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SUMMARY
Poor response to cancer therapy due to resistance remains a clinical challenge. The present study estab-
lishes a widely prevalent mechanism of resistance to gemcitabine in pancreatic cancer, whereby increased
glycolytic flux leads to glucose addiction in cancer cells and a corresponding increase in pyrimidine biosyn-
thesis to enhance the intrinsic levels of deoxycytidine triphosphate (dCTP). Increased levels of dCTP diminish
the effective levels of gemcitabine through molecular competition. We also demonstrate that MUC1-regu-
lated stabilization of hypoxia inducible factor-1a (HIF-1a) mediates such metabolic reprogramming. Target-
ing HIF-1a or de novo pyrimidine biosynthesis, in combination with gemcitabine, strongly diminishes tumor
burden. Finally, reduced expression of TKT and CTPS, which regulate flux into pyrimidine biosynthesis, cor-
relates with better prognosis in pancreatic cancer patients on fluoropyrimidine analogs.
Significance
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INTRODUCTION

Poor response to therapies due to development of resistance in

tumors remains a significant clinical challenge and contributes to

overall poor patient prognosis. Gemcitabine, a deoxycytidine

analog that inhibits DNA replication and thereby arrests tumor

growth, is a widely used single-agent chemotherapy for pancre-

atic cancer (de Sousa Cavalcante andMonteiro, 2014). While still

being utilized for the treatment of locally advanced or metastatic

pancreatic cancer, the effectiveness of gemcitabine has been

constrained by the frequent development of resistance to this

drug in most of the treated patients (Heinemann et al., 2000).

Recently, FOLFIRINOX (fluorouracil, leucovorin, irinotecan, and

oxaliplatin) has been approved as a treatment for patients with

advanced pancreatic ductal adenocarcinoma, showing signifi-

cantly improved overall and median progression-free survival

compared with gemcitabine, albeit, with a less favorable toxicity

profile (Conroy et al., 2011). Furthermore, not all patients are

equally responsive to FOLFIRINOX. Abraxane or albumin-bound

paclitaxel along with gemcitabine is another combination ther-

apy recently approved by the US Food and Drug Administration

(Von Hoff et al., 2013). Gemcitabine, however, continues to be a

part of this therapy. The efficacy of several anti-cancer therapies

is linked to tumor cell survival and therefore to their effect on

metabolic alterations in tumor cells (Fanciulli et al., 2000).

Many previous studies have addressed only changes in the

rate of influx or efflux of drug as a way of regulating the concen-

tration of drug in the tumor cells for acquiring chemotherapy

resistance. Hence, there is an urgent need to determine the

metabolic mechanisms that hamper the efficiency of chemo-

therapy and to identify combinations that may significantly

improve the efficacy of gemcitabine and other fluoropyrimidine

analogs.

Large portions of solid tumors are hypoxic (Koong et al., 2000).

Furthermore, most solid tumors, particularly pancreatic tumors,

also demonstrate an increased accumulation of stromal tissue,

i.e., desmoplasia. Increased desmoplasia and hypoxia have

been implicated in the development of resistance to chemo-

therapy and radiotherapy (Yokoi and Fidler, 2004). Both

desmoplasia and hypoxia also lead to the stabilization of hypoxia

inducible factor-1a (HIF-1a), the master regulator of glucose

metabolism (Semenza, 2010). Previous studies from our lab

have demonstrated higher expression of HIF-1a and the corre-

sponding downstream glucose metabolism genes in pancreatic

tumor cells compared with the surrounding stroma (Chaika et al.,

2012a, 2012b). Pancreatic cancers also metabolize glucose at

higher rates (Dang, 2010; DeBerardinis et al., 2008; Vander Hei-

den et al., 2009). However, the precise fate of glucose and down-

stream metabolites and their role in therapy responsiveness is

yet to be fully explored. Here, we delineate the metabolic alter-

ations that facilitate gemcitabine resistance, utilizing pancreatic

cancer as a model.

RESULTS

Increased Glucose Metabolism Fuels Gemcitabine
Resistance in Gem-R Pancreatic Cancer Cells
To investigate the metabolic basis of gemcitabine resistance,

we generated pancreatic cancer cell line (Capan-1, T3M4,
72 Cancer Cell 32, 71–87, July 10, 2017
and MIA PaCa-2) models with acquired gemcitabine resis-

tance. For this, wild-type (WT) pancreatic cancer cells were

cultured with increasing concentrations of gemcitabine over a

period of approximately 6 months. The resistance status

at each dose was determined by calculating the half maximal

inhibitory concentration (IC50) of gemcitabine using MTT

cytotoxicity assays (Figure 1A). At the end of the 6-month treat-

ment period, the cell lines generated (Gem-R) were approxi-

mately 500- to 1,000-fold more resistant compared with WT

cells (Figure 1B). We observed an increase in clonogenic ability

of the Capan-1 and T3M4 Gem-R cells under control and

gemcitabine treatment, and increased colony number and

size in soft agar assays (Figures S1A and S1B). To quantify

the relative physiological glucose uptake by Gem-R cells

compared with the WT cells, we performed [3H]-2-deoxyglu-

cose uptake assays after culturing the cells under normoxia

(20% oxygen) or hypoxia (1% oxygen) for 12 hr. Capan-1

Gem-R, and T3M4 Gem-R cells displayed significantly

increased glucose uptake in comparison with the controls, un-

der normoxic as well as hypoxic conditions (Figure 1C). Similar

alterations were observed for MIA PaCa-2 Gem-R cells (Figures

S1C and S1D). Gem-R cells also demonstrated increased

lactate release (Figures 1D and S1E). Expression of genes

involved in glucose metabolism was also increased in Gem-R

cells (Figure 1E).

To investigate the metabolic alterations underlying gemcita-

bine resistance, we performed liquid chromatography-coupled

tandemmass spectrometry (LC-MS/MS)-based analysis (Gunda

et al., 2016) followed by unsupervised hierarchical clustering.

LC-MS/MS analysis indicated differential metabolite pools in

Gem-R cells compared with WT controls (Figure 1F). Further

analyses revealed an increase in the intermediate metabolites

of glycolysis. Specifically, we observed an increase in metabo-

lites upstream of dihydroxyacetone phosphate and glyceralde-

hyde-3-phosphate and increased intracellular pyruvate/lactate

levels in Gem-R cells (Figure 1G).

To determine the dependence of the gemcitabine resistance

phenotype on glucose metabolism, we cultured the Gem-R cells

and the corresponding WT cells under low glucose conditions

(0.5 mM glucose) for a short period (36 hr). Gem-R cells failed to

respond to gemcitabine treatment but demonstrated significantly

diminished survival under low glucose conditions (Figure 1H).

Also, the intrinsically gemcitabine-resistant AsPC-1 and moder-

ately resistant MIA PaCa-2 cells demonstrated significantly

diminished cell survival under glucose-deprived conditions or un-

der treatment with 2-DG (Figures S1F–S1I). Furthermore, in com-

parison with the WT cells, Gem-R cells demonstrated increased

extracellular acidification rate (ECAR) and decreased oxygen

consumption rate (OCR) (Figures 1I–1J and S1J). The partially

gemcitabine-resistant cells demonstrated an intermediate in-

crease inECARanddecrease inOCRcomparedwith theWTcells

(Figures S1J–S1L). We sorted Capan-1 Gem-R cells for high and

low glucose transporter 1 (GLUT1) expression. We observed an

increased sensitivity to gemcitabine in Gem-R cells sorted for

low surface GLUT1 expression (Figures 1K and S1M). However,

we did not observe any significant difference in the sensitivity of

WT and Gem-R cells against mitochondrial electron transport in-

hibitors such as metformin or oligomycin (Figure S1N). We also

observed increased glucose uptake in tumors derived from



Figure 1. Increased Glucose Metabolism Fuels Gemcitabine Resistance in Gem-R Pancreatic Cells

(A) Acquired gemcitabine-resistant (Gem-R) Capan-1, and T3M4 pancreatic cancer cells were generated by exposing the corresponding wild-type (WT) cells to

an increasing concentration of gemcitabine over 6 months. The resistance status was confirmed by performing MTT assays at each step. Red and blue colors of

cells in the illustration denote sensitivity (or cell death) and resistance (or cell survival), respectively, based on response to gemcitabine treatment for 72 hr.

(B) Relative sensitivity of WT compared with the Gem-R pancreatic cancer cells as determined by MTT cytotoxicity assays. Cells were treated with increasing

concentration of gemcitabine and MTT assays were performed 72 hr after treatment.

(legend continued on next page)
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orthotopically implanted Gem-R cells in athymic nude mice,

compared with that of the WT cells, by performing 18F-fluoro-

deoxyglucose positron emission tomography (PET) imaging (Fig-

ure 1L). Furthermore, pancreatic cancer patients subjected to flu-

oropyrimidine analog-based therapies (gemcitabine or 5-

fluorouracil [5-FU]) demonstrated a poor progression-free sur-

vival when high PET signal standardized uptake value (SUVmax

R6) was observed in primary tumors (Figure 1M; Table S1,cohort

1). Together these findings establish that gemcitabine-resistant

cells have an increased dependence on glucose metabolism.

Increased Glucose Carbon Flux through the Non-
oxidative Pentose Phosphate Pathway in Gem-R Cells
LC-MS/MS-based metabolomics profiling of Gem-R cells re-

vealed an increase in the steady-state levels of glucose metab-

olites through the non-oxidative arm of the pentose phosphate

pathway (PPP) (Figures 2A and 2B). Moreover, we observed a

significant reduction in the levels of oxidative PPP metabolites.

