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Abstract

We report that hypoxia regulates and influences the level ofthe angiogenic
enzyme platelet.derivedendothelial cell growth factor (PD-ECGF), also
called thymidine phosphorylase, in vitro and in vivo. Levels of PD.ECGF
protein increased 6-fold in the breast cancer cell line MDA 231 after 16 h of
growth in 0.3% oxygen. A simultaneous increase in enzyme activity was
observed. linmunohistochemical staining ofMDA 231 tumors grown in nu/nu
mice showed increased expression of PD.ECGF in those parts of the tumor
that are proximal to the areas of necrosis. hi addition, increased and wide
spread staining for PD-ECGF protein was obtained when the tumor vascular
supplywasoccludedfor2 h byclamping.LoweringthemediapH to6.3â€”6.7
in vitro also resulted in an increase in PD-ECGF protein levels. This study
demonstratesthat tumor microenvironmentalfactorscan result in the spe
cific up-regulation of an angiogenic enzyme that can also activate 5.fluoro.
uradil prodrugs and hence is exploitable therapeutically.

Introduction

The developmentof new blood vessels(angiogenesis)is an essen
tial stage in the growth and metastasis of solid tumors. The vascula
ture of tumors is relatively poor and disordered when compared to that
of normal tissue, leading to insufficient perfusion and diffusion of
oxygen and microregional variation in extracellular pH. The existence
of hypoxic (low-oxygen) conditions uniquely found within tumors can
increase gene expression of a variety of proteins including the angio

genie factor VEGF2 in tumor cells (1).
The expressionof VEGFin turncorrelateswithhighvasculardensity

and is a negative prognostic indicator for diseaseprogression and the
outcome of therapy for a variety of solid tumors (2, 3). However, the
presenceof elevatedlevels of other angiogenic factors in tumors can also
beof prognosticimportance.In particular,PD-ECGF,whichis knownto
be chemotactic and angiogenic (4), has been shown to be a prognostic
indicator in breast(5), ovarian (6), bladder (7), and colorectal tumors (8)
and in some instanceshas been associatedwith the invasivenessand
malignancy of tumors. Indeed, overexpressionof PD-ECGF in MCF-7
breastcarcinomacells hasmarkedly enhancedtumor growth andvascular
density (9). Very little is otherwiseknown of the regulation of PD-ECGF
within the tumor environment.

PD-ECGF is a 55-kDa polypeptide (10) existing in vivo as a
1lO-kDa homodimer. It was originally isolated from platelets as an
endothelialmitogen.The eDNA sequencepredictsa 482-amino acid
polypeptide (4). PD-ECGF has been shown to have chemotactic
activity in vitro and angiogenic activity in vivo. It is identical to TP,
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which catalyzes the reversible phospholytic cleavage of thymidine
and deoxyuridineto their correspondingbasesand 2-deoxyribose-l-
phosphate(1 1). It hasbeen shownthat TP activity is critical for the
angiogenicactivity of PD-ECGF (12) and that 2-deoxy-D-ribose,a
dephosphorylated product of the thymidine to thymine breakdown,
also has chemotactic and angiogenic properties that may be respon
sible for the angiogenicactivity of PD-ECGF (13).

The purposeof this work was to investigate PD-ECGFR'Pprotein
regulation and expressionin tumor microenvironmentalconditions
andcomparethe resultswith what is known of theexpressionof other
angiogenicgrowth factorssuchas VEGF.

Materials and Methods

Cell Culture. BecausePD-ECGFhas been implicatedin the pathogenesis
of breastcancers,theMDA 231breastcarcinomacell line,passage20â€”30,was
used. Cells were cultured in RPM! 1640 supplemented with 10% FCS, 2 mrsi
glutamine, penicillin (50 lU/mi), and streptomycin (50 @xg/ml)and passaged

weekly.
AntIbodies. A goat polyclonal antibody was compared to both a mono

clonal and a rabbit polyclonal antibody (R. B.) on a Western blot of both
wild-type and transfected breast cancer cell lysates (7) and found to produce a

singlebandof 55 kDa, asreportedpreviously(7).
In Vitro Hypoxia. For hypoxic exposure, cells were seeded at 5 X l0@ on

6-cm permanox plates (Nunc) and gassed with the appropriate oxygen and
nitrogen gas concentration containing 5% carbon dioxide at 37Â°Cfor 16 h in
a humidified incubator.

In Vitro Acidic Exposure. Acidic exposure was achieved by adjusting the
pH of NaHCO3-deficientmediumusing100m@iHC1and7.5% NaHCO3in
75-cm2cell culture vesselsseededwith 2 X 10@cells (with or without 10% FCS)
andincubatedat 37Â°Cin a humidified5% carbondioxideandair mix for 16h.

In Vitro Cobalt Chloride Exposure. Cells were seeded as for acidic
exposure using 10% FCS-supplemented RPM! 1640 (pH 6.8) or serum-free
RPM! 1640. The cells were exposed to 50â€”250@LMcobalt chloride for 16 h.

