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Data in the medical literature characterizing ribose and deoxyribose
synthetic pathways from glucose in human tumors is incomplete using
modern techniques. Horecker et al. (2) found heavy labeling of the
fifth carbon of RNA ribose after incubating HeLa cells with [1-
â€˜4C]glucose.They raised the possibility that triose phosphate is in
corporated preferentially into ribose, which is the common substrate
of the nonoxidative TK carbon interchange reaction of the PC (3).
Since then, we have found no published data regarding the influence
of PC reactions on the synthesis of ribose in nucleotides from glucose
in tumor cells.

Clinical observations indicate an important role of the nonoxidative
TK reactions in cancer cell proliferation in patients with breast and
bronchial carcinoma (4). These patients have the tendency to develop
a depleted state of thiamine, which is the cofactor of TK reactions.

Experimental observations indicate a marked tumor growth-inhibitory
effect of OT, the inactive form of the cofactor, in tumor-bearing mice
(5). Injections of 20 mg/kg OT for 5 days have shown a decrease in

tumor weight by 45%, with a marked decrease in tumor RNA content.
It is, therefore, suspected that the thiamine-dependent nonoxidative
TK reaction plays an important role in the tumor proliferation process
by recruiting glucose carbons for ribose phosphate synthesis, which is
used for building RNA and DNA precursors.

It has been known for decades that human tumors are characterized by
increased glucose utilization (6). In addition, a dose-dependent promotion
of cell growth was shown for glucose (250%) after a 4-day treatment of
pancreatic adenocarcinoma cell lines in vitro with increasing doses of
glucose (7). Glucose also exerted a prominent stimulation of DNA
synthesis in rat islet oncogenic cells (8). The uncompetitive G6PD inhib
itor DHEA-S significantly inhibited pancreatic adenocarcinoma cell pro
liferation in vivo and in vitro (9), which is the only pathway for the direct

synthesis of ribose from glucose through decarboxylation. It is likely that
the oxidative reactions of the PC using glucose-6-phosphate also play an
important role in the tumor proliferation process, not only by providing
NADPH and carbons for intracellular anabolic processes including lipid
and protein syntheses, but also by providing carbons for ribose phosphate
synthesis.

In this study, we investigated carbon deposit patterns of isotopically
labeled RNA ribose, originating from 13C-labeled glucose in cell
culture media, to characterize biochemical channels that are involved
in the synthesis of ribose for nucleotides in MIA pancreatic adeno

carcinoma cells. We found both the oxidative and nonoxidative PC
reactions directly involved in nucleic acid ribose synthesis with the

nonoxidative pathway to predominate. We also investigated two po
tent inhibitors of these pathways, oxythiamine and DHEA-S (10), to
demonstrate that chemical control of PC reactions is a potent method
for inhibiting tumor cell proliferation both in vitro and in vivo in two
distinct tumor cell lines.

MATERIALS AND METHODS

Cell Line. MIAPaCa-2(pancreaticcarcinomacells; ATCCCRL142O)was
purchased from ATCC. This cell line has an average doubling time of 40 h in
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This study investigates the significance of the glucose-6-phosphate de
hydrogenase (G6PD) catalyzed oxidative and the transketolase (TK) cat
alyzed nonoxidative pentose cycle (PC) reactions in the tumor prolifera
tion process by characterizing tumor growth patterns and synthesis of the
RNA rihose moiety in the presence of respective inhibitors of G6PD and

TK. Mass spectra analysis of â€˜3C-labeledcarbons revealed that these PC
reactions contribute to over 85% ofde novo ribose synthesis in RNA from
[1,2-53C]glucose in cultured Mia pancreatic adenocarcinoma cells, with
the fraction synthesized through the TK pathway predominating (85%).
Five days of treatment with the TK inhibitor oxythiamine (OT) and the
G6PD inhibitor dehydroepiandrosterone-sulfate (0.5 @LM each) exerted a

39 and a 23% maximum inhibitory effect on cell proliferation in culture,
which was increased to 60% when the two drugs were administered in
combination. In vivo testing of400 mg/kg OT or dehydroepiandrosterone.
sulfate in C57BL/6 mice hosting Ehrlich's ascitic tumor cells revealed a
90.4 and a 46% decrease in the final tumor mass after 3 days of treatment.
RNA ribose fractional synthesis through the TK reaction using metabo

lites directly from glycolysis declined by 9.1 and 23.9% after OT or the
combined treatment, respectively. Nonoxidative PC reactions play a cen
tral regulating role in the carbon.recruiting process toward de novo
nucleic acid nbose synthesis and cell proliferation in vitro and in vivo.
Therefore, enzymes or substrates regulating the nonoxidative synthesis of
ribose could also be the sites to preferentially target tumor cell prolifer.
ation by new anticancer drugs.

