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RELEEL 200, BRETEMEOBHEOER
BEELTwS.

TAV MN=T7HEEE: A A=V v 7 Tu—-7¢1LT
Awoh s, BN ERESE y MO AT R
H3aZ e BREOEROBTEELY. —FT, 4
ATOREYFE mm BED g B HEEL B2 KR
DEE (LI X B FIRRARRETTEE S R EERE 0
B OYICE BEMEY VNERE) bThATYA.
DHRAEEICADL Y, BEAEELENSFIRRENC
ZETENE, WHRENTEE 25, 2008202 E
THRA SN BMRBEEEY ¥ BT 54Y/Mn
ZEAL CD20 LMk (X 7 ) ¥®) &, "InERAETY
YFTTAmBEET, FEBRICORNLREREA



HEH HH - =@RZER LI DFAXA-V T

BAEDENE & 2 FER L THH Y ERKIC & A iEEE
179, Pifkex7F FEEZFLI, TOX)CEA—F
BoO7u—7%2BWHE, HEAOMFOBETERL T
SR L R EAT O RAPED LTV S,

FIHFRBWEHEETI Y MA—2A1C5 5 “ther-
anostics” : YW OARABEOFFEILI RS v 751 N1 —
VAT A (DDS) &MEh, £ 0EmRREETE S
ZAATRBLTWS., VERV—A, I, FUEFY
< -, R —fFi L, BFFE10~200nm BED &
IEERMBEOMBT (/KT 2EYyiEk: LTH
BENRTEL. ZHvolzF /HFiE, wWihdF0R
PRSI TETRMIA DY, FhictoT, EY
PRAL, EEREE L, FENERTOREDR
HAREZHELTHWE, ZOREEFBELT, S8
FAA=T T Tu—T7L L TORETTE -, HEL
BWOBEEETELEHOTF HFOREN D ST
B0 BYIOMARNEIREE, BEE, BEREBET TR,
BEFOEHMIZh7ZoTY TV JBETLZE
NTEDLIWCRhBEEZON, LV RENLREEIZD
HABLDEMBEINTWS. S5, BYIENIZH
ETLHORHERLT, FITHREBEHRRZEMOIO5 %4
BE LI L DEFHICENIIT A -V %5258
DT RADIEFE o T BN,

WARTERR SRR . MRS (NIH) &, ERIED
BEOERLZIT 2 EMBEEEZFI B IRENE
WEEBAREL, ThziEIcRe L TEEICEEL, &
M B O L= —TERNIEE FRET L THAMME & f i
FTAHT LTI LY, ERIVERGRERE £
NTW5E, ERIBICE o TEBEERT B4 A—V Y
FOREREVZE, FERIITA Y N—TERBE88T
BB B A S 98 1 radio—immuno—therapy (&
S HBHFEEEN TS, HADMmAPFEERHITE
(~1HEBELE), TOREELETA Y P—7PFEICK
BB 570, EEEEOBELEIT L.
ZRITK U CRRIMERRERE TIX, M h sHE
BRET, BECEALTLV—Y—%2REILZLD
DAPIGENERET L. F/RTFLOEAEDYE
I sicgEFIERIN-ZEIRERESN
7% EERMBEED Y, MK AMRZ TR
WETEEEL LTSNS,

¥ & O
BFAA=V IR, FREF)F4ICEDS
NTOWLIFEEDVLZ VA, WThIOEFRIY bR,
ABBRCHEBEZZ2ERLGTHEET A0, LER
BEHREFEICED Z R TEL L) RBEEA A—V VT

116—939

PEIRENDIHNCREELSEEZTHE, 5FA R
— VU TBEOREETD, BUMPDOESYF 4 BOT
O7S5AmB20, [BRAEZZA] Loz BHB 0O
BCHIERERENEN TN T B [HFL A=V 7]
EWHEMPIEALOOHLLEEILND.

ZEXR

1) Thakur M, Lentle BC : Report of a summit on molecular
imaging. Radiology 2005 ; 236: 753-755.

2) Mankoff DA: A definition of molecular imaging. J Nucl
Med 2007 ; 48: 18N, 21N.

3) Hoffman JM, Gambhir SS: Molecular imaging : the vi-
sion and opportunity for radiology in the future. Radiol
ogy 2007 ; 244 : 39-47.

4) Werner EJ, Datta A, Jocher CJ, et al: High-relaxivity
MRI contrast agents : where coordination chemistry
meets medical imaging. Angew Chem Int Ed Engl
2008 ; 47 : 8568-8580.

5) Viale A, Reineri F, Santelia D, et al: Hyperpolarized
agents for advanced MRI investigations. Q J Nucl Med
Mol Imaging 2009 ; 53 : 604-617.

6) Winter PM : Magnetic resonance chemical exchange
saturation transfer imaging and nanotechnology. Wiley
Interdiscip Rev Nanomed Nanobiotechnol 2012 ; 4: 389~
398.

7) Luker GD, Luker KE : Optical imaging : current applica-
tions and future directions. J Nucl Med 2008 ; 49: 1—4.

8) Taruttis A, Ntziachristos V: Translational optical imag-
ing. AJR Am J Roentgenol 2012 ; 199 : 263-271.

9) Therasse P, Arbuck SG, Eisenhauer EA, et al: New
guidelines to evaluate the response to treatment in solid
tumors. European Organization for Research and Treat-
ment of Cancer, National Cancer Institute of the United
States, National Cancer Institute of Canada. ] Natl Can-
cer Inst 2000; 92: 205-216.

10) Weber WA (Ed) : Personalizing Cancer Therapy with
FDG PET: From RECIST to PERCIST. J Nucl Med
2009 ; 50 (Suppl 1).

11) Tomasi G, Rosso L: PET imaging : implications for the
future of therapy monitoring with PET/CT in oncology.
Curr Opin Pharmacol 2012 ; 12 569-575.

