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Abstract Ovarian cancer, the most lethal gynaecological

cancer, is characterised by the shedding of epithelial cells

from the ovarian surface, followed by metastasis and im-

plantation onto the peritoneal surfaces of abdominal organs.

Our proteomic studies investigating the interactions between

peritoneal (LP-9) and ovarian cancer (OVCAR-5) cells found

transketolase (TKT) to be regulated in the co-culture system.

This study characterized TKT expression in advanced stage

(III/IV) serous ovarian cancers (n = 125 primary and n = 54

peritoneal metastases), normal ovaries (n = 6) and benign

serous cystadenomas (n = 10) by immunohistochemistry. In

addition, we also evaluated the function of TKT in ovarian

cancer cells in vitro. Nuclear TKT was present in all primary

serous ovarian cancer tissues examined (median 82.0 %,

range 16.5–100 %) and was significantly increased in peri-

toneal metastases compared with matching primary cancers

(P = 0.01, Wilcoxon Rank test). Kaplan–Meier survival and

Cox regression analyses showed that high nuclear TKT

positivity in peritoneal metastases ([94 %) was significantly

associated with reduced overall survival (P = 0.006) and a

2.8 fold increased risk of ovarian cancer death (95 % CI

1.29–5.90, P = 0.009). Knockdown of TKT by siRNAs

significantly reduced SKOV-3 cell proliferation but had no

effect on their motility or invasion. Oxythiamine, an inhibitor

of TKT activity, significantly inhibited the proliferation of

four ovarian cancer cell lines (OV-90, SKOV-3, OVCAR-3

and OVCAR-5) and primary serous ovarian cancer cells

isolated from patient ascites. In conclusion, these findings

indicate that TKT plays an important role in the proliferation

of metastatic ovarian cancer cells and could be used as novel

therapeutic target for advanced disease.
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Abbreviations

CM Conditioned media

FBS Fetal bovine serum

PPP Phosphate pentose pathway

TKT Transketolase

TDP Thiamine diphosphate

Introduction

Ovarian cancer is the most lethal gynaecological cancer

and the fifth most common cause of cancer related death

among Western women [1]. Although ovarian cancers
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represent only 30 % of cancers of the female genital tract,

they are responsible for half of the deaths [1]. The dis-

proportionately high mortality rate from ovarian cancer is

attributed to the late presentation of the disease (stage III or

IV). Survival rate of ovarian cancer women has not im-

proved considerably over the last 20 years, highlighting the

urgency for developing new diagnostic methods and more

effective therapeutics against this disease.

Almost 85 % of ovarian cancers are thought to originate

at the ovarian surface epithelium [2]. The cells that un-

dergo neoplastic transformations are shed and disseminate

into the peritoneal cavity. They adhere to the peritoneum

lining, proliferate, migrate, and invade the abdominal or-

gans forming secondary metastatic sites. The peritoneal

microenvironment is believed to be an active participant in

the process of ovarian cancer metastasis. Implantation and

invasion occurs within a tumor–host interface where cancer

and peritoneal cells exchange proteins and peptides, which

modify the local extracellular environment, stimulate mi-

gration, and promote proliferation and invasion [3–9]. A

greater understanding of these processes would potentially

lead to the discovery of novel molecular targets to block

this critical step of ovarian cancer metastasis. Our group

has recently explored the interactions between ovarian

cancer-peritoneal cell interactions, using an in vitro co-

culture system with a proteomic approach [10, 11]. One of

the proteins found to be regulated by ovarian cancer–

peritoneal cell interactions was transketolase (TKT).

TKT is a metabolic enzyme that catalyses key reactions

in the non-oxidative branch of pentose phosphate pathway

(PPP) [12]. TKT exists as a homodimer consisting of two

identical 75 kDa subunits with the active site at their in-

terface between the contacting monomers [12, 13]. TKT

requires the binding of one molecule of thiamine diphos-

phate (TDP) and a bivalent cation like Ca2? or Mg2? for its

activation [12]. TKT catalyses reactions which: (1) re-

versibly convert pentose phosphates to intermediate six and

three carbon sugars for further use in the glycolysis path-

way and (2) generate de novo ribose-5-phosphate, which is

necessary for the synthesis of nucleic acids [14]. Due to its

important role in glucose metabolism, reduced levels of

TKT due to thiamine deficiency or genetic defects have

been associated with various conditions such as Wernicke’s

encephalopathy, Alzheimer’s disease and cancer [15–17].

The TKT pathway has been shown to produce[70 % of

ribose necessary for nucleotide synthesis in various cancers

such as those of the pancreas, liver and lung, and therefore

is thought to play a major role in the proliferation of cancer

cells which require increased nucleotide synthesis for their

growth [17–19]. Inhibiting TKT activity using irreversible

inhibitors such as oxythiamine (an inactive analogue of

TKT co-factor thiamine) was shown to inhibit in vitro

pancreatic cancer cell proliferation by 39 % and Ehrlich

tumor growth in vivo by 90 % [17, 20]. Oxythiamine

treatment was non-toxic and inhibited Ehrlich’s tumor cell

growth by arresting cells in the G1 phase of cell cycle [20].

Together these studies have provided strong evidence that

TKT plays an important role in tumor growth. However, to

date no studies have characterised its expression and po-

tential role in ovarian cancer. We have therefore charac-

terised the expression of TKT in a range of commercial

ovarian cancer cell lines, primary serous carcinoma cells as

well as serous ovarian cancer tissues and determined its

role in the proliferation and metastatic behaviour of serous

ovarian cancer cells. To our knowledge, this is the first

study to investigate the function of TKT in ovarian cancer.

Materials and methods

Cell culture

The human ovarian cancer cell lines OVCAR-3, SKOV-3,

and OV-90 were purchased from American Type Culture

Collection (ATCC, VA, USA). OVCAR-5 cells were ob-

tained from Dr Thomas Hamilton (Fox Chase Cancer

Center, PA, USA) and peritoneal LP-9 cells were pur-

chased from Coriell Cell Repositories (Camden, NJ, USA).

All cell lines were maintained at 37 �C in an environment

of 5 % CO2 as previously described [10].

Primary ovarian cancer cells were derived from ascites

collected from advanced stage serous ovarian cancer pa-

tients with informed patient consent and the approval from

the Royal Adelaide Hospital Human Ethics Committee.