FACSAnalysis. After exposure,thecellswerefixed in 70%ethanolfor 30
mm,washedwith PBScontaining0.01%FCS,andstainedwith anti-PD-ECGF
polyclonal antibody raised in goat (R & D Systems, United Kingdom) at a

dilutionof 1:1000for30mmatroomtemperature.Thecellswerewashed,and
anti-goatFITCconjugatewasraisedin rabbit(Poole,Sigma,UnitedKingdom)
addedat a dilution 1:100for 30 mm at 20Â°Cbefore a final wash.FACS
analysis on samples was performed using excitation at 488 nm using a Becton
DickinsonFACSortmachineandexpressedas fold increasein fluorescence
overcontrol.

Cell Lysate Preparation and TP Activity Measurement Cell lysates
werepreparedby harvestingandwashingunfixedcellsin PBSbuffer,followed
by sonication in lysis buffer [0.1 mM Dli', 0.15 mr@iNaC1, and 50 m@i

Tris-HCI(pH7.4)]andcentrifugationat 12,000rpmfor I mm.Thesupematant
was snap-frozen in liquid nitrogen. TP activity measurements were made on
cell lysates by incubating with 10 mrsi thymidine and 50 mtvi K3PO4 for 16 h,
quenching with 500 mM NaOH, and measuring the formation of thymine
spectrophotometricallyat 300 nm.

In Vivo Localization ofPD-ECGF. Male nu/nu mice were injected s.c. with
5 X 106MDA 231cells in thedorsalareain a volumeof 0.1 ml. Tenanimals
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A combinationof 0.3% oxygenexposurewith serum-freemedium
resulted in a much-reduced viability ofthe cells, so the effect of serum
depletionin hypoxia could not be investigated.

MDA 231 xenograft tumors in nulnu mice showed high levels of
staining for PD-ECGF protein in areas proximal to necrotic tissue where

both low pH and oxygen tension are likely to exist. (Fig. 3a). A 2-h
clampingtooccludethetumorbloodsupplyproduceda marked,uniform
increase in PD-ECGF staining throughout the tumor (Fig. 3b). FACS
analysison disaggregatedtumor cells indicated an overall increasein the
levelsof stainingfor PD-ECGF in theclampedtumors(1.85 Â±0.60-fold
compared to that of unclamped controls; n 3).

Hypoxia and aberrantangiogenesisare conditionscharacteristicof
disease states including rheumatoid arthritis (17), psoriasis (18), and
solid tumors. The presenceof PD-ECGF is a common feature in all of
these diseases.

Increased expression of VEGF has been reported with oxygen

concentrationsranging from catalyst-inducedanoxia to 1% 02 (see
Ref. 19 for review). PD-ECGFhas a morerestrictedresponserangeto
oxygen, at least in the MDA 231 cell line. That the mechanismof
hypoxic inductionof PD-ECGF may be similar to that of VEGF and
erythropoetin in vitro is indicated by its responseto cobalt stimulation.
It is unclear,however,why the additionof serumablatesthe response
of PD-ECGF to cobalt, becauseboth VEGF and erythropoetinare
reportedto respondin the presenceof serum(20).

Acidic pH is not necessarilya conditionassociatedwith the mci
denceof hypoxia in solid tumorsbecausetumor cells are known to
preferentiallyconvertglucoseandothersubstratesto lactic acid even
under aerobic conditions.Recently it has been clarified that it is
extracellular rather than intracellular pH that is acidic in solid tumors
and that tumor cells maintain neutrality by enhanced â€ẽxtrusion
and lactate retention(16). Hence, increasesin PD-ECGF causedby
acidic pH may be another, separatecontributor to tumor angiogenesis.

A study of PD-ECGFfl'P activity in breast cancer reported the
activities in 138 patientsto range over 2 orders of magnitudeand
concludedthat activity in cancer tissueis correlatedto malignancy
(21). Increasesin PD-ECGF protein and TP activity may be one of the
reasonsthat areasof hypoxia are a negative influence on the outcome
of sometherapiesand overall prognosis.

The localizationof stainingfor PD-ECGF aroundnecroticregionsin
MDA 231 xenografts suggeststhat it is also up-regulatedby hypoxia in
vivo.Withoutprecisemeasurementby oxygenelectrodes,it isdifficultto
accurately assessthe level of hypoxia in this environment, but it is
probablethat oxygen tensionsapproachinganoxia are reached.This

â€˜@-6.2 6.2-6.4@ 6.4-6.5 6.7-7.0 7.0-7.4
pH of Medium

Fig. 2.Effectof pH of themedium(Â±serum)on PD-ECGFproteinlevelsin thebreast
cancercell line MDA 231 in vitro determinedby FACS analysis.Valuesgiven are the
meanfold inductionover pH 6.8/7.4control (n 3 for SE).
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Fig. 1. Effect of hypoxicexposureon PD-ECGF proteinlevelsin the breastcancercell
line MDA 231 in vitro determinedby FACS analysis.Values given are the mean fold
inductionover aerobiccontrol (n = 3 for SE).