12) Wahl RL, Jacene H, Kasamon Y, et al: From RECIST to
PERCIST : Evolving Considerations for PET response
criteria in solid tumors. J Nucl Med 2009; 50: 122S-
1508S.

13) &BEE, FLBERR FHEEE, M. RS A-Y
YTENA Y ATHET AESE. WIKEHE 2010, 37:



116—940
473-496.
14) fERIEER R BRI~ DGFA A=Y Y TR, A

15)

16)

17)

18)

19)

20)

21)

22)

23)

F A4 Ay 2010.

Hendrickson K, Phillips M, Smith W, et al: Hypoxia im-
aging with [F~18] FMISO-PET in head and neck can-
cer: potential for guiding intensity modulated radiation
therapy in overcoming hypoxia-induced treatment resis-
tance. Radiother Oncol 2011 ; 101: 369-375.

Gregoire V, Jeraj R, Lee JA, et al: Radiotherapy for head
and neck tumours in 2012 and beyond: conformal, tai-
lored, and adaptive? Lancet Oncol 2012 ; 13: e292-300.
Ueda M, Kudo T, Mutou Y, et al: Evaluation of [125I]
IPOS as a molecular imaging probe for hypoxia~induc-
ible factor—1-active regions in a tumor : comparison
among single—photon emission computed tomography/
X-ray computed tomography imaging, autoradiography,
and immunohistochemistry. Cancer Sci 2011 ; 102 :
2090~2096.

Fujii H, Yamaguchi M, Inoue K, et al: In vivo visualiza-
tion of heterogeneous intratumoral distribution of hy-
poxia—inducible factor—1lalpha activity by the fusion of
high-resolution SPECT and morphological imaging tests.
J Biomed Biotechnol 2012 ; 2012 : 262741.

R, TERRER: 5F A A=Y v 7 & aI3E
REEPFEDOTIE b O —FE. WEHFE 2009; 129:
297-304.

HEE SR, HEHESE Ao EBEEEE in vive TH
%. IsotopeNews 2008.

De Saint-Hubert M, Bauwens M, Verbruggen A, et al:
Apoptosis imaging to monitor cancer therapy : the road
to fast treatment evaluation? Curr Pharm Biotechnol
2012; 13: 571-583.

Nordberg A, Rinne JO, Kadir A, et al: The use of PET
in Alzheimer disease. Nat Rev Neurol 2010; 6: 78-87.
Urano Y, Sakabe M, Kosaka N, et al: Rapid cancer de-
tection by topically spraying a gamma—glutamyltranspep-
tidase—activated fluorescent probe. Sci Transl Med
2011; 3:110-119.

M - b =RRE HIE LT A A=V VT

24)

25)

26)

28)

29)

30)

31

32)

2013

Lee DY, Li KC: Molecular theranostics: a primer for
the imaging professional. AJR Am J Roentgenol 2011 ;
197 : 318-324.

Kelkar SS, Reineke TM : Theranostics : combining imag-
ing and therapy. Bioconjug Chem 2011 ; 22 : 1879—
1903.

Alberti C: From molecular imaging in preclinical/clini-
cal oncology to theranostic applications in targeted tu-
mor therapy. Eur Rev Med Pharmacol Sci 2012 16:
1925-1933.

Svenson S : Theranostics : are we there yet?
Pharm 2013 ; 10: 848-856.

van Essen M, Krenning EP, Kam BL, et al: Peptide-re-
ceptor radionuclide therapy for endocrine tumors, Nat
Rev Endocrinoel 2009 ; 5: 382-393.

Gaertner FC, Kessler H, Wester HJ, et al: Radiolabelled
RGD peptides for imaging and therapy. Eur J Nucl Med
Mol Imaging 2012 ; 39 : S126-138.
Fernandez-Fernandez A, Manchanda R, McGoron AJ:
Theranostic applications of nanomaterials in cancer :

Mol

drug delivery, image—guided therapy, and multifunctional
platforms. Appl Biochem Biotechnol 2011 ; 165: 1628~
1651.

Mitsunaga M, Ogawa M, Kosaka N, et al: Cancer cell-
selective in vivo near infrared photoimmunotherapy tar-
geting specific membrane molecules. Nat Med 2011 ;
17 : 1685~1691.

Sano K, Nakajima T, Choyke PL, et al: Markedly en-
hanced permeability and retention effects induced by
photo—immunotherapy of tumors. ACS Nano 2013; 7:

T17-724.

WSS T277-8577 MTMOFEE6-5-1

MSTATREAE M AN £ > ¥ — iR
WmRRARL v 7 —REBHREST BH R



=S VN N

1B A ORI CEBRICE 25, CORSYEB LIRS BOBRBICEKE (ST

WATRE, U ¥ AFHES X OB T 305 KB B TR E A LIZIATHE L ) ST
AL LTH (M1)). BERIORBLHERERLIORLE £/ SBEBZEOSLUEHT 5L
BTFD LS55,

O O
00 UD O mummrowns
\\\\\ EFE~DER O°  HAOME, 4, BEANOEE BH

O %%
\\\ BRICL 288

O
//%§§ BT

PR~ DA 55

BEBRD S OHER

SEIEHIC BV B BT

MATHE, v VT HER O RT

EE O OMEERD Stage II-IV KB BRESIC BT 5 RSB EE

py— AT RS
DIV i A (FiER2) R
55.5%(223/402) 19.4% (78/402) 6.0% (24/402)

F1 miFE, U /TR OB SRk & ) )

Motohiro Kojima, Atsushi Ochiai: Pathology Division, Research Center for Innovative Oncology, National Cancer
Center Hospital East ENLASAMSE ¥ & —FlE BRIRMSE LY & — BRESHEES T

0047-1852/14/%60/E /JCOPY




M, Y N ER RS R AL D B
(1) b R - oo fE (3 2).
(2) RS, MEAR~DEEE, B, HERERE~OFA(X2).

(3) BB X HBE), WEMIA~OME, MERHER O OMEB (X 3).
(4) FIRIEZHC BT 2 RPrigE (= 3).