Ascites (*50 ml) was centrifuged at room temperature at

3000 rpm for 10 min and the cell pellet was resuspended in

media and maintained in SensiCellTM RPMI 1640 (Gibco)

medium supplemented with 4 mM L-glutamine, 10 % FBS

(Sigma Aldrich, St Louis, MO, USA) and antibiotics (100

U penicillin G, 100 lg/ml streptomycin sulfate and

100 lg/ml amphotericin B (Sigma Aldrich). Primary

ovarian cancer cell lines were stored in liquid nitrogen at

P2 and were used in subsequent experiments between P3

and P5. The clinico-pathological characteristics of the pa-

tients whose ascites was used to isolate the primary cells

are shown in Supplementary Table 1.

Direct co-culture of ovarian cancer and peritoneal

cells

Peritoneal LP-9 cells were cultured in 6-well plates in their

growth medium until they reached confluency. The

monolayer was then washed with and incubated in serum

free LP-9 media for 1.5 h at 37 �C at 5 % CO2. OVCAR-5

and SKOV-3 cells were washed separately, following the

same procedure as for LP-9 monolayer, trypsinized and
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centrifuged at 1500 rpm for 5 min. They were then

washed, resuspended in serum-free LP-9 media, added (at

2 9 105 cells/well concentration) to the LP-9 monolayer

and co-cultured for 48 h at 37 �C and 5 % CO2 before

collection of the conditioned media (CM) as previously

described [10]. OVCAR-5 and LP-9 cells were also co-

cultured in the presence or absence a2-antiplasmin

(0.2 lM, Calbiochem, Merck Millipore, Darmstadt, Ger-

many). CM was precipitated with 4 volumes of 100 % cold

acetone at -20 �C overnight.

2D electrophoresis

Immobilized pH gradient (IPG) strips (11 cm, GE

Healthcare, Little Chalfont, England) were rehydrated

overnight in 200 ll rehydration buffer (1.2 % (v/v) DeS-

treak, 0.5 % pH 3–11 IPG buffer, 7 M urea, 2 M thiourea,

4 % CHAPS, 30 mM Tris and a trace amount of bro-

mophenol blue). Protein samples (50 lg) from the pre-

cipitated CM of a mix of LP-9 and OVCAR-5 single

cultures, and co-cultured LP-9 and OVCAR-5 were dis-

solved in lysis buffer containing 7 M urea, 2 M thiourea,

4 % CHAPS, 0.8 % IPG buffer, 65 mM DTT, 1 mM

PMSF, and 30 mM Tris and loaded onto the rehydrated

IPG strips. Isoelectric focusing was carried out and proteins

were separated at room temperature using a step-wise

gradient until 46,000 Vhrs was achieved using the Ettan

IPGphor II system (GE Healthcare). Following equilibra-

tion, the IPG strips were applied to the Criterion XT pre-

cast gels 4-12 % Bis–Tris (Bio-Rad, Hercules, USA). SDS

polyacrylamide gel electrophoresis (SDS-PAGE) was per-

formed at 50 V for 0.5 h and then 150 V until the dye-front

reached the bottom. Gels containing protein from LP-9 and

OVCAR-5 cultured alone and LP-9 and OVCAR-5 co-

cultured cells were stained with silver stain (Biorad),

scanned, and analysed using PDQuest advanced 2D ana-

lysis software (v 7.0, Biorad). Gels were warped using

identified landmark spots present in every gel as anchor

points. Warped gels were overlaid in pairs and viewed in

darkview in the multichannel viewer to determine which

spots were differentially expressed in the LP-9 and

OVCAR-5 co-cultured CM media when compared with the

mix of LP-9 and OVCAR-5 proteins cultured alone. All

experiments were performed in duplicate and only spots

identified as differentially expressed in both experiments

were selected for mass spectrometry identification.

Mass spectrometry

Differentially expressed protein spots were excised from

the gels, destained, and digested with 50 ng of trypsin per

sample. A control gel piece was cut from a blank portion of

a gel as a negative control. The samples (5 ll from *10 ll)

were chromatographed using an Agilent Protein ID Chip

column assembly (40 nl trap column with 0�075 9 43 mm

C-18 analytical column) housed in an Agilent HPLC-Chip

Cube Interface connected to a HCT ultra 3D-Ion-Trap mass

spectrometer (Bruker Daltonik, Bremen, Germany). The

column was equilibrated with 4 % acetonitrile (ACN)/

0.1 % FA at 0.5 ll/min and the samples eluted with an

ACN gradient (4–31 % in 32 min). Ionizable species

(300\m/z\ 1200) were trapped and two of the most

intense ions eluting at the time were fragmented by colli-

sion-induced dissociation. MS and MS/MS spectra were

subjected to peak detection using DataAnalysis (Version

3.4, Bruker Daltonik) then imported into BioTools (version

3.1, Bruker Daltonik). The MS/MS spectra were submitted

to the in-house MASCOT database-searching engine

(version 2.2, Matrix Science). Using the following

specifications: Taxonomy: mammals, Database: Swissprot

56.7, Enzyme: Trypsin, Fixed modifications: Car-

bamidomethyl (C), Variable modifications: Oxidation (M),

Mass tol MS: 0.3 Da, MS/MS tol: 0.4 Da, Peptide charge:

1?, 2? and 3?, Missed cleavages: 1.

Quantitative real-time PCR

Ovarian cancer cells were plated at 5,000 cells/well in 96

well plates and cultured until confluency for 72–96 h. Total

RNA was isolated and reversely transcribed using the

TaqMan� Gene expression Cells-to-CTTM kit (Applied

Biosystems, Life Tecnhologies Australia, Mulgrave, Aus-

tralia), as per the manufacturer’s instructions. Briefly, lysis

solution with DNAse was added to each well and incubated

for 5 min at room temperature. Stop solution was then

added to each well and mixed. The lysate (10 ll) was

added to a 40 ll reverse transcription master mix and re-

verse transcribed for 1 h. Resultant cDNA was stored in

50 ll aliquots at -20 �C for qRT-PCR analysis. qRT-PCR

reactions were performed using the Quantstudio 12 K Flex

Real Time PCR System (Applied Biosystems). Briefly,

PCR reactions were made up to 10 ll and contained

TaqMan� Gene Expression Master Mix (2X), TKT primers

(HS01115545-m1, span exon 3 and exon 4 of TKT gene,

60 bp amplicon), nuclease free water, and the cDNA. PCR

cycling conditions were as follows: 50 �C for 2 min, 95 �C
for 10 min followed by 40 cycles of 95 �C for 15 s and

60 �C for 1 min. CT values were normalised to the house

keeping gene b-actin and calibrated to OVCAR-3 expres-

sion using the 2-DDCT method.