Corroborating the metabolite levels, our qPCR findings demon-

strated a significant increase in the expression of genes involved

in the non-oxidative PPP in Gem-R cells and Gem-R cell-origi-

nated tumors (Figures 2C and S2A). Sedoheptulose-1,7-bi-

sphosphate (SBP) was among the PPP metabolites increased

in the Gem-R cells (Figure 2B), and it has been proposed that

an increase in SBP indicates increased flux in the non-oxidative

PPP (Ying et al., 2012). The gemcitabine IC50 value did not corre-

late with the expression levels of glucose-6-phosphate dehydro-

genase (G6PD), a key gateway enzyme to the oxidative PPP, in

17 pancreatic cancer cell lines (Figure S2B). Likewise, we found

no alteration in the activity of G6PD in Gem-R compared withWT

cells (Figure S2C).

Steady-state levels are not always indicative of the flux of me-

tabolites in a pathway, and hence we examined the relative

contribution of non-oxidative versus oxidative PPP by perform-

ing 1-14C- and 6-14C-glucose labeling followed by measurement

of 14CO2 release. 14CO2 from 1-14C-glucose is released by

both the oxidative PPP and the tricarboxylic acid (TCA) cycle,

whereas 14CO2 from 6-14C-glucose can only be released via

the TCA cycle. The release ratio of 1-14C/6-14CCO2was reduced

in Gem-R cells compared with WT cells, indicating decreased
(C) Relative glucose uptake in Gem-R andWT cells cultured under normoxia or hy

the respective group and plotted as a percent of WT control.

(D) Relative lactate release fromGem-R versusWT cells as determined by colorime

of WT control.

(E) qPCR analysis for glycolytic genes in Gem-R cells relative to WT cells.

(F) Unsupervised hierarchical clustering of significantly deregulated metabolites

(G) Major metabolites altered in the glycolytic pathway in Gem-R cells compared

(H) Effect of glucose deprivation on the growth ofWT andGem-R cells. Cells were

gemcitabine, followed by MTT assays. Relative survival is plotted as percent of W

(I and J) WT and Gem-R cells were seeded in 24-well plates and exposed to 2,4

(K) Relative gemcitabine sensitivity of Capan-1 Gem-R cells FACS sorted for lo

determined by MTT assay values. Cell were treated with gemcitabine for 72 hr.

(L) Representative coronal (left) and axial (right) images of 18F-fluorodeoxygluco

Gem-R orthotopic implantation models (n = 6 mice per group). Normalized uptake

graph on the right. Uptake values were normalized with tumor volume.

(M) Kaplan-Meier progression-free survival analysis of pancreatic ductal aden

(SUVmax R6; n = 11) or low (SUVmax <6; n = 14) [18F]FDG-PET signal.

For all in vitro studies n = 3. Data are represented as mean ± SEM. The bar charts

compared by one-way ANOVA followed by Tukey’s post hoc test. Survival in (M)

0.001 compared with WT. See also Figure S1 and Table S1.
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flux of glucose through the oxidative PPP in Gem-R cells (Fig-

ure 2D). Furthermore, we examined the kinetics of U-13C-

glucose labeling of PPP metabolites in WT and Gem-R cells.

We observed faster glucose flux into glycolytic metabolites,

glucose-6-phosphate/fructose-6-phosphate and fructose-1,6-

bisphosphate, in Gem-R cells, while slower kinetics were

observed for oxidative PPP metabolite, 6-phosphogluconolac-

tone (Figure 2E). We also observed faster and increased 13C

label incorporation in SBP, erythrose 4-phosphate, and phos-

phoribosyl pyrophosphate in Gem-R cells compared with WT

cells. These results suggest increased glucose carbon flux

through non-oxidative PPP in Gem-R cells.

Increased Pyrimidine Synthesis Contributes to
Gemcitabine Resistance in Gem-R Cells
LC-MS/MS-based metabolomics followed by metabolic path-

way and functional enrichment analysis demonstrated that the

pyrimidine synthesis pathway is among the most significantly

altered pathways in Gem-R cells compared with controls (Fig-

ure 3A). We performed oligonucleotide array analysis to deter-

mine the genes altered in Capan-1 Gem-R versus WT cells.

We observed that Capan-1 Gem-R cells, compared with the

WT cells, have increased expression of several genes involved

in PPP and nucleotide biosynthesis pathways, including TKT

(transketolase), CTPS1 (cytidine triphosphate synthase), TYMS

(thymidylate synthetase),NME4 (NME/NM23 nucleoside diphos-

phate kinase 4), and PRPSAP1 (phosphoribosyl pyrophosphate

synthetase-associated protein 1) (Table S2). Correspondingly,

we observed significant increases in N-carbamoyl-L-aspartate,

dihydroorotate (DHOA), and uridine and cytidine metabolites

(Figure 3B), all of which are metabolic intermediates in the

pyrimidine synthesis pathway. We also performed qPCR to

confirm the levels of genes involved in PPP and purine/

pyrimidine nucleotide biosynthesis pathways in WT and

Gem-R cells and tumors (Figures 3C and S3A). Combining the

microarray data and the qPCR data in both cell lines, we

observed a significant induction of TKT and CTPS (Figure 3C

and Table S2), which would increase the flux of glucose carbon

into the pyrimidine biosynthesis pathway. Previous studies have

indicated that increased cytidine deaminase (CDA) levels may
poxia (1% oxygen). Counts for each group were normalized to the cell count in

tric analysis. Raw valueswere normalized to cell counts and plotted as percent

between cells lines in Capan-1 WT and Gem-R cells.

with the WT cells.

cultured in normal and low glucose (0.5mM) conditions for 36 hr, with or without

T or Gem-R cells cultured in normal glucose.

-DNP, 2-DG, and rotenone to measure ECAR (I) and OCR (J).

w GLUT1 expression, compared with unsorted WT and Gem-R controls as

se (FDG) uptake by positron emission tomography (PET) imaging in WT and

values fold change for xenografts examined by FDG-PET are presented in the

ocarcinoma (PDAC) patients on gemcitabine/5-FU chemotherapy with high

in (C, D, E, G, and L) were compared by Student’s t test. Data in (H and K) were

was compared by log rank (Mantel-Cox) test. *p < 0.05, **p < 0.01, and ***p <



Figure 2. Increased Flux of Glucose Carbon through the Non-oxidative Pentose Phosphate Pathway in Gem-R Pancreatic Cells

(A) Summary of alteredmetabolites in Gem-R versusWT cells. An increase in metabolite levels is indicated with a green upward arrow and a reduction is indicated

with a red downward arrow.

(B) The PPP metabolite levels in Gem-R relative to WT cells based on targeted LC-MS/MS metabolomics.

(C) Relative expression of the PPP genes in Gem-R versus WT cells determined by qPCR analysis.

(D) Radiolabeled CO2 released from 1-14C or 6-14C glucose labeling in Gem-R versus WT cells. Raw scintillation counts were plotted as a ratio of 1-14C/6-14C-

labeled carbon dioxide released at the indicated time points. Below is a schematic illustration of labeled carbon dioxide release generated from 14C-labeled

glucose at C1 or C6 positions.

(E) Kinetics of incorporation of 13C label from U-13C glucose into PPP metabolites in WT and Gem-R cells, as identified by LC-MS/MS analysis. M + X represents

the number of 13C-labeled carbon atoms in each metabolite, presented in arbitrary peak intensity units.

For all in vitro studies n = 3. Data are represented as mean ± SEM. The bar charts in (B and C) were compared by Student’s t test. *p < 0.05, **p < 0.01, and

***p < 0.001. G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; G3P, glyceralde-

hyde 3-phosphate; 6PGL, 6-Phosphogluconolactone; 6PG, 6-phosphogluconate; Ru5P, ribulose 5-phosphate; R5P, ribose 5-phosphate; Xu5P, xylulose

5-phosphate; PRPP, phosphoribosyl pyrophosphate; S7P, sedoheptulose 7-phosphate; SBP, sedoheptulose 1,7-bisphosphate; E4P, erythrose 4-phosphate.

See also Figure S2.
also contribute to gemcitabine resistance (Weizman et al.,

2014). However, we did not observe any significant difference

in CDA mRNA levels in Gem-R cells compared with WT cells

(Figure S3B).

Generation of orotate via dihydroorotate dehydrogenase

(DHODH) is a crucial step in de novo pyrimidine biosynthesis.
Therefore, in order to evaluate if the inhibition of DHODH itself

could overcome gemcitabine resistance in pancreatic cancer,

we treated the Gem-R and WT pancreatic cancer cell lines

with 25 mM leflunomide, an inhibitor of DHODH (Ruckemann

et al., 1998). Treatment with leflunomide significantly diminished

orotate and downstream orotidine 50-monophosphate levels,
Cancer Cell 32, 71–87, July 10, 2017 75
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while causing an increase in the DHOA levels (Figure 3D), sug-

gesting a blockade of DHODH activity. Leflunomide increased

the efficacy of gemcitabine and inhibited cell survival in

Capan-1 and T3M4 Gem-R cells (Figure 3E). In addition, there

was a significant inhibition of cell survival in other pancreatic

cancer cell lineswhen treatedwith both gemcitabine and lefluno-

mide (Figure S3C). Furthermore, Gem-R cells showed a signifi-

cant response to gemcitabine (50 mg/kg/day) in the presence

of leflunomide (10 mg/kg/day) in orthotopic implantation models

of pancreatic cancer, as observed by tumor volume, survival,

and proliferation based on Ki-67 staining (Figures 3F–3G and

S3D). However, we observed no noticeable body weight

changes between different treatment groups (Figure S3E). These

results indicate that Gem-R cells have increased pyrimidine

biosynthesis and that their poor responsiveness to gemcitabine

can be reversed at least in part by targeting pyrimidine

biosynthesis.