BEWE S WO SFH b ) KR % & UG ORM LR - BB EEE L Twa D, O
D% L F LROWTNUPOERBEIHEENTw S, SEBREZRIICE &0, REBICBT LR

L7z Fiz, KB 2EBOEEECrrbATELRFERLICI ZDL

E-cadherin
FMET

E-cadherin7 7 F- i

¥y v I

FTAEY — LER

........

B-catenin

AR

o
NIFAEY —LEEE S3zZv

4 Ny SRR DR
FE RS- 45fi
MMPs, uPA, cathepsins

RO BE TR ST — Y D%k
MEZROBEPHIETHE NS - OHE

= LR MIERBAT
REGEDILR
B RETIE

RhoZ ER A LT 7 F Vv ES

X2 BEHEELOHESICREONME, BERAOEE, BH BRAOBADERE
PEHADEX

[EFFEERIEM TEERIC X 2 E)

HeleolEellelEelRelRe)

, /RS
BEioElk TEBR D 5 OB

L 7Fr A7y
SLeA, SLeX7% & ICAM, VCAMZE

T % RpiiEE

)

3 ﬁ%ﬂié%ﬁfmﬁﬂmﬂ®ﬁ§,ﬁﬁ#%@%ﬁ%i@ﬁﬁﬂﬁﬁﬁ%%ﬁ%ﬁ@ﬁﬁ



£1 KBEGBRECLPIPDISTF

PDLEFFTT IV KEBERBICBIT2HE

MR L O FIEE AF=v a—, [-, y—catenin
, IR NN IV E—-, N—, P-cadherin '

EEOSR, BERA~NOEE, BF AY579y > a6h4, avB5 avB6, Bl a2, a3, eic
TBIE~AOFEA MMPs MMP-2, 7, 9, 13, 14, TIMP-3, 4
BB D b OYERL uPA

ATTI cathepsin B, D

Rho7 73— RhoA, Racl, cdcd2

L rF E—selectin, P—selectin

EEIO S A== 73 ) — ICAM-1, VCAM-1

A FTY Y :

AV oF» galectin 3

TF HuE

(et & h &)

1. AR O

AR BT AMBIEHEBRLED LOTMREEEFEZ L THEEL TS, LEMBRELOESIE
BEE, BERES FryvHEe TAEV-LAEELVoBERTHREZEZBELERT A TiL
B ERBEICESEL, NITAEV-L2ZBKRTS BEESBIIBITAMERLD LJZEERE
DEZEOERERHEIIEBIRITAIABORIOBREEEZZ ONA.

KEERRICE T 2ERRBELT OB

KIEERIEBRICBWT f—catenin DRI Db 2 APCEENEREICEHEE CHEHEINE, Zhb
Wnt pathway DEF I KBBEHREICEETH A, f-catenin DM ERNRE L BIHRE, LBObN, 5
BEIIBWTHEST A E-cadherin BHRETIHE L TALNE, ThosDEITBORE, EEICES L
TnwhbkEZOND,

2. BEEORE, RMERANOEE, BH, BERAORA

EEOBREIIZEERTOSBELECTRA RS VNI RBEFNONTWAS., vafxfF—ERTS
AIVTIFN=F(WPA), “bUvraxyuarur7—¥MMPs), ¥ 577V RERRENTD 5.
MR RO, BIESERZER TS, BEBIIBVWTI7+—ANVT Fe—Ys VAR LTERLEET
B, FloreRrMESES I D MBEAINEST A MEBEFICTHIBOES L EHOMESLE
REURTHS., BEEEETIBICEA VS XTI VR EDT NI PEETHE. —7F, EH;IBNTIE
ToFUEIFIIURPLRBEAMN VAT TAN—DOREENFEET, IHREIT7+—FINVT Fe—-TVa i
LAV T VERELTWE. T2 FVES AMVRT 74— ORELIGHEICIE RhoA FEER
BEF RS BEOMRLERL WIBRLRBEMFNESIESNIIEDLE o TEBEVI HEITEL,
MEELUTRIER~NMAT S,




4 KBS EUXIBEICH 3 f—catenin B & &%

a, d. IEHEHEICE 5 H-Efeta(a) 3 L O B—catenin e it (d). ERHHIEIZIB ) 5 f—catenin 5§
BB IzizmRE L TAha LS.

b, e KEREIEMEIERD H-E #f (b) B X OF f-catenin FyEYets (e). KIGHE O IEE I e R I
B 5 f-catenin DFEFUIANLER X CHIREASHF.OT, —HRIC B ERABA LN,

¢, f KIBEEMEHEIOH-EHRE () B LU f-catenin TFEHE (). KR ORBEER BT
5 B-catenin DFEFITHIBE & AL TH B, IWEHIER T LEOFEIMEE L 22 BN
(budding) 25 1CA BN AH(EHE), TNHIZEVTITMBE OB EN L VRIBEESNS.