3 .t. Crew, personal communication.
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were used per group. When the tumors reached 600 mm@(6â€”7weeks), they
wereclampedfor 2 h to occludethebloodsupply.Controlswerenotclamped.
Tumorswereexcisedimmediatelyafterclampremovalandfixed andparaffin
embeddedforhistology.Sectionswerestainedwithhematoxylinandanti-PD
ECGF antibody(R & D Systems)conjugatedwith a bridgingbiotinylated
horseradishperoxidaseantibody (DAKO, United Kingdom) and developed
withdiaminobenzedine(Sigma)to producea visiblebrownprecipitate.

Procedures were performed with approved protocols and in accordance with
theScientificProceduresAct (1986),UnitedKingdomHomeOfficeLicense
No. PPL3O/00386.

Results

PD-ECGF levels were raised in MDA 231 cells 1.5-fold by 16 h of
catalyst-inducedanoxia, levels increasedlinearly with increasingoxygen
concentration up to a maximum of 6-fold at 0.3% oxygen (Fig. 1). Lithe

or no induction wasseenfrom a concentrationofO.3â€”1%oxygen. Similar
effects were seen with the human non-small cell lung line A549 and the

human colon carcinoma cell line HT29 (results not shown).
In onerepeatedexperimentin whichbothfold inductionandenzyme

activity were measuredin the samesample,hypoxiccells showinga
2.85-foldincreasein stainingforPD-ECGF showedincreasedTP activity
from 514â€”1359ng thymidine cleaved/mg protein/h, indicating that the
elevated protein was enzymatically active. The RNase protection assay
indicateda small but significant increase(17%) in TP mRNA after a 16-h
exposure.3Thus there is a hypoxically induced increaseof PD-ECGF
protein with an accompanying increase in TP activity in vitro. It is not

known whether PD-ECGF is regulated by the same hypoxia-ethancer
elementsthat have been found in the genesencoding erythropoetin (14)
andVEGF (15); theseelementsareknownto respondto cobaltstimula
tion and to hypoxia in vitro in a similar fashion. Cells treated with cobalt

chloridefor 16h (50â€”250@LM)in theabsenceof serumshowanincrease
in PD-ECGF levels(2.0 Â±0.25-fold;n = 3), indicatingthattheresponse
may be similarto thatseenin the above.The additionof serumblocks
this response.

In addition,lowering of extracellularpH haslong beenconsidered
a physiologicalconditionof many solid tumors.An increasein stain
ing (FACS analysis) for PD-ECGF protein in MDA 231 cells is
observedwhenextracellularpH is reducedfrom 6.8â€”7.0to 6.3â€”6.7in
the absenceof serum(Fig. 2); cells culturedin the absenceof serum
for 16h seemedadherentandviable.This increasein PD-ECGF levels
at low pH is lost in the presenceof serum.Theselevelsof pH may be
found in microregionsof solid tumors(16).
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Fig. 3. a. tissuesectionof MDA 231 tumor xenograft immunostainedwith anti-PD
ECGF antibody. Magnification. X 16. b, tissue section of MDA 231 tumor xenograft
immunostainedwith anti-PD-ECGF antibodyafter a 2-h occlusionof the blood supply.
Magnification. x 16.

would to someextentconcur with the in vitro data,especiallybecausethe
extracellular pH may be low. Clamping the xenografts would produce
radiobiological hypoxia (less than 0.1% 02) and may also affect AlP
status and extracellular pH within the tumor (22, 23). The presence of

PD-ECGF stainingwithin necrosismay be due to the releaseof PD
ECGF from deadtumor cells, from the viable tumor cells aroundthe
necrosis, or from the migration of PD-ECGF-producing immune cells
into the necrotic tissue(macrophagesand so forth). The PD-ECGF gene
does not encode a classical secretion signal, and the question of how it

exerts its mitogenic,chemotactic,and angiogenicpropertiesremains.
Suggestionsthat the breakdown product 2-deoxy-i>ribose may be re
sponsiblehavebeenmade,but it is possiblethat PD-ECGF is releasedby
a nonclassical pathway.

The importance of PD-ECGF as an angiogenic substancewith in
creasedexpression in many human tumors, together with its enzymatic
activity, makesPD-ECGF a potential target both for antiangiogenicand
enzyme-directeddrug development.Drugs such 5-fluorouracil or Furtu
lon,whichcanbepotentiatedbyTP enzymeactivity(24, 25), arealready
under clinical investigation. The environmentally regulated tumor-spe
cific increasesin the levels of PD-ECGF demonstratedin this paper lend
further consideration to its therapeuticpotential.
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