Increased Deoxycytidine Reduces the Effectiveness of
Gemcitabine in Gem-R Cells
Gemcitabine is a nucleoside analog, and hence both nucleoside

synthesis and uptake direct its efficacy. Increased glycolysis in

the Gem-R cells increases the flux of glycolytic intermediates

through the non-oxidative PPP, causing an increase in the py-

rimidine biosynthesis. 1H-13C heteronuclear single quantum

coherence nuclear magnetic resonance analysis indicated an

increase in all the nucleoside pools in Gem-R versus WT cells

(Figures 4A and S4A). Increased synthesis of CTP might miti-

gate gemcitabine efficacy, so we investigated if increasing the

cellular deoxycytidine levels could directly increase gemcitabine

resistance in pancreatic cancer cells. We treated Capan-1 and

T3M4 with 25 or 100 mM of deoxycytidine, and S2-013,

SUIT-2, FG/Colo 357, and MIA PaCa-2 cells with 100 mM

each of deoxycytidine, thymidine, deoxyguanosine, or deoxya-

denosine, individually. Treatment with deoxycytidine, but not

other nucleosides, increased resistance to gemcitabine in all

of these cells (Figures 4B, 4C, S4B, and S4C). Resistance to

gemcitabine might also occur due to reduced influx of gem-

citabine into cancer cells. However, our data demonstrate

that, even under untreated conditions, Gem-R cells have an

increased expression of SLC28A3 and SLC29A1, the principal
Figure 3. Gem-R Cells have Higher De Novo Pyrimidine Biosynthesis I

(A) Metabolic pathway impact analysis of significantly upregulated metabolites b

(B) Levels of metabolites of de novo pyrimidine synthesis pathway in Gem-R cel

(C) Relative mRNA expression levels of genes in the pyrimidine and the purine s

plotted relative to expression levels in WT cells.

(D) Levels of orotate and the ratios of dihydroorotate/orotate and dihydroorotate/

absence of leflunomide relative to untreated WT cells. Data were analyzed by on

(E) Relative survival of Gem-R and WT cells by MTT assays, under treatment with

relative to respective untreated shScr controls for WT and Gem-R cells. Compari

followed by Bonferroni’s post hoc test.

(F) Tumor volumes upon necropsy, after 3 weeks of treatment, in orthotopical

leflunomide (Lef), or gemcitabine with leflunomide (Gem + Lef). Numbers in paren

with the control WT cohort by one-way ANOVA and Dunnett’s post hoc test.

(G) IHC staining for Ki-67 and quantification of percent positive cells in the formalin

Ki-67-positive and -negative cells were counted manually in ten fields of five tumo

way ANOVA and Tukey’s post hoc test.

For all in vitro studies n = 3 per sample. Data are represented as mean ± SEM

L-aspartate; N-Carb. Asp, N-carbamoyl-L-aspartate; DHOA, 4,5-dihydrooratate;

uridine 50-triphosphate; CTP, cytidine 50-triphosphate. See also Figure S3 and T
nucleoside transporters involved in gemcitabine and deoxycyti-

dine uptake (Figure S4D). Furthermore, we observed that,

compared with the WT cells, Gem-R cells maintained a higher

deoxycytidine pool and a lower gemcitabine/deoxycytidine ratio

in the presence or absence of exogenous deoxycytidine (Fig-

ure 4D). We also observed that deoxycytidine nucleotide levels

positively correlated with gemcitabine IC50 values in a panel of

15 pancreatic cancer cell lines (Figure 4E). In addition, we

analyzed the deoxycytidine nucleotide pools in the flash-frozen

tissue specimens from the Rapid Autopsy Program at the

University of Nebraska Medical Center (UNMC) (Table S1,

cohort 2). We observed significantly decreased progression-

free survival with higher deoxycytidine or deoxyuridine, but

not deoxyguanosine or deoxyadenosine, nucleotide pools in

the primary tumors in patients who were subjected to gemcita-

bine or 5-FU (Figures 4F and S4E).

HIF-1a Is the Metabolic Master Regulator of Enhanced
Glucose Metabolism and Pyrimidine Biosynthesis in
Gemcitabine-Resistant Pancreatic Cancer Cells
HIF-1a is a key transcriptional regulator of glycolysis (Zhang

et al., 2008). We observed that Gem-R cells express significantly

higher levels of HIF-1a, even under normoxic conditions (Figures

5A and S4F). The Gem-R cells also demonstrate higher expres-

sion of HIF-1a-dependent enzymes, including GLUT1 and

LDHA, which regulate glycolytic flux. The differences are further

increased under hypoxic conditions. To determine if the

increased glucose dependence of Gem-R cells is HIF depen-

dent, we stably knocked down HIF-1a and HIF-2a in Capan-1

and T3M4 WT and Gem-R cells (Figure 5B). Knocking down

HIF-1a inhibited glucose uptake in both WT and Gem-R pancre-

atic cancer cells (Figure 5C). Knocking down HIF-2a also

decreased glucose uptake, but the effect was not as robust as

for HIF-1a. Furthermore, knocking down HIF-1a diminished

Gem-R cell survival under gemcitabine-treated conditions (Fig-

ure 5D). These findings indicate that, like WT cells, Gem-R cells

depend on HIF-1a for enhanced uptake of glucose and that

HIF-1a is required for gemcitabine resistance in these models.

Next, to determine if the role of HIF-1a in mediating gemcita-

bine resistance was exclusive to acquired resistant cells, we

knocked downHIF-1a in intrinsically gemcitabine-resistant cells.
n Vitro and In Vivo

y Metaboanalyst 3.0 in Gem-R compared with WT cells.

ls relative to WT cells as determined by LC-MS/MS-based metabolomics.

ynthesis pathways analyzed by qPCR. Data analyzed by Student’s t test and

orotidine 50-monophosphate (OMP) in WT and Gem-R cells in the presence or

e-way ANOVA, followed by Bonferroni’s post hoc test.

gemcitabine, leflunomide, or gemcitabine with leflunomide. Data is presented

sons made to the respective controls or indicated groups by two-way ANOVA,

ly implanted mice subjected to treatments with control, gemcitabine (Gem),

theses indicate the number of mice in each cohort. All groups were compared

-fixed tumor sections from the indicated treatment groups. Scale bars, 250 mm.

rs of each group. All groups were compared with the control WT cohort by one-

. *p < 0.05, **p < 0.01, and ***p < 0.001. CarP, carbamoyl phosphate; Asp,

PRPP, phosphoribosyl pyrophosphate; UMP, uridine 50-monophosphate; UTP,

able S2.
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As observed in Gem-R cells, knocking down HIF-1a significantly

diminished cell survival and glucose uptake in PANC-1 and, to a

somewhat lesser extent, MIA PaCa-2 pancreatic cancer cell

lines (Figures 5E–5G). We also observed a positive correlation

between HIF-1a expression and gemcitabine IC50 in 15 pancre-

atic cancer cell lines (Figures S4G and S4H). In addition, we per-

formed knockout of HIF1A by CRISPR/Cas9 in Gem-R cells and

observed a similar increase in their responsiveness to gemcita-

bine (Figure 5H).

Next, we determined if the increased expression of TKT and

CTPS1 in Gem-R cells was regulated by HIF-1a. While regulation

of CTPS1 by HIF-1a is not known, TKT is a known HIF-1a target

(Semenza, 2013; Zhao et al., 2010). We performed chromatin

immunoprecipitation assays to determine HIF-1a occupancy

on TKT and CTPS1 gene promoters. We observed significantly

increased occupancy of proximal and distal HIF-1a response

elements (HRE) in theCTPS1 promoter by HIF-1a in Gem-R cells

compared with WT cells (Figure 5I). HIF-1a binding was further

induced under hypoxic conditions and diminished by digoxin,

a translational inhibitor of HIF-1a (Zhang et al., 2008). Similar

trends were observed for HRE in the TKT promoter. In addition,

we observed co-localization of TKT and CTPS with EF5, a

hypoxia marker, and with CA IX, a marker of HIF-1a activity in

orthotopically implanted Capan-1 cell-derived tumors (Figures

5J and 5K). We also observed a co-localization of TKT and

CTPS with CA IX in human pancreatic ductal adenocarcinoma

tissue sections (Figure 5L). These data indicate a role of HIF-1a

in mediating resistance to gemcitabine by modulating the

expression ofCTPS1, TKT, and other glycolytic genes in pancre-

atic cancer cells.

Pharmacological Inhibition of HIF-1a Improves
Gemcitabine Sensitivity
We next examined if HIF-1a inhibitor digoxin could abrogate

gemcitabine resistance. Treatment with digoxin diminished

HIF-1a levels in Capan-1 and T3M4 Gem-R cells (Figure 6A).

Furthermore, digoxin reduced glucose uptake in Gem-R and

WT cell lines (Figures S5A–S5C). Gem-R cells also demonstrated

a significant reduction in the expression of genes involved in

glucose metabolism under digoxin treatment (Figure S5D).

Digoxin reduced deoxycytidine nucleotide levels and survival in

response to gemcitabine in Gem-R cells (Figures 6B–6D). Alto-

gether, these results provide evidence that HIF-1a promotes

increased glucose dependence and gemcitabine resistance in

pancreatic cancer cells.

Digoxin treatment reduces cell proliferation in breast and pros-

tate cancer cell lines (Lin et al., 2009; Zhang et al., 2008, 2012),
Figure 4. Increased Deoxycytidine Reduces the Efficacy of Gemcitabin

(A) NMR-based metabolite detection for nucleosides in Capan-1 Gem-R versus W

triphosphates. Levels in Gem-R cells are presented relative to the WT control an

(B) Effect of deoxycytidine (dC) on gemcitabine sensitivity in WT cells by MTT as

(C) Bright-field images of SUIT-2 and FG/Colo 357 cells treated with gemcitabin

(D) Relative deoxycytidine levels and gemcitabine/deoxycytidine ratios as determ

and/or deoxycytidine. compared with untreated WT cells. Data were analyzed b

(E) Correlation of dCXP levels versus the IC50 of gemcitabine in 15 pancreatic

significance of correlation.