Western immunoblotting

OVCAR-5, OVCAR-3, OV-90, SKOV-3, and LP-9 cells

were grown to 80 % confluency in 75 cm2 flasks and cell

extracts were collected. Cells were dislodged using a cell
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scraper and resuspended in 200 ll of RIPA buffer (1 %

Nonidet P-40, 1 % sodium deoxycholate, 0.1 % SDS,

0.15 M sodium chloride, 50 mM Tris- HCl and 1 mM

EDTA, pH 8.0 with protease inhibitor) and spun at

7000 rpm for 10 min. Bradford protein assay (Biorad,

Hercules, CA, USA) was used to determine the protein

concentration in cell extracts, prior to storage at -20 �C.

Equal amounts of protein from all cell extracts were diluted

in 59 loading buffer (50 % glycerol, 250 mM Tris pH 6.8,

10 % SDS, 0.5 % bromophenol blue). Recombinant TKT

(1 lg) (Abnova, H0007086, Taipei, Taiwan) was used as a

positive control. The samples containing 0.05 % v/v b-

mercaptoethanol were then heated at 96 �C for 5 min be-

fore loading onto 10 % acrylamide gels (Bio-Rad, CA),

electrophoresed at a constant 100 V in Tris–Glycine run-

ning buffer (Invitrogen) and subsequently transferred to

PVDF membranes (GE Healthcare) overnight at 4 �C and a

constant 33 V. Non specific binding was blocked with 3 %

skim milk powder in TBS containing 0.1 % Tween 20

(Sigma-Aldrich) for 30 min followed by incubation with

rabbit polyclonal TKT antibodies 11039-1-AP (1/1000,

Proteintech Group, Inc, Chicago, IL, USA) or H-50 (1/100,

Santa Cruz Biotechnology, CA, USA) for 2 h. Protein

bands on membranes were then incubated with anti-rabbit

IgG peroxidase-conjugated secondary antibodies (1/2000,

Dako Australia, Sydney, Australia) for 1 h and protein

bands were visualized by enhanced chemiluminescence

and autoradiography (ECL Hyperfilm, GE Healthcare).

Cytokeratin immunocytochemistry

The epithelial nature of the primary ovarian cancer cells

was confirmed by cytokeratin immunocytostaining. Briefly,

primary ovarian cancer cells were plated (5 9 104 cells/

well) in 8-well tissue culture chamber slides (NunclonTM

Lab-Tek II Chamber slide, RS Glass Slide, Naperville, IL,

USA) overnight, maintained at 37 �C in an environment of

5 % CO2. Cells were subsequently fixed with methanol

(-20 �C) followed by acetone (-20 �C) and PBS washes.

The endogenous peroxidase activity was quenched with

0.3 % H2O2 and slides were blocked with 5 % goat serum

(Sigma Aldrich) for 30 min prior to incubating with

monoclonal mouse anti-human cytokeratin clone (AE1/

AE3, 1/100, Dako Australia). Cytokeratin immunoreac-

tivity was detected sequentially with a biotinylated goat

anti-mouse (1/400, Dako Australia), followed by strepta-

vidin-HRP conjugate (1/500, Dako Australia) and di-

aminobenzidine tetrahydrochloride (Sigma-Aldrich). The

slides were counterstained with haematoxylin (Sigma-

Aldrich), dehydrated and mounted in Pertex (Medite

Medizintechnik, Burgdorf, Germany). Examples of the

cytokeratin immunostaining in the primary cells are shown

in Supplementary Fig. 1.

TKT immunohistochemistry

Tissue sections from normal ovaries (n = 6), benign serous

tumors (n = 10), 174 serous ovarian cancers (125 primary

tumors and 54 omental metastases) were analysed by im-

munohistochemistry. The ovarian cancer tissues were

assembled as tissue microarrays from archived specimens

obtained from patients treated for FIGO stage III/IV disease

at the Royal Adelaide Hospital, South Australia between

1988 and 2011 with the approval of the Royal Adelaide

Hospital ethics committee. Detailed pathological and clin-

ical characteristics of the patient cohort are shown in

Table 1. Immunohistochemistry was performed on tissue

sections (4 lm) using a rabbit polyclonal TKT antibody

(1/100, 11039-1-AP, Proteintech Group, Inc) as described

previously [10]. Selected sections were also immunostained

with an additional TKT antibody (1/250, H-50, Santa Cruz).

Slides were digitally scanned using the NanoZoomer (Ha-

mamatsu Photonics K.K, Hamamatsu, Japan). The intensity

of cytoplasmic TKT immunostaining was assessed using a

manual scoring method: strong (3?), moderate (2?), weak

(1?), or negative (0). A score of 0 or 1? was defined as low

TKT immunostaining and a score or 2? or 3? was defined

as high TKT immunostaining. The percentage of TKT

positive cancer cell nuclei in high power fields (100–200

nuclei) were independently assessed in the ovarian tissues.

Proliferation assays

Proliferation assays were performed using the Xcelligence

system (Roche Applied Science, Australia). SKOV-3 cells

were grown in 6-well plates at a concentration of 2 9 105

cells/ml overnight and transfected with either TKT si-

lencing siRNA (10 nmol, Ambion), negative siRNA

(10 nmol, Ambion), or no siRNA (no treatment, NT). After

48 h, cells were washed, trypsinized and resuspended in

antibiotic free RPMI media. SKOV-3 cells at a concen-

tration of 5000 cells/well were added to the E-plates and

inserted into the cradle of the Xcelligence system. Con-

tinuous impedance was recorded for 96 h to measure cell

proliferation in real time. TKT knockdown was confirmed

by quantitative RT-PCR and western blotting. All treat-

ments were performed in duplicates and assays were re-

peated 3–4 times. Additional proliferation experiments

were conducted using MTT assays with SKOV-3, OV-90,

OVCAR-5, OVCAR-3 and serous primary ovarian cancer

cells isolated from patient ascites in the presence of

oxythiamine (0–2 mM) (Sigma Aldrich).