INTRODUCTION

Mass isotopomer distribution analysis is a relatively new technique
for characterizing fractional distribution of stable isotope labels by
GC/MS3 in biornolecules using their labeled precursors. The distri

bution and rearrangement of labels can be used to fingerprint the
biochemical reactions that contribute to the synthesis of the molecule
under investigation. This technique has been used to characterize
carbon deposit patterns of intracellular lipids after labeling media
glucose, which led to the discovery that glucose carbons are the main
source of cholesterol, palmitate, and stearate in cultured hepatoma

cells (1). Glucose carbons are also used for building nucleic acids,
ribose, and nucleotides from glycogenic precursors and PC metabo
lites, but little is known about the contribution of specific synthetic
reactions to this process in tumors.
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PENTOSE PHOSPHATE PATHWAYS AND TUMOR PROLIFERATION

the number of carbon substitution(s) per molecule4 (n) with 13C. The molar
fraction of each isotopomer was also determined from the spectrum. We

analyzed the ribose carbon fragments and their isotopomers under five exper
imental conditions: (a) no label, no drug treatment; (b) [1,2-â€˜3C2]glucoselabel,
no drug treatment; (c) [l,2-'3C2]glucose label with 0.5 @LMDHEA-S; (d)
[l,2-'3C2]glucose label with 0.5 ,.LMOT; and (e) [l,2-'3C2]glucose label with
DHEA-S + OT (0.5 @LMeach, referred to as â€œcombinedtreatmentâ€•).Each
ribose selected ion cluster monitoring procedure was repeated three times with

three separate loading doses (I pJ) onto the GC column. Singly labeled ribose
molecules (ml) on the first carbon position were used to measure the ribose
molar fraction, which was produced by direct oxidation of glucose through the
G6PD pathway, after subtracting the fraction of the singly labeled product,
which came from the TK pathway (see below). Doubly labeled ribose mole

cules (m2) on the first two carbon positions were used to measure the molar

fraction produced by TK, which catalyzes the transfer of a doubly labeled keto

group from fructose-6-phosphate (Cl-C2) to an unlabeled glyceraldehyde-3-
phosphate. Doubly labeled ribose molecules (m2) on the fourth and fifth
carbon positions were used to measure molar fraction produced by triose
phosphate isomerase, converting labeled dihydroxyacetone-phosphate into
glyceraldehyde-3-phosphate, which entered the PC through the TK pathway.

Isotopomers with three labels were used to estimate ribose production by

combining recycled products of the G6PD reaction5 through the TK and
transaldolase reactions. Isotopomers with four labels (m4) were used to esti
mate synthesis through TK and triose phosphate isomerase. Because the
synthesis rate of m3/m4 is the same as the synthesis rate of ml/m2 by TK and
transaldolase, the ml m2(m3/m4) formula was used to calculate the Cl
labeled fraction, which was synthesized by TK and TA. An overview of the PC
and synthesis of ribose isotopomers from [l,2-'3C21D-glucose are shown in
Fig. 1. In this study, we measured both molar fraction of ribose isotopomers
produced by the different pathways of PC as well as net synthesis of RNA and
DNA. The molar fraction of ribose in RNA is a good indicator of the ribose
moiety produced through different pathways during the incubation period
because RNA is continuously synthesized for message translation procedures
(mRNA), amino acid carrying (tRNA), and to participate in the formation of
ribosomes (rRNA). Another advantage of measuring fractional synthesis is that
the fraction of different isotopomers is not affected by the RNA extraction and
ribose purification method used. Total cell RNA and DNA produced by 106
MIA cells in control and treated cultures were measured to record net synthesis
using 260-nm UV absorbance on a Beckman DU 640D spectrophotometer.
RNA and DNA contents were calculated by these formulas: RNA =
absorbance2@,,m X 40 mg/mI and DNA = absorbance2@,,m X 50 mg/mI, then
the RNA:DNA ratios were found to characterize cell differentiation (15). DNA
was purified from Trizol cell extracts using the method suggested by the

vendor.6
In Vitro Cell Proliferation Assay. The in vitro testing was accomplished

by seeding MIA PaCa-2 cells into 96-well (Falcon 3072, Franklin Lakes, NJ)

flat-bottomed proliferation plates (5000 cells/well). On the second day, the
culture media was replaced by 2% FBS-DMEM (minimum growth media).
Three full plates were assigned either to OT, DHEA-S, or the combined
DHEA-S + OT treatment regimens as follows. The first column (eight wells)
of cells on each plate were used as controls without treatment, and the second
through twelfth columns were treated with the compounds under testing. One
extra plate without treatment was used to characterize natural growth patterns
of MIA cells on the 96-well plates during the study period, and it was used to
correct for differences occurring due to culturing conditions other than exper
imental interventions. DHEA-S (FW:390.5) was added in 50 to l0@ X 5 @M

doses by a X 10 dilution regimen. Ten @lof serum-free DMEM media carrying

the compound was added to 90 @lof cell culture media in the second column
of wells, mixed, then removed, and carried to the next column by an eight-tip
multichannel pipette. This process was repeated throughout the plate. OT
(FW:337) was also administered in 50 to lO_8 x 5 @LMdoses by a X 10 dilution

4 Theoretically, this number is 5 for ribose. However, in this experiment, the maximum

number of ribose carbon substitutions is 4 (Cl,2â€”C4,5)due to randomization through
biochemical reactions using three or two carbon fragments by TK and TA carrying a
maximum of one or two labels.