(F) Kaplan-Meier progression-free survival analysis of PDAC patients on gemcitab

n = 12) dCXP levels, as determined by LC-MS/MS in human pancreatic tumors. D

per sample. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, and ***
and it is currently in clinical trials for prostate cancer (Lin et al.,

2014). To determine the efficacy of digoxin in gemcitabine-resis-

tant pancreatic tumors, we orthotopically implanted WT or

Gem-R cells in the pancreas of athymic nude mice. Starting at

day 7 post-implantation, the mice were treated with digoxin,

gemcitabine, or saline. Treatment with gemcitabine reduced

tumor volume, glucose uptake, and proliferation inWTmice (Fig-

ures 6E–6K). However, we observed no significant reduction in

tumor volume in the Gem-R tumor-bearing group due to gemci-

tabine treatment (Figures 6E and 6I). Digoxin treatment dimin-

ished tumoral glucose uptake and CA IX expression in mice in

both groups (Figures 6F and 6G). A combination of gemcitabine

and digoxin significantly diminished tumor volume and prolifera-

tion and increased survival in both WT and Gem-R groups

(Figures 6E–6K and S5E). Treatment with YC1, another HIF-1a

inhibitor, showed similar results (Figures 6I–6K). Treatment with

combinations of digoxin or YC1 with gemcitabine also induced

apoptosis (Figure 6J). Digoxin or YC1 did not cause any signifi-

cant decrease in overall mouse body weight (Figures S5F and

S5G). We also evaluated if genetic knockout of HIF1A would

also sensitize tumor cells to gemcitabine. We observed a signif-

icant decrease in tumor burden, proliferative index, and CA IX

staining upon treatment of HIF1A knockout WT or Gem-R cell-

derived tumors with gemcitabine (Figures 6L–6O). We also eval-

uated the effect of gemcitabine and digoxin on patient-derived

xenografts (PDXs) in athymic nude mice. Without affecting

body weight, the combination of gemcitabine and digoxin signif-

icantly reduced growth, size, and proliferative index of tumors in

mice (Figures 6P–6T and S5H). Taken together, these data indi-

cate that targeting HIF-1a in combination with gemcitabine in

Gem-R-tumor-bearing mice and PDX-implanted mice can abro-

gate tumor growth.

MUC1 Enhances HIF-1a Levels and Diminishes
Gemcitabine Sensitivity in Gem-R Cells
We have previously demonstrated that MUC1, a large type 1

transmembrane protein, stabilizes and activates HIF-1a and

increases glucose uptake and metabolism (Chaika et al.,

2012a; Mehla and Singh, 2014). Our studies indicate that

Gem-R cells have increased glucose and HIF-1a dependence.

Interestingly, Gem-R cells also have increased MUC1 expres-

sion compared with the WT cells (Figure 7A). Hence, we further

investigated if MUC1 expression is at least in part responsible

for HIF-1a stabilization and the metabolic phenotype in our

acquired gemcitabine resistance models. To achieve this, we

generated Gem-R cells with stable knock down of MUC1 (Fig-

ure 7B). MUC1 knockdown Gem-R cells presented decreased
e

T cells. X indicates the number of phosphate groups and can be mono-, di-, or

d analyzed by Student’s t test.

says at 72 hr post-treatment.

e and different nucleosides (100 mM) for 72 hr. Scale bars, 100 mm.

ined by LC-MS/MS in WT and Gem-R cells under treatment with gemcitabine

y one-way ANOVA and Bonferroni’s post hoc test.

cancer cell lines. ‘‘r’’ depicts Pearson correlation value and p values denote

ine/5-FU chemotherapy with high (abovemedian; n = 12) or low (belowmedian;

ata were compared with log rank (Mantel-Cox) test. For all in vitro studies n = 3

p < 0.001 compared with WT controls. See also Figure S4 and Table S1.
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HIF-1a protein expression (Figure 7B) and reduced glucose

uptake and lactate release (Figures 7C and 7D). Furthermore,

knocking down MUC1 significantly diminished gemcitabine

resistance in Gem-R cells (Figure 7E).

Reduced CTPS and TKT Levels in Human Pancreatic
Cancer Patients Correlate with Increased Gemcitabine
Sensitivity
We investigated the levels of most genes involved in the PPP,

pyrimidine, and purine synthesis pathways in 17 pancreatic can-

cer cell lines and correlated them with the IC50 of gemcitabine.

We observed that gemcitabine resistance has a direct correla-

tion with the expression of TKT and CTPS (Figure 8A). We

also performed immunohistochemistry (IHC) studies on flash-

frozen tissue sections from tumors from pancreatic cancer

patients obtained through the Rapid Autopsy Program at the

UNMC (Table S1, cohort 3). Our data revealed a significant

increase in TKT and CTPS expression in primary and metastatic

pancreatic cancer tissues compared with the normal pancreas

(Figure 8B). Utilizing these patient data, we investigated if

TKT/CTPS expression in primary tumors correlated with survival

of patients treated with pyrimidine analog-based chemotherapy.

Patients with higher CTPS or TKT expression in primary

tumors had a significantly decreased progression-free survival

(Figure 8C).

To summarize, gemcitabine-resistant tumors demonstrate

increased HIF-1a-mediated glucose uptake. Glucose carbon

is fed through both glycolysis and the non-oxidative PPP.

Differentially increased carbon flux through the non-oxidative

PPP and pyrimidine biosynthesis pathways leads to an in-

crease in the cytoplasmic pools of deoxycytidine triphosphate
Figure 5. HIF-1a Regulates the Metabolic Phenotype and Gemcitabine

(A) Expression of HIF-1a and HIF-1a-dependent gene products in WT versus

(1% oxygen) for 12 hr, and the lysates were utilized for immunoblotting to determ

control.

(B) WT and Gem-R cells were stably knocked down for HIF1A or HIF2A using shR

HIF-1a was confirmed by immunoblotting lysates from cells cultured under norm

(C) Glucose uptake in WT and Gem-R cells as measured by [3H]2DG labeling

cultured under normoxia or hypoxia (1% oxygen) for 12 hr. Raw scintillation value

controls.

(D) Gemcitabine responsiveness in shScr, shHIF1A, or shHIF2A Gem-R cells com

followed by MTT assays. Data are presented relative to respective untreated shS

(E) PANC-1 and MIA PaCa-2 pancreatic cancer cells were assessed for knockdow

conditions.

(F) Effect of HIF1A-knockdown on cell survival under gemcitabine-treated or unt

(G) Glucose uptake in shScr and shHIF1A cells as measured by [3H]2DG labeling

12 hr. Raw scintillation values were normalized to cell counts and are plotted as

(H) Evaluation of HIF-1a expression upon CRISPR/Cas9-mediated knockout of H

Capan-1 WT and Gem-R cells by western blotting (left). b-Tubulin was used as

responsiveness byMTT assays in Capan-1WT andGem-R cells after 72 hr treatme

Gem-R cells.

(I) Occupancy of CTPS1 and TKT promoters by HIF-1a was assessed by ChIP u

HIF-1a at proximal (�143) and distal (�744) CTPS1 promoter regions and TKT

hypoxic conditions (6 hr) is presented as relative to that in T3M4 WT cells under

(J) Co-localization of CTPS and TKT with 2-nitroimidazole (EF5; a hypoxia prob

fluorescence microscopy. Tumors were collected after 4 weeks of implantation.

(K) Co-localization of CTPS and TKT with CA IX in tumor sections from orthotopica

collected after 4 weeks of implantation. Scale bars, 250 mm.

(L) Co-localization of CTPS and TKT with CA IX in primary tumor sections from h

For all in vitro studies n = 3 per sample. Data in bar charts were compared with

resented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figur
(dCTP), which can outcompete gemcitabine from incorporating

into the replicating DNA (Figure 8D). Inhibition of glycolysis

or pyrimidine biosynthesis leads to increased gemcitabine

sensitivity.

DISCUSSION

Drug resistance is the major cause of the failure of clinical effec-

tiveness of chemotherapy. Pyrimidine analogs gemcitabine or

5-fluorouracil, alone or in combination with other drugs, are

the current standard of care for advanced metastatic pancreatic

cancer. However, the response to gemcitabine in patients is

very poor with no drastic reduction in metastasis or increase

in patient survival (Heinemann et al., 2000). Multiple molecular

mechanisms of gemcitabine resistance encompassing different

pathways have been suggested. However, most previous

studies have mainly addressed acquired resistance due to

changes in the rate of drug influx or efflux. Our current study

presents strong evidence for the utility of agents targeting

tumor cell metabolism in abrogating gemcitabine resistance in

pancreatic cancer. Here, we present a mechanism of chemore-

sistance by which cancer cells increase intracellular cytidine

pools that can in turn render gemcitabine ineffective by molec-

ular competition.

Alteredmetabolism is one of the important hallmarks of cancer

(Hanahan and Weinberg, 2011). The hypoxic microenvironment

of pancreatic tumors stabilizes HIF-1a, which is themaster regu-

lator of glucosemetabolism and induces glucose dependence in

cancer cells (Semenza, 2003, 2009). The increased glucose up-

take under hypoxia not only feeds into the glycolysis pathway,

but also into intermediate pathways to generate biomass.
Resistance in Pancreatic Cancer

Gem-R cells. Cells were cultured under normoxia (20% oxygen) or hypoxia

ine the levels of HIF-1a, GLUT1, and LDHA. b-Tubulin was used as a loading

NA. A scrambled shRNA (shScr) was used as a control. Knockdown status of

oxia and hypoxia for 6 hr, using b-tubulin as a loading control.

. Scrambled control (shScr), shHIF1A, or shHIF2A cells in each group were

s were normalized to cell counts and depicted as percent of shScr WT/Gem-R

pared with the shScr WT cells. Cells were treated with gemcitabine for 72 hr,

cr controls for WT and Gem-R cells.

n of HIF1A by immunoblotting lysates from cells under normoxic and hypoxic

reated conditions for 72 hr as determined by MTT assays.