Motility and invasion assays

SKOV-3 and OV-90 cells were grown in 6 well-plates at a

concentration of 2x105 cells/well overnight and transfected
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with either TKT silencer siRNA (10 nmol, Ambion, Life

Technologies Australia, Mulgrave, Australia) or negative

siRNA (10 nmol, Ambion) in 575 ll Opti-MEM media

(Invitrogen, Life Tecnhologies Australia) containing 15 ll

of Oligofectamine (Invitrogen). An additional control in-

cluded untreated cells. After 48 h, cells were washed,

trypsinized and re-suspended in RPMI media containing

0.1 % BSA. Parallel wells of cells treated with siRNA were

re-suspended in RIPA buffer to obtain protein extracts for

western blotting to confirm TKT knockdown. Additional

cells were treated with increasing concentrations of the

TKT inhibitor, oxythiamine (5–1000 lM) for 3 h at room

temperature. After treatment with siRNA or oxythiamine,

SKOV-3 cells were diluted to a cell concentration of

1 9 106 cells/ml in RPM1 media containing 0.1 % BSA

and antibiotics and labelled with calcein-AM (1 lg/ml,

Invitrogen) at room temperature for 30 min in dark, on an

oscillating platform (Nutator, Clay Adams, Becton–Dick-

inson, Sparks, MD, USA). Cells were allowed to migrate or

invade through uncoated or Geltrex (Invitrogen) coated

filters for a further 6 h as described previously [10].

Fluorescence was measured at 485–520 nm using the Triad

series multimode detector (Dynex technologies, Chantilly,

VA, USA).

Statistical analysis

All analyses were performed using IBM SPSS 21.0 (SPSS

Inc., Chicago, IL, USA). For the in vitro cell studies the

Student’s t test and one-way ANOVA with Dunnett C or

Dunnett T post hoc tests were used to determine statistical

significance between control and treatment groups. For the

immunohistochemical studies, the Mann–Whitney U,

Kruskal–Wallis or Wilcoxon signed rank test were used to

determine statistical significance between patient groups.

For Kaplan–Meier and Cox regression analyses, relapse or

death due to ovarian cancer was used as the endpoint to

determine whether TKT levels were associated with pro-

gression-free survival or ovarian cancer specific overall

survival. Statistical significance was accepted at P\ 0.05.

Results

TKT is cleaved by ovarian cancer-peritoneal cell

interactions

Protein spots with molecular weights of *80 and

*43 kDa present in the secretome of co-cultured OVCAR-

5 and LP-9 cells but not in the individual cultures were

identified to be TKT by mass spectrometry (Fig. 1a, Sup-

plementary Fig. 2). We confirmed by RT-PCR that TKT is

expressed by metastatic OVCAR-5, OV-90, and SKOV-3

ovarian cancer cells, by the poorly metastatic OVCAR-3,

peritoneal cell line LP-9 as well as primary serous ovarian

cancer cells derived from patient ascites (Fig. 1b). Western

Table 1 Clinicopathological characteristics of the patient cohorts

Normal ovaries (n = 6)

Age Median (range) 50 (39–58)

Benign serous cystadenomas (n = 10)

Age at diagnosis Median (range) 60 (25–82)

Ovarian cancer primary lesions (n = 125)

Age at diagnosis Median (range) 60 (24–86)

Histological grade Well 5

Moderate 21

Poor 96

Missing 3

FIGO stage Stage III 119

Stage IV 6

1st Line treatment Cisplatin/cyclophosphamide 55

Carboplatin/paclitaxel 40

Carboplatin alone 5

Other treatment 11

No chemotherapy 6

Unknown 8

Recurrence No 24

Yes 90

Unknown 11

Cause of death Ovarian cancer 83

Other cause 11

Alive 29

Unknown 2

Ovarian cancer metastatic lesions (n = 54)

Age at diagnosis Median (range) 69 (43–90)

Histological grade Well 1

Moderate 6

Poor 46

Missing 1

FIGO stage Stage III 48

Stage IV 6

1st Line treatment Cisplatin/cyclophosphamide 19

Carboplatin/paclitaxel 18

Carboplatin alone 3

Other treatment 3

No chemotherapy 3

Unknown 8

Recurrence No 11

Yes 36

Unknown 7

Cause of death Ovarian cancer 32

Other cause 7

Alive 15
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blotting of cell extracts showed TKT bands at the predicted

molecular weight of *70 kDa in all the cell lines (Fig. 1c).

A single *70 kDa TKT band was observed in OVCAR-

5 cell CM whilst two TKT bands with approximate

molecular weights of 70 and 45 kDa were observed in the

CM of LP-9 cell alone (Fig. 1d). The molecular weight of

rTKT (*120 kDa) was higher than the predicted mole-

cular weight of 68 kDa as it also contained an N-terminal

GST-Tag (Fig. 1c). In the CM samples from co-cultured

LP-9 and OVCAR-5 cells, three TKT bands were ob-

served; *70, 50 kDa and a smaller TKT band at *40 kDa

were also present (Fig. 1d). Although smaller in size, the

70 and 40 kDa bands may correspond to the TKT protein

spots at 80 and 43 kDa identified in the 2D gel (Fig. 1a).

The smaller 40 kDa TKT fragment was also detected when

LP-9 cells were co-cultured together with SKOV-3 cells

(data not shown). Co-cultured experiments performed in

the presence of plasmin inhibitor (a2-antiplasmin) lacked

this 40 kDa TKT fragment, confirming that TKT is pro-

cessed during co-culture (Fig. 1d). The additional band at

approximately 50 kDa in the LP-9 and OVCAR-5 co-cul-

ture present in Fig. 1d may be an additional cleaved form

of TKT as it was not present when cells were treated with

anti-plasmin inhibitor. The mass spectrometry data from

the *40 kDa protein spot in the co-cultured CM suggests

that N-terminal cleavage of TKT occurs before amino acid

310 (Supplementary Fig. 2).

Nuclear TKT is elevated in peritoneal metastases

Immunohistochemistry showed that ovarian surface ep-

ithelium (OSE) and epithelial cells in benign serous

cystadenomas exhibited both cytoplasmic and nuclear

TKT staining (Fig. 2a, b). Both cytoplasmic and nuclear

TKT imunostaining were also observed using an inde-

pendent TKT antibody (Santa Cruz, H-50, images not

shown). Variable cytoplasmic and nuclear TKT positivity

was observed in primary serous cancers (Fig. 2c, d).