KiFEMRICE T 3EEOS®R, HBERANOEE, BH FERAORA

Wnt pathway ORFEILF| & fE\VTE U 2B EOBICRIEMMEERICERZE S L5 budding B X OEY R
[CEREZ s b L - ZEFE T (epithelial -mesenchymal transition: EMD IZBWTH EETH 5. budding i&
KGR EEEES CHE SN 5 5B T OIEEMILIEE 2 L, budding 128> Tl f—catenin DZAFH
PRI RO BN A, FAEMT & A WERIC BRI F OB R IERERBETRERONN Y — v
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WTH Wnt D EECTH A Z LIFHEITH L (H4). WntEEOTLEETTIHD MMP7 &M T 5. &
WA MMPT B ITEIZEE O3 FD A 7% 53 IGF %2 VEGF OEMLZ A LT, mMEHEZTESES
ZEDVHMBENT WA, FREFENIC L MMP? BHTE I ERELESICERENIALN, EEOL M
BTHEWENAR EEVLEABELTWA EEZ HNEY. TS OBEEITITEORMIREED 22D
S TCWAEEZ LMD, A budding [ IBEFREETHIA LS I EMHFESINTEBY, EMTHIT—7 >
ITHESNDZ b, BHBOBEDALGY, HHEOREELOMEEHICL- TS, IhbDHEX
ELTn5 EEBbNBY
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SBICERET A &, FBHLEICHWENICT 255, b L IEHEIMBROMEA G ICIEM U285 TR EH
o b CERETA FOREICPPDLIDTELTCENERARMBEOLLZF L, ZOZEMKTHINEES
FERIPRICFSI T 5 sialyl Lewis X, A(SLeX, SLeA)BHILNT WA, FOHA V777 VEA L RElE
EREL B, FTOB MMUEEDEZEZHELTCVWAREELZONS, TFES O OHERICITEE & B
LB OSREEESPLELEZ ONEY. T BHBREIBEEDr £h4 Vv 77 —2RBHLTEY,
RRERENTWMT AT ENA v e OMEEHRRSEENEREBETH T L L EbNS.
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W5,
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REIEAR IS BT HEOBIHIERDP O OBROR > SBEICER L TWAEEZ LN TS, EMTR24ED
TERREZGCERE LM Z 0% C FHELERBT (MET) L) CThETEHEOREZZREILT, K
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B EFRE . BT RZRBEER I ER &% CERRN 2 TREENSLETH L. TR VEEA,
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KEEDERESRC BT 5 HAHEE
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BEBbs. TKBEMIKICEIT S SMADL RIFIZ X 5 CCLIS R LA, MMPI & RET5E5H
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bIEEME & R TR T 2B L CEOBEIIrPrboTwnbeEZLNA.
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Abstract

Enzymes 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3 and -4 (PFKFB-3 and PFKFB-4) play
a significant role in the regulation of glycolysis in can-
cer cells as well as its proliferation and survival. The
expression of these mRNAs is increased in malignant
tumors and strongly induced in different cancer cell
lines by hypoxia inducible factor (HIF) through active
HIF binding sites in promoter region of PFKFB-4 and
PFKFB-3 genes. Moreover, the expression and hypoxia
responsibility of PFKFB-4 and PFKFB-3 was also shown
for pancreatic (Pancl, PSN-1, and MIA PaCa-2) as well
as gastric (MKN45 and NUGC3) cancer cells. At the
same time, their basal expression level and hypoxia
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responsiveness vary in the different cells studied:
the highest level of PFKFB-4 protein expression was
found in NUGC3 gastric cancer cell line and lowest in
Pancl cells, with a stronger response to hypoxia in the
pancreatic cancer cell line. Overexpression of differ-
ent PFKFB in pancreatic and gastric cancer celis under
hypoxic condition is correlated with enhanced expres-
sion of vascular endothelial growth factor (VEGF) and
Glutl mRNA as well as with increased level of HIF-
1a protein. Increased expression of different PFKFB

‘genes was also demonstrated in gastric, lung, breast,

and colon cancers as compared to corresponding non-
malignant tissue counterparts from the same patients,
being more robust in the breast and lung tumors.
Moreover, induction of PFKFB-4 mRNA expression in
the breast and lung cancers is stronger than PFKFB-3
mRNA. The levels of both PFKFB-4 and PFKFB-3 pro-
teins in non-malignant gastric and colon tissues were
more pronounced than in the non-malignant breast
and lung tissues. It is interesting to note that Pancl
and PSN-1 cells transfected with dominant/negative
PFKFB-3 (dnPFKFB-3) showed a lower level of endog-
enous PFKFB-3, PFKFB-4, and VEGF mRNA expres-
sions as well as a decreased proliferation rate of these
cells. Moreover, a similar effect had dnPFKFB-4. In
conclusion, there is strong evidence that PFKFB-4 and
PFKFB-3 isoenzymes are induced under hypoxia in pan-
creatic and other cancer cell lines, are overexpressed in
gastric, colon, lung, and breast malignant tumors and
undergo changes in their metabolism that contribute to
the proliferation and survival of cancer cells. Thus, tar-
geting these PFKFB may therefore present new thera-
peutic opportunities. '

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3; 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase-4; Hypoxia; Hypoxia inducible
factor; Pancl; PST-1; MKN45; NUGC3; Gastric cancer;

October 14, 2014 } Volume 20 [ Issue 38 §



Minchenko OH et a/. PFKFB expression in pancreatic cancer

Lung cancer

Core tip: Enzymes 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase-3 and -4 (PFKFB-3 and PFKFB-4)
play a significant role in the regulation of glycolysis and
cancer growth by inducing cell proliferation and surviv-
ing. The expression of these PFKFB is increased in ma-
lignant tumors and strongly induced in various cancer
cell lines under hypoxia, including pancreatic and gas-
tric cells. The high expression level of PFKFB-4 protein
was found in NUGC3 gastric adenocarcinoma cells and
much lower in pancreatic Pancl cells, with the highest
response to hypoxia in the pancreatic cancer cells. Both
PFKFB-4 and PFKFB-3 are overexpressed in gastric, co-
lon, lung, and breast cancers being more pronounced
for PFKFB-4. Blocking both PFKFB-4 and PFKFB-3 may
present new therapeutic opportunities.

Minchenko OH, Tsuchihara K, Minchenko DO, Bikfalvi A,
Esumi H. Mechanisms of regulation of PFKFB expression in
pancreatic and gastric cancer cells. World J Gastroenterol 2014;
20(38): 13705-13717 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v20/i38/13705.htm DOI: http://dx.doi.
org/10.3748/wjg.v20.i38.13705

INTRODUCTION

Pancreatic adenocatcinoma is an aggressive disease with
a high mortality rate. Despite intensive efforts, pancreatic
cancer remains a formidable challenge for oncologists™.
Investigation of the molecular and genetic bases of
pancreatic as well as other cancers is very important for
understanding tumor formation and growth as well as for
development of anticancer strategies. Hypoxia has been
recognized as one of the fundamentally important fea-
tures of solid tumors and plays a critical role in various
cellular and physiologic events, including cell prolifera-
tion, survival, angiogenesis, metabolism, as well as tumor
growth, invasion and metastasis®?. Moreovet, hypoxia
has the multifaceted role in the hallmarks of human can-
cets, including pancreatic cancer. Hypoxia-inducible fac-
tor 1 (HIF-1), represent key featutes in cell biochemistry,
physiology and molecular biology.