. Cells in each group were cultured under normoxia or hypoxia (1% oxygen) for

percent of normoxic shScr cells.

IF1A (with two independent target regions of HIF1A, i.e., KO#1 and KO#2) in

a loading control. Evaluation of the effect of HIF1A knockout on gemcitabine

nt (right). Data is presented relative to respective untreated controls forWT and

sing anti-HIF-1a Ab or IgG control, followed by qPCR analysis. Occupancy of

promoter region from T3M4 WT and T3M4 Gem-R cells under normoxic and

normoxic conditions.

e) in tumor sections from orthotopically implanted Capan-1 cells by immuno-

Scale bars, 250 mm.

lly implanted Capan-1 cells by immunofluorescencemicroscopy. Tumors were

uman pancreatic cancer patients. Scale bars, 50 mm.

the controls by one-way ANOVA with Tukey’s post hoc analysis and are rep-

e S4.
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Figure 6. Pharmacological Inhibition of HIF-1a Improves Gemcitabine Sensitivity

(A) Immunoblotting for HIF-1a in T3M4 and Capan-1 WT and Gem-R cells cultured under normoxia or hypoxia (for 12 hr), treated with or without digoxin (Dig)

for 12 hr.

(B) The dCTP levels relative to control WT cells, under treatment with solvent control or digoxin, as determined by LC-MS/MS. Values are presented relative to

solvent control-treated WT cells.

(legend continued on next page)
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Hypoxia has been linked with resistance in various cancers

(Song et al., 2006), including pancreatic cancer (Yokoi and Fi-

dler, 2004). A recent study by Lin et al. (2011) demonstrates

that HIF-1a makes cells resistant to cisplatin, oxaliplatin, and

paclitaxel. However, none of these studies directly determine

the effect of HIF-1a or the underlying metabolic phenotype

on gemcitabine sensitivity. Our data demonstrate that gemcita-

bine-resistant pancreatic cancer cells have increased expres-

sion of HIF-1a, accompanied by increased glycolytic pheno-

type and dependence on glucose. Previous studies from our

lab indicate that the cytoplasmic tail of MUC1, a type I trans-

membrane protein, physically interacts with and prevents the

proteasomal degradation of HIF-1a in pancreatic cancer cell

lines and animal models (Chaika et al., 2012a) and, here, we

observed increased expression of MUC1 in gemcitabine-resis-

tant cells. Hence, we demonstrate that Gem-R cells stabilize

HIF-1a by upregulating MUC1 expression. We also observed

increased gemcitabine sensitization upon inhibition of HIF-1a

in culture conditions, orthotopic implantation models, and

PDX models.

Increased glycolysis serves to rapidly generate the biosyn-

thetic intermediates to supply the ingredients for cell growth

and proliferation. Our results indicate that increased glucose

uptake in Gem-R cells is fed through the non-oxidative arm of

PPP for de novo synthesis of pyrimidine nucleotides. TKT and

CTPS are upregulated in Gem-R cells. Together, TKT and

CTPS could serve to increase carbon flux into the pyrimidine

biosynthetic pathway. Likewise, inhibition of DHODH, a key

enzyme in the pyrimidine biosynthesis pathway, with lefluno-

mide, increased gemcitabine sensitivity in the Gem-R cells.

Previous studies show a TKT-mediated increase in the non-

oxidative PPP in BCR-ABL-upregulated imatinib-resistant tu-

mors (Zhao et al., 2010). It is possible that HIF-1a-mediated

upregulation of TKT might be a common mechanism of survival

in chemotherapy-resistant cancers. However, it is unlikely that

pyrimidine synthesis would be essential for imatinib resistance

in BCR-ABL tumors. Increased nucleotide synthesis in Gem-R

cells leads to accumulation of dCTP and causes competitive in-
(C and D) Effect of digoxin treatment (100 nM) on gemcitabine responsiveness of T

treatment with digoxin, a range of doses of gemcitabine, or both. Effect of digoxin

a single open diamond symbol.

(E–K) Effect of digoxin and YC1 on gemcitabine responsiveness in orthotopically i

volumes upon necropsy (after 3 weeks of treatment) in orthotopically implante

biweekly), digoxin (2 mg/kg, daily), or YC1 (15 mg/kg, daily) alone, or gemcitabine

determined 3 weeks after implantation; the mice were injected intraperitoneally w

staining for Ki-67 and CA IX or cleaved caspase-3 (G and J) and Ki-67 staining

treatment groups.

(L–O) Effect of CRISPR/Cas9-mediated HIF1A knockout (with two independent ta

orthotopically implanted Capan-1 WT and Gem-R tumor models. Tumor volume

subjected to treatments with control or gemcitabine (L). IHC staining for Ki-67 and

from the indicated treatment groups. Evaluation of HIF1A knockout status by we

(P–T) Effect of digoxin on gemcitabine responsiveness in a patient-derived xeno

tumor-implantedmice subjected to treatments with control, gemcitabine alone (50

volumes were quantified by caliper measurements and statistically compared by

indicates comparison of tumor volumes in gemcitabine- and digoxin-treated m

alone (P). Body weights of mice with the indicated treatments (Q). Representative

quantitation (T). Ki-67-positive and -negative cells were counted manually in ten fi

of mice in each cohort.

For all in vitro studies n = 3 per sample. Data are represented as mean ± SEM. All

ANOVA with Tukey’s post hoc analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. S
hibition of gemcitabine activity, thereby promoting gemcitabine

resistance. While the Gem-R cells are able to take deoxycytidine

and gemcitabine from extracellular milieu, they are able to main-

tain a higher deoxycytidine/gemcitabine ratio and hence sustain

gemcitabine resistance. In addition, cell-extrinsic mechanisms

of resistance have been identified, including drug scavenging

by fibroblasts (Hessmann et al., 2017). The cell-intrinsic mecha-

nisms of resistance identified in the current study are expected

to operate in concert with the cell-extrinsic mechanisms of

resistance.

For the last three decades gemcitabine has been the only

single-agent treatment option for advanced metastatic pancre-

atic cancer patients (Burris and Storniolo, 1997). However,

frequent development of resistance to this therapy contributes

to poor prognosis of patients. Multiple molecular targets have

been proposed to increase the efficacy of gemcitabine in

pancreatic cancer; however, no significant advance has re-

sulted so far from such efforts. Our study delineates the core

metabolic alterations that mediate gemcitabine resistance in

acquired as well as intrinsically resistant pancreatic cancer

cells, thereby elucidating a widely prevalent metabolic mecha-

nism of gemcitabine resistance. Targeting these core metabolic

pathways could overcome gemcitabine resistance in pancre-

atic cancer.
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Figure 7. Knocking Down MUC1 Abrogates HIF-1a Levels and Increases Gemcitabine Sensitivity in Gem-R Cells

(A) Relative MUC1 expression in Gem-R versus WT cells as determined by immunoblotting.

(B) MUC1 and HIF-1a protein levels in WT, Gem-R, and MUC1 knockdown Gem-R cells, as determined by immunoblotting. b-Tubulin was used as a loading

control.

(C) Relative glucose uptake determined by [3H]2DG uptake assays inMUC1 knockdown Gem-R compared with scrambled controls of Gem-R andWT cells. Raw

scintillation values were normalized to cell counts and depicted as percent of shScr WT controls.

(D) Relative lactate release from shScrWT, shScr Gem-R, andMUC1 knockdown Gem-R cells. Raw values were normalized to cell counts and plotted as percent

of shScr WT controls.

(E) Effect of MUC1 knockdown on gemcitabine sensitivity in Gem-R versus WT cells as denoted by pictomicrographs and survival curves. Scale bars, 100 mm.

Cell survival was measured by MTT assay after 72 hr of gemcitabine treatment. Data in bar charts were compared by one-way ANOVA with Tukey’s post hoc

analysis.

For all in vitro studies n = 3 per sample. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 8. Reduced CTPS and TKT Levels Correlate with Increased Survival in Human Pancreatic Cancer Patients
(A) Correlation of TKT and CTPS1 expression levels versus the IC50 of gemcitabine in 17 pancreatic cancer cell lines. ‘‘r’’ depicts Pearson correlation value, and

p values denote significance of correlation.

(B) IHC staining of TKT and CTPS in formalin-fixed paraffin-embedded sections obtained from normal human pancreas, PDAC, and metastatic lesions. Scale

bars, 250 mm.

(C) Kaplan-Meier progression-free survival analysis of PDAC patients on gemcitabine/5-FU chemotherapy with high (above a composite score of 9; n = 8 for TKT,

n = 10 for CTPS) or low (below a composite score of 9; n = 17 for TKT, n = 15 for CTPS) TKT or CTPS expression levels based on IHC in pancreatic tumors.

Comparisons were made by log rank (Mantel-Cox) test and p values denote significance of alterations in survival in TKT or CTPS high- versus low-expressing

population.

