitates the embryo growth during the second half of the 

gestation (Alcolea, et al., 2007). Similarly in human and primates, mitochondria pass 

through ultrastructural changes with initiation of mitochondrial biogenesis during early 

embryo development (Enders and Schlafke, 1981; Sako, 1975; Shepard, et al., 1998). 

   Finally, at birth, the adaptation to extrauterine environment involves profound 

hormonal, physiological and metabolic changes (Pollak, 1977; Sutton and Pollak, 1980; 

Valcarce, et al., 1994; Valcarce, et al., 1988). Indeed the full switch from glycolysis to 

respiration relies on the mitochondrial biogenesis which is already initiated in oocyte 

selection during maturation and then during the placentation period.  
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2  AIMS OF THE STUDY 
 
   Human prenatal development is a period of great interest in the field of mitochondrial 

biogenesis since its adequate capacity plays an important role in postnatal adaptation to 

extrauterine life. The process of OXPHOS maturation during the development of the 

fetus is still not fully understood. The better understanding of the regulation of 

mitochondrial biogenesis may improve the care of very premature neonates, especially 

critically ill premature neonates. 

   The thesis is based experimentally on molecular genetic analyses in human cord blood 

leukocytes (HCBL) and placental tissue obtained after the delivery of neonates in 

various gestational age and samples of fetal muscle and liver tissues  obtained at 

autopsies after termination of pregnancy for genetic indications unrelated to primary 

OXPHOS disorders. The most important requirement for successful molecular genetic 

analyses in the study was satisfying RNA quality in fetal tissue samples. 

   The specific aims of this study have been: 

 

a) to determine appropriate conditions for handling and storage of fetal tissue samples 

with a focus on effect on analysis of the mRNA expression by quantitative real-time 

PCR method.  

b) to analyze the changes in the mtDNA content in human cord blood leukocytes 

(HCBL) during human fetal development between 25th and 41st week of gestation 

and in human fetal liver and muscle tissues between 13th and 28th week of gestation. 

c) to characterize the trends in expression of the genes involved in mtDNA transcription, 

regulation and maintenance (POLG, TFAM, NRF1, NRF2, PGC1A, PGC1B and 

PPRC1 genes) and genes encoding OXPHOS subunits (nuclearly encoded genes – 

COX4, ATP50, ATP5G2 and mitochondrially encoded genes – MTCO2, ATP6) in 

human fetal liver and muscle tissues between 13th and 28th week of gestation. 
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3  MATERIAL AND METHODS 

 
3.1  Fetal part of placental tissue for evaluation conditions for handling and storage of 
fetal tissue samples 

Samples of placental tissue were obtained from fetal part of placenta after informed consent 

from 20 term neonates with gestational age 40 ± 1 weeks (range 37 – 42 weeks).  

 

3.2  Human cord blood samples for DNA isolation from leukocytes 
Cord blood samples were collected from the placental part of the umbilical cord immediately 

after the delivery of the child (n = 107). Neonates were born at the gestational age between 25 – 

41 weeks of gestation and all pregnancies were uneventful till birth. 

 

3.3  Fetal liver and muscle tissues  
Twenty-six pairs of human fetal liver and muscle tissues were obtained at autopsy after 

termination of pregnancy for genetic indications unrelated to OXPHOS deficiency between 13th 

and 28th week of gestation.  

 
3.4  Ethics 
   The study was carried out in accordance with the Declaration of Helsinki of the World Medical 

Association and was approved by the Committee of Medical Ethics at the General University 

Hospital in Prague. Informed consents were obtained from women prior to taking tissue samples. 

All control samples were obtained after informed consent of the parents. 

 
3.5  DNA and RNA isolation from tissues 
   DNA and RNA were always isolated simultaneously from liver and muscle fetal tissue samples 

by TriReagent solution (MRC). The placenta tissue was used to RNA isolation by the same 

commercial solution. All the isolation processes were performed according to the recommended 

manufacturer protocols.  