Nuclear TKT positivity in primary serous ovarian cancer

tissues (median 82.5 %, range 16.5–100 %) was not

significantly different from levels in normal OSE (me-

dian 83.3 %, range 34.2–100 %), benign serous tumors

(median 90.6 % range 50–100 %) or metastatic tumors

(median 88.3 % range 19.7–99.7 %) (Fig. 2f, Kruskal–

Wallis, P[ 0.05). Cytoplasmic TKT intensity was not

altered amongst any of the tissue groups (data not

shown). However interestingly, nuclear TKT positivity

was increased in peritoneal metastases compared with

matching primary cancers (P = 0.01, Wilcoxon Rank

test, Fig. 2g). Figure 2d and e show TKT immunostain-

ing in matching primary and metastatic ovarian cancer

lesions from the same patient.

Nuclear TKT in peritoneal metastases predicts

a poorer outcome

Neither cytoplasmic TKT nor nuclear TKT positivity levels

analysed as quartiles in the primary cancer were sig-

nificantly associated with progression-free (PFS) or overall

survival (OS) in the Kaplan–Meier analysis (data not

shown). When nuclear TKT positivity in peritoneal

metastases was separated into quartiles, patients with high

nuclear TKT ([94.0 %, 4th quartile, 11/14) had a sig-

nificantly reduced OS compared to patients with lower

TKT positivity (B94.0 % 1st to 3rd quartiles, 22/40,

P = 0.006, Fig. 3a). The 12 month OS rate was 84.2 % in

the group of patients with nuclear TKT positivity B94 %

and only 50.3 % in the group of patients with nuclear TKT

positivity [94 %. Nuclear TKT expression in peritoneal

metastases was not associated with PFS (Fig. 3b,

P = 0.124). Cox regression analysis also indicated that

patients with peritoneal metastases with high TKT posi-

tivity ([94 %) had a 2.8 fold increased risk of ovarian

cancer death (95 % CI; 1.29–5.90, P = 0.009). Cytoplas-

mic TKT staining in peritoneal metastases was not sig-

nificantly associated with PFS or OS by Kaplan–Meier

analysis (data not shown).

TKT knockdown inhibits SKOV-3 cell proliferation

The effect of TKT on the proliferation of metastatic

SKOV-3 cells was investigated using two independent

TKT siRNA A and B to knockdown TKT expression.

Treatment with TKT siRNA A showed a decrease in

SKOV-3 cell proliferation over a period of 96 h when

compared with negative siRNA treatment or no treatment

control (Fig. 4a). Reduced SKOV-3 cell proliferation was

also confirmed using TKT siRNA B in an independent

experiment (Fig. 4b). TKT siRNA B showed a significant

inhibition of proliferation in SKOV-3 cells compared to

negative siRNA treatment or NT control at the 24, 48 and

72 h time points (Fig. 4c). The knockdown of TKT in

SKOV-3 cells was confirmed by western blotting of cell

extracts which showed up to 80 % knockdown of TKT

protein following transfection with TKT siRNA A or TKT

siRNA B (Fig. 4d).

Oxythiamine treatment inhibits ovarian cancer cell

proliferation

We examined the effects of the TKT inhibitor oxythiamine

on ovarian cancer cell proliferation. Increasing concentra-

tions of oxythiamine (0–2 mM) significantly reduced the

proliferation of both SKOV-3 and OV-90 cells after 72 h

treatment (Fig. 5a). Maximal inhibition was observed using

1 mM oxythiamine for SKOV-3 cells (80 % of control)
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Fig. 1 Transketolase (TKT) is cleaved by ovarian cancer-peritoneal

cell interactions, a 2D-gel electrophoresis gel of proteins in the

secretome of OVCAR-5 and LP-9 cells. Arrows indicate protein spots

identified to be TKT by mass spectrometry that were only present in

the ovarian cancer peritoneal co-culture Red proteins present in co-

culture, green proteins in mixed single cultures and yellow co-

expressed proteins in co-culture and single culture. b TKT expression

in ovarian cancer cell lines and primary serous ovarian cancer cells by

real-time PCR. Relative TKT expression in ovarian cancer cell lines

and primary serous ovarian cancer cells was normalized to the house

keeping gene b-actin using the 2-DDCT and OVCAR-3 cell expression

as a calibrator. c Western blotting confirmed the presence of TKT

(70 kDa band in ovarian cancer and LP-9 cell extracts. Recombinant

TKT protein was used as the positive control. Equal protein (10 lg)

were run on a 10 % SDS-PAGE gel, d CM were collected from single

culture or direct co-culture, precipitated with acetone and resuspended

in SDS sample buffer. Equal volumes were run on a 10 % SDS-PAGE

gel. A smaller TKT band at *40 kDa was detected in the conditioned

media of co-cultured OVCAR-5 and LP-9 cells. Equal volumes were

loaded for all samples. TKT processing during OVCAR-5 and LP-9

co-culture was inhibited by treatment with a2 antiplasmin. Western

blots in c and d were immunoblotted with rabbit polyclonal TKT

antibody (H-50, Santa Cruz Biotechnology)
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and 2 mM oxythiamine for OV-90 cells (60 % of control).

Oxythiamine (1 mM, 72 h) significantly inhibited the

proliferation of SKOV-3, OVCAR-5, OV-90 and OVCAR-

3 cells (Fig. 5b). The growth of primary serous ovarian

cancer cell lines isolated from ascites (primary 1–8) was

also significantly inhibited by oxythiamine (1 mM, 72 h)

(Fig. 5c). Importantly, four of these (primary #2, #3, #6

and #7) were derived from patients with chemoresistant

disease.

TKT knockdown and oxythiamine treatment

do not affect ovarian cancer cell motility

and invasion

We examined the effects of knocking down TKT expres-

sion on ovarian cancer cell motility and invasion in SKOV-

3 and OV-90 cells using TKT siRNA A and TKT siRNA B.

The knockdown of TKT in both SKOV-3 and OV-90 cells

was confirmed by western blotting of cell extracts

(Fig. 4d). TKT knockdown did not affect the motility or

invasion of SKOV-3 (Fig. 4e) or OV-90 cells (Fig. 4f).

Oxythiamine treatment similarly did not affect the motility

or invasion of both SKOV-3 and OV-90 cells (Fig. 5d, e).