(D) Graphical summary for the metabolic basis of gemcitabine resistance in pancreatic cancer. Gemcitabine-resistant cells demonstrate increased

HIF-1a-mediated glucose uptake and, resultantly, increased flux of glucose through the PPP and pyrimidine biosynthesis to generate dCTP. Inhibition of HIF-1a

or pyrimidine biosynthesis increases gemcitabine sensitivity in pancreatic cancer cells. R5P, ribose-5-phosphate; UMP, uridine 50-monophosphate; dCTP,

deoxycytidine 50-triphosphate; dFdCTP, 20,20-difluorodeoxycytidine 50-triphosphate or gemcitabine 50-triphosphate. See also Table S1.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT SOURCE IDENTIFIER

Antibodies

Purified Mouse Anti-Human HIF1-a BD Biosciences Cat# 610959; RRID:AB_610959

Anti-MUC1 antibody[CT2] Abcam Cat# ab80952; RRID:AB_1640314

Anti-Glucose Transporter GLUT1 antibody Abcam Cat# ab 15309; RRID:AB_301844

LDHA(C4B5) Rabbit mAb Cell Signaling Technology Cat# 3582; RRID:AB_2066887

Cleaved Caspase-3 (Asp175) Antibody Cell Signaling Technology Cat# 9661; RRID:AB_2341188

Ki-67, Rabbit Monoclonal Antibody Thermo Fischer Scientific Cat# RM9106-SO; RRID:AB_2341197

Anti-CTPS (416-430) antibody produced in rabbit Sigma-Aldrich Cat# SAB1101071; RRID:AB_10606733

Anti-TKT antibody produced in rabbit Sigma-Aldrich Cat# HPA029481; RRID:AB_10558885

Human Carbonic Anhydrase IX/CA9 Antibody Thermo Fischer Scientific Cat# MA5-16318; RRID:AB_2537837

Beta-tubulin (E7) Developmental Studies Hybridoma

Bank, University of Iowa

Cat#AB2315513; RRID:AB_528499

Cy3-conjugated anti-EF5antibody Gift from Prof. Cameron J Koch N/A

Chemicals

2-Deoxy-D-glucose Sigma-Aldrich Cat# D8375

[3H] 2-Deoxy-D-glucose Perkin Elmer Cat# NET328A001MC

RediJect 2-DG Fluorescent Imaging Probe Perkin Elmer Cat#760561

Gemcitabine Teva Parenteral Medicine Inc Cat#NDC0703-5778-01

YC1 Tocris Bioscience Cat# 4307/50

Digoxin Sigma-Aldrich Cat# D6770

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT)

Sigma-Aldrich Cat# M2128

20-Deoxycytidine Sigma-Aldrich Cat# D3897

20-Deoxyadenosine monohydrate Sigma-Aldrich Cat# D8668

20-Deoxyguanosinemonohydrate Sigma-Aldrich Cat# 854999

Thymidine Sigma-Aldrich Cat# T1895

Acivicin Sigma-Aldrich Cat# SML0312

Leflunomide Enzo Life Sciences Cat# ALX-430-093-M050

Digoxin (500 mcg/2ml) West-Ward Pharmaceuticals, NJ Cat# 0641-1410-35

D-GLUCOSE (U-13C6, 99%) Cambridge Isotope Laboratories, Inc. Cat# CLM-1396-PK

Glucose, D[1-14C] Perkin Elmer Cat# NEC043X001MC

Glucose, D[14C(U)] Perkin Elmer Cat# NEC042X001MC

Glucose, D[6-14C] Perkin Elmer Cat# NEC045X050MC

Rotenone Sigma-Aldrich Cat# R8875

2,4-Dinitrophenol Sigma-Aldrich Cat# D198501

EF5 Gift from Prof. Cameron J Koch N/A

Critical Commercial Assays

L-Lactate Assay Kit Eton Bioscience Inc. Cat# 120001400A

Verso cDNA synthesis Kit Thermo Fischer Scientific Cat# 1453A

Glucose-6-Phosphate Dehydrogenase Assay kit Cayman Chemicals Cat# 700300

Experimental Models: Cell Lines

Human: Capan-1 American Type Culture Collection Cat# ATCC HTB-79

Human: PANC-1 American Type Culture Collection Cat# ATCC CRL-1649

Human: CFPAC-1 American Type Culture Collection Cat# ATCC CRL-1918

Human: BxPC-3 American Type Culture Collection Cat# ATCC CRL-1687

(Continued on next page)
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Continued

REAGENT SOURCE IDENTIFIER

Human: HPAF-II American Type Culture Collection Cat# ATCC CRL-1997

Human: AsPC-1 American Type Culture Collection Cat# ATCC CRL-1682

Human: SUIT-2 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Human: Colo 357 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Human: MIA PaCa-2 American Type Culture Collection Cat# ATCC CRL-1420

Human: S2-013 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Human: T3M4 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Human: S2-007 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Human: Panc 03.27 American Type Culture Collection Cat# ATCC CRL-2549

Human: Capan-2 American Type Culture Collection Cat# ATCC HTB-79

Human: HuP-T3 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Human: PaTu 8902 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Human: QGP-1 Gift from Dr. Michael Hollingsworth Authenticated by STR profiling at UAGC

Experimental Models: Organisms

Mouse: Athymic Foxn1nu/Foxn1nu Charles River Laboratories N/A

Oligonucleotides

Primers for qPCR Eurofins MWG operons (See Table S3)

Primers for ChIP

ChIP-hCTPS1 (-744)-F Eurofins MWG operons TCCTGAGTAGCTGGGACTACA

ChIP-hCTPS1 (-744)-R Eurofins MWG operons TCACAAGGTCAGGAGTTCAAGA

ChIP-hCTPS1 (-143)-F Eurofins MWG operons AGCAAGCACCCATAACAACC

ChIP-hCTPS1 (-143)-R Eurofins MWG operons GCTGCTTTGGATGGACTAGG

ChIP-hTKT (-800)-F Eurofins MWG operons CAAGACCTGCCTGGGTAAAG

ChIP-hTKT (-800)-R Eurofins MWG operons GAGTGATTACAGCTGCCTGAAG

Recombinant DNA

pRSG1-U6-sgXX-CMV-Cas9 CELLECTA N/A

sgRNA-hHIF1A target sequence #1 Eurofins MWG operons AGGATGCTTGCCAAAAGAGG

sgRNA-hHIF1A target sequence #2 Eurofins MWG operons CAGACACCTAGTCCTTCCGA

Software and Algorithms

Metaboanalyst 3.0 www.metaboanalyst.ca

MassLynx 4.1 Waters Inc. www.waters.com/waters/en_US/MassLynx

MVAPACK Worley and Powers, 2014 http://bionmr.unl.edu/mvapack.php

Chenomx NMR Suite 7.6 Chenomx Inc. www.chenomx.com/

NMRViewJ One Moon Scientific www.onemoonscientific.com/nmrviewj

NMRPipe NIH, Bethesda, Maryland https://spin.niddk.nih.gov/bax/NMRPipe/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for resources and reagents should be directed to the lead contact: Pankaj K. Singh (pankaj.singh@

unmc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
Capan-1 (source: male), Capan-2 (source: male), PANC-1 (source: male), CFPAC-1 (source: male), BxPC-3 (source: female), HPAF-II

(source: male), AsPC-1 (source: female), SUIT-2 (source: male), FG/Colo 357 (source: female) and MIA PaCa-2 (source: male)

pancreatic cancer cells were obtained from the American Type Culture Collection (Rockville, MD). S2-013 and S2-007 are cloned

sub-lines of a human pancreatic tumor cell line (SUIT-2; source: male) derived from a liver metastasis. S2-013, S2-007, SUIT-2,

Panc 03.27 (source: female), HuP-T3 (source: male), QGP-1 (source: male), PaTu 8902 (source: male), and T3M4 (source: male)

cell lines were a generous gift from Dr. Michael Hollingsworth (Eppley Institute, UNMC, Omaha, NE). All the cell lines were cultured
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in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, penicillin (100 mg/ml) and streptomycin

(100mg/ml), and incubated at 37�C in a humidified chamber with 5%CO2. All cells were passagedwith 0.25% trypsin/2.21mMEDTA

in PBS when they reached a confluency of 75-80%. The cell lines were validated by STR profiling at University of Arizona Genetics

Core (UAGC).

In Vivo Mouse Studies

Female athymic nude mice (Foxn1nu/Foxn1nu) age 4-6 weeks were purchased from Charles River Laboratories and housed in the

Animal Facility at the University of Nebraska Medical Centre, Omaha, USA. All procedures were approved by the University of Ne-

braska Medical Centre Institutional Animal Care and Use Committee and in accordance to NIH guidelines. For all the treatment

studies mice were randomly assigned to different treatment group. For xenograft studies, after establishing tumor mice were

randomly distributed in different group.

Human Studies
The age, tumor grade, and sex of the subjects is provided in Table S1. Sample size information is indicated in the figure legends. All

the studies with human subjects were approved by the UNMC IRB committee the committee. Also, informed consent waiver was

approved by the UNMC IRB committee for all subjects.

METHOD DETAILS

Glucose Uptake Assay
WT and Gem-R cells were treated with the indicated agents for 12 hr and glucose uptake was performed by utilizing [3H]-2-DG as

previously described (Shukla et al., 2014).Briefly, 5X104 cells were seeded per well in 24 well plate and incubated over-night at 37�C
with 5% CO2. Next day, cell were starved for glucose for 2 hr and then treated with 1 mCi [3H]-2-deoxyglucose (DG) for 20 min. After

incubation, cells were washed twice with PBS and lysed in 1% SDS. Lysates were transferred to scintillation vials containing scin-

tillation fluid. The vials were subjected to [3H] counting by utilizing automated scintillation counter. The values were normalized with

respective cell counts.

Mass Spectrometric Metabolomics Analysis
Cells were seeded in 6 cm plates and two hours before the collection of metabolites the culture medium was replaced with fresh

medium. Polar metabolites were extracted and then analyzed with LC-MS/MS using the selected reaction monitoring (SRM) method

with positive/negative ion polarity switching on a Xevo TQ-S mass spectrometer (Gunda et al., 2016; Yuan et al., 2012). Peak areas

integrated using MassLynx 4.1 (Waters Inc.) were normalized to the respective protein concentrations and the resultant peak areas

were subjected to relative quantification analyses by utilizing Metaboanalyst 3.0 (www.metaboanalyst.ca) (Xia and Wishart, 2016).