5 Direct oxidation of glucose is the only reaction that separates Cl from C2. Therefore,

isotopomers labeled on three positions are produced from recycled metabolites of the
G6PD pathway through TK and TA.

6 Trizol RNA and DNA purification methods by Lifetech, Inc.

DMEM with 10% fetal bovine serum and 2.5% horse serum (Life Technolo
gies, Inc., Gaitersburg, MD) without antibiotics. The cells were incubated at
37Â°C,5% CO2, and 95% humidity and passed by using 0.25% trypsin (Life
Technologies, Inc.) no more than 10 times after receipt from ATCC and prior
to use in this study. MIA cells have been used previously both in vitro and in
vivo for proliferation experiments and responded to treatments with gastroin

testinal hormones and DHEA-S (7, 9).
Stable Glucose Isotopes. Stable [l,2-'3C2]D-glucose isotopes were pur

chased from Isotec, Inc. (Miamisburg, OH) with >99% purity and 99% isotope
enrichment for each position. Unlabeled glucose was purchased from Sigma

Chemical Co. (St. Louis, MO). For isotope incubation and drug treatment
studies, the cells (5000/flask) were seeded in Tl75 (Falcon, Franidin Lakes,

NJ) tissue culture flasks and supplied with unlabeled (natural) or [1,2-
â€˜3C2)glucose, which was dissolved in otherwise glucose- and sodium pyruvate

free DMEM (Life Technologies, Inc.), with 10% FBS and 2.5% horse serum.
The final glucose concentration was adjusted to 370 mg/lOOml in each culture.

Drug Treatments. Five Tl75 cultures were assigned to study the effect of
0.5 @.LMDHEA-S (Sigma), OT (Sigma), or the combination of DHEA-S + OT

on â€˜3Ccarbon deposit patterns in ribose of total cell RNA in the presence of
[l,2-13C2]o-glucosein the culture media. Control cultures were supplied with
unlabeled glucose in the media without drug treatment to measure natural â€˜3C
abundance of glucose; other control cultures were supplied with [1,2-
t3C2jglucose without drug treatment to characterize ribose â€˜3Cdeposit patterns
in MIA cells under standard culturing conditions.

RNA Isolation and Ribose Extraction. After 5 days of incubation with
the [l,2-'3C21D-glucoseisotope and drug treatment, MIA cells from 75 to 85%
confluent cultures were trypsinized and spun, and the cell pellet was collected.
Ice-cold Trizol (4 ml) was added to destroy the cells (11, 12). In the first step,
RNA was precipitated in chloroform, then spun at 15,000 rpm at 4Â°Cfor 15
rain, and the top layer was collected. In the second step 70% (â€”20Â°C)

isopropanol was used to precipitate the RNA pellet, which was spun again at
15,000 rpm at 4Â°Cfor 15 mm. The RNA pellet was dissolved in 70% ethanol

at â€”20Â°Cand spun at 15,000 rpm at 4Â°Cfor 15 mm. The purified RNA pellet
was dissolved in 20 p3 of RNase-free water. RNA was hydrolyzed in 2 ml of
2 N HCL for 2 h at 100Â°Cand neutralized with equivalent volume and strength
sodium bicarbonate. A tandem set of cation/anion exchange columns (Dowex
50/Dowexl) was used to separate ribose from nucleotide residues, then deri
vatized to its aldonitrile acetate form for analysis on the GC/mass spectrom
eter. Acid hydrolysis was chosen because it is an established method for ribose
extraction from nucleic acid in similar studies (13). To evaluate our ribose
purification method, two ribose isotopes, [l-'3C]ribose and [5-'3C]ribose (0.1
mM; Isotec, Inc., Miamisburg, OH), were analyzed by GC/MS before and after
acid hydrolysis and ion exchange column purification. Linear mass spectra of
pure ribose isotopes (scan 43, 2.395 mm) obtained before and after these
procedures revealed identical fragmentation and mass distribution of carbons,
which were also similar to the ribose spectra after extraction and purification
from tumor cells (data not shown).

GC/MS Analysis. A Hewlett Packard (model 5840) gas chromatograph
connected to a 5985 mass spectrometer (chemical ionization) and a Hewlett
Packard (model 5980) glass chromatographer attached to a 5971 mass spec
trometer (electron impact ionization) were used. The glass columns were
packed with 3% SP-2340 filters (Supelco, Bellefonte, PA). The GC conditions
were as follows: injector temperature, 250Â°C;oven temperature programming,
208Â°Cto 220Â°Cat 10Â°C/mm.Helium was used as the carrier gas for electron
impact ionization at flow rates of 20â€”25mI/mm. Selected ion cluster moni
toting was used to follow specific ribose ions. The ions monitored by electron
impact ionization were clustered as follows: m/z 216â€”219(C3-C5) and m/z
241â€”244 (C1-C4) of ribose. The molecular ion monitored by chemical ioni

zation was m/z 255â€”261(Cl-CS), which included all ofthe carbons of a ribose
molecule. The change in mass was calculated by the average mass method,
which corrects for the contribution of derivatizing agent â€˜3Cnatural abundance
(14).