Tumors atre usually exposed to a hypoxic microenvi-
ronment due to their irregular growth and insufficient
blood supply while pancreatic tumors have enhanced

[3,7,8] . .
vascular supply™~ . Moreover, there is heterogeneity and
genomic complexity between pancreatic tumors as well
as hierarchy of cancer cells with different properties, in-
cluding a subpopulation of cancer stem cells that are in-
hetently resistant to traditional therapies®®. Activation of
genes that ameliorate or compensate for the oxygen defi-
cit, especially of mRNAs involved in glycolysis and facili-
tate proliferation is important in adaptations to hypox-
™" A high rate of glycolytic flux, even in the presence
of oxygen, is a central metabolic hallmark of neoplastic
tumors. The high glucose metabolism of cancer cells is
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caused by a combination of hypoxia inducible transcrip-
tion factors, activation of oncogenic proteins and the loss
of tumor suppressor function. Over-expression of HIF-
1o or HIF-2¢, and MYC, activation of RAS and loss of
TP53 and/or othet tumor supptessor functions each
have been found to stimulate glycolysis in part by activat-
ing a family of tegulatory bifunctional 6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatases (PFKFB) and
hexokinases*"%,

PFKFB AS AN IMPORTANT FACTOR OF

TUMOR GROWTH

Enzyme PFKFB controls of glycolysis through main-
taining the cellular levels of fructose-2,6-bisphosphate,
which is considered to be the major allosteric activator of
G-phosphofructo-1-kinase, a rate-limiting enzyme of gly-
colysis"™". Thus, the PFKFB enzymes control glycolysis
through fructose-2,6-bisphosphate level®™. There are 4
different genes encode varable isoforms of this enzyme.
Importantly, most cells and tissues express more than
one isoform™?, PFKFB enzyme also plays an important
role in the Warburg effect and cancer growth!*7**9,
Ovetexpression of PFKFB-3 as well as other variants
of PFKFB is observed in vatious human cancers ©>7,
Moreover, enhanced expression of PFKFB as well as
hexokinase 2 is an obligatory factor of activated tumor
cell glycolysis and increased its proliferation”*****3,

The expression of different PEKFBs (PFKFB-1,
PFKFB-2, PFKFB-3 and PFKFB-4) is induced by hy-
poxia iz vivo in organ-specific manner””. At the same
time, 7# vitro experiments clearly demonstrated that
hypoxia affects the expression only two variants of
PFKFB (3 and 4) mRNA in different cell lines™**">%,
In promoter tegion of PFKFB4 and PFKFB-3 genes was
identified HIF responsive element which bind transcrip-
tion factor HIF and mediate hypoxzic regulation, because
deletion or point mutation of this HIF responsive ele-
ment eliminates the hypoxic regulation both PFKFB~4
and PFKFB-3 genes®™**". Moreover, the phosphory-
lation - dephosphorylation of PFKFB isoenzymes is
important for enhancing of glycolysis by hypoxia as well
as by fructose-2,6-bisphosphate in monocytes upon acti-
vation””. There is also data supporting an important
role for PFKFB-3 protein phosphorylation in the in-
creased glycolysis, angiogenesis and tumor progression!™.
Thus, highly phosphorylated variant of PFKFB-3 was
found in cancer cells as well as in other cells, including
vascular endothelial cells™?.

Recently, 2 novel mechanism by which MK2, MAPK
(mitogen-activated protein kinase)-activated protein
kinase 2, a key component of the MAPK pathway, up-
regulates glycolysis in response to stress in cancer cells
was described™. By phosphorylating specific PFKFB3
residues, MK2 promotes both increased its gene tran-
scription and allosteric activation.

It was also shown a significant increase of PFKFB-3
in the nuclei, which associates with enhanced cell prolif-
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eration through cyclin-dependent protein kinase™?. More-
over, PEKFB-3 isoenzyme is degraded by the E3 ubiqui-
tin ligase APC/C-CDHI, which also degrades cell-cycle
proteins?. Thus, this ubiquitin ligase is linking glycolysis
to cell proliferation mainly through PFKFB-3 enzyme,
which promote glycolysis. It was shown that both aerobic
glycolysis and proliferation are prevented by overexpres-
sion of this ubiquitin ligase and enhanced by its silencing.
Furthermore, activation of glycolysis, as essential factor
of cell proliferation, in the presence of active ubiquitin
ligase APC/C-CDH1 does not change the rate of cell
proliferation™. Recently was also shown that PTEN
(phosphatase and tensin homolog) enhances interaction
between PFKFB3 and E3 ligase APC/C-CDHI1, and
overexptession of CDH1 down-regulates the PFKFB3
protein level in wild-type, but not in PTEN-deficient
cells™. Moteover, PTEN knockout cells were found to
have high protein levels of PFKFB3 that has important
consequences for cell proliferation.

Thetre is data that ubiquitin ligase SKP1-CUL1-
F(SCF)-beta-TtCP also participate in glycolysis regulation
duting the cell cycle through PFKEB because this enzyme
ot activation the glycolytic enzyme G-phosphofructo-1-
kinase is needed for glycolysis up-regulation™. Besides
that, the induction of de nowo lipid synthesis from glucose
in prostate adenocarcinoma cells by androgen requires
transcriptional up-regulation of PFKFB-2 and phosphot-
ylation of PFKFB-2 generated by the PI3K/AKT signal
pathway to supply the source for lipogenesis™. The in-
creased glycolytic flux through the enhanced expression
of PFKFB3 gene was also observed after interaction of
adenosine with macrophage TLR4 receptor agonists™™.,
Thus, the enzymes of PFKFB family patticipate in the
regulation of glucose metabolism through glycolysis as
well as in the control of the cell cycle, apoptosis, tumor
growth, and invasiveness.