Discussion

One of the crucial steps in ovarian cancer metastasis in-

volves the implantation of ovarian cancer cells onto the

peritoneal lining. To explore the underlying molecular

mechanisms, we have recently studied the interaction be-

tween ovarian cancer and peritoneal cells in co-culture

using a proteomics approach. One of the proteins found to

be regulated by ovarian cancer peritoneal interactions is

TKT, the key enzyme in the non-oxidative branch of the

PPP which mediates the conversion of glucose to ribose

phosphate used for nucleotide synthesis. In this study we

show that (1) nuclear TKT positivity is increased in peri-

toneal metastases compared to their matching primary

ovarian tumors, (2) high nuclear TKT positivity in peri-

toneal metastases can predict reduced serous ovarian can-

cer survival and (3) TKT inhibitors including TKT siRNAs

Fig. 2 TKT expression in human ovarian tissues. TKT immunohis-

tochemistry using rabbit anti-TKT (1:100, Proteintech group) and

citrate buffer microwave antigen retrieval. Normal ovary (a), benign

serous cystadenoma (b), primary serous cancer (c, d), metastatic

lesions (e). d and e are matching tissue samples from the same

patients. Bar = 100 lm. f Quantitation of TKT nuclear positivity in

ovarian tissues. Normal ovary (n = 6), benign serous tumors

(n = 10), primary serous tumors (n = 125), omental metastases

(n = 54). g Quantitation of TKT nuclear positivity in matching

primary and metastatic peritoneal implants. *, P = 0.01, Wilcoxon

Rank test (n = 40)
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and oxythiamine significantly reduced proliferation of

ovarian cancer cell lines and primary serous ovarian cancer

cells derived from patient ascites. Together these results

encourage further investigation into utilizing TKT in-

hibitors as novel therapeutics against ovarian cancer.

Most tumors exhibit enhanced glucose metabolism and

use anaerobic glycolysis to produce high levels of NADPH

and lactate even in the presence of oxygen [21, 22]. This

phenomenon first described by Otto Warburg in 1924 [23]

has been exploited as a method for tumor detection by

using fluorodeoxyglucose positron emission tomography

(FDG-PET) [24–26]. Glucose can be degraded via the

Embden–Meyerhof glycolytic pathway or an alternate

route in the PPP which functions to provide C5 sugars

(pentoses) from C6 sugars (hexoses) essential for DNA and

RNA synthesis [27]. The thiamine dependent enzyme TKT

plays a key role in the non-oxidative branch of PPP path-

way and allows oxygen-independent glucose degradation

[20, 28–30].

In addition to TKT, the TKT-like proteins, TKTL1 and

TKTL2, which share 61 and 66 % amino acid sequence

homology with TKT, respectively, are encoded in the hu-

man genome [31, 32]. A marked difference between TKT

and TKTL1 is a deletion of 38 amino acids in the N-ter-

minal domain (residues 76–113 in TKT) [31, 32]. TKTL1

has been extensively investigated in cancers and has been

thought to be a catalytically active mutant form of human

TKT [33]. To date, there have been no published studies

investigating TKTL2 protein expression in any cancer tis-

sues. Furthermore there is no evidence of its enzymatic

activity or reports of its cellular function [34].

TKTL1 is overexpressed in a range of malignancies

including breast, colon, gastric, renal, cervical, lung and

liver cancers [30, 35–42] and increased TKTL1 levels were

shown to be associated with reduced survival for patients

with cancers of the colon, oropharynx and the bladder and

oral squamous cell carcinomas [30, 38, 43–45]. TKTL1 is

elevated in serous ovarian carcinomas compared to other

ovarian tumor subtypes [46]. However, an antibody most

commonly used to detect TKTL1 (clone JFC12T10) has

recently been shown to lack specificity [47, 48]. A re-

evaluation using RT-PCR and consecutive sequence ana-

lysis identified TKT, not TKTL1, as the dominant isoform

of TKTs in a range of cancer cell lines [48]. However it is

known that growth conditions can affect TKTL1 expression

in cell lines. Hypoxia induces the expression of TKTL1 in

human colorectal cancer cells [49] and TKTL1 is activated

by hypoxia in glioma cancer cells [50]. As most researcher

use normoxic conditions for cultivating cancer cell lines it

is likely that the expression of TKTL1 in cancer cell lines

may have been underestimated. Although there have been

doubts about the specificity of clone JFC12T10, Sun et al.

showed a reduction in TKTL1 protein signal intensity by

Western blot analysis following TKTL1 knockdown [51].

The specificity of antibody JFC12T10 was also confirmed

in cell lines made to stably overexpress TKTL1 [49, 51].

Furthermore independent studies found that TKTL1 mRNA

expression correlated with the TKTL1 protein expression

[43, 49].

There is also some controversy whether TKTL1 can

catalyze the TDP dependant TKT reaction. Computer

modeling of TKTL1 revealed marked differences between

the structure of TKT and TKT-L1 [52]. The amino acid

residues 76–113 missing in TKTL1 form the structure-

loop-helix-turn-helix-loop which is necessary for the

Fig. 3 Kaplan Meier survival analysis showing association of nuclear

TKT positivity in metastatic lesions with patient outcome. a Advanced

serous ovarian cancer patients with high TKT positivity ([94 %,

fourth quartile, n = 14) had a significantly reduced overall survival

compared to patients with lower TKT positivity (B94 %, 1st to 3rd

quartile, n = 40, P = 0.006, log rank test). b Nuclear TKT positivity

in metastatic cancers was not associated with progression-free

survival (P = 0.124, log rank test)
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formation of the active centre of TKT and binding to TDP

[52]. A mutant variant of TKT lacking residues 76–113 in

the amino terminal region of human TKT could not bind

TDP and was devoid of TKT activity [53, 54]. This dis-

covery questioned the role and function of TKTL1 in

cancers and its role in glucose metabolism [33]. However

both of these studies were conducted in vitro using a mu-

tated TKT protein, not recombinant TKTL1. There is in-

creasingly in vitro and in vivo evidence that TKTL1 exerts

a TKT enzyme activity and plays an important role in

Fig. 4 Effect of TKT siRNA treatment on ovarian cancer cell

proliferation, motility and invasion. SKOV-3 proliferation was

reduced following transfection with siRNA A (a) and siRNA B

(b) over a 96 h time course. c Summary of four independent

experiments using siRNA B. siRNA B treatment resulted in a

significant reduction in proliferation measured at 24, 48 and 72 h

compared to negative siRNA. Data are the mean ± SEM from four

independent experiments performed in duplicate. * denotes significant

difference from neg siRNA, P\ 0.0001, Student t test. d Knockdown

of TKT was confirmed by western blotting with a rabbit polyclonal

TKT antibody (1:1000, Proteintech). TKT protein was reduced in

both SKOV-3 and OV-90 cells following transfection with TKT

siRNA A or TKT siRNA B compared to negative siRNA or no

treatment controls. TKT siRNA A and B had no effect on the motility

or invasion of SKOV-3 (e) or OV-90 cells (f). Data are expressed as

percentage of NT control, mean ± SEM from at least 2 independent

experiments performed in quadriplicate. P[ 0.05, Student t test
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Fig. 5 Effect of oxythiamine on ovarian cancer proliferation,