Data Analysis. The â€˜3Cisotope of carbon is characterized by a stable

nuclear structure with an additional 13th neutron, which makes the atom
heavier by 1 Da as compared to â€˜2C,the dominant natural form of the
atom. Therefore, the linear mass spectrum of labeled molecules exhibit a
characteristic change in molecular weight expressed as molar enrichment
(ME =@ = o@,m@xn@â€˜3Catom/mol, where ME is molar enrichment) based on
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positions are marked as lowercase c. These isotopomers and their fractional enrichment are used to â€˜fingerprintâ€•the chemical reactions that contributed to their synthesis.Enzymereactions

are indicated by arrows, with abbreviated names showing the direction and reversibility of catalyzed reactions, whereas side products are shown in parentheses.

regimen as described above. The combined treatment with OT and DHEA-S
was carried out by the pretreatment of cells with a fixed concentration (0.5 ,.LM)
of DHEA-S and decreasing doses (50 to l0' X 5 jiM) of OT. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Promega Corp.,

Madison, WI) in vitro cell proliferation assay was performed to investigate cell
density and cell viability in response to different concentrations of DHEA-S,
OT, or combined treatment (16). Treatments were discontinued 24 h prior to
the proliferation assay by replacing the culture media with 50 @lof minimum
growth DMEM. The assay was performed by adding 50 @lof tetrazolium dye
solution to 50 @.dof cell culture media for 4 h. Then the stop solution was added
(100 pi), and the formazan product of the tetrazolium salt was measured by a
spectrophotometer at 570 nm. Cell proliferation experiments were carried out
in a 5-day period, and the cells were treated daily after refreshing their media.

Proliferation experiments were carried out in triplicate. Statistical analysis was

performed by using the parametric unpaired, two-tailed independent sample
test7with 99% confidence intervals (@.tÂ±2.58ff), and P < 0.01 was considered
to indicate a significant difference in cell proliferation.8

In Vivo Testing of Cell Proliferation. Nine male C57BL/6 mice (IFFA,
Credo, Spain), 8 weeks of age and weighing 25â€”30g, were housed in a climate
controlled, pathogen-limited environment with standard rodent food and water
ad libitum. Ehrlich's ascites tumor cells were harvested from a continuously

7 Also referred to as the student or pooled t test.

8 In previous studies, we determined that the continuous data matrix of 96-well

proliferation studies do not violate the expected normal distribution (7, 9).

growing cell population hosted by a species-identical host animal. After tumor

cell aspiration from the parent host, cells were spun and resuspended in

DMEM (10% FBS), and the concentration of cell preparations before implan
tation was adjusted to 10' cells/mI using a Coulter (ZM) countertop cell
counter. A trypan blue exclusion test revealed >95% viability of tumor cells
after harvesting and before implantation. Animals were injected with 0.2 ml
Ehrlich's ascitic cell suspension (2 X l0@cells) i.p. After the last animal was

injected, the cell concentration and viability in the suspension were checked

again, and no change was observed. The tumor volume, average cell volume,
and cell viability were measured on day 8 after 5 days incubation and 3 days
of drug treatment. Tumor volume and cell number were measured using a
calibrated syringe and Coulter counter. Average tumor cell volume was cal

culated by the formula Cv = Tv/No, where Cv is average cell volume (pi), Tv

is tumor volume (ml X 1000); and No is total number of cells in the aspirated

tumors. A trypan blue exclusion test performed under a microscope was used
to measure tumor cell viability.

In Vivo Drug Treatment Five days after tumor implantation when cell
growth ensued by palpation, the mice were divided into DHEA-S, OT-treated,
and control (n = 3) groups by using a random number chart. Sixty mg/mi
solutions of DHEA-S and OT were prepared in a 1% DMSO-saline mixture,
and 0.2 ml (400 mg/kg) of each drug was injected i.p. for 3 days. Control
animals received 0.2 ml of 1% DMSO-saline i.p. injections daily. OT (400

mg/kg/day) has been administered previously without reported side effects to
AF mice (17). DHEA-S has also been administered in even higher doses (666
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Controls: unlabeled glucose (A); labeled glucose (â€˜3C)(B)m/z

ion clusterâ€•monitored by chemical ionizationME

(â€˜3C/mol)MW(dalton)m+O m+1 m+2m+3m+4A.

Meanâ€• 0.9989 0.000267 0.000260.0002370.00014SD
0.000954 0.000253 0.000164 0.0002030.000110.0020256.0020B.