It is interesting to note that the transcriptional co-re-
pressor myeloid translocation gene 16 (MTG16) is found
in multiple transcription factor-containing complexes as
a regulator of gene expression mmplicated in develop-
ment and tumorigenesis. MTG16 can serve as a brake on
glycolysis, a stimulator of mitochondrial respiration and
an inhibitor of cell proliferation through suppression of
PFKFB-3, PFKFB-4 and pyruvate dehydrogenase kinase
isoenzyme 1 (PDK1)"*". Furthermore, hypoxia-stimulated
production of PFKFB3, PFKFB4 and PDK1 was inhib-
ited by MTG16 expression.

Several alternative splice varants for PFKFB-3 were

identified in normal and cancer cells which possibly are’

important for malignant tumor growth®>**1 Al these
splice variants have similar N-terminus and catalytic both
6-phosphofructo-2-kinase and fructose-2,6-bisphospha-
tase domains, but differ in C-terminal regulatory region. It
is possible that a variable C-terminus provide not only for
differ regulatory properties and for a variable surviving
of PFKFB-3 splice varants. Moreovet, the expression of
PFKFB-3 alternative splice variants 7/ wwo differs in vari-
ous otgans and spectrum of these splice variants changes
in rat model of diabetes in organ-specific manner®”

WIG | www.wjgnet.com

Bnishideng®

13707

Minchenko OH ef a/. PFKFB expression in pancreatic cancer

Recent data®*? showed that PFKFB-4, which ex-
pression at mRNA and protein levels is strongly induced
in the lung and breast cancers, has also pleiotropic func-
tions. This vatiant of PFKFB together with other mem-
bers of PFKFB family participates in the regulation of
glycolysis and also promotes tumor growth and sutrvival
of cancer cells®>*****), It was shown that PFKFB4 is
required to balance glycolytic activity and antioxidant
production to maintain cellular redox balance in prostate
cancer cells®. Moreover, depletion of PEKFB4 inhibited
tumor growth in a xenograft model, indicating that it is
required under physiologic nutrient levels®™. PFKFB4
mRNA expression was also found to be greater in meta-
static prostate cancer compared with primary tumors®™.
Mozeover, induction of apoptosis by sulforaphane in
human hepatic cancer cells mediated by hypoxia induc-
ible factor-1-dependent pathway through inhibition of
PFKFB4"®, Thus, PEKFB4, a glycolytic enzyme that
shunts glucose into the pentose phosphate pathway for
NADPH production, as a critical node for the survival of
cancer cells®***9,

Aerobic glycolysis links the high rate of glucose fer-
mentation to cancer”". It was found that the regulatory
glycolytic enzyme PFKFB4 is essential for prostate can-
cet cell survival by maintaining the balance between the
use of glucose for energy generation and the synthesis
of antioxidants. Cancer cells undergo several changes in
their metabolism that contributes to the proliferation and
survival of cancer cells. Blocking PFKFB4 induces reac-
tive oxygen species and cancer cell death. Thus, targeting
PFKEB4 may therefore present new therapeutic oppor-
tunities.

It is interesting to note that non-malignant gastric and
colon tissues in contrast to lung and breast tissues have
higher level of PFKFB-4 protein; at the same time, no
significant differences in mRNA levels®>*>*. It is pos-
sible that there is some specific mechanism of PFKFB-4
protein stabilization as well as some additional functions
of this enzyme in non-malignant gastric and colon tis-
sues. These aspects of PFKFB biochemistry warrants
further investigation.

Several alternative splice variants were identified for
human, mouse and rat PFKFB-4"%%0 Alternative splice
variant with modified N-terminus was identified for
PFKFB-4 in melanoma DB-1 cells®®. Its expression was
very high in these cells and is possibly related to melano-
ma growth. Other alternative splice variants of PEKFB-4
mRNA with modified C-terminus wete founded in rat
tissues™”. One of them with a modified C-terminal part
was observed only in the liver of rats treated by methyl
tertial butyl ether, ecologically dangerous chemical
compound™. It was not present in normal rat liver and
lungs. Second alternative splice variant with deletion in
fructose-2,6-bisphosphatase region is expressed in nos-
mal liver and lung tissues and its expression is affected
by methyl tertial butyl ether®. Results of this investiga-
tion demonstrate the sensitivity of PFKFB-4 altetnative
splicing to the action of toxic chemical compounds, in
particular methyl tretbutyl ether. Several unique alterna-
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Figure 1 Effect of hypoxia {H) and hypoxia mimic dimethyloxalylglycine (I} on the expression of 6-phosphofructo-2-kinaselfructose-2,6-bisphosphatase-3
and -4 mRNA in human gastric cancer cell lines MKN45 and NUGC3 and pancreatic cancer cell line Panc1. Measured by ribonuclease protection assay, N:

Control (normoxic) cefls™

tive splice variants were identified in mouse brain and
other tissues’®. One of them has two ORFs (for 6-phos-
phofructo-2-kinase and fructose-2,6-bisphosphatase) as a
result of insert after the 7" exon. Other alternative splice
vatiants have inserts in kinase domain or a deletion in
bisphosphatase domain™’. Tts functional significance is
not elucidated as of yet.