3.6  DNA isolation from cord blood 

   All cord blood samples were taken into tubes with EDTA (BD Vacutainer ®). DNA was 

extracted from HCBL by the isolation according Kendall et al. (1991) with some modifications.  
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3.7  Reverse transcription 

Total RNA was transcribed to cDNA using Superscript III Reverse Transcriptase (Invitrogen) and 

Oligo-dT primers (Promega). RT-minus controls were always prepared (no reverse transcriptase 

added).  

 

3.9  Real-time PCR  
   Real-time PCR amplification was performed in 20 µl containing 2X Master Mix DyNAmoTM HS 

SYBR® Green (Finnzymes), 200 nM each primer and 1µl of DNA or cDNA template. Data were 

collected using Chromo4 real-time PCR system (Bio-Rad). Some genes were analysed by 7300 

Real-Time PCR System (Applied Biosystems).  

 

3.10  mtDNA analysis 
   To quantify the mtDNA content, we selected two genes, namely, MT-RNR2 as a mitochondrial 

target and GAPDH as a nuclear target. The nuclear target was used to quantify nuclear DNA 

and therefore normalization of the mtDNA amount per cell was accomplished. The equation (1) 

was applied to express the mtDNA amount as mtDNA level per cell. 

 (1)     L = Emt (-Ctmt) / En
(-Ctn) 

 L – mtDNA level per cell 

 Emt - PCR efficiency of mitochondrial target 

 En - PCR efficiency of nuclear target 

 Ctmt - threshold cycle of mitochondrial target (point where the instrument first detects 

fluorescence above bacgkround noise) 

 Ctn - threshold cycle of nuclear target  

 

3.11  mRNA analysis 
   To quantify transcript levels of analysed genes, we firstly selected two reference genes The 

equation (2) was used to determine the normalized mRNA expression levels of all selected 

genes. 

(2) Le = Egoi (-Ctgoi)/ NF 
Le – normalized mRNA expresion level 

 Egoi - PCR efficiency of gene of interest  

 NF - normalization factor (individual for each sample) 

 Ctgoi - threshold cycle of gene of interest  

 

 

 



 12

3.12  Evaluation of the real-time PCR sensitivity 
   Sensitivity was determined by the Ct values which were plotted as a function of the DNA 

amount or the total RNA amount which was transcribed to cDNA (in nanograms) and then the 

limits of quantification and detection were assessed.  

 

 

3.13  Statistical Analysis 
   Cts were calculated with Opticon 3 Software (Bio-Rad) or 7300 System Software (Applied 

Biosystems). Pearson´s correlation, linear regression and Cook´s distance analyses were used. 

The test of correlation coefficient significance was also performed. All statistical analyses were 

provided by STATISTICA software, version 6.0 (StatSoft, Prague, CZ). Results were considered 

significant when the corresponding P < 0.05. 
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4  Results and discussion 
 

4.1  Appropriate conditions for handling and storage of fetal tissue samples 
with a focus on effect on analysis of the mRNA expression 
 
   This pilot study was focus on evaluation of appropriate options for handling and 

storage of placenta tissue and fetal tissue samples. Human placenta represents easily 

obtainable source of human fetal tissue. Therefore it was used for evaluation basic rules 

for manipulation with fetal tissues. The most important requirement for successful real-

time PCR is equal RNA quality in all of samples.  

   Apart from RNA quality, the choice of a proper set of reference genes for accurate 

normalization is another crucial factor with a profound impact on the reliability of the 

obtained gene expression levels (Pérez-Novo, et al., 2005). Therefore the reference 

genes for placental, fetal muscle and liver tissues were determined. 

   No study has been done with focus on Apgar score. This could be important factor 

because the lower is Apgar score, the higher is risk of probability that the fetus passes 

the hypoxemia. Then also the RNA could have inaprropriate quality for objective study. 

Therefore, in this pilot study, the Apgar score was observed in context of RNA purity, 

RNA quantity and RNA integrity.  

 

4.1.1  RNA purity (protein contamination) and quantity 
 

   The significant negative correlation was observed between RNA quantity and RNA 

purity of the placenta tissue samples ( r = -0.61, p < 0.01; y = 12845.19 - 5332.21x ). The 

purity of RNA samples was 1.9 ± 0.1 (A260 / A280 ratio). There was also found the 

significant positive correlation between RNA quantity and sample weight ( r = 0.46, p < 

0.05;  y = 207.87 + 0.06x ). This result confirmed that isolation of RNA from placenta 

tissue is effortless.  