Mean 0.1233 0.4397 0.18380.15910.094SD
0.00551 0.000436 0.0004160.000210.000441.6698257.6698Single

treatment: DHEA-S (C) or oxythiamine (D)m/z

ion clusterÂ°monitored by chemical ionizationME

(â€˜3C/mol)MW(dalton)m+O m+I m+2m+3m+4C.

Mean 0. 1342 0.4386 0. 17967 0.16060.0871SD
0.001131 0.000071 0.000070.0000710.000921.6280257.6280D.

Mean 0.1126 0.4701 0.16420.17150.0818SD
0.000354 0.000212 0.000212 0.0002830.0005661.6402257.6402Combined

treatment: DHEA-S + oxythiaminem/z

ion clusterâ€•monitored by chemical ionizationME

(I 3C/mol)MW (dalton)m+O m+1

257.5809

PENTOSE PHOSPHATE PAThWAYS AND TUMOR PROLIFERATION

tional synthesis of isotopomer [l,2-'3C2]ribose by TK as compared to
the fractional synthesis of the same isotopomer in untreated control
cultures. The combined treatment exerted a synergistic inhibitory
effect and decreased the molar fraction of isotopomer [I ,2- â€˜3C2]ribose
significantly by 23.9% (P < 0.01). On the other hand, these treat
ments increased the contribution of unevenly labeled products to the
fractional synthesis of ribose by 11.8 and 15% (P < 0.05) after OT or
combined treatment, respectively. The ratio of ribose isotopomer
fractions with odd/even number of labels (m3/m4) in RNA ribose was
increased from 1.69 (control) to 1.85 (DHEA-S), 2.12 (OT), and 2.6
(combined treatment), respectively, which also demonstrated a 9.4,
24.9, and a 53.8% change in the ribose moiety produced by different

pathways in MIA cells. The synthesis of isotopomer [4,5-13C2]ribose
did not change significantly after treatment with either drug, which
indicated that those phosphate isomerase activity was not influenced
significantly by either DHEA-S or OT. Fig. 2 shows the molar
fraction of ribose mass isotopomers synthesized through different
pathways in untreated control and treated MIA cultures.

Net Synthesis of RNA and DNA. Total cell RNA content was
increased after 0.5 @LMDHEA-S treatment by 10.6%, whereas OT and
the combined treatment decreased RNA contents significantly by 45.6
and 60.0%, respectively (P < 0.001). DNA content of MIA cells
decreased significantly by 229, 20.1, and 37.8% after DHEA-S, OT,
or combined treatment (P < 0.01). Fig. 3 shows cell RNA, DNA, and
the RNA:DNA ratios in untreated control MIA cells and after treat
ment with the PC inhibitor drugs.

In Vitro Cell Proliferation. Increasing doses of both DHEA-S and
OT produced an inhibitory effect on MIA tumor cell proliferation.
Whereas DHEA-S inhibited cell proliferation by 22% at dose
l0@ x 5 ELM,increasing DHEA-S did not further increase this
inhibitory effect. OT inhibited cell proliferation by 3 1% at dose
l0_8 x s @LM,which was further increased to 41% at dose l0@ X 5
p.M. The addition of 0.5 @.tMDHEA-S to lO_8 x 5 @LMor l0@ X 5

@LMOT decreased cell proliferation by 43 and 6 1%, respectively. The

proliferation patterns of MIA cells after DHEA-S, OT, or the com

mg/kg/day) for 3 weeks to athymic nude mice without complications (9). The
health and weight of the animals were monitored by daily inspections and a
body weight measurement. Differences between the treated and control groups
in tumor growth rates were analyzed by unpaired two-tailed Student's t test.
Standard diagnostics in previous studies for in vivo tumor growth data did not
reveal violation of the assumptions of normality, equal variances, and mdc
pendence of the observations (7, 9). Ps less than 0.05 were considered to
indicate significant differences. In vivo proliferation studies were performed
twice according to guidelines approved by the Laboratory Animal Care and
Use Committee.

RESULTS

GCIMS Analysis and Label Recovery from Ribose. Chemical
ionization of ribose revealed a 87.7% normalized isotope enrichment
after [l,2-'3C2]glucose labeling in untreated control MIA cultures.
The labeled ribose fraction was determined by summing molar frag
ments with carbon labels (@ 0-4 ml + m2 + m3 + m4 = 0.8765).
This high fraction of labeled carbons in RNA ribose indicates that a
high portion, over 85% of ribose, was newly synthesized directly from
glucose or using glucose carbons in cultured MIA cells. We also
observed four distinct ribose isotopes with significant fractions sep
arated by their mass (Table 1). This indicated to us that there were
several collaborating pathways for RNA ribose synthesis in MIA
cells. Calculations showed that the contribution of the TK pathway to
de novo RNA ribose synthesis was 85.3% in untreated control MIA
cell cultures, whereas the G6PD reaction contributed less than 15%
directly to de novo ribose synthesis.