At the same time, the analysis of PFKFB-3 and
PFKFB-4 expression as well as its regulation by hypoxia
in pancreatic and gastric cancer cells, which significantly
differ from many other malignant cells, is needed for
further advance our knowledge on the mechanisms of
different tumors progression. Recently, it was shown that
excess glucose induces hypoxia-inducible factor-1g in
pancreatic cancer cells and stimulates glucose metabolism
possibly through PFKFB as well as the migration of
these cancer cells and that hypoxia strongly up-regulates
the expression of PFKFB-4 and PFKFB-3,

PFKFB-4 AND PFKFB-3 GENE
EXPRESSIONS IN PANCREATIC AND
GASTRIC CANCER CELL LINES AND
MOLECULAR MECHANISMS OF ITS

REGULATION

It was shown that different PFKFB genes are expressed
in human pancreatic and gastric cancer cells and are up-
regulated in hypoxic condition®™. Hypoxia induces the
expression of these genes through transcription factor
HIF binding sites to hypoxia responsible element (HRE)
of PFKFB-4 and PFKFB-3 genes, because deletion or
point mutation in these HRE eliminates the hypoxic
regulation of PFKFB4 and PFKFB-3 genes™ . As
shown in Figure 1, the exptession of PFKFB-4 mRNA is
detectable at very low level m both MKN45 and NUGC3
gastric cancer cell lines growing under normal condition.
The expression of PFKFB-3 mRNA in these cell lines
was significantly higher as compared to the PFKFB-4
mRNAP,

Exposure of MKN45 and NUGC3 gastric adeno-
carcinoma cells to hypoxia or dimethyloxalylglycine,
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. PFKFB: 6-phosphofructo-2-kinase/fructose-2,6-bisphasphatase.

which suppress prolyl hydroxylase enzymes, significantly
enhanced the expression of PFKFB4 as well as PFKFB3
genes (P < 0.001; Figures 1 and 2). At the same time, the
expression of PFKFB-3 mRNA in Pancl pancreatic can-
cer cell line (P < 0.01) growing under normal condition
was lower as compared to gasttic cancer cell lines, but for
PFKFB-4-slightly higher®™. Moreover, the basal level of
PFKFB-4 mRNA expression as well as its hypoxia re-
spousiveness was mote robust as compared to PFKFB-3
mRNAPA. Thus, there is a difference in the basal level
of these two variants of PFKFB mRNA between gasttic
and pancreatic cancer cells as well as in its sensitivity to
hypoxia and dimethyloxalylglycine.

At the same time, the protein level of PFKFB-4
isoenzyme in non-treated gastric adenocarcinoma cells .
was much higher as compared to pancreatic cancer cells
(Figure 3). Moreover, the protein level of PFKFB-4 in
NUGC3 gastric cancer cells is significantly higher than
in MKN45 cells. Hypoxia and dimethyloxalylglycine
strongly enhances the expression of PFKFB-4 at protein
level in pancreatic and gastric cancer cell lines. This in-
crease of PFKFB-4 protein expression varies in different
cancer cell lines possibly because these gastric and pan-
creatic cells have significantly different constitutive level
of PFKFB-4 protein. Moreover, no strong correlation is
present between mRNA and protein of PFKFB-4 in the
pancreatic and gastric malignant cells in normoxic as well
as in hypoxic condition™. This data agrees with results
of previous investigations™".

It is interesting to note that the level of PFKFB-4
mRNA and protein differs in different mammary gland
adenocarcinoma cell lines both in normal condition and
after hypoxic exposure®”. Thus, the level of PFKFB-4
mRNA is mote pronounced in the T47D malignant cell
line as compared to MCF7 cells both in normal condition
and after hypoxia. At the same time, the protein level of
PFKFB-4 is much higher in the MCF7 cells 25 T47D cell
line in normal condition as well as after hypoxic expo-
sure. Other cell lines (SKBR3 and MDA-MB-468) have
similar level of PFKFB-4 mRNA expression both in not-
mal condition and upon hypoxia. Unexpectedly, in MDA-
MB-468 mammary gland adenocarcinoma cells PFKFB4
protein was detected at negligible level at the same ex-
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1400 F Figure 2 Quantification of ribonuclease protec-
B tion assay of the effect of hypoxia (H) on the
S 1200 | expression level of 6-phosphofructo-2-kinase/
< 1000 - fructose-2,6-bisphosphatase-4 and -3 mRNAs in
L human gastric (MKN45 and NUGC3) and pancre-
g 800 - atic (Panc1) cancer cell lines. °P < 0.01 vs control
z cells; “P < 0.01 vs control cells™. N: Normoxic
Q600 F (control) cells. PFKFB: 6-phosphofructe-2-kinase/
g fructose-2,6-bisphosphatase.
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Figure 3 Western biot analysis of 6-phosphofructo-2-kinaselfructose-2,6-bisphosphatase-4 protein in human gastric (MKN45 and NUGC3) and pancreatic
(Panc1) cancer cell lines: Effect of hypoxia (H) and dimethyloxalylglycine (I)**. PFKFB: 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase.

petimental conditions, which were used for SKBR3 and
other mammary gland adenocarcinoma cell lines®™. In
contrast, the level of PFKFB-4 mRNA is correlated with
corresponding protein level both in SKBR3 and BT549
cell lines.

Really, the protein level of PFKFB-4, which in Pancl
pancreatic cancer cells is much lower as compated to gas-
ttic cancer cells and correlates with stronger induction of
both PFKFB-4 mRNA and protein expressions upon hy-
poxia. At the same time, the hypoxia-induced PFKFB-4
protein level in Pancl cells is in fact lower when com-
pared to the level of this protein in NUGC3 cells.
Moreovet, the high PFKFB-4 protein level in NUGC3
gastric cancer cells is correlated with the lower induction
of PFKFB-4 mRNA and protein expressions upon hy-
poxia; on the other hand, the level of PFKFB-4 protein
in hypoxia-treated cells is very high as compared to the
levels of PFKFB-4 protein in both Pancl and MKN45
control or hypoxia-treated cells®™. This difference be-
tween mRNA and protein levels of PFKFB-4 which in
the different pancreatic and gastric cancer cells is possibly
related to the mechanisms controlling PFKFB4 protein
stability However, the precise moleculat mechanism for
these disctepancies is complex and possibly includes
PFKFB-4 enzyme posttranslational modification or its
stability in a cell-specific manner and warranties further
detailed investigation.