   In the time course study the connectivity was found also between RNA quantity and 

RNA purity for 0°C in the first ( r = -0.94, p < 0.05; y = 22677.73 - 10181.37x ) and the 

second ( r = -0.8384, p < 0.05; y = 28653.18 - 13366.12x ) intervals. It means that the 
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higher is RNA amount the lower is RNA purity. According the result RNA quality especially 

purity is dependent on the temperature. This dependence was invalid for both 

temperatures 0 °C / 24 °C  in the third interval (p > 0.05). It was probably influenced by 

number of samples. On the other hand the role of time period before freezing was also 

crucial as showed the analysis of RNA integrity. The low Apgar score did not affect RNA 

quantity. On the other hand RNA purity of low Apgar samples was the worst in the set of 

samples. 

   The average RNA purity for fetal tissues was 1.9 ± 0.1.  

 

4.1.2  RNA purity ( gDNA contamination ) 
 
   All of placental samples were found without gDNA contamination, because only 

shorter MECP2 gene fragment (378 bp) was amplified. The longer fragment (1143 bp) 

was amplified from gDNA and therefore it was marker of gDNA contamination in RNA 

sample. Significant differences were found in amplification of shorter MECP2 gene 

fragment. These differences correspond with temperature (0 °C or 24 °C) and also with 

time period before freezing of the samples. RNA from tissue sample which was placed in 

the lower temperature (0 °C) provided better PCR result. Moreover the shorter time 

interval (1 hour) showed still better PCR result. 

 

4.1.3  RNA integrity 
 
   The average RIN of 20 placental samples was 5.5 ± 1.0 and RINs of intervals were  

5.4 ± 0.9 / 4.4 ± 1.1 (first interval 0 °C / 24 °C), 5.0 ± 1.5 / 3.5 ± 0.9 (second interval  

0 °C / 24 °C), 2.6 ± 0.1 / 2.4 ± 0.1 (third interval 0 °C / 24 °C). It is evident that the longer 

is the time period before freezing the lower is RNA integrity. Moreover also the 

temperature has impact on RNA integrity . The RNA integrity of low Apgar samples was 

not significantly different from the integrity of normal Apgar samples. 

   The average RINs of 26 fetal muscle and 26 liver samples were 6.4 ± 1.6 and  

6.6 ± 2.1.  
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4.1.4  Evaluation of appropriate reference genes 
 
   In placenta tissue, ATP50 and SDHA were the most stable expressed with M = 0.340. 

Similar result for placenta tissue was shown in study Meller et al. (2005).  

   TBP and PSMB6 were the most stable expressed genes in fetal liver tissue with an 

average expression stability (M) of M = 0.287. HPRT1 and PSMB6 were the most stable 

expressed genes in fetal muscle tissue with an average expression stability of M = 

0.255.  

 

4.1.5  Summary 
 

   According to the results, the important factors for handling, storage and acquirement of 

the best RNA quality of human placenta and fetal tissue samples are temperature and 

time period before freezing of samples. Therefore the proper conditions are storage in 0 

°C for 1 hour maximally or immediately to freeze in – 80 °C and RIN at least 4.5 - 5.  

   Apgar score, which could be often depend on the process of childbirth (Caesarean 

section or spontaneous childbearing), is relevant only for placenta tissue samples. The 

lower Apgar score may negatively influence the probability of impurities in RNA from 

placenta tissue.  

  The findings were worth because the evaluation of proper rules are necessery for 

manipulation with fetal tissues. Therefore the results helped me to realize the next aims 

of this work. 

 

4.2  The mtDNA content changes in human cord blood leukocytes (HCBL), 
fetal liver and muscle tissues during second trimester of gestation 

 

   This work demonstrates a progressive increase in the ratio of mitochondrial to nuclear 

DNA in both fetal liver and fetal muscle tissues during the second trimester of gestation.  

   On the contrary, in HCBL, the mtDNA content gradually decreases between  

25 – 41 weeks of gestation. Isolated HCBL contribute very little to the overall metabolic 

turnover, but they may serve as easily available marker cells for the study of the mtDNA 

amount changes in cord blood during gestation (Pejznochova, et al., 2008). 
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4.2.1  The changes of mtDNA content in HCBL during gestation  
 
   The significant negative correlation was found between the mtDNA content in HCBL and 

gestational age in the set of 107 neonates born between 25 – 41 weeks of gestation. 

Using the raw data, correlation analysis gave a Pearson’s correlation coefficient of r = - 

0.54 (p < 0.01). The relative mtDNA level (mean ± SD) was 69.7 ± 9.9. The correlation 

analysis only for gestational age 37 – 41 weeks gave a Pearson´s correlation coefficient of 

r = - 0.33 (p < 0.05). Therefore the prematurity did not affect significantly our results. 

There was also the significant negative correlation between the mtDNA content and birth 

weight. The Pearson’s correlation coefficient was r = - 0.43 (p < 0.01).  

   The mtDNA amount in HCBL is decreasing during the gestation contrary to the Heerdt 

and Augenlicht (1990) who described no significant differences in mtDNA amount 

between adult and umbilical blood leukocytes and bone marrow. However, in that study, 

mtDNA amount in leukocytes was analysed only from two umbilical blood samples and ten 

peripheral blood samples from adults. Moreover, the adult and fetal samples were 

compared using Southern blot method, which is less sensitive than real-time PCR.  

   Several reasons exist why the mtDNA amount could decrease in leukocytes during fetal 

development. Our study was performed between the sixth and the ninth fetal month when 

the anatomic shift of hematopoiesis from the fetal liver to the bone marrow is proceeding 

(Baron, 2003; Brugnara and Platt, 2003). Simultaneously with this shift the number of 

hematopoietic progenitor cells (HPC) was proved to be decreasing. It was shown in 

premature neonate blood whose number of HPC is high and quickly fall in contrast to 

number of HPC in mature neonate blood (Brugnara and Platt, 2003; Haneline, et al., 1996; 

Wyrsch, et al., 1999). On the other hand, an upward trend in number of leukocytes was 

shown during the gestation (Forestier, et al., 1991). This trend could be caused by falling 

of the cell volume during the development as it was observed in erythrocytes (Forestier, et 

al., 1991; Tannirandorn, et al., 1999). In summary, the falling number of HPC, the growing 

number of leukocytes as marker of the cell parameter changes together with the overlap 

of the fetal liver and the bone marrow hematopoiesis could explain the decrease of 

mtDNA amount per cell in HCBL. Thus, the mtDNA level decrease in HCBL is the 

secondary effect of the physiological changes in the fetal hematopoiesis. 
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   Platelets could influence the result of the mtDNA measurement because they contain 

mtDNA but no nDNA (Banas, et al., 2004). However, it was demonstrated that the count of 

platelets is constant during gestation (Forestier, et al., 1991). Therefore the observation of 

mtDNA content downtrend during gestation is not influenced by possible platelet 

contamination. The situation in reticulocytes is similar to platelets, the count of 

reticulocytes is not significantly changed during gestation (Brugnara and Platt, 2003).  

      In our study, the real-time PCR method was used because it is the most sensitive and 

accurate method for mtDNA quantification (Bhat and Epelboym, 2004; Chabi, et al., 2003). 

The real-time PCR was established to compare the relative abundance of mtDNA with 

nDNA. The nDNA amount is directly proportional to the number of cells and therefore the 

assay result could be expressed as mtDNA amount per cell. The GAPDH was selected as 

a reference for nDNA. It is an example of a single copy gene that acts as a marker of 

diploid genome content. Other non-single copy nuclear genes, especially genes for 28S 

rRNA or 18S rRNA, which have been often used in other studies (Bai, et al., 2004; Cha, et 

al., 2005; Song, et al., 2001), seem to be less appropriate. The repetitive nuclear 

sequences may vary in number and even in primary sequence from one individual to 

another (Gonzalez, et al., 1985) therefore they are not efficient both as an endogenous 

references and as markers of genome content.  

   Validation of the real-time PCR parameters, mainly efficiency, was provided by the 

calibration curve in each run for all experiments. The calibration curve was prepared from 

the HCBL genomic DNA, because only this genomic DNA has the identical characteristics 

(primarily efficiency) as genomic DNA of analysed samples. 

 

4.2.2  Changes of mtDNA content in fetal liver and muscle during gestation 
 
   The significant positive correlations were found between the mtDNA amount and the 

gestational age in fetal muscle and liver tissues (muscle: r = 0.56, p < 0.01;  

liver: r = 0.59, p < 0.01, respectively). The relative mtDNA level  

(mean ± SD) was higher in fetal muscle than in liver (liver: 130 ± 60; muscle 257 ± 134; p 

< 0.001) (Pejznochova, et al., 2010).  

   In the period between 13th and 28th week of gestation covered by our study the role of 

fetal liver as main hematopoietic site declines (Brugnara and Platt, 2003). Through this 

change the proliferation of the hepatocytes is rising simultaneously with mitochondrial 
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proliferation and therefore the mtDNA content increases (Izquierdo, et al., 1995). Our 

results showed the significant increase of mtDNA content in fetal period as well as in the 

study of Heerdt and Augentlicht (1990). On the other hand, in the earlier fetal development 

(9th - 17th week of gestation) the liver mtDNA content is not significantly changed (Minai, et 

al., 2008). Further, the data of postnatal period showed notable increase of the mtDNA 

amount in comparison with the fetal values similarly in studies of Morten et al. (2007) and 

Minai et al. (2008). The prenatal mtDNA levels (mean ± SD) were significantly lower than 

the postnatal mtDNA levels (mean ± SD) in both tissues (postnatal liver: 1496 ± 716; 

postnatal muscle: 1358 ± 797; p < 0.001) (postnatal data was made by Ing. K.Vinsova 

together with me in our lab and data is not shown). 

   The terminally differentiated cells of human skeletal muscle are formed in three distinct 

waves. The first wave proceeds in embryonic period. The secondary muscle fibres begin 

to form in fetal period and the tertiary wave of myofibre formation continues past the time 

of birth (Miller, 2001). Between the first and the secondary waves, the mtDNA amount 

shows no change (Minai, et al., 2008). Nevertheless, the results of our work, mapping the 

mainstream of the secondary wave, revealed significant increase in the mtDNA amount 

between 13th and 28th week of gestation. It might be induced as glycolytic energy 

production in proliferating myoblasts shifts to oxidative phosphorylation in differentiated 

myotubes (Franko, 2008; Leary, et al., 1998). Moreover musle differentiation is probably 

associated with the increase of mtDNA content during rat embryonic development 

(Franko, 2008; Miki, et al., 1988). Our analysis of the postnatal versus fetal muscle tissue 

showed the significant difference in mtDNA content. Similarly to study of Minai et al. 

(2008) the postnatal values were higher. 

   Although the significant increase in the mtDNA content was observed in both tissues 

during analysed period, a higher relative amount of mtDNA was found in the muscle 

compared to the liver. Furthermore, as mentioned above, the differences were observed 

between the postnatal and fetal mtDNA content in both analysed tissues. It means that 

after birth the increase of mtDNA content continues in both tissues. The non-

homogeneous distribution of mtDNA between fetal tissues could be given by their different 

metabolic roles. The tissue-specific mtDNA content implies a tissue-specific expression of 

genes involved in maintenance and regulation of mtDNA. 
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4.2.3  Summary 
 
   Results of our studies demonstrated the significant changes of mtDNA amount in HCBL, 

fetal liver and muscle tissues during the second part of gestation. The highest amount of 

mtDNA was found in fetal muscle at the end of the analysed period. In the HCBL was 

found the minimal content of mtDNA in comparison with fetal liver and muscle. Therefore 

the results are in accordance with the hypothesis that in various human developing tissues 

the mtDNA amount could be different not only depending on their energy demand but also 

on the stage of development (Heerdt and Augenlicht, 1990). 

   The real-time PCR method was introduced for quantification of mtDNA. This approach to 

the relative DNA quantification is sensitive, accurate, and simple.  

 

4.3  The trends in expression of the genes involved in mtDNA transcription, 
regulation and maintenance, in human fetal liver and muscle tissues between 
13th and 28th week of gestation 

 
   The intriguing differences were found in expression of POLG, TFAM, NRF2, MTCO2, 

COX4, ATP5G2, ATP6 genes and family PGC1 coactivators between the fetal liver and 

muscle tissues. 

   In both tissues, there is the trend to increase TFAM mRNA expression from 13th till 28th 

week of gestation (liver: r = 0.47, p < 0.05; muscle: r = 0.63, p < 0.01). The results showed 

that mRNA level of TFAM follows the trend of mtDNA content in fetal muscle and liver 

tissues (liver: r = 0.62, p < 0.01; muscle: r = 0.51, p < 0.01). Similarly, in both tissues, a 

significantly positive correlation was observed between TFAM and MTCO2 mRNA levels 

(liver: r = 0.72, p < 0.01; muscle: r = 0.56, p < 0.01) and between TFAM and ATP6 mRNA 

levels (liver: r = 0.49, p < 0.05; muscle: r  = 0.67, p < 0.01). 

    Interestingly, the significantly higher relative amount of the TFAM mRNA was observed 

in fetal liver (mean ± SD) (l4.10 ± 1.77) in comparison to fetal muscle (1.9 ± 0.50)  

(p < 0.01) although the higher mtDNA content was found in fetal muscle. This could signify 

more intensive mitochondrial proliferation on transcriptional level in liver than in muscle. 

TFAM mRNA level probably reflects the rate of mtDNA transcription (Ostronoff, et al., 

1996 ). Therefore the analysis of the expression of mitochondrially encoded genes - 
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MTCO2 and ATP6 was performed. Their mRNA levels are rapidly increasing during 

observed fetal period in both tissues (liver: r = 0.65, p < 0.001 and r = 0.69, p < 0.001; 

muscle: r = 0.71, p < 0.001 and r = 0.73, p < 0.001), but the overall MTCO2 and ATP6 

mRNA levels are higher in liver tissue.  It supports our hypothesis about stimulation of 

mitochondrial proliferation on transcriptional level in fetal liver. However TFAM, apart from 

its role in the mtDNA transcription initiation and replication of the mitochondrial genome 

(Shadel and Clayton, 1993) is also important in mtDNA maintenance as a main 

component of the nucleoid (Kang, et al., 2007). Therefore TFAM mRNA level might be 

related also to the mtDNA content (Ekstrand, et al., 2004; Chow, et al., 2007). Based on 

own results in the fetal liver, the increasing level of TFAM transcript confirms hypothesis 

that it precedes accelerated growth of the mtDNA content (May-Panloup, et al., 2005) and 

supports the rise of the mtDNA transcription rate. 

   POLG encodes a catalytic subunit of polymerase gamma (Graziewicz, et al., 2006). The 

observations of our work bear the fact that POLG expression is tissue specific (Schultz, et 

al., 1998). POLG level is significantly increasing in fetal liver whereas it is not changed in 

muscle tissue during the analysed period (liver: r = 0.63, p < 0.001; muscle: r = -0.38,  

p > 0.05). In the liver, the increasing POLG, similarly to TFAM, could reflect the rate of 

mitochondrial proliferation (Ostronoff, et al., 1996 ). Moreover in mouse embryos, the up-

regulation of liver mtDNA levels leads to increased levels of POLG transcripts (Hance, et 

al., 2005). In rabbit skeletal muscle, the POLG transcript level was not shown to be related 

with the mtDNA content and its changes does not influence the abundance of the catalytic 

subunit (Schultz, et al., 1998). 

   The TFAM expression is regulated by NRF1 and NRF2, meanwhile NRF factors (NRFs) 

are affected by PGC1 family of regulated coactivators (PGC1A, PGC1B and PPRC1) 

(Cannino, et al., 2007; Choi, et al., 2006; Kelly and Scarpulla, 2004; Scarpulla, 2008b). 

PGC1A/B coactivate NRFs that in turn stimulate the expression of nuclear genes involved 

in mitochondrial respiration and biogenesis (Wu, et al., 1999). PPRC1 has been presented 

as NRF1 transcriptional coactivator (Andersson and Scarpulla, 2001). NRFs, DNA-binding 

transcription factors, have a broader role in the integration of diverse cellular functions 

(Huo and Scarpulla, 2001) including mtDNA maintenance (May-Panloup, et al., 2005) and 

transcription of nuclear encoded mitochondrial genes (Patti, et al., 2003; Scarpulla, 

2008a). In both fetal tissues, the mRNA level of PPRC1 keeps constant (liver: r = 0.09, p > 

0.05; muscle: r = 0.18, p > 0.05) whereas the PGC1B level increases (liver: r = 0.50, p < 
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0.05 and muscle: r = 0.58, p < 0.01). Conversely the PGC1A transcript is changed entirely 

in liver (liver: r = 0.47, p < 0.05; muscle: r = 0.14, p > 0.05). Similarly the NRF1 transcript 

was without variations in both tissues (liver: r = 0.32, p > 0.05; muscle: r = 0.19, p > 0.05), 

but the NRF2 mRNA level rises significantly only in liver (liver: r = 0.58, p < 0.01; muscle: r 

= -0.23, p > 0.05). The transcript of nuclear encoded mitochondrial gene – COX4, showed 

also the tissue-specific increase (liver: r = 0.67, p < 0.001; muscle: r = 0.20, p > 0.05). 

Interestingly, the interdependence between NRF2 and COX4 transcript levels or between 

NRF2 and PGC1A transcript levels was significantly positive only in fetal liver (liver: r = 

0.85, p< 0.01; muscle: r = 0.03, p > 0.05 or liver: r = 0.48, p < 0.01; muscle: r = 0.29, p < 

0.05). In accordance with Puigserver (2005), it could bear evidence of tissue-specific 

expression or regulation. According to these results difference in the PGC1A transcript 

level between liver and muscle could explain tissue variation in NRF2, TFAM and COX4 

expression. The increasing expression of PGC1A positively affected NRFs binding to 

regulatory regions of the TFAM promoter (Wu, et al., 1999). Further NRF2 stimulates the 

trancription of mitochondrial nuclear encoded COX4 gene (Ongwijitwat, et al., 2006; 

Ongwijitwat and Wong-Riley, 2005; Virbasius, et al., 1993) and TFAM increases 

transcription of mitochondrially encoded MTCO2 and ATP6 genes. It means that the 

mitochondrial proliferation in liver is regulated mainly on transcriptional level. On the 

contrary, in muscle it could be proceed rather on post-transcriptional or translational level 

as was shown in POLG expression (Schultz, et al., 1998). 

  The other evidences of tissue-specific expression respectively regulation of expression 

are differences in ATP5G2 transcript levels between fetal tissues (liver: r = 0.59, p < 0.01; 

muscle: r = 0.23, p > 0.05). Moreover the next differences were found in 

interdependencies of ATP5G2 and mtDNA or ATP5G2 and ATP6 transcript levels 

between fetal liver and muscle tissues. In details, there was found significantly positive 

correlation between transcript level of nuclearly encoded gene ATP5G2 and mtDNA 

content in fetal liver tissue, but not in fetal muscle tissue (liver: r = 0.53, p < 0.01; muscle: r 

= 0.23, p > 0.05). Further the significantly positive correlation was found between 

transcript levels of nuclearly encoded gene ATP5G2 and mitochondrially encoded gene 

ATP6 in fetal liver, but not in fetal muscle (liver: r = 0.79, p< 0.01; muscle: r = -0.10, p > 

0.05). These correlations show that regulation of cross-talk between mitochondria and 

nucleus on mRNA level proceeds more actively in fetal liver during prenatal development. 



 22

It is in accordance with the suggestion that the mitochondrial proliferation in liver is 

regulated mainly on transcriptional level. 

   ATP5O, ATP5G2 and ATP6 (subunits OSCP, c and a) are involved in formation of an 

energy transduction part of  ATP synthase (complex V) called F0. ATP5O and ATP5G2 

genes belong to low transcript gene group (LTG) (Sangawa, et al., 1997). This fact was 

confirmed in this work – their transcript levels were from ten fold to thousand fold lower in 

comparison with ATP6 transcript level in analysed fetal tissues. The transcriptional 

regulatory system of the LTG may play a key role in the biogenesis of mammalian 

complex V respectively was termed as bottleneck in the complex V biogenesis (Sangawa, 

et al., 1997). Thus the mitochondrial biogenesis could be also affected by the regulatory 

system of the LTG. Moreover according Houstek et al. (1995) the transcript level of 

ATP5G2 gene (subunit c) correlates with the protein content of complex V. Together with 

our results, the amount of complex V probably increases in fetal liver during the second 

trimester.  

 

4.3.1.  Summary 

 

   The significant positive correlations were found between mRNA expression levels of 

TFAM and the gestational age in both fetal liver (r = 0.46, p < 0.05) and muscle tissues  

(r = 0.62, p < 0.01 or r = 0.71, p < 0.01). The analogous correlations were found for mRNA 

level of PGC1B in both fetal tissues (liver: r = 0.50, p < 0.05 and muscle: r = 0.58, p < 

0.01). Further mRNA expression level of POLG, NRF2, and PGC1A positively correlated 

with the gestation age only in fetal liver tissue (r = 0.63, p < 0.001; r = 0.58, p < 0.01; r = 

0.47, p < 0.05). No correlations were between mRNA expression levels of NRF1 or 

PPRC1 and the gestational age in both fetal liver and muscle tissues.  

   The notable changes were observed in expression of selected COX and ATP synthase 

subunits on mRNA level (COX4, ATP5O, ATP5G2 and ATP6, MTCO2). The mRNA levels 

of COX4 and ATP5G2  were increasing only in liver (r = 0.67, p < 0.001 and r = 0.59, p < 

0.01), meanwhile the transcript levels of MTCO2 and ATP6 were raising in both tissues 

during observed fetal period (liver: r = 0.65, p < 0.001 and r = 0.69, p < 0.001; muscle: r = 

0.71, p < 0.001 and r = 0.73, p < 0.001). The ATP5O transcript levels were without 

significant changes in both tissues (The analysis of ATP synthase subunits in fetal liver 

tissue was made by student Bc. A. Mrhalkova working with me in our lab). The analysis of 
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gene expression was realized in the same set of samples as the analysis of mtDNA 

content. 
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5  CONCLUSIONS 
 

The specific conclusions of this study are: 

 

a) The appropriate conditions for handling and storage of fetal tissue samples were 

evaluated. The basic essential parameters, which are important to observe in 

analysis of RNA from fetal tissues, were specified. They include first of all low 

temperature (ideally 0°C), short time period before freezing of samples (maximally 

1h) and optimal RNA integrity (minimal RIN = 4.5). 

 

b) The real-time PCR method was established for quantification of mtDNA content in 

fetal tissues and HCBL. The method is also available for other aplications e.g. as 

screening tool for Alpers syndrom which significantly change mtDNA content. 

Further the changes of mtDNA content were characterized in three different tissues 

during human fetal development. 

 

c) The study characterized the trends of gene expression in the pathway leading from 

PGC1 family of regulated coactivators through NRF1, NRF2, TFAM, POLG to 

COX4, MTCO2 and ATP5O, ATP5G2, ATP6 genes in fetal liver and muscle tissues 

between 13th and 28th week of gestation. Moreover the gene expression results 

were compared with the results from quantification of mtDNA content. According to 

the results, the mitochondrial proliferation is increasing during the second trimester. 

The first hallmarks of adjustment for postnatal adaptation are already evident 

mainly on transcriptional level in the fetal period and it represents a step to the 

more flexible posttranscriptional regulation early after birth (Cuezva, et al., 1997). 

The fetal developing tissues, especially liver and muscle, differ in the control of 

mitochondrial biogenesis depending on their energy demand and the phase of 

development as well.  
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