Effect of TK and G6PD Inhibitor Treatments on Fragmental
Distribution of Label. Positional distribution analysis of â€˜3Clabels

in RNA ribose revealed profound changes after DHEA-S, OT, or
combined treatment, which also reflect changes in the contribution of
the synthetic pathways to the ribose moiety in RNA. Direct ribose
synthesis through the oxidative pathway showed a significant de
crease (17%) after 0.5 @LMOT or DHEA-S treatments. OT treatment
also resulted in a significant 9.1% decrease (P < 0.05) in the frac

Table I Mass spectra and comparison of ribose molecular ion 3C enrichment in distinct ribose isotopomers produced by the pentose cyclefor RNA
Ribose was isolated and then purified from total cell RNA of MIA PaCa2 cells while culturing in the presence of [l,2-'3C2]o-glucose after treatments with DHEA-S, OT, or the

combination of the two drugs. MIA PaCa cells were incubated with labeled glucose isotopes and treated for 5 days before RNA isolation. Molar enrichment (ME) with â€˜3Cand
molecular weight (mw) change showed ample accumulation of label in RNA ribose. Changes between treatments in the molar fraction of different isotopes are also apparent. Ribose
isotopes with an odd number of carbon substitution(s) have increased, whereas isotopes with an even number of carbon substitution have decreased after DHEA-S, OT, or combined
treatments. These changes are consistent with alterations in the ribose moiety of the cell for RNA synthesis (see text for further details).

m+2 m+3 m+4

Mean 0.1256 0.4883 0.1442 0.1748 0.0672
SD 0.001 15 0.000451 0.000458 0.000451 0.0014 1.5809

a@ ion cluster is based on the molecular ion of unlabeled ribose, which is 256. Each substitution increases mass by one; for example, m + 1 refers to 257.
Mam (n = 3) of fractional enrichment of the different masses
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0.4.

0.35

0.3

0.25

Fig. 2. Molar fraction of ribose isotopomers (Y axis) synthesized through different PC reactions shown on the X axis. The unlabeled fraction (mO) did not show significant change
after DHEA + S (s), OT (a), or the combined () treatment (0.5 @sMeach) and may represent, in part, cell RNA from the seed culture (10%). The fraction synthesized by G6PD
(ml) has decreased by about 15% in all treated cultures (a, P < 0.05). The most significant fractions that were synthesized through TK-TA (ml and m3) have uniformly increased with
all treatments. Inversely, OT and the combined treatment significantly inhibited the production of ribose isotopomers through the direct TK pathway (m2 and m4) by 9.1 and 24%,
respectively (8*, P < 0.001). The increased presence of recycled products in the ribose moiety of RNA and decreased utilization of metabolites directly from glycolysis delineate a
more efficient utilization of glucose carbons after treatment with the TK inhibitor drug or the combination of DHEA-S and OT. Bars, mean Â±SD of three measurements. 0, untreated
control cultures.
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nucleic acid ribose moiety (2, 3). We investigated the effect of PC
inhibitors to characterize the contribution of distinct PC reactions to
ribose synthesis as well as their influence on cell proliferation. Be

cause ribose is essential to both de novo nucleotide synthesis and the
salvage pathways for purines, the pathways of ribose synthesis are
likely to play a critical role in tumor proliferation and chemotherapy
resistance, which fundamentally determine the biological features of
tumors.

It has been shown previously that glucose carbons are the primary
source of newly synthesized lipids in hepatoma cell cultures after 1
week of incubation as measured by glucose isotopes (1). Correspond
ingly, glucose carbons can intensively be used for the synthesis of
nucleotides in tumor cells, and it could be these pathways to prefer

entially target tumor cell proliferation as a new approach to tumor
therapy. Indeed, incorporation of glucose labels into 88% of newly
synthesized nbose recovered from total cell RNA suggests that a mass
portion of ribose is synthesized from glucose in cultured MIA cells. It
has been shown previously that glucose is a strong promoter of in
vitro and in vivo tumor cell proliferation (7, 8). Clinically, hypogly
cemia in cancer patients with advanced disease is not uncommon, and
it is termed as extrapancreatic tumor hypoglycemia (18). Extrapan
creatic tumor hypoglycemia was reproduced experimentally by lung
cancer grafts in athymic nude mice with decreasing blood glucose
levels that were correlated with an increasing proliferation rate of the
graft (19). Therefore, it is likely that the tumor mass in cancer patients
contributes to the hypoglycemic state because of its glucose utilization

rate, which seems to be able to exceed even the capacity of glucone
ogenesis and other regulating mechanisms at certain stages of the
disease. Although the two pathways of PC can synthesize ribose
independently (20) and this function of the cycle has been known for
decades (21), it has not yet been linked to cancer, and presently, PC
reactions are not targeted by the anticancer treatment protocols pres
ently in use. Based on our observations, we suggest that a significant
portion of glucose taken up by tumors is recruited for nucleic acid

bined DHEA-S + OT treatments are shown in Fig. 4 as a percentage
of untreated control (100%).

