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Expression of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB), a key regulatory enzyme of gly-
colysis, is significantly increased in different malignant tumors provides a potential mechanism of enhanced glycoly-
sis and cancer cell proliferation. We created dominant-negative constructs of 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase-3 and -4 (dnPFKFB-3 and dnPFKFB-4) cDNA for suppression of strongly enhanced expression
endogenous PFKFB-3 and PFKFB-4. We introduce point mutation in ATP-binding domain of 6-phosphofructo-2-
kinase part of PFKFB-3 as well as PFKFB-4 ¢cDNA for suppression of 6-phosphofructo-2-kinase activity in the pro-
ducts of dnPFKFB-3 and dnPFKFB-4 expression. Cancer cells were stable transfected with these dominant-negative
constructs for suppression of endogenous PFKFB-3 and PFKFB-4 expression and cell proliferation. We have shown
that PFKFB-3 expression in pancreatic cancer cell line Pancl, stable transfected by dnPFKFB-3, was significantly
reduced in normal as well as in hypoxic conditions. Pancreatic cancer cells proliferation, stable transfected by
dnPFKFB-3 or dnPFKFB-4, was also reduced. Results of this investigation demonstrate possibility to apply the
dominant-negative constructs of PFKFB-3 and PFKFB-4 for suppression of glycolysis and tumor cells proliferation
via reduction of endogenous PFKFB expression.

Key words: PFKFB-4 mRNA, PFKFB-3 mRNA, dominant-negative constructs, cancer cells.

The homodimeric bifunctional enzyme 6-
phosphofructo-2-kinase/fructose-2,6-bisphos-
phatase [6-phosphofructo-2-kinase (EC
2.7.1.105); fructose-2,6-bisphosphatase (EC
3.1.3.46)] has both kinase and bisphosphatase
activities and catalyses the synthesis and
degradation of fructose-2,6-bisphosphate,
a signal molecule that control glycolysis [1-4].
Moreover, 6-phosphofructo-2-kinase/fruc-
tose-2,6-bisphosphatase (PFKFB) is a key

enzyme in the regulation of glycolysis as well
as gluconeogenesis in normal and different
pathological conditions, in particular in
malignant tumors [4—-10]. X-ray crystallogra-
phy shown that 6-phosphofructo-2-kinase
domain has the same fold as adenylate kinase
[11]. The fructose-2,6-bisphosphatase domain
of the enzyme subunit bears sequence, mecha-
nistic and structural similarity to the histi-
dine phosphatase family of enzymes, including
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the acid phosphatases and phosphoglycerate
mutases [5, 11]. Therefore, fructose-2,6-bis-
phosphate plays a unique role in the control of
glucose homeostasis by allowing the liver to
switch from glycolysis to gluconeogenesis [4,
5, 7]. There are four 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase isoen-
zymes (PFKFB-1, PFKFB-2, PFKFB-3 and
PFKFB-4) in mammals, each coded by a differ-
ent gene (pfkfbl, pfkfb2, pfkfb3 and pfkfb4).
Moreover, these genes express several iso-
forms of each isoenzyme with different kinet-
ic and regulatory properties [4, 5, 12, 13]. It
was shown that different tissues as well as
cancer cell lines express more than one iso-
form [13-16]. This multiple expression of
PFKFB isozymes with different properties
suggests that each isoenzyme can play a spe-
cific role in the regulation of glycolysis in
some physiologic and different pathophysio-
logical conditions.

Overexpression of PFKFB isozymes as well
as enhanced glycolysis is observed in most
malignant tumors and in different cancer cell
lines and significantly increases in hypoxic
conditions [13—19]. The metabolism within a
solid tumor is significantly different from
that of the surrounding normal tissue.
Tumors growing under conditions of normal
oxygen tension show elevated glycolytic rates,
produce high levels of lactate and pyruvate
(the Warburg effect) that correlate with the
increased expression of glycolytic enzymes
and glucose transporters via HIF-1 dependent
mechanism [1-4, 20—25]. In tumor over 50%
of the cellular energy is produced by glycolysis
with the remainder being generated at the
mitochondria. The reliance of tumor cells on
glycolysis for energy production causes them
to consume more glucose because of the low
efficiency of glycolysis in generating ATP
[23]. Thus, glycolysis is essential for tumor
survival and spread. Moreover, 6-phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase
has a key role for the neoplastic transforma-
tion and provide rationale for the development
of agents that selectively inhibit the PFKFB-3
enzyme as antineoplastic agents. Moreover,
hypoxia is a common feature of many cancers
and has been linked to malignant transforma-
tion, metastasis, and treatment resistance
[283—-27]. Most of tumors are subjected to
hypoxic conditions due to the abnormal vascu-
lature that supply them with oxygen and
nutrients. Transcription complex HIF-1 is
overexpressed in a variety of tumors and its
expression appears to correlate with poor
prognosis and responses to chemo- or radio-
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therapy. The most PFKFB isozymes are con-
tribute to de novo nucleic acid synthesis in
tumor cells, are uniformly increased in the
malignant tissues and provide a potential
mechanism to explain the apparent coupling
of enhanced glycolysis and cell proliferation
[6,7,17-19, 28, 29].