Lentiviral Knockdown/Knockout
shRNA-mediated knockdown of HIF1A andHIF2A in WT and Gem-R (Capan-1 and T3M4), and GLS and GLS2 in T3M4 Gem-R cells

were generated using targeted sequences described previously (Chaika et al., 2012a; Cheng et al., 2011). Single vectors carrying

Cas9 nuclease and CRISPR sgRNA targeting control or different regions ofHIF1Awere utilized to establishHIF1A knockout. CRISPR

sgRNA-Cas9 cassettes were lentivirally transduced to WT and Gem-R cells. Cells were selected against puromycin.

FACS Sorting for GLUT1-High and -Low Cells
2.5x106 Capan-1 Gem-R cells plated in a 10 cm dish were gently trypsinized and washed in cold PBS with 1%BSA twice. Cells were

incubated with primary antibody for GLUT1 (Abcam, 1:200) for 45 min on ice. The cells were then washed thrice with cold PBS con-

taining 1% BSA, and incubated with Alexa-488-conjugated secondary Ab for 30 min. The cells were finally washed thrice and sorted

by flow cytometry for high- and low-GLUT1 expression.

MTT Cytotoxicity Assays
A total of 6,000 cells/well were plated in 96well plates 12 hr before the treatment. The cells were then treatedwith indicated agents for

72 hr. At the end of the treatment, 10% v/v of 5-mg/ml solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)

agent was added for 2 hr. The medium was then removed and the cells were dissolved in DMSO (Sigma, St Louis, MO). Relative

cytotoxicity was determined by measuring the absorbance at 570 nm using a BMG Labtek plate reader. All experiments were

done in triplicates and a mean with SEM was calculated.

Clonogenic Assays
Capan-1 and T3M4, WT and Gem-R cells were treated with gemcitabine (concentrations indicated) for 72 hr, followed by plating 500

cells per well in 6 well plates. Colonies were stained and imaged 18 days later using 0.2% crystal violet in 80% methanol.
e3 Cancer Cell 32, 71–87.e1–e7, July 10, 2017

http://www.metaboanalyst.ca


Soft Agar Assays
5000 cells were suspended in 1 ml top agar made of 0.4% NuSieve GTG agarose in DMEM and seeded over 2 ml of bottom agar

composed of 0.8% NuSieve GTG agarose in DMEM. Colonies were counted after 15 days and colony size measured by

pictomicrography.

Glutamine Uptake Assay
Pancreatic cancer cells were seeded in 24 well plates. At the end of the treatment, the control wells were treated with 4 mM of gluta-

mine for 10min, followed by addition of 4 ml of [3H]-glutamine (Perkin Elmer). The cells were washed and lysed in 1%SDS followed by

measurement of radiolabel using a scintillation counter. The raw values were normalized to cell counts.

XF24 Extracellular Flux Analysis
Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) analyses were performed with an XF24 extracellular flux

analyzer (Seahorse Biosciences, North Billerica, MA) as described previously (Wu et al., 2007). Briefly, 3.5x104 cells were seeded per

well in 24-well cell culture plates (Seahorse Biosciences, North Billerica, MA) in DMEM with 10% FBS and incubated at 37�C, over-
night in 5% CO2 incubator. Next day, growth medium was replaced with bi-carbonate free DMEM and cells were incubated at 37�C
for 1 hr in CO2 free incubator to equilibrate media temperature and pH. By utilizing a Seahorse XF24 analyzer, ECAR and OCR were

measured in baseline conditions and under treatment with 2,4-dinitrophenol (2,4 DNP; 100 mM), 2-deoxy glucose (2-DG; 100 mM)

and rotenone (1 mM). Values ae presented as mean ± standard error of mean.

1-14C- and 6-14C-Glucose CO2 Release Assay
CO2 release assay was performed as previously described (Ying et al., 2012). Briefly, cells were treated with 1 mCi of 1-14C- and

6-14C-glucose followed by incubation at 37oC for the indicated durations. At the end, 150 ml of 3M perchloric acid was added and

the wells were immediately covered with Whatmann’s filterpaper dipped in phenylethylamine. The released radiolabeled CO2

captured on the filter paper was measured with a scintillation counter.

Lactate Release Assay
Lactate levels secreted into the media were analyzed by colorimetric assays. The assay was performed as per the manufacturer’s

protocol utilizing Lactate Assay Kit II (Eton Bioscience Inc.).

Glucose-6-Phosphate Dehydrogenase Assay
Glucose 6-phosphate dehydrogenase activity was measured by flurometric measurement. The assay was performed as per manu-

facturer’s protocol by utilizing Glucose-6-Phosphate Dehydrogenase Assay Kit (Cayman Chemicals).

Gene Expression Analysis by Real-Time PCR (qPCR)
Total RNA was isolated by using RNAeasy columns (Quiagen) as per manufactures protocol. Total RNA (5 mg) was reverse tran-

scribed by using Verso-cDNA synthesis kit (Thermo-Scientific) according to the manufacturer’s guidelines. qPCR was performed

with gene specific primers at 95�C for 10 sec, 60�C for 60 sec (40 cycles) in 10ml reaction mix containing 3ml cDNA, 2 ml primers

and 5 ml SYBR Green master mix (Applied Biosystems) using an ABI 7900 thermocycler. Beta-actin was used as an internal control.

Quantification was performed with the DDCt method (Schmittgen and Livak, 2008). See Table S3 for the primer sequences used for

qPCR analysis. All the mRNA correlations with gemcitabine IC50 were performed by utilizing the following cell lines: Capan-1,

PANC-1, CFPAC-1, BxPC-3, HPAF-II, AsPC-1, SUIT-2, Colo 357, MIA PaCa-2, S2-013, T3M4, S2-007, Panc 03.27, Capan-2,

HuP-T3, PaTu 8902, and QGP-1.

Chromatin Immunoprecipitation Analysis
ChIP assays were performed as described previously (Behrens et al., 2010). 3.0 ml purified chromatin for ChIP analysis were usedwith

Sybr green master mix (Applied Biosystems, Foster City, CA, USA) and subjected to qPCR analysis using ABI 7900 thermocycler.

Each reaction was performed in triplicate and the experiments were repeated at least twice to confirm reproducibility. Values

were obtained for the threshold cycle (Ct) for each gene or genomic region and data were analyzed using the standard curve method.

For ChIP qPCR analysis, values were normalized to an input control and expressed as a fold increase over enrichment detected using

IgG, as published previously (Behrens et al., 2010). The average expression ± S.E.M. was reported. See the Key Resources Table for

primer sequences.

Immunoblotting
Cell lysates were prepared by scraping cells (225 cm2, 80-90% confluent) into 1.5 mL of lysis buffer (50 mM Tris-HCl pH 8.0 contain-

ing 1% NP-40, 150 mM NaCl, 5 mM EDTA and 1 mM phenylmethylsulphonyl fluoride). Western blottings were performed as previ-

ously described (Singh et al., 2008). The membranes were probed with primary antibodies against HIF1a (BD Biosciences), MUC1

(Abcam), GLUT1 (Abcam) and LDHA (Abcam).
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Immunohistochemistry
Immunohistochemistry was performed by utilizing goat anti-rabbit IgG-AP with Fast-Red to produce red stain (PicTure�-Double

Staining kit, Invitrogen), as per the manufacturer’s instructions. Following primary antibodies were utilized: Ki67 (Thermo Fisher),

CTPS (Sigma) and TKT (Sigma). The stained sections were imaged at 200 X under an inverted microscope. Cells with Ki67 positive

nuclear staining were counted in 3 random fields at 200 Xmagnification. The intensity score was given by evaluating staining intensity

of positive staining (0 = none; 1 = weak; 2 = intermediate, 3 = strong). The proportion score representing the percentage of positively

stained cell (0 = none; 1 = less than 5%; 2 = 5–25%; 3 = 26–50% 4 = 51–75% 5 = above 75%). The overall protein expression in each

sample is expressed as histoscore, which is the multiplication product of the proportion (0–5) and intensity scores (0–3) and is

between 0–15, with a maximum of 15. The staining score was evaluated by two independent pathologist-trained observers.

Hypoxia Imaging and Co- localization with CTPS and TKT
Hypoxia imaging in tumor tissues and co-localization of CTPS or TKT with EF5 or CA IX by immunofluorescence microscopy was

performed as described previously (Chaika et al., 2012a). Briefly, tumor-bearing mice were injected with100 micro liter EF5 solution

(3 mg/ml) three hours before necropsy. After necropsy tumor pieces were flash-frozen. Seven micrometer thick Flash-frozen tumor

sections were then first stained with anti-CTPS/ anti-TKT antibodies followed by staining with Cy3-conjugated anti-EF5 monoclonal

antibody along with Alexa-488 anti-Rabbit polyclonal antibodies. Tissue sections were stained with mouse anti-CA IX antibody along

with rabbit anti-CTPS or anti-TKT antibodies where applicable. Sections were counterstained with DAPI. Immunofluorescence

images were captured by using Leica DMI6000B microscope at 200 X magnification.

Tumor Growth Studies
Congenitally athymic female nude mice (NCr-nu/nu) were purchased from the Charles River Laboratories, USA. We orthotopically

implanted 0.5x106 WT or Gem-R cells in the pancreas of athymic nude mice. Starting day 7 post-implantation, the mice were treated

with digoxin (2 mg/kg, daily), leflunomide (10 mg/kg/day), gemcitabine (50 mg/kg, biweekly), YC1 (15 mg/kg, daily), PBS (100 ml,

daily), saline control or combinations. Mice were monitored for a period of 30 days and were sacrificed when the tumor reached

1000 mm3 in dimension. For the macroscopic evaluation of metastasis, we considered occurrence of metastasis if at least one met-

astatic nodule was present in an organ.