In Vivo Tumor Cell Proliferation. The weights of the animals at
the end of the study were unaltered by the DHEA-S or OT treatments
(control, 29.0 Â±2.3 g; OT, 30.0 Â±2.5 g; and DHEA-S, 29.5 Â±2.1 g
after tumor aspiration). Furthermore, the animals remained active, and
they maintained a good appetite and water intake. DHEA-S and OT
treatments inhibited tumor cell proliferation by 46 and 90.4%, respec
tively, as revealed by the volume of aspirated tumors from drug
treated animals (Fig. 5). OT treatment induced an 82.1% decrease in
average cell volume (P < 0.01; Fig. 6). DHEA-S treatment slightly
increased this parameter. Trypan blue exclusion test showed a well
maintained, over 90% cell viability after DHEA-S (96.26%) or OT

(91.64%) treatment. Untreated control tumor cells preserved a 97.7%
viability. OT treatment (0.5 @LM)did not influence the morphology and
viability of normal pancreatic duct cell cultures from Zucker rats
either, which exhibit good contact inhibition, slow proliferation, and
low glucose metabolic rates (data not shown).9 This indicates that
there is a selective action of this drug on rapidly proliferating and
poorly differentiated cells, which presumably use the TK reaction for
the intensive synthesis of nucleic acid ribose.

DISCUSSION

The synthesis of nucleic acids and nucleotides is a process of
utmost importance in proliferating tissues, especially in tumors. Cen
tral reactions of this process include the formation of ribose-5-phos
phate and its nucleotide derivatives through the synthesis of phospho
ribosyl PP1. It is particularly difficult to measure the activity of the
interconnected metabolic pathways of ribose synthesis because of the
rapid equilibrium of metabolites through the reversible reactions of
the PC. RNA ribose studies offer a convenient tool to study the

9 The chemically modified forms of thiamine, OT and hydroxythiamine, have little

effect on normal brain cells both in culture and in vito (29, 30).
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Fig. 4. MIA PaCa2 pancreatic adenocarcinoma in vitro cell proliferation after 5 days
treatment with DHEA-S (), OT (0), or DHEA-S + OT (0) in Promega 96-well cell
proliferation assay. Treated cell proliferation is expressed as a percentage of control
(100%) cell proliferation, which is fitted on the Y axis. DHEA-S and 01 in separate
testing were administered in doses as marked on the X axis, the absolute drug concen
tration in micromolar units. The combined treatment included 0.5 psi DHEA-S and
increasing OT doses as labeled on the X axis. The data represent the means of six
observations; bars, SD. DHEA-S inhibited MIA in vitro cell proliferation by 20%;
however, the doses showed on the graph failed to induce significant differences as
compared to untreated control cells. OT alone, and also when combined with DHEA-S,
significantly inhibited cell proliferation (*, P 0.0014) at all doses. The combined
treatment showed a more pronounced effect in inhibiting cell proliferation with lesser
saps (l0@ versus l0@) as compared to OT treatment alone.

ribose synthesis through PC reactions, and they play a central regu
lating role in the tumor proliferation process.

Experimental studies have shown previously marked inhibition of
Ehrlich's ascites tumor cell proliferation in AF mice after OT treat
ment (17, 22). Herein, we present in vitro and in vivo proliferation

Fig. 5. In vivo Ehrlich's ascites tumor cell proliferation after 3 days
treatment with DHEA-S or OT. Cell proliferation is measured by volume
(ml) of ascitic tumors after harvesting from the animals (Y axis).
DHEA-S and OT in separate testing were administered in doses of 400
mg/kg each. Bars, means Â±SD of three tumors in each group. DHEA-S
inhibited Ehrlich's ascites tumor cell proliferation by 46%; however, this
effect was not significant as compared to the control group (*,
P = 0.187). OT alone almost completely inhibited cell proliferation (**,
P = 0.003) by 90.7%. No toxic effect of either drug was observed
throughout the experiment.

0.4

0.2

data that demonstrated that inhibiting either branches of the PC is an
effective method to inhibit tumor cell proliferation. Furthermore, we
have also shown in this report that in vitro and in vivo administration
of the G6PD inhibitor DHEA-S is less potent in inhibiting tumor cell
proliferation than treatment with the TK inhibitor OT. This finding
correlated well with the mass spectrometry findings that ribose is
synthesized primarily through the TK pathway in tumor cells and OT
inhibits this pathway more effectively than DHEA-S. Combined treat
ment with DHEA-S and OT seems to further decrease both tumor cell
proliferation and direct ribose synthesis through the nonoxidative TK
pathway. The combinatory effect of these agents in inhibiting cancer
cell proliferation and the nonoxidative synthesis of ribose directly
from glycolytic metabolites has not been reported previously in the
medical literature. Our data also allow us to predict different mech
anisms for inhibiting tumor cell proliferation by DHEA-S or OT.
Although DHEA-S is more likely involved in tumor cell differentia
tion by increasing RNA:DNA ratios, OT treatment decreases net
synthesis of nucleic acids with a sharp reduction of cell volume and

proliferation. These findings show the strong dependency of tumor

cell proliferation on ribose production from fructose through the TK
pathway, which is consistent with the central role of ribose in de novo
purine and pynmidine synthesis processes (23), as well as the salvage
pathways for purines.