motility and invasion. a SKOV-3 and OV-90 cell growth response

following 72 h treatment with increasing concentrations of oxythi-

amine (0–2000 lM) Data are expressed as percentage of control,

mean ± SEM from at least three independent experiments performed

in triplicate. P[ 0.05, Student t test. * denotes significant difference

from control. b Oxythiamine (1 mM) significantly inhibits prolif-

eration of SKOV-3, OVCAR-5, OV-90 but not OVCAR-3 after 72 h

treatment. c The growth of 8 primary serous ovarian cancer cell lines

isolated from ascites (patient # 1–8) was also significantly inhibited

by 72 h oxythiamine treatment. Data are expressed as percentage of

control, mean ± SEM from at least two independent experiments

performed in quadriplicate. P[ 0.05, Student t test. * denotes

significant difference from control, P\ 0.05, Student t test). Oxythi-

amine treatment had no effect on the motility or invasion of SKOV-3

(d) or OV-90 cells (e). Data are expressed as percentage of control,

mean ± SEM from at least two independent experiments performed

in quadriplicate P[ 0.05, One-Way Anova
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glucose metabolism and tumor cell proliferation. TKT ac-

tivity cell was significantly decreased in gastric cancers

cells following TKTL1 knockdown [55]. TKTL1 knock-

down also significantly reduced the proliferation of gastric

and colon cancer cells [55, 56]. Glioma cancer cells were

protected from starvation-induced cell death when TKTL1

protein was present [50]. In the absence of functional TKT

following TKT knockdown, the stable expression of

TKTL1 in leukemia cells was able to replace TKT activity

[57].

Compared to TKTL1 there have been only limited

studies investigating TKT expression in cancer tissues. A

recent study has demonstrated significantly higher TKT

expression in pancreatic cancer cell lines compared to

TKTL1 and TKTL2 [58]. Although TKT was the pre-

dominant expressed gene encoding TKT activity in pan-

creatic cancer and normal pancreatic ductal cells, higher

TKTL1 levels were also seen in pancreatic cancers com-

pared in normal pancreatic ductal cells [58] which is con-

sistent with other cancer studies. TKT expression was also

elevated in hepatocellular carcinomas compared to non-

tumor tissues [59]. Interestingly, fructose was found to be a

potent inducer of TKT expression in pancreatic cancer cells

and was preferentially used in the PPP to increase cell

proliferation [58]. These findings have not been confirmed

in other cancer types but may have major significance for

cancer patients, given the high dietary refined fructose

consumption in Western diets.

The PPP is up-regulated in cells with anchorage inde-

pendent cell growth which have high metastatic potential

[60]. Tumor cells with an up-regulation of TKT exhibit

enhanced non-oxidative glucose usage and therefore are

also well adapted to anoxic environments [21] that may be

encountered particularly in metastatic sites. In this study,

we have demonstrated that nuclear TKT positivity is in-

creased in peritoneal metastases compared to matching

primary tumors and high nuclear TKT positivity in peri-

toneal metastases was associated with reduced ovarian

cancer survival. Increased nuclear TKT has also been ob-

served in lung cancer cells isolated from malignant pleural

effusions compared to normal bronchiole epithelium [61].

Together these findings suggest that TKT may facilitate

survival of metastatic cancer cells by activating the PPP.

Glucose metabolic reprogramming of TKT may be im-

portant in the pathogenesis of malignant pleural and ascites

effusions common in advanced cancers.

The Proteintech rabbit polyclonal antibody used in this

study was established by immunizing to the C-terminal 350

amino acid residues of the TKT protein. This region shares

62 % sequence homology to human TKTL1 (accession

number P51854.2) and 66 % sequence homology to human

TKTL2 (accession number P51854.2). We confirmed

specificity to TKT using rTKT and siRNA TKT

knockdown. This polyclonal antibody may also detect

TKTL1 and TKTL2 as there are several identical amino

acid epitopes in common with all three proteins. The other

TKT antibody used in this study from Santa Cruz

Biotechnology was raised to a 50 amino acid TKT peptide,

only has a 44 % amino acid sequence identity with TKTL1

(accession number P51854.2) and 42 % sequence identify

with TKTL2 (accession number Q9H19.1). As there is only

a 4 amino acid epitope in common with all three proteins,

the antibody is unlikely to also detect TKTL1 and TKTL2.

Surprisingly we found TKT to be also present in the

nucleus of OSE, benign serous cystadenoma and serous

ovarian cancer cells. We verified the nuclear TKT im-

munostaining using two different TKT antibodies. Both

cytoplasmic and nuclear TKT were confirmed to be present

in MCF-7 breast cancer cells by immunohistochemistry

and western blotting [62]. Medium–high nuclear TKT was

also observed in 78 % of normal tissues and 76 % cancer

tissues examined in the Human Protein Atlas [63]. As the

TKT reactions take place in the cytoplasm, the function of

nuclear TKT is not clear at present and warrants further

investigation. It is likely that nuclear TKT may have ad-

ditional functions different from its enzymatic function in

the cytoplasm.