Previously, we have shown that the pfkfb4
gene is overexpressed in several cancer cell
lines and is highly induced by hypoxia via
HIF-1 dependent mechanism [14].

The pfkfb3 gene encoded 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase
isozyme ubiquitously expressed in different
organs and tumor cells [8, 13-15, 17-19].
Several alternative splice variants of PFKFB-
3 mRNA with variable C-terminus were iden-
tified in human brain and different rat and
mouse tissues [30—35]. There were isolated
eight isoforms of PFKFB-3 mRNA from brain
and some other tissues. The cDNA sequences
encoding the 5’-untranslated region, the ami-
no-terminal domain, and the catalytic core do-
main were identical among all these isoforms.
However, heterogeneity of the carboxyl-ter-
minus was found by sequence analysis.

Many genes whose expression is regulated
by hypoxia are overexpressed in malignant tis-
sues and cell lines and contain HIF-1 binding
site (hypoxia-responsible element, HRE) [14,
16, 36—38]. HRE was recently identified in
pfkfb3 and pfkfb4 genes [14, 39-41].
Transcription factor HIF is central in coordi-
nating many of the transcriptional adapta-
tions to hypoxia and a necessary mediator of
the hypoxic effect as well as Pasteur effect in
mammalian cells and Warburg effect in
tumors [29, 37, 42, 43]. Thus, targeting
PFKFB enzymes, either directly or through
inhibition of HIF-1, appears as a promising
approach for the treatment of certain tumors.

Despite importance of PFKFB-3 and
PFKFB-4 in the regulation of glycolysis, the
dominant-negative constructs of 6-phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase-
3 and -4 ¢cDNA were not been created and used
yet for suppression of glycolysis. In this work
we have created dnPFKFB-3 and dnPFKFB-4
constructs and studied the expression of
endogenous PFKFB-3 and PFKFB-4 mRNA in
pancreatic cancer cells stable transfected with
these constructs.

Materials and methods

Cell lines. Human pancreatic cancer cell
lines Pank1 and PSN-1 were obtained from the
American Type Culture Collection (ATCC,
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USA) and grown according to the supplier’s
protocols. The cells were incubated at 37 °C
before harvesting under normoxic (21% oxy-
gen and 5% carbon dioxide) or hypoxic condi-
tions, which were modulated by dimethyloxa-
lylglycine (1 mM during 6 hours) [15].

RN A isolation. Total RNA was extracted
using Trizol reagent according to the manu-
facturer’s protocols (Invitrogen, USA). RNA
pellet was washed with 75% ethanol, dis-
solved in nuclease-free water and used for
reverse transcription.

Synthesis and cloning of PFKFB-3 and
PFKFB-4 ¢cDNA. The human PFKFB-3 and
PFKFB-4 ¢cDNA was synthesized by RT-PCR
using total RNA from human pancreatic can-
cer cell lines Pankl and oligo(dT). For first-
strand ¢cDNA synthesis was used Sensiscript
RT Kit (QIAGEN, Germany). Human PFKFB-
3 PCR amplification was performed with the
following oligonucleotides: 5-GATGCCGTTG-
GAACTGACGC-3’ (forward primer) and 3’-
CTGAGGCAGACGTGTCGGTT-5" (reverse
primer) using HotStarTaq Master Mix Kit
(QIAGEN). These oligonucleotides correspond to
nucleotide sequences 329-348 and 1889-1908
of human PFKFB-3 mRNA (GenBank acces-
sion number NM_004566). The amplification
of human PFKFB-4 was performed with the
following oligonucleotides: 5-GATGGCGTCC-
CCACGGGAATTG -3’ (forward primer) and
3’-GCTCACCAGTGACCATGTTC-5" (reverse
primer) using HotStarTaq Master Mix Kit
(QIAGEN). These oligonucleotides correspond
to nucleotide sequences 17-38 and 1416—-11435
of human PFKFB-3 mRNA (GenBank acces-
sion number NM_004566). The PFKFB-3 and
PFKFB-4 ¢cDNA were cloned into pCRII-TOPO