Further evidence to support the central role of TK to play a major

role in tumor cell proliferation is suggested by new data concerning
ptS8, which has recently been identified as TK (24). This protein is a
potent inhibitor of protein synthesis in virally infected cells and has
been suggested to function in noninfected cells as a tumor suppressor
gene. A recent study investigating the expression ofp68 in 200 breast
biopsy specimens in human breast cancer using immunohistochemis
try showed that p68 was present at basal levels in normal lobular and
luminal ductal epithelial cells. Foci of atypical ductal hyperplasia in
situ and invasive ductal carcinoma showed high levels of p68 expres

PENTOSEPHOSPHATEPATHWAYSAND TUMOR PROLIFERATION

5*
Tr

Fig. 3. Net synthesis of RNA and DNA (gxg)and their ratios in 106
untreated control (D) cells and after treatment with 0.5 ,LMDHEA-S
(s), OT (a), or the combination of DHEA-S + OT (W). Cells were

treated for 5 days with the PC inhibitor drugs; bars, means Â±SD of three
experiments. The dose of each drug was chosen based on its prominent
inhibitory effect in the in vitro proliferation assay without decreasing
cell viability or producing toxic effects. *, P < 0.05; **, P < 0.01
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mechanism of antiproliferative action through the pentose phosphate
pathways, which may open new avenues for the treatment of cancer.
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Fig. 6. Ehrlich's ascitic tumor cell volume after 3 days treatment with DHEA-S or OT.

Cell volume is shown in microliter units on the Yaxis. DHEA-S and OT in separate testing
were administered in doses of 400 mg/kg each. The data are the means of three tumors in
each group; bars. SD. DHEA-S did not affect Ehrlich's ascites tumor cell volume
significantly; only a slight increase in tumor cell volume was observed. OT, on the other
hand, induced a 82.1% decrease in average cell volume (*, P = 0.0012). Cell viability did
not change significantly during the 3-day treatment period. Control and treated cells
preserved over 90% viability. OT was capable of inducing this severe reduction of tumor
cell size without affecting the health of the animals or producing side effects during the
study period.

sion. Infiltrating carcinomas showed the highest levels of p68, and its
expression correlated with nuclear grade (25). The authors suggested that
the ability of p68 to inhibit cellular proliferation may be impaired in
breast cancer and that its expression is not a predictive indicator of
improved survival. Recent experimental data using cDNA cloning and
sequencing of mouse adrenocortical tumor cell p68 identified it as mouse
TK (24). Cells overexpressing p68 exhibited a 17.4-fold increase in TK
enzymatic activity relative to parental tumor cells and a 28-fold amplifi
cation of the TK gene as determined by Southern blot hybridization

analysis. It is likely that p68, or TK, although a potent inhibitor of protein

synthesis thus mistakenly believed to be a tumor suppressor, is rather a

tumor promoter. TK is definitely involved in the primary events of tumor
growth by rerouting carbons to ribose and nucleotide synthesis using
early metabolites of the glycolytic pathway. Supplementation of the TK
cofactor vitamin B, (thiamine) for cancer patients is likely involved in the
tumor proliferation process; therefore, its usefulness needs to be reexam
med during chemotherapy and the management of human cancers.

It has been shown recently that metabolites of the PC, especially
xylulose-5P, strongly regulate glucose metabolism. Low levels (0.1 mM)
of xylulose-5P stimulated expression of the glucose responsive element
(GIRE) in primary cultures ofhepatocytes, whereas higher levels (10mM
and above) inhibited the same cascade. The regulating effect of xylu
lose-5P on pyruvate kinase (L type) and hexokinase was shown to be
about 10 times more efficient than that of glucose (26, 27). It can be
assumed from these results that glucose controls the synthesis and acti
vation of metabolic enzymes through the nonoxidative branch of the
pentose phosphate pathway, and the glucose signal to the transcriptional
machinery of glucose responsive element is mediated by xylulose-5P.
Consequently, the expected low levels of xylulose-5P during intensive

ribose synthesis in tumors are likely involved in the increased glucose
uptake, which is converted predominandy to ribose through the nonoxi
dative TK-TA reactions. Inhibition of the TK pathway by any method
could accomplish two major goals in cancer therapy: (a) it could restraint
the ability of the tumor cell to recruit carbons directly from glycolysis for
ribose synthesis; and (b) it likely increases the level ofxylulose-5P, which
controls hexokinase, pyruvate kinase, and ultimately glucose intake and
tumor proliferation. The demonstration ofincreased transaldolase activity
in hepatomas, irrespective of the degree of tumor malignancy, differen
tiation, or growth rate, also suggests that the reprogramming of gene
expression in malignant transformation is linked with an increase in the
expression of the pentose phosphate pathway enzymes (28). Data re
ported with our study demonstrated the powerful tumor growth-inhibitory
effect of OT and DHEA-S with a clear, specific, and well-justified
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