Patient-Derived Xenograft (PDX) Studies
Six to eight-week-old female athymic nudemice were used to implant PDX tumors. Tumor samples were cut in to 3-4mmpieces and

immediately placed in F-12 HAM (SIGMA-ALDRICH, MO, USA) medium supplemented with 50% fetal calf serum and 50 units/ml

penicillin and 50 microgram/ml streptomycin. Tumor tissue pieces were embedded into Matrigel before subcutaneous implantation

into mice. After implantation of tumor tissue, xenografts were allowed to grow for 4 weeks. When tumor size reached 150 mm3, mice

were divided into four groups (vehicle control, gemcitabine (50 mg/kg, twice per week), digoxin (2 mg/kg, per day) and digoxin with

gemcitabine), and treated for 18 days. Tumor volume and body weight were recorded regularly during the treatment. After 18 days of

treatment mice were sacrificed and tumor volume, tumor weight etc. were measured. Patient-derived xenograft PATX162 was im-

planted in nude mice with previously published method (Kim et al., 2009) at MD Anderson Cancer Center. Briefly, tumor pieces were

divided in 4-5 mm pieces and placed into Matrigel. Matrigel-embedded tumor pieces were then subcutaneously implanted to both

flanks of athymic nude mice. Six to eight-week-old athymic female nude mice were utilized for subcutaneous implantation. When

tumors reach the size of �100 mm3 mice divided into 4 groups with 5 mice in each group. Mice were treated for 6 weeks with gem-

citabine at 50 mg/kg twice a week, digoxin at 2 mg/kg daily, through intraperitoneal injection, or the combination of both agents. The

mice were sacrificed when their tumors reached the size of 15 mm in diameter.

In Vivo Glucose Uptake Assays
Three female athymic Foxn1nu/Foxn1numice per group were intraperitonially injected with 10 nmoles of the XenoLight RediJect-2DG

750 optical probe (Perkin Elmer Inc.) in 100 ml PBS per mouse (as per the manufacturer’s recommendations). Animals were then

imaged using IVIS Spectrum small animal imaging system.

NMR Metabolite Extraction
Cells were harvested at 70-80% confluence. After removing the media by aspiration and washing twice with 1X PBS to remove rem-

nants of the media, metabolites were extracted with 1 ml of cryogenically cold 80% methanol. The plates were then incubated

at �80�C for at least 15 min. Scrapers were used to scrap the cells from the plate and transferred in to an Eppendorf tube. The

tube centrifuged at 13,000 rpm for 5 min to separate the cell extract from the cell debris. The supernatant was then transferred to

a clean tube and 250 ml of Milli-Q water (Millipore, Billerica, MA, USA) was added to the remaining cell debris for re-extraction.

The cell debris weremixedwith thewater by pipetting. The samples were centrifuged to collect the aqueous extract and the collected

water extract wasmixedwith the 80%methanol extract. Vacuum evaporator (SpeedVac�Plus, Savant, Thermo Scientific, Waltham,

MA) and lyophilizer (Labconco, Kansas City, MO) were utilized to evaporate the methanol and lyophilize the water, respectively. The

dried samples were dissolved in 600 ml of 50 mM phosphate buffer in 99.8%D2O (Isotec, St. Louis, MO) at pH 7.2 (uncorrected) with

50 mM 3-(tetramethysilane) propionic acid-2,2,3,3-d4 (TMSP) for spectral referencing. The solution was centrifuged down at 13000

for 5 min and the supernatant was transferred to 5 mm NMR tube.
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NMR Experiment
Bruker AVANCE DRX 500MHz spectrometer equipped with 5 mm triple-resonance cryogenic probe (1H, 13C and 15 N) with a Z-axis

gradient was utilized to acquire the NMR data. The experiment was automated using BACS-120 sample changer, ATM (automatic

tuning andmatching) and Bruker IconNMR� software. The one-dimensional (1D) proton nuclear magnetic resonance (1HNMR) data

were collected at 300 K with 32 K data points, 128 scans, 16 dummy scans and a spectral width of 5,483 Hz using an excitation

sculpting pulse sequence (Nguyen et al., 2007). The 2D 1H-13C hetero-nuclear single quantum coherence (HSQC) NMR spectra

were collected with 2 K data points and a spectrum width of 4,735 Hz in the direct dimension and 64 data points and a spectrum

width of 17,607 Hz in the indirect dimension at 300 K with 64 scans, 16 dummy scans and a 1.5 s relaxation delay.

NMR Data Analysis
The 1D-1H NMR data were analyzed using MVAPACK software (http://bionmr.unl.edu/mvapack.php) (Worley and Powers, 2014).

The raw NMR data was Fourier transformed, automatically phased and binned using adaptive intelligent binning (De Meyer et al.,

2008). The spectra were then normalized using standard normal variate (SNV) and the noise was removed. This data was used to

generate principal component analysis (PCA) model. The intact spectrum was normalized using SNV, noised was removed and

scaled using Pareto scaling to generate orthogonal projections to latent structures discriminant analysis (OPLS-DA) scores and back-

scaled loadings. Metabolite identification from the 1D 1H NMR spectra and backscaled loading were accomplished using the Che-

nomx NMR Suite 7.6 (http://www.chenomx.com/). NMRPipe (NIH, Bethesda, Maryland) and NMRViewJ Version 8.0.3 were used to

process and analyze the 2D 1H-13CHSQCNMR spectra respectively. 2D-1H-13CHSQCNMR spectra peak intensities were normal-

ized by the average peak intensity for a given spectrum. The Human Metabolomics Database (Wishart et al., 2013), Madison Metab-

olomics Consortium Database (Cui et al., 2008) and Platform for RIKEN Metabolomics (Akiyama et al., 2008) were used for peak

assignment.

[18F]FDG-PET, Magnetic Resonance Imaging
[18F]FDG-PET imaging was performed as described previously (Schlaepfer et al., 2015). We performed single-position, whole-body

imaging by using a Siemens Inveon microPET scanner at the University of Colorado Cancer Center Animal Imaging Shared

Resources (AISR). Mice were fasted for 6 h before [18F]FDG injection, and blood glucose levels was assessed prior to the

[18F]FDG injection (all animals had < 80 mg/ml of circulating glucose). Approximately 250 mCi of [18F]FDG, obtained through Univer-

sity of Colorado Hospital (PetNet solutions), was administered by tail vein injection to conscious animals (the precise dose was

assessed by measuring the syringe before and after the injection) (Morelli et al., 2012). Animals were maintained in temperature-

controlled cages for 1 h to allow for awake [18F]FDG uptake in tumors. Under isoflurane anesthesia (2.5 %), animals were placed

on a warm pad (m2m Imaging), and a 10 min emission scan was acquired. [18F]FDG uptake in mouse orthototpic tumors, as well

as control tissues (muscle) was performed by analyzing the micro-PET images with the ASIProVM (Concorde Microsystems) soft-

ware. Regions of interest were drawn with the trace command around the tumors on scan slices, and the total activity of all tumor

slices was summed. The normalized uptake values (NUVs) were obtained by dividing the total activity of the tumor by the time-cor-

rected dose-delivered [time-corrected dose = dose injected x exp(�0.006317 x t)], where t is the time between the injection and scan

time, and it is shown as the fold change of the baseline scan of each respective tumor. Representative images were generated using

the Siemens Inveon Research Workplace software (v3.1.2).

Detection of Gemcitabine and dCTP
Relative quantification of Gemcitabine in the cell lysates was performed using LC-MS/MS-based method. Dried cell extracts were

reconstituted in mass spec grade water followed by chromatography through Synergi Hydro-Reverse Phase column (150x2.0 mm,

Phenomenex) maintained at room temperature. The chromatography method included a gradient with increase of Buffer B (100%

methanol) linearly with simultaneous decrease in the content of Buffer A (20 mM Ammonium acetate, pH 5.0) till 10 min and returning

to initial concentration at 12 min. Gemcitabine elution and detection were performed using Waters Acquity UPLC coupled to Xevo

TQ-S mass spectrometer. For detecting dCTP dried cell extracts were reconstituted in mass spec grade water followed by chroma-

tography using HSS-T3 column (100X2.0 mm,Waters). Chromatography method constituted a linear gradient with increase of Buffer

A (10mMAmmonium formate, pH 6.5) from 0 to 50% in 5min, hold at 50% for 3min, followed by a decrease to 0%by 13min and final

rinse of column at 100%B (100%Acetonitrile) till 15 min. The dCXP correlations with gemcitabine IC50 (Figure 4E) were performed by

utilizing the following cell lines: Capan-1, PANC-1, CFPAC-1, BxPC-3, HPAF-II, SUIT-2, Colo 357, MIA PaCa-2, S2-013, T3M4, S2-

007, Panc 03.27, Capan-2, HuP-T3, and PaTu 8902.

LC-MS/MS for Polar Metabolites and 13C-Glucose Based Flux Analysis
Relative quantification of polar metabolites including deoxycytidine and 13C-labeled metabolites was performed using selected re-

action monitoring and scheduled reaction monitoring based mass spectrometry methods, respectively. Liquid chromatography

method used for separating unlabeled and labeled metabolites constituted an UPLC-based BEH amide column (150x2.1 mm,

Waters) eluted with a gradient buffer composition consisting of Buffer A (100%Acetonitrile) and Buffer B (20mMAmmonium acetate,

pH 9.0) (Gunda et al., 2016).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Nonparametric one-way ANOVA (Kruskal-Wallis tests) were utilized to compare differences between animal groups. One-way

ANOVA with Dunnett’s test was performed to determine the effect of inhibitors on treated and Gem-R cells, as compared to the

WT cells. One-way ANOVA alonewas performed to determine the effect of different inhibitors on one cell type (WT or Gem-R). Patient

survival data was compared by Kaplan Meier survival analysis using Log-rank (Mantel-Cox) test. Student’s t-test was used when

appropriate. P < 0.05 was considered significant. All statistical tests were performed by utilizing GraphPad Prism5 and SPSS

16.0 software. For all experiments * p < 0.05, ** p < 0.01, and *** p < 0.001.
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