(Invitrogen, USA) vector as described previ-
ously [14] and used for creation of dominant-
negative constructs (dnPFKFB-3 and
dnPFKFB-4). These constructs were verified
by sequencing the insert in the plasmid.
Sequence analysis was performed using ABI
Prism (Model 3100, version 3.7). The
dnPFKFB-3 and dnPFKFB-4 cDNA were
recloned into pcDNAS3.1 (Invitrogen, USA)
and used for transfection assays.

The expression of PFKFB-3 mRNA in
Pancl cells was examined by ribonuclease pro-
tection assays as described previously [15,
46], but probes corresponds to 3’-region
(3193-3540; GenBank accession number
NM_004566). The 18S rRNA antisense probe
was used to ensure equal loading of the sample
of total RNA. The expression of PFKFB-3 and
PFKFB-4 mRNA in Pst-1 cells was examined
by real time RCR analysis assays. Quanti-
tative PCR was performed on «Stratagene Mx
3000P cycler», using SYBRGreen Mix as
described previously [47]. Reaction was per-
formed in triplicate. Analysis of quantitative
PCR was performed using special computer
program «Differential expression calculator»
and statistic analysis — in Excel program.

Results and Discussion

We synthesized the human PFKFB-3 and
PFKFB-4 ¢cDNA using total RNA from human
pancreatic cancer cell line Pancl. Both cDNA
were amplified and cloned into pCRII-TOPO
vector. For inactivation of 6-phosphofructo-2-
kinase we changed four nucleotide residues in
domain «A» using special primers. As shown
in Fig. 1 and 2, this nucleotide replacement in

430 440 450

T N 8§ P T V I

460
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Fig. 1. Fragment of 6-phosphofructo-2-kinase part of human PFKFB-3 ¢cDNA (GenBank accession number
NM_004566), containing domain «A» (underlined). Four nucleotide residues (GGCA) into domain «A» were
replaced by CTGC. These changes create new restriction site (PstI) and replace two amino acids residues: G and K
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Fig. 2. Fragment of 6-phosphofructo-2-kinase part of human PFKFB-4 ¢cDNA (GenBank accession number
NM_004567), containing domain «A» (underlined). Four nucleotide residues (GGCA) into domain «A» were
replaced by CTGC. These changes create new restriction site (PstI) and replace two amino acids residues: G and K
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PFKFB-3 and PFKFB-4 creates new restric-
tion site (PstI) and changes two amino acids
residues: G to L and K to Q. These changes
should suppress the 6-phosphofructo-2-kinase
activity because K residue is crucial for keep-
ing kinase activity. These modified PFKFB-3
and PFKFB-4 cDNA represent dominant-neg-
ative variants in respect to 6-phosphofructo-
2-kinase activity.

We recloned modified human PFKFB-3
and PFKFB-4 ¢cDNA into eukaryotic expres-
sion vector pcDNAS3.1(+) using EcoRI and
Xbal restriction nuclease sites. Structure of
dominant-negative construct of PFKFB-3
(dnPFKFB-3) shown on Fig. 3. Same structure
has dnPFKFB-4. Both dominant-negative con-
structs were used for transfection experi-
ments. We received clone of Pancl cells stable
transfected by dnPFKFB-3.

Mutation PFKFB-3
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Fig. 3. Dominant-negative plasmid construction of
human PFKFB-3 ¢cDNA, which contains PFKFB-3
c¢cDNA with modified 6-phosphofructo-2-kinase
domain «A» into pcDNA3.1(+) vector

The effect of PFKFB-3 dominant-negative
construct on the expression of endogenous
PFKFB-3 mRNA is shown in Fig. 4. For this
analysis was used 3’-terminus of PFKFB-3
mRNA because dnPFKFB-3 construct does not
contains this region of PFKFB-3. Pancreatic
cancer cells, stable transfected by dnPFKFB-
3, have significantly lower expression of
endogenous PFKFB-3 mRNA as in normoxic
and hypoxic conditions, which were modulat-
ed by dimethyloxalylglycine (Fig. 4 and 5).
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Fig. 4. Endogenous PFKFB-3 mRNA expression in
pancreatic carcinoma cell line Pancl stable trans-
fected by pcDNA3.1(+) vector (Pancl cells) and stable
transfected by dnPFKFB-3 (Pancl + dnPFKFB-3) in
normoxic (N) and hypoxic conditions (I), which were
modulated by dimethyloxalylglycine (1 mM during
6 hours). The 18S rRNA antisense probe was used to
ensure equal loading of the sample of total RNA
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Fig. 5. Quantification of endogenous PFKFB-3
mRNA expression in pancreatic carcinoma cell line
Pancl stable transfected by pcDNA3.1(+) vector or
dnPFKFB-3 in normoxic (N) and hypoxic (I) condi-

tions;n =5

PFKFB-3 and PFKFB-4 mRNA expression
was also measured in other pancreatic carcino-
ma cell line PSN-1 stable transfected by
pcDNA3.1(+) vector, dnPFKFB-3 or
dnPFKFB-4. Results of these experiments are
shown on Fig. 6. PSN-1 cells transfected with
dnPFKFB-3 shown lower level of endogenous
PFKFB-3 mRNA expression. Moreover, the
expression of PFKFB-4 mRNA in these cells
also decreased. It is possible that there is some
interaction between different PFKFB genes in
molecular mechanisms of PFKFB suppression
by dominant-negative constructs. Same effect
has dnPFKFB-4 on the of endogenous PFKFB-
4 and PFKFB-3 mRNA.
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Fig. 6. Endogenous PFKFB-3 and PFKFB-4

mRNA expression in pancreatic carcinoma cell line
PSN-1 stable transfected with pcDNA3.1(+) vector,
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Excnpecia 6-dochodpyrTo-2-KiHazu/DpyK-
T030-2,6-6icdocdarasu (PFKFB), kirtouoBoro pe-
T'yJIATOPHOTO €H3WMY TJIiKOJIi3y, PidKO 3pocTae
B Pi3HUX 3JIOAKICHUX IYyXJIMHAX, III0 PO3KPUBAE
MOMKJIMBUUA MeXaHi3M IIOCUJIEHOTO TJIiKOJiBy
B PAaKOBUX KJIiTHHaX Ta IixX mpoJigeparnii. Mu
CTBOPUJIM JOMiHAHTHeraTHBHI KOHCTPYKIIil
k[IHK 6-dochodpyrTo-2-rKinazu/GpyKToso-2,6-
6icdocharasu-3 Ta -4 (ANPFKFB-3 ra dAnPFKFB-4)
s IPUTHIUEeHHA IIOCUJIEHOI eKcIpecii eHAoreH-
Hux PFKFB-3 ta PFKFB-4. [I7s 115070 BBOAWIN
ToukoBi myrarii B ATP-3B’A3yBasbHUil gOMEH

6-pochodppyrTo-2-rkinmasu ax PFKFB-3, rax
i PFKFB-4 kIHK nna npuraiuenHa 6-docdo-
dpyKTO-2-KiHA3HOI AKTUBHOCTI y IPOAYKTaX
eKcnpecii Mux KoHCTPYKIii. ITpoBoguau Tpamc-
(deKIlifo pakoBUX KJITHH UMK JOMiHaHTHera-
TUBHUMU KOHCTPYKIiAMU [OJA TPUTHIUEHHS
excmpecii eagorernux PFKFB-3 i PFKFB-4 Ta
npoJiidgepanii kaituH. BcraHoBJeHO, 110
excnpecia PFKFB-3 B KiaiTmHax KapIuHOMN
OignIyHKoBoi 3aso3u Jinii Pancl, crabiibHO
TpanchexoBanux dnPFKFB-3, sHMKYeEThCA AK
y HOpMaJbHUX YyMOBax, TaK 1 3a rimoxcii.
¥ kiitmHax 3 mocuyieHoio ekcupeciero dnPFKFB-
4 cmocrepirajiu TpUTHIUEHHA E€HAOTEHHUX $K
PFKFB-4, tak i PFKFB-3. IIpoaijgepaliia kii-
TUH KapIUHOMHU IIiAIIJIYHKOBOI 371031, cTabi/Ib-
Ho TpaHcheroBauux gk dnPFKFB-3, Ttak
i dnPFKFB-4, sumkyerbcsa. PesyabTaTté Iux
MOCJIiIKEeHb ITOKA3yIOTh MOYKJIMBICTH BUKOPUC-
TaHHA JOMiHAHTHEraTHBHUX KOHCTPYKILii
PFKFB-3 ta PFKFB-4 nis 3MeHIIeHHS iHTeH-
CHUBHOCTi TJIiK0Ji3y Ta mpoJsideparii paxkoBux
KJITUH NUIAXOM 3HUMKEHHS eKcIIpecil eHJOTeH-
Hux PFKFB.

Knwuoei cnosa: PFKFB-4 MmPHK, PFKFB-3 mPHEK,

IOMiHAHTHeTaTUBHI KOHCTPYKIIii, pa-
KOBi KIiTuHH .
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Ixcmpeccus 6-dpochodpyKTO-2-KMHABHI/
$pyKTO30-2,6-01chocharaser (PFKFB), rimoue-
BOTO PETYJATOPHOIO SH3UMAa TJIUKOJN3a, PE3KO
BO3PACTAET B PA3JIMUHBIX 3JIOKAUYECTBEHHBIX OIIY-
XOJIAX, UTO PACKPHIBAET BO3MOJKHBIN MEXaHU3M
YCUJIEHHOTO TVINKOJIN3a B PAKOBBIX KJIETKAX M UX
mpoaudeparnuu. MbI co3maan JOMUHAHTHETATUB-
Hele KoHCTPpYKuuu KIIHK 6-dochodpykrTo-2-
KuHAas3bl/PpyKTO30-2,6-01chocharaspl-3 u -4
(dnPFKFB-3 u dnPFKFB-4) nia yrHeTeHuA ycu-
JeHHOHW sKcmpeccuu 3HAoTeHHBIX PFKFB-3

56

u PFKFB-4. [Ins 5TOoro BBOAWIU TOYEUHBIE MyTa-
uuu B ATP-cBasbiBatonuii qomeH 6-Gpochodpyk-
T0-2-KuHa3bl Kak PFKFB-3, rak u PFKFB-4 s
yraereHua 6-QocodPpyKTo-2-KUHABHON aAKTHUB-
HOCTH B IIPOAYKTAX 9KCIPECCUU ITUX KOHCTPYK-
nuii. [IpoBoauIz TpaHCHEKITNIO PAKOBBIX KJIETOK
9TUMU JOMUHAHTHEIaTUBHBIMU KOHCTPYKIIUAMU
LI yTHEeTeHU dKcIrpeccuu sHporeHHbIX PFKFB-
3, a TakiKke mposudepanuu KJIETOK. YCTaHOBJIe-
HO, uTo dKcupeccusa PFKFB-3 B KieTKkax Kapmu-
HOMBI IIOMKEJIyJOUHOH »Kejaedbl JuHHUH Pancl,
crabuabHo TpaHchernupoBaHHbIx dnPFKFB-3,
CHUIKAeTCAd KaK B HOPMAJbHBIX YCJIOBUAX, TaK U
IIPU TUIIOKCUHM. B KJIeTKax ¢ YCUJIeHHOM sKcIpec-
cueii dnPFKFB-4 mabaiomany yraeTeHue 3HIO-
reuublx Kak PFKFB-4, rax u PFKFB-3. IIpoau-
depamus KJIETOK KapIUHOMBI IIOIMKeJyI0UHOM
JKeJiesbl, CTa0MUJIbHO TPaHC()EIMPOBAHHBIX KaK
dnPFKFB-3, rak u dnPFKFB-4, cunxxaerca. Pe-
3yJIbTAThl 9TUX MCCJIEIOBAHUI ITOKA3bIBAIOT BO3-
MOJKHOCTh MCIOJIb30BaHUA NOMHHAHTHETaTUB-
ubIX KoHcTpyKinuii PFKFB-3 u PFKFB-4 nna
YMEHBIIIEHNS NHTEHCUBHOCTY I'JIMKOJIM3a U IIPO-
audepanuy PaKOBBIX KJIETOK MyTeM CHUMKEHUS
sxcnpeccuu sHIoTeHHBIX PFKFB.

Knrouesvie cnosa: PFKFB-3 u PFKFB-4 mPHK, no-
MUHAHT-HETaTUBHBIE KOHCTPYKIUH,
PaKoBBIE KJIETKH.





