






experiments. Moreover, the quantitative contribution of intracellular
CDA in gemcitabine metabolism may provide a mechanistic expla-
nation by which manipulating CDA activity could modify cellu-
lar gemcitabine sensitivity, as demonstrated by Bardenheuer et al.
(2005) and Mameri et al. (2017).
By incubating the cell lines with gemcitabine with and without

THU, we demonstrated that an extensive CDA-mediated gemcitabine

conversion to dFdU in BxPC-3 was associated with less accumulation
of the active metabolite dFdCTP. This was evident after 24 hours
incubation but not after 60 minutes, indicating that a balanced
substrate supply to dCK was an important factor for the accumulation
of dFdCTP. In MIA PaCa-2 and PANC-1, no such effect of CDA
inhibition on the gemcitabine activation pathway was seen, which was
consistent with their a priori low CDA activities. This supports the

Fig. 1. Concentrations of gemcitabine metabolites following 24 hours incubation with 10 or 100 mM gemcitabine 6 200 mM tetrahydrouridine (THU), a cytidine deaminase
inhibitor. (A and B) show extracellular dFdU (micromolars) and intracellular dFdCTP (picomoles per 106), respectively. Insert in (A) shows data from 10 mM
gemcitabine incubations in greater detail, with a differently scaled y-axis. Data are displayed as means (n 5 4–8). Error bars excluded from view for clarity. Original
data are shown in Supplemental Table 2. *dFdCTP concentrations in PANC-1 incubated with 10 mM gemcitabine with or without THU are overlapping and
therefore appear as a single symbol.

Fig. 2. (A) Relative mRNA expression of selected proteins involved in the transport and metabolism of gemcitabine in BxPC-3, MIA PaCa-2, and PANC-1. Cytidine
deaminase is highlighted (red rectangle). Data are displayed as means of four independent samples studied in triplicate, and error bars are S.D. SLC28A1*: hCNT1,
concentrative nucleoside transporter 1; SLC29A1: hENT1, equlibrative nucleoside transporter 1; SLC29A2: CMPK1, uridine/cytosine monophosphate kinase; dCK,
deoxycytidine kinase; hENT2, equlibrative nucleoside transporter 2; NME2: CDA, cytidine deaminase; dCTD, deoxycytidine monophosphate deaminase; NdPK, nucleoside
diphosphate kinase; NT5C: cdN, cytosolic 59(39)-deoxyribonucleotidase; NT5C2: cN-II, cytosolic 59-nucleotidase II; NT5C3: cN-IIIA, cytosolic 59-nucleotidase III A;
NT5M: CTPS1*, cytidine triphosphate synthase 1; DCTPP1, deoxycytidine triphosphate pyrophosphatase 1; mdN, mitochondrial 59(39)-deoxyribonucleotidase; POLA1,
deoxyribonucleic acid polymerase alpha; RRM1, large subunit of ribonucleotide reductase; RRM2, small subunit of ribonucleotide reductase. mRNA expression of
SLC28A1 not detectable. (B) Relative protein expression of selected proteins involved in the transport and metabolism of gemcitabine in BxPC-3, MIA PaCa-2, and
PANC-1. Cytidine deaminase highlighted (red rectangle). Data are displayed as means of three independent samples, and error bars are S.D. Raw data are available in
Supplemental Fig. 3. cN-II, cytosolic 59-nucleotidase II (NT5C2); cN-IIIA, cytosolic 59-nucleotidase III A (NT5C3); dCK, deoxycytidine kinase; RRM1, large subunit of
ribonucleotide reductase; RRM2, small subunit of ribonucleotide reductase. *Antibodies against transporter proteins (hCNT and hENT) not available.
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idea that CDA activity may be a predictor for gemcitabine activation
by regulating intracellular gemcitabine metabolism (Bardenheuer
et al., 2005; Tibaldi et al., 2018). The observation that MIA PaCa-2
cells produced both more dFdU and dFdCTP than PANC-1 cells
following 24 hours gemcitabine incubation could be explained by
the higher expression of 59-nucleotidases in PANC-1 (Fig. 2B),
particularly cN-IIIA. Indeed, this enzyme has been suggested to
dephosphorylate dFdCMