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Methyl tertial butyl ether, an oxygenated compound of gasoline, is a toxic and ecolo
gically dangerous chemical compound with an ability to introduce a variety of neurotoxic, 
allergic and respiratory diseases, as well as cancer and leukemia. We used RT/PCR or 
quan titative PCR to study the effect of methyl tertial butyl ether (everyday injection for one 
month) on the expression of mRNA coding for 6phosphofructo2kinase/fructose2,6
bisphosphatase3 (PFKFB3) and vascular endothelial growth factor (VEGF), which are 
important for tumor growth and metastasis in the lung and liver. The level of PFKFB3 and 
VEGF mRNA expression was increased in the liver in methyl tertial butyl ether treated rats 
with respect to the control animals. However, methyl tertial butyl ether had opposite ef fect on 
the expression of PFKFB3 and VEGF mRNA in the lung: with strong induction of PFKFB3 
and suppression of VEGF mRNA expression. Moreover, alternative splicing of PFKFB3 
mRNA was changed in methyl tertial butyl ether treated rats in organ specific manner. Thus, 
methyl tertial butyl ether induces alternative splicing of PFKFB3 mRNA accompanied by 
appearing of variants with longer Cterminus in the liver, and with shorter Cterminus in the 
lung. The results of this investigation clearly demonstrate that methyl tertial butyl ether af
fects in organ-specific manner the expression and alternative spli cing of mRNA coding for 
PFKFB3 and VEGF, key regulatory factors of glycolysis, and angiogenesis.

Key words: PFKFB3, VEGF, mRNA, alternative splicing, methyl tertial butyl ether, 
lung, liver, rats.

INTRODUCTION

Methyl tertial butyl ether is a representative of numerous oxygenated compounds 
which are available in gasoline and can to reduce vehicle exhaust emissions, aromatic 
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compound content, and avoid using organolead compounds, while maintaining high oc
tane number. Immediately after the introduction of methyl tertial butyl ether into gasoline, 
many consumers of that product in USA and other countries have been getting a variety 
of neurotoxic, allergic and respiratory diseases [1–3]. Methyl tertial butyl ether causes 
different cancers in rat and mice [1, 3]. The precise mechanisms of methyl tertial butyl 
ether toxic effects leading to development of different diseases, especially cancer, re
main poorly understood. Data exist that 6phosphofructo2kinase/fructose2,6bisphos
phatase (PFKFB) and vascular endothelial growth factor (VEGF) are very important for 
tumor growth and metastasis and that methyl tertial butyl ether affects the expression of 
PFKFB4 mRNA and its alternative splicing, as well as the expression of Per2, BMal1, 
Clock, and some protein kinases responsible for regulation of key metabolic processes 
[4–9]. Disturbance in expression of these genes can impair cellular signaling pathways 
and lead to developing of different pathological processes and cancer, in particular. 

The homodimeric bifunctional enzyme PFKFB [6phosphofructo2kinase (EC 
2.7.1.105) and fructose2,6bisphosphatase (EC 3.1.3.46)] are key enzymes in regu
lation of glycolysis, as well as gluconeogenesis in normal and different pathological 
conditions, in particular in malignant tumors, since they control cellular level of fructose
2,6bisphosphate [10–13]. The fructose2,6bisphosphate is considered to be the key 
activator of glycolysis that controls glucose utilization [11, 14, 15]. PFKFB has two dis
tinct catalytic sites on each subunits, one for the 6phosphofructo2kinase activity and 
the other for the fructose2,6bisphosphatase activity [11, 13, 16, 17]. PFKFB is a key 
enzyme in the regulation of glycolysis in malignant tumors [17–21]. 

There are at least four different PFKFB isoenzymes (PFKFB1, 2, 3 and 4) in 
mammals and they are encoded by four independent genes (pfkfb1, pfkfb2, pfkfb3 and 
pfkfb4) [2, 13, 14]. The PFKFB3 has eight alternative splice variants with heteroge
neity of the regulatory carboxylterminus and they are strongly expressed in cancer 
cells [5, 19, 22–24]. By setting the intracellular fructose2,6bisphosphate concentra
tion, PFKFB3 controls glycolytic flux to lactate and the non-oxidative pentose shunt, and 
is selectively required for the tumorigenic growth of rastransformed cells [4, 5, 19, 25]. 

An enhanced glycolysis is observed in different cells under hypoxic conditions and 
in malignant tumors. It is dependent on PFKFB expression and phosphorylation via hy
poxia inducible factor (HIF) even at conditions of normal oxygen tension [5, 15, 19, 20]. 
Transcription factor HIF plays a central role in coordinating many transcriptional adap
tations to hypoxia and is an important mediator of Warburg effect in tumors [6, 15, 34, 
39–41]. Many genes whose expression is regulated by hypoxia, in particular vegf and 
pfkfb3, are overexpressed in malignant cells and contain HIF1 binding site (hypoxia
responsible element) [15, 20]. 

Vascular endothelial growth factor (VEGF) is a very important factor of angioge
nesis and is elevated in malignant tumors and different cell lines at hypoxic conditions 
[5, 15, 20, 23]. Induction of its expression is tightly connected with overexpression of 
PFKFB isozymes and enhanced glycolysis in malignant tumors, as well as in different 
cells at hypoxic conditions [10, 12, 21, 23]. Moreover, HIF, VEGF and PFKFB have a 
key role in the neoplastic transformation. In turn, most PFKFB isozymes are regulated 
by a complex network of kinases, phosphatases and metabolites [5, 11, 17, 19].

The expression of PFKFB3 and VEGF mRNA and its splice variants in different 
organs of methyl tertial butyl ether treated rats was not studied yet, although signifi - 
cance of PFKFB3 and VEGF in the regulation of glycolysis, angiogenesis and malignant 
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transformation is well known. The main goal of this study was to investigate the effect 
of methyl tertial butyl ether on the expression of mRNA coding for PFKFB3 and VEGF, 
as well as the expresssion of its alternative splice variants in rat liver and lung. That is 
necessary for identifiation of possible target sites of methyl tertial butyl ether which is 
considered to be an ecologically dangerous chemical compound.

MATERIALS AND METHODS

Animals. Male Wistar rats (initial body weight 180–200 g) were treated with methyl 
tertial butyl ether (500 mg/kg) ones per day for a month in cold stress conditions. In one 
month, control and methyl tertial butyl ether treated animals were killed and their tissues 
were frozen in liquid nitrogen before RNA extraction.

RNA isolation. RNA was isolated from the liver and lung by using acid guanidi
niumphenolchlorophorm extraction method of Chomczynski and Sacchi, as descri 
bed  [10].

Expression of PFKFB-3 and VEGF mRNA. The expression of PFKFB3 mRNA 
was examined by polymerase chain reaction (PCR) of corresponding cDNA. Super
Script II Reverse Transcriptase, („Invitrogen”, USA) and oligo(dT) were used for cDNA 
synthesis. Reverse transcription was performed according to the manufacturer’s proto
col, by using 0.4 mg of total RNA. The amplification of PFKFB-3 cDNA (1 ml of reverse 
transcription product that corresponds 20 ng of total RNA was used for reverse trans
cription) was performed with HotStarTaq Master Mix Kit (“QIAGEN”, USA) and „Master
Cycler Personal” („Eppendorf”, Germany).

PCR amplification of PFKFB-3 for analysis of splice isoforms was performed by 
using two forward primers 5′CTGGAGCCTGTGATCATGG3′ (M3) or 5′GGTGACAC
TATTGCGTCTC3′ (M4) and one reverse primer: 5′GTGGAGTCCATTTACTTG3′ 
(M5). These oligonucleotides correspond to sequences 1513–1531 and 1680–1707 
(forward primers) and 2140–2122 (reverse primer) of the published rat PFKFB3 cDNA 
(GenBank accession number NM_057135), corresponding.

PCR amplification of glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) was 
performed by using forward primer 5′ATCTTCCAGGAGCGAGATCC3′ and reverse 
primer 3′TCATGGATGACCTTGGCCAG5′. These oligonucleotides correspond to se
quences 291–310 and 562–543 of the published rat GAPDH cDNA (GenBank acces
sion number X02231). 

PCR amplification of VEGF was performed by using forward primer 5′AACCAT
GAACTTTCTGCTCTC3′ and reverse primer 3′GACAAGCCAAGGCGGTGAGCC5′. 
These oligonucleotides correspond to sequences 1011–1031 and 1642–1662 of the pub
lished rat VEGF cDNA (GenBank accession number NM_031836). PCR amplification 
of alternative splice variant of VEGF (GenBank accession number AY702972) was per
formed by using forward primer 5′TGCCCCTAATGCGGTGTGCG3′ and reverse primer 
5′GTGGTCACTTACTTTTCTGGC3′. These oligonucleotides correspond to sequences 
230–249 and 411–431 of the published rat VEGF cDNA of this unique alternatively 
splice variant. The primers were purchased from „Sigma”.

bactin mRNA expression was used as a loading control of analyzed RNA [23]. The 
polymerase chain reaction products were analyzed by electrophoresis in agarose gel 
and stained with the ethidium bromide. 
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Quantitative polymerase chain reaction was performed on „Stratagene Mx 3000P 
cycler”, using SYBRGreen Mix and specific sets of primers for PFKFB3 (forward – 
5′TGGACGACTTCATGAAGAG3’ and reverse – 5′GCATTGGCGAACTTCTTGC3′; 
the nuc leo tide sequences of these primers correspond to sequences 956–974 and 
1247–1229 of rat PFKFB3 cDNA; GenBank accession number NM_057135) and 
VEGF, as described previously [23]. Reaction was performed in triplicate. Analysis of 
quantitative PCR was performed by using special computer program „Differential ex
pression calculator” and statistical analysis in the Excel program. 

RESULTS AND DISCUSSION

As shown in Fig. 1, the levels of mRNA coding for PFKFB-3 and VEGF, are signifi
cantly increased in liver of methyl tertial butyl ether treated rats with respect to the control 
animals. However, methyl tertial butyl ether had opposite effect towards the expression 
of PFKFB3 and VEGF mRNA in the lung: strong induction of PFKFB3 (+119%) and 
suppression of VEGF (25%) mRNA. Besides, we have studied the expression of alter
native splice variants and two sets of primers specific for 3′coding region of PFKFB3 
mRNA. Thus, our results suggest that methyl tertial butyl ether enhances glycolysis via 
indu cing PFKFB3 expression. These results agree with data about key role of PFKFB3 
in enhancing glycolysis [14, 15, 17, 19, 20]. Moreover, methyl tertial butyl ether strongly 
induces expression of GAPDH mRNA, both in liver and lung (Fig. 2), that is also induced 
at conditions of enhanced glycolysis [15]. 

Fig. 2 shows two main bands of PFKFB3 cDNA in the liver and lung of control and 
methyl tertial butyl ether treated rats revegled with M3 and M5 primers. Methyl tertial 
butyl ether increases the expression of PFKFB3 mRNA variants of upper band in the 
liver and lower band – in the lung. Fig. 3 demonstrates similar results with another set of 
primers (M4 and M5), however, two additional bands of PFKFB-3 cDNA were identified. 
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Fig. 1. Analysis of 6phosphofructo2kinase/fructose2,6bisphosphatase3 (PFKFB3) and vascular endo
thelial growth factor (VEGF) mRNA expression in the liver and lung of control (C) rats and rats 
treated with methyl tertial butyl ether (M) everyday for one month. Quantitative polymerase chain 
reaction was used (n = 4). Amplification of PFKFB-3 mRNA was carried out by using M1 forward and 
M2 reverse primers. Values of PFKFB3 and VEGF mRNA expressions were normalized to the level 
of bactin mRNA expression
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Alternative splice variants of PFKFB3 mRNA differ in the exon structure of Cterminal 
regulatory region (Fig. 4). Two bigger (NM_057135 and D87241–D87243) and three smal
ler (D87244, D87245 and EU034674) alternative splice variants were revealed. One can 
see two bands of PFKFB3 mRNA splice variants: the upper band contains four bigger vari
ants, while the lower band – only two smaller variants (D87244 and D87245). In Fig. 3, one 
can see four bands. Band 1 contains the biggest alternative splice variants of rat PFKFB3 
mRNA (NM_057135) which has a full set of known exons and additional exons (13a and 
15a) of Cterminal regulatory region. Band 2 contains three bigger variant of rat PFKFB3 
mRNA (D87241–D87243). Two of them contain 13th additional exon and one – 15th addi
tional exon (Fig. 4). Two smaller variants which do not have those additional exons are lo
cated in the band 3 (Fig. 3). Band 4 of PFKFB3 mRNA (Fig. 3) contains the smallest splice 
variant which does not have 14th and 15th exons, as well as 13th and 15th additional exons. 
There are three stop codons for different alternative splice variants of PFKFB3 mRNA (Fig. 
4). They are resulting in three different types of Cterminus amino acid sequence (Fig. 5).

As shown in Fig. 5, different alternative splice variants of PFKFB3 mRNA have diffe
rent quantity and position of serine residues (underlined) in the Cterminus that could have 
certain significance in regulation of enzymatic activity through serine phosphorylation  
[11, 18]. Moreover, three bigger splice variants of PFKFB3 mRNA (NM_057135, D87241 
and D87242) contain an additional exon 13a (29 amino acid segment), which has six ser

Fig. 2. Analysis of PFKFB3 and GAPDH mRNA 
expression in the liver and lung of control 
(C) and animals treated with methyl ter
tial butyl ether (M), using RTPCR. Ampli
fication of PFKFB-3 mRNA was carried 
out using M3 forward and M5 reverse 
primers. Amplified products were ana
lyzed by electrophoresis in the agarose 
gel. The bactin mRNA expression was 
used to standardize loading RNA quanti
ty. A representative (of four) gel electro
phoresis is shown

Fig. 3. Analysis of PFKFB3 mRNA expression 
in the liver and lung of control (C) and 
animals treated with methyl tertial butyl 
ether (M), using RT-PCR. Amplification 
of PFKFB3 mRNA was carried out by 
using M4 forward and M5 reverse pri
mers. Amplified products were analyzed 
by electrophoresis in the agarose gel. 
The bactin mRNA expression was used 
to standardize loading RNA quantity.  
A representative (of four) gel electro
phoresis is shown
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ine residues, however its significance in the regulation of PFKFB-3 activity via phosphory
lation has not been studied yet. There are data that phosphorylation of Ser490 is responsible 
for activation of glycolysis in human cancer [18]. As shown in Fig. 3 the expression of 
smallest isoform of alternative splicing variant of PFKFB3 mRNA is decreased in the liver 
and increased in the lung of methyl tertial butyl ether treated rats with respect to the control 
animals. Recently, it was shown that expression of this splicing variant is decreased in the 
heart and lung at diabetes [24]. 

Thus, methyl tertial butyl ether affects alternative splicing of PFKFB3 mRNA in 
organ specific manner.

Fig. 4. Exon structure of Cterminal variable region of rat PFKFB3 mRNA isoform (GenBank accession 
number MN_057135) which has all known sequence elements (exons and additional exons) is pre
sented. Position of three possible stop codons for different alternative splicing variants of PFKFB3 
mRNA is shown

Fig. 5. Schematic presentation and comparison of different rat PFKFB3 alternative splicing variants. Four 
splicing variants of PFKFB3 are shorter missing 29 amino acid segment which contains six serine 
residues (underlined). Three types of the Cterminus ending for different PFKFB3 splicing variants 
are shown
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The results presented in Fig. 6, clearly demonstrated the existence of additional band 
of VEGF cDNA in the liver and lung of methyl tertial butyl ether treated animals containing 
several shorter alternative splicing variants of VEGF mRNA [23]. The level of expression 
of these alternative splicing isoforms of VEGF mRNA were increased in the liver and lung 
in rats treated with methyl tertial butyl ether, with respect to the control animals. cDNA of 
that band was cloned and new alternative splicing variant of VEGF mRNA with 14 bases 
insert after 5th exon was identified (GenBank accession number AY702972). As shown 
in Fig. 7, the level of expression of this alternative splicing variant of VEGF mRNA was 
increased in the liver and lung in rats treated with methyl tertial butyl ether, with respect to 
the control animals. If shouled be noted that in the liver this induction was much stronger.

Thus, the methyl tertial butyl ether, toxic and ecologically dangerous chemical com
pound affects the expression of PFKFB3 and VEGF mRNA that can be important regula
tory mechanism controlling cell glycolysis and angiogenesis. Besides, the expression of 
PFKFB3 and VEGF mRNA alternative splicing variants can be used as sensitive test for 
detection of toxic action of ecologically dangerous chemical compounds. More focused 
studies are needed for better understanding mechanisms by which aliphatic ethers, 
such as methyl tertial butyl ether, can affect health and environment.

Fig. 6. Analysis of vascular endothelial growth fac
tor (VEGF) mRNA expression in the liver and 
lung of control (C) and animals treated with 
methyl tertial butyl ether (M) by using RT
PCR. Amplified products were analyzed by 
electrophoresis in agarose gel. The bactin 
mRNA expression was used for standartiza
tion of analyzed RNA quantity. A representa
tive (of four) gel electrophoresis is shown
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Fig. 7. Analysis of the expression of VEGF mRNA alternative splicing variant (GenBank accession number 
AY702972) in the liver and lung of control (C) rats and animals treated with methyl tertial butyl ether 
(M) everyday for one month by using quantitative polymerase chain reaction; n = 3. Values of VEGF 
mRNA splicing variant expression were normalized to bactin mRNA expression
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ВПЛИВ МЕТИЛТРЕТБУТИЛОВОГО ЕФІРУ НА ЕКСПРЕСІЮ 
мРНК PFKFB-3 I VEGF У ПЕЧІНЦІ ТА ЛЕГЕНІ ЩУРІВ

Д. O. Miнченкo1, K. Тсучігара2, A. В. Kундієвa1, 
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Meтилтретбутиловий ефір є токсичною, екологічно небезпечною хіміч ною спо-
лукою, що додається до бензину для збільшення октанового числа. Ця сполука здат на 
ініціювати різні нейротоксичні, алергічні, респіраторні та онкологічні захворю вання. Ми 
досліджували дію мeтилтретбутилового ефіру на експресію 6-фосфофрукто-2-кінази/
фруктозо-2,6-бісфосфатази-3 (PFKFB-3) та ендотеліаль ного фактора росту судин 
(VEGF) у печінці та легені щурів методом полімеразної ланцюгової реакції. Встанов-
лено, що експресія PFKFB-3 та VEGF, які відіграють надзвичайно важливу роль у рості 
злоякісних пухлин і їхньому метастазуванні, пору шується у печінці та ле ге ні щу рів, 
яким вводили мeтилтретбутиловий ефір, порівняно з контрольними тва ри нами. Вияв-
лено органоспецифічний вплив мeтил третбутилового ефіру на альтер на тив ний 
сплайсинг мРНК PFKFB-3: індукцію експресії альтернативних сплайс-варіантів мРНК 
PFKFB-3 з довгим C-кінцем у печінці та з коротким C-кінцем – у леге ні. Резуль тати 
досліджень чітко продемонст рували, що мeтилтретбутиловий ефір органоспе цифічно 
порушує експресію і альтернативний сплайсинг PFKFB-3 та VEGF, ключових факторів 
регуляції гліколізу й ангіогенезу. 

Ключові слова: PFKFB-3, VEGF, мРНК, альтернативний сплайсинг, мeтил-
тре тбутиловий ефір, легеня, печінка, щур.
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ВЛИЯНИЕ МЕТИЛТРЕТБУТИЛОВОГО ЭФИРА НА ЭКСПРЕССИЮ 
мРНК PFKFB-3 И VEGF В ПЕЧЕНИ И ЛЕГКОМ КРЫС 
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Meтилтретбутиловый эфир является токсичным, экологически опасным хими чес-
 ким соединением, которое добавляется к бензину для увеличения октанового числа и 
которое способно инициировать различные нейротоксические, аллерги ческие, рес пи-
ра торные и онкологические заболевания. Мы исследовали влияние мeтилтрет бути-
лового эфира на экспрессию 6-фосфофрукто-2-киназы/фруктозо-2,6-бисфос фата-
зы-3 (PFKFB-3) и эндотелиального фактора роста сосу дов (VEGF) в печени и легком 
крыс методом полимеразной цепной реакции. Уста нов лено, что экспрессия PFKFB-3 
и VEGF, которые играют важную роль в росте злокачественных опухолей и их метаста-
зи ровании, нарушается в печени и легком крыс, которым вводили мe тил третбутиловый 
эфир, в сравнении с контроль ными животными. Вы яв лено орга носпецифическое 
влияние мeтилтретбу тилового эфи ра на альтер нативный сплай синг мРНК PFKFB-3: 
индукцию экспрессии альтерна тивных сплайс-вариантов мРНК PFKFB-3 с длинным 
C-концом в печени и с коротким C-концом – в легком. Ре зуль таты проведенных иссле-
до ваний четко продемонстри ровали, что мeтилтрет бу тило вый эфир органоспецифи-
чески нарушает экспрессию и альтер нативный сплай синг PFKFB-3 и VEGF, ключевых 
факторов регуляции глико лиза и ангиогенеза. 

Ключевые слова: PFKFB-3, VEGF, мРНК, альтернативный сплайсинг, мeтил-
третбутиловый эфир, легкое, печень, крыса.
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