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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
quantitative PCR to study the effect of methyl tertial butyl ether (everyday injection for one
month) on the expression of mMRNA coding for 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3 (PFKFB-3) and vascular endothelial growth factor (VEGF), which are
important for tumor growth and metastasis in the lung and liver. The level of PFKFB-3 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 effect on
the expression of PFKFB-3 and VEGF mRNA in the lung: with strong induction of PFKFB-3
and suppression of VEGF mRNA expression. Moreover, alternative splicing of PFKFB-3
mRNA was changed in methyl tertial butyl ether treated rats in organ specific manner. Thus,
methyl tertial butyl ether induces alternative splicing of PFKFB-3 mRNA accompanied by
appearing of variants with longer C-terminus in the liver, and with shorter C-terminus 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 splicing of mRNA coding for
PFKFB-3 and VEGF, key regulatory factors of glycolysis, and angiogenesis.

Key words: PFKFB-3, 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 organo-lead 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 6-phosphofructo-2-kinase/fructose-2,6-bisphos-
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
PFKFB-4 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 [6-phosphofructo-2-kinase (EC
2.7.1.105) and fructose-2,6-bisphosphatase (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-
2,6-bisphosphate [10-13]. The fructose-2,6-bisphosphate 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 6-phosphofructo-2-kinase activity and
the other for the fructose-2,6-bisphosphatase 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 (PFKFB-1, -2, -3 and -4) in
mammals and they are encoded by four independent genes (pfkfb1, pfkfb2, pfkfb3 and
pfkfb4) [2, 13, 14]. The PFKFB-3 has eight alternative splice variants with heteroge-
neity of the regulatory carboxyl-terminus and they are strongly expressed in cancer
cells [5, 19, 22—-24]. By setting the intracellular fructose-2,6-bisphosphate concentra-
tion, PFKFB3 controls glycolytic flux to lactate and the non-oxidative pentose shunt, and
is selectively required for the tumorigenic growth of ras-transformed 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 HIF-1 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 PFKFB-3 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 PFKFB-3 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 mMRNA coding for PFKFB-3 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-
nium-phenol-chlorophorm extraction method of Chomczynski and Sacchi, as descri-
bed [10].

Expression of PFKFB-3 and VEGF mRNA. The expression of PFKFB-3 mRNA
was examined by polymerase chain reaction (PCR) of corresponding cDNA. Super-
Script Il 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 ng of total RNA. The amplification of PFKFB-3 cDNA (1 pl 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-CTGGAGCCTGTGATCATGG-3' (M3) or 5'-GGTGACAC-
TATTGCGTCTC-3' (M4) and one reverse primer: 5-GTGGAGTCCATTTACTTG-3’
(M5). These oligonucleotides correspond to sequences 1513-1531 and 1680-1707
(forward primers) and 2140-2122 (reverse primer) of the published rat PFKFB-3 cDNA
(GenBank accession number NM_057135), corresponding.

PCR amplification of glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) was
performed by using forward primer 5-ATCTTCCAGGAGCGAGATCC-3' and reverse
primer 3'-TCATGGATGACCTTGGCCAG-5'. 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-
GAACTTTCTGCTCTC-3" and reverse primer 3'-GACAAGCCAAGGCGGTGAGCC-5'.
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’-TGCCCCTAATGCGGTGTGCG-3' and reverse primer
5-GTGGTCACTTACTTTTCTGGC-3'. 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”.

B-actin mMRNA 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 PFKFB-3 (forward —
5-TGGACGACTTCATGAAGAG-3" and reverse — 5-GCATTGGCGAACTTCTTGC-3;
the nucleotide sequences of these primers correspond to sequences 956-974 and
1247-1229 of rat PFKFB-3 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 mMRNA 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 PFKFB-3 and VEGF mRNA in the lung: strong induction of PFKFB-3 (+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 PFKFB-3
mRNA. Thus, our results suggest that methyl tertial butyl ether enhances glycolysis via
inducing PFKFB-3 expression. These results agree with data about key role of PFKFB-3
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 PFKFB-3 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 PFKFB-3 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 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB-3) 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 PFKFB-3 and VEGF mRNA expressions were normalized to the level
of B-actin mMRNA expression
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Alternative splice variants of PFKFB-3 mRNA differ in the exon structure of C-terminal
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 PFKFB-3 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 PFKFB-3
mRNA (NM_057135) which has a full set of known exons and additional exons (13a and
15a) of C-terminal regulatory region. Band 2 contains three bigger variant of rat PFKFB-3
mRNA (D87241-D87243). Two of them contain 13" additional exon and one — 15" 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 PFKFB-3 mRNA (Fig. 3) contains the smallest splice
variant which does not have 14" and 15" exons, as well as 13" and 15" additional exons.
There are three stop codons for different alternative splice variants of PFKFB-3 mRNA (Fig.
4). They are resulting in three different types of C-terminus amino acid sequence (Fig. 5).

As shown in Fig. 5, different alternative splice variants of PFKFB-3 mRNA have diffe-
rent quantity and position of serine residues (underlined) in the C-terminus that could have
certain significance in regulation of enzymatic activity through serine phosphorylation
[11, 18]. Moreover, three bigger splice variants of PFKFB-3 mRNA (NM_057135, D87241
and D87242) contain an additional exon 13a (29 amino acid segment), which has six ser-
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Fig. 4. Exon structure of C-terminal variable region of rat PFKFB-3 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 PFKFB-3
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Fig. 5. Schematic presentation and comparison of different rat PFKFB-3 alternative splicing variants. Four
splicing variants of PFKFB-3 are shorter missing 29 amino acid segment which contains six serine
residues (underlined). Three types of the C-terminus ending for different PFKFB-3 splicing variants
are shown

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 Ser*? 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 PFKFB-3 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 PFKFB-3 mRNA in

organ specific

manner.
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The results presented in Fig. 6, clearly demonstrated the existence of additional band
of VEGF cDNAin 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 5" 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.
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Fig. 6. Analysis of vascular endothelial growth fac-
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methyl tertial butyl ether (M) by using RT-

. PCR. Amplified products were analyzed by

- . . - — P-actin electrophoresis in agarose gel. The p-actin

mRNA expression was used for standartiza-

C M C M tion of analyzed RNA quantity. A representa-
tive (of four) gel electrophoresis is shown

Liver Lund

350
S5 300 4
G2
28 250 o
£%
2 200 -
< -
25 150 4
X e
3
LS 100 A
O x
w o
> 50 -

0
C M C M
Liver Lung

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 -actin mMRNA expression

Thus, the methyl tertial butyl ether, toxic and ecologically dangerous chemical com-
pound affects the expression of PFKFB-3 and VEGF mRNA that can be important regula-
tory mechanism controlling cell glycolysis and angiogenesis. Besides, the expression of
PFKFB-3 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.
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BMJINB METUNTPETBYTUITIOBOIO E®IPY HA EKCIPECIIO
MPHK PFKFB-3 | VEGF Y MNMEYIHLI TA JIEFEHI LLYPIB

4. O. MiH4yeHko', K. Tcyuieapa? A. B. KyHdicea’,

O. 1. Sleopoeckkuli®, 0. O. NNaycmoecbkul®, I. Ecymi?, O. I. MiH4eHKO"?
"THcmumym 6Gioximii im. O. B. lMannadina HAH YkpaiHu;

syn. Jlleonmosuya, 9, Kuie 01601, YkpaiHa

2Haykoe0-0ocnioHul ueHmp iHHosauiliHol oHKomnozii HauioHarnbHO20 OHKOMO2IHHO20 UeHmpY,
Kawiea, Anonisi; 6-5-1 KawieaHoea, Kawiea, Yiba, 277-8577, SAnoHis

3HayioHanbHuti meduyHul yHisepcumem im. O. O. bo2oMornbus;

6ynes. Llleguerka, 13, Kuis 01601, Ykpaita

MeTunTpetOyTunoBuin edip € TOKCUYHOM, EKONOMYHO HEOE3MeYHOK XiMIYHOK Cro-
NYKOHO, LLIO J0AA€ETbCs [0 6eH3nHY Ans 36inblUeHHsA OKTaHOBOTO Yncna. Lis cnonyka 3gatHa
iHiLlitoBaTK Pi3Hi HEMPOTOKCUYHI, aneprivHi, pecnipaTopHi Ta OHKOSOriYHi 3axXBOptoBaHHS. Mu
JocrnigpKysanu gito MeTunTpeTdyTnnoBoro edipy Ha exkcripecito 6-docdodpyKTo-2-KiHasn/
pyKTO30-2,6-6icchoccpatasun-3 (PFKFB-3) Ta eHgoTtenianbHoOro daktopa pocTy CyavH
(VEGF) y neviHUi Ta nereHi wypiBs METOAOM MoOsiMepasHOi NTaHLOroBoi peakLii. BctaHoB-
neHo, wo ekcnpecia PFKFB-3 Ta VEGF, siki BigirpatoTe Hag3BUYaiHO BaXKIMBY POSib Y POCTi
3MOSAKICHUX MYXMWH | IXHbOMY MeTacTasyBaHHi, MOPYLUIYETLCH Y NeYiHui Ta nereHi Lwypis,
SAKUM BBOOUIM METUNTPETOYTUNOBUI ehip, NOPIBHSHO 3 KOHTPOMNBHUMK TBapuHamu. Busie-
NEHO opraHocneundiYHUn BNAMB METUNTPETOYTUNOBOrO edipy Ha ansrepHaTUBHWUINA
crnancvHr MPHK PFKFB-3: iHaykLuito ekcnipecii anstepHaTnBHUX cnnanc-sapiaHTtis MPHK
PFKFB-3 3 goBrum C-kiHUEM Yy nediHui Ta 3 kopoTkMM C-kiHUem — y nereHi. Pesynsratm
OOCTigKEeHb YiTKO MPOAEMOHCTPYBanu, WO METUNTPETOYTUNOBUIA edip opraHocneumndivyHO
nopyLUye eKCNpecito | anstepHaTnBHUiA crninavicuHr PFKFB-3 Ta VEGF, knto4oBux gaktopis
perynsuii rnikoniady 1 aHrioreHesy.

Knrouoei cnoea: PFKFB-3, VEGF, MPHK, anstepHaTUBHUI CNManCcuHL, MeTun-
TpeTOyTunoBui edip, NereHs, neviHka, wyp.
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BINNAHUE METUNTPETBYTUIIOBOIO 3®UPA HA 3KCIMPECCHUIO
MPHK PFKFB-3 U VEGF B NEYEHW U NIETKOM KPbIC

4. A. MunyeHko', K. Tcy4uzapa?, A. B. KyHdueea’,

A. I. Sleopoeckuii’, KO. A. lMaycmoeckuii®, I'. cymu?, A. I'. MuH4YeHKo"?
"MHecmumym 6uoxumuu um. A. B. lNMannaduHa HAH YkpauHbl

yn. JlleoHmosuya, 9, Kues 01601, YkpauHa

2HayyHo-uccnedosameribCKull UeHmp UHHO8aUUOHHOU OHKOMo2uU
HauyuoHanbHo20 oHKonoau4Yecko2o ueHmpa, Kawusea, SnoHus; Kawuesa, Yuba, SnoHus

3HayuoHanbHbIG MeduyuHckul yHueepcumem um. A. A. boeomorbya
bynbe. LllesyeHko, 13, Kues 01601, YkpauHa

MeTnnTpeTbyTNoBbIN 3¢hUp ABNAETCA TOKCUYHBLIM, SKONOTMYECKM OMaCHbLIM XUMUYeC-
KMM COeMHEeHreM, KOTOpoe A00aBnseTcs K 6eH3nHy Ans yBenuyeHUs OKTaHOBOTO Ymcra v
KOTOpOE CNOCOBHO MHNLIMMPOBATL Pa3fnnyHbIe HEMPOTOKCUYECKNE, annepruyeckmne, pecnm-
paTopHbIe U OHKoMNornyeckme 3abonesaHns. Mbl nccnegoBany BAvsiHUE METUNTPETOYTU-
noeoro achmpa Ha akcnpeccuio 6-bochodpyKkTo-2-KkMHa3bl/ppykTo30-2,6-6mnctocdara-
3bl-3 (PFKFB-3) n sngoTtenuansHoro daktopa pocrta cocynos (VEGF) B neyeHn 1 nerkom
KpbIC METOAOM MOMMMEPA3HON LIEMHOW peakLumm. YCTaHOBMNEHO, YTo akcnpeccnsa PFKFB-3
n VEGF, koTopble UrpatoT BaXKHYH0 pOsib B POCTE 3110Ka4E€CTBEHHbIX ONyXOnemn n ux metacta-
31pPOBaHUW, HAPYLLIAETCS B NEYEHN M NETKOM KPbIC, KOTOPbIM BBOAUIN METUNTPETOYTUNOBbLIN
3up, B CpaBHEHWUN C KOHTPOSbHbLIMU XUBOTHbIMW. BbiSiBNEHO opraHocrneumguyeckoe
BMUsiHE MeTUNTPeTOYTUNOBOro adhmpa Ha ansrepHaTuBHbIA crinavicuHr MPHK PFKFB-3:
WHAYKLMIO 3KCMpeccun anstepHaTnBHbIX cnnanc-sapmaHtoB MPHK PFKFB-3 ¢ onvHHbIM
C-KOHLIOM B neYeHmn 1 ¢ KopoTkuM C-KOHLIOM — B nerkom. PesynbraTthbl npoBegeHHbIX uccne-
AOBaHWIN YeTKO NPOAEMOHCTPMPOBAN, YTO METUNTPETOYTUNOBbLIN 3¢hnp opraHocreungmn-
YeCKWN HapyLUaeT aKcnpeccuto 1 ansrepHatuBHbIn crninancuHr PFKFB-3 n VEGF, kntoyeBbIx
(hakToOpOB perynsLmmn rMmKonmnsa u aHrmoreHesa.

Knroueesie cnoega: PFKFB-3, VEGF, MPHK, anstepHaTuBHbIN CRAanCUHL, MeTU-
TpeTbyTnnoBbIn acup, nerkoe, NevYeHb, Kpbica.

OpepxaHo: 04.08.2009
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