The induction of PFKFB-3 mRNA expression in
the NUGC3 gastric cancer cell line by hypoxia and di-
methyloxalylglycine is more pronounced as compared
to PFKFB-4 mRNA expression. It is important to note
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that the expression PFKFB-3 mRNA in the Pancl pan-
creatic cancer cells has the lowest hypoxia responsive-
ness as compared to both gastric cancer cell lines. We
have previously shown that the hypoxic induction of
PFKFB-3 mRNA expression in mammary gland cancer
cells is more robust in MCF7 and T47D bteast cancer
cells (estrogen receptor-positive cell lines) as compared
to SKBR-3 and MDA-MB-468 cells (estrogen receptor-
negative cell lines)®”. The dissimilar sensitivity of the
PFKFB-3 gene expression to induction by hypoxia was
also shown for other cell lines, like Hela, Hep3B, RPE,
and fibroblasts, while induction of Glutl mRNA by hy-
poxia was similar in all these cell lines”™

It is interesting to note that the induction of
PFKFB-4 mRNA expression by hypoxia was simulated
by dimethyloxalylglycine in different pancreatic and
gastric as well as in many other cancer cell lines™"*"*,
Dimethyloxalylglycine, a specific inhibitor of prolyl
hydroxylases, is an oxoglutarate analog, which protects
the HIF-1q protein from proteasomal degradation and
significantly increases its level®™. Suppression of prolyl
hydroxylase enzymes can induce the level and functional
activity of HIF-1¢ under normoxia and mimics hypoxic
condition'”. Induction of PFKFB-4 mRNA synthesis by
hypoxia is mediated by the hypoxia responsive element
located in the promoter region of this gene which is simi-
lar to the same elements, described in different hypoxia
responsive genes, including PFKFB-3 genf:[zs’3 6664

As shown in Figure 4A, hypoxia increases the expres-
sion level of PFKFB-3 and PFKFB-4 as well as VEGF
and Glutl genes in both gastric and pancreatic cancer
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Figure 4 Expression of hypoxia inducible factor-1a protein (Western blotting; A) and hypoxia inducible factor-1c. and hypoxia inducible factor-20 mRNA
(ribonuclease protection assay; B) in human gastric (MKN45 and NUGC3) and pancreatic (Panc1) cancer cell lines: effect of hypoxia (H) and dimethyloxa-

lylgiycine (I)*%. HIF: Hypoxia inducible factor.
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Figure 5 Effect of hypoxia (H) and hypoxia mimic dimethyloxalylglycine
(I) on the expression level of 6-phosphofructo-2-kinaselfructose-2,6-
bisphosphatase-3, -4, and GLUT1 mRNAs (measured by gPCR) in human
pancreatic (PSN-1) cancer cells. n = 4; °P < 0.01 vs control cells. N: Normoxic
(control) cells; PFKFB: 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase.

cell lines and these changes are correlated with enhanced
level of HIF-1¢ protein[az]. This data argues with HIF-
lo-dependent mechanism of the induction of these
genes under hypoxia. At the same time, the constitutive
level of HIF-1ox as well as HIF-20, mRNA expression
and their induction by hypoxia (Figure 4B) is dissimuilar
in the MKN45 and NUGC3 gastric adenocarcinoma
cells®. Thus, the level of HIF-1g, mRNA expression
is dectreased in both gastric cancer cell lines treated by
hypoxia or dimethyloxalylglycine, but no significant
changes of HIF-2a, mRNA expression were found in the
NUGCS3 gastric cancer cell line under hypoxia. However,
the expression of HIF-200 mRNA in the MKIN45 gastric
cancet cells was slightly induced by dimethyloxalylglycine
as well as hypoxia. A similar pattern of the expression of
HIF-1¢ and HIF-200 mRINAs in the Aso lung adenocar-
cinoma cell line and many other cancer cell lines treated
by hypoxia was shown %9

It is important to note that there is an inverse correla-
tion between induction of HIF-1g, mRNA and protein
exptessions upon hypoxic exposure. These observations
suggest that the increase in HIF-1q, protein expression
was not reflected at the mRNA level. Moreover, the ex-
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Figure 6 Effect of hypoxia (H) and hypoxia mimic dimethyloxalylglycine (I)
on the expression level of 6-phosphofructo-2-kinasel/fructose-2,6-hispho-
sphatase-3, -4, and GLUT1 mRNAs (measured by gPCR) in human pancre-
atic (MIA PaCa-2) cancer cells. n = 4, °P < 0.01 vs control cells. N: Normoxic
(control) cells; PFKFB: 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase.

pression of HIF-1ao mRINA 1is significantly decreased
both under hypoxia and dimethyloxalylglycine action. It
is possible that this discrepancy between HIF-1a mRNA
and protein levels, which was found in different gastric,
pancreatic and many other cancer cell lines, is related to
the divergence in mechanisms which control the stability
of HIF-1oo mRNA and protein. Thus, the hypoxic induc-
tion of HIF-1o protein expression is a result of its stabi-
lization, possibly mediated by specific prolyl hydroxylase
enzymes, oxygen- and iron-dependent, which utilize
oxoglutarate as a co-substrate!™*. At the same time,
the decreased exptession of HIF-1ao mRNA both under
hypoxia and dimethyloxalylglycine action is possibly me-
diated by suppression of transcription or by its increased
degradation™,

The expression mRNA level of PFKFB variant 3 and
4 was also investigated in two other pancreatic cancer cell
lines: PSN-1 and MIA PaCa-2 (Figures 5 and 6). Hypoxia
strongly induces (P < 0.001) the expression of both
PFKFB4 and PFKFB3 genes in PSN-1 and MIA PaCa-2
cancer cells being more robust for PFKFB4 gene. More-
ovet, hypoxic induction of PFKFB4 and PFKFB3 gene
expressions in both these pancreatic cancer cell lines cor-
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