TKT was expressed in metastatic (OVCAR-5, SKOV-3,

OV-90, primary serous cancer cells present in ascites) and

non-metastatic human ovarian cancer cell lines (OVCAR-

3) as well as the peritoneal cell line LP-9 by real-time PCR

and western blot analysis. TKT was observed at its full

length form (70 kDa) in all the cell lines studied, with the

highest expression observed by RT-PCR in the highly

metastatic ovarian cancer cell line SKOV-3. Interestingly,

a smaller fragment of TKT at *40 kDa was seen in the

CM of co-cultured LP-9 and OVCAR-5. This TKT frag-

ment was the same size as observed in the 2D gel with CM

from co-cultured LP-9 and SKOV-3 cells (Fig. 1a). Our

previous study has identified that plasmin is increased

during OVCAR-5 co-culture with LP-9 cells [10]. To

confirm that increased plasmin production can lead to TKT

processing, we treated co-cultured LP-9 and OVCAR-5

cells in the presence of anti-plasmin inhibitor. We have

shown that TKT cleavage as a result of ovarian cancer-

peritoneal cell co-culture was blocked by the plasmin in-

hibitor. TKT fragments have recently been reported in the

ascites of ovarian cancer patients [64]. A 35 kDa cleaved

TKT fragment has also been identified in the fibroblasts

isolated from patients with Alzheimer’s disease [65]. Due

to the size of the smaller 40 kDa TKT protein, it is unlikely

to exert a TKT enzyme reaction, since invariant, highly

conserved amino acid residues are missing. However this

smaller TKT isoform could form TKT homodimers or

TKT/TKTL1 heterodimers resulting in altered enzymatic

kinetics. Furthermore cleavage of TKT-68 kDa full length
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variant to TKT-40 kDa variant (by plasmin) could lead to

variants with higher or lower binding affinity towards TKT

or TKTL1. As a consequence normal (two-substrate reac-

tion) TKT activity could be reduced and one-substrate re-

action (TKT or TKTL1) could be increased. Further studies

are required to investigate the functional role of cleaved

TKT in cancer.

Tumors are characterised by enhanced glycolytic rates

to meet the high energy requirements for proliferation and

growth [66] and increased lipid and nucleotide synthesis to

support their biosynthetic needs [14, 67]. Clinical evidence

from patients with advanced breast and bronchial carci-

noma showed that increased conversion of thiamine to

thiamine pyrophosphate in TKT pathways resulted in thi-

amine deficiency in these patients [68]. Thiamine defi-

ciency frequently occurs in patients with advanced cancer

and therefore thiamine supplementation is often used as

nutritional support. However, thiamine supplementation

may contribute to a high rate of tumor cell survival, pro-

liferation and chemotherapy resistance as doses of thiamine

25 times the recommended daily allowance (RDA) suffi-

cient to correct existing thiamine deficiency were able to

stimulate growth of Ehrlich’s ascites tumors [69]. A higher

incidence of bladder cancer was also induced in rats fed

carcinogen and thiamine compared to rats not supple-

mented with thiamine [70]. However, very high doses of

thiamine (2500-fold RDA) can also inhibit growth of

cancer cells [70]. As the effect of thiamine in cancer re-

mains unclear, a cautious approach has been advised before

recommending thiamine treatment in patients with malig-

nant disease [71].

TKT has been shown to be a vital factor in supporting

proliferation in cells. Vizan et al. [66] showed that TKT

enzyme activity increased during late G1 and S phases of

cell cycle (during DNA replication) in the human colon

cancer cell line HT29, which also coincided with the in-

creased conversion of pentose monophosphates to hexose

monophosphates indicating activation of PPP [66]. There-

fore, the modification of TKT or its activity could represent

a novel approach for developing anti-proliferative cancer

treatments. Since this had never been studied in ovarian

cancer previously, we used two independent TKT specific

siRNAs to knockdown TKT expression in high TKT ex-

pressing metastatic SKOV-3 cells. A significant decline in

SKOV-3 proliferation was observed with two independent

TKT siRNA compared to negative siRNA treatment and no

treatment controls. TKT siRNAs have previously also been

shown to suppress lung cancer cell proliferation [61].

To further examine the effect of inhibiting TKT enzyme

activity on ovarian cell proliferation, SKOV-3, OV-90,

OVCAR-5, OVCAR-3 and primary serous ovarian cancer

cells isolated from patient ascites were treated with a well-

known specific irreversible TKT inhibitor oxythiamine.

Oxythiamine treatment at a concentration of 1 mM resulted

in a significant decrease in ovarian cancer cell prolif-

eration. This is in agreement with previous studies in

several other cancers including malignant pleural effusion

cells from patients with lung carcinoma [17, 58, 61, 72].

Boros et al., demonstrated that the inhibition of TKT by

oxythiamine resulted in a 90 % decrease in tumor cell mass

in Ehrlich ascitic tumors in vivo and inhibition of prolif-

eration of pancreatic adenocarcinoma cells and Ehrlich’s

ascitic tumor cells by 39 % [17]. Furthermore, Rais et al.,

demonstrated that inhibiting TKT reactions by oxythiamine

administration resulted in the arrest of Ehrlich’s ascitic

tumor cells in the G1 phase of cell cycle [20]. This could be

explained by the fact that TKT levels increase during G1/S

phase [66]. High daily doses of 500 mg/kg oxythiamine

significantly inhibited the proliferation of Lewis Lung

carcinoma lung metastases [73]. Oxythiamine treatment

could also rescue imatinib resistance in leukemic cells

which exhibited increased levels of TKT family genes and

increased TKT activity [57].

Neither TKT silencing nor oxythiamine treatment in-

hibited the motility or invasion of SKOV-3 or OV-90 cells

in vitro. In contrast, other researchers studying Lewis Lung

Carcinoma cells and using lower concentrations of

oxythiamine (20 lM) did not observe an effect on prolif-

eration but a strong inhibition of their invasive ability

in vitro by inhibiting the expression of MMP-2 and MMP-9

[73]. Oxythiamine has also been shown to inhibit phos-

phorylation of 12 proteins involved in cell cycle regulation

and apoptosis, particularly Hsp27 which is associated with

drug resistance and cell survival in MIA pancreatic cancer

cells [72]. TKT can also control secretion of VEGF and

vascular permeability in vitro and in vivo [61]. The TKT

activator benfotiamine stimulates the activity of PPP en-

zymes and the phosphorylation/activation of VEGFR2 in a

diabetic animal model [74]. Oxythiamine has more re-

cently been shown to alter the dynamics of cellular protein

expression in MIA PaCa-2 pancreatic cells by interrupting

the rates of de novo protein synthesis involved in several

apoptotic signalling pathways [75]. These observations

suggest that oxythiamine may affect other signalling

pathways in cancer cells. Little is currently known about

the safety of oxythiamine and further pre-clinical studies

are warranted.

In conclusion, the present study demonstrates that TKT

is regulated by peritoneal-ovarian cancer cell interactions

and plays an important role in the proliferation of

metastatic ovarian cancer cells. These results warrant fur-

ther studies using TKT inhibitors as potential new

chemotherapeutic agents. Inhibiting the TKT pathway that

is essential for glucose and fructose metabolism and nu-

cleotide production could be an effective new target for

ovarian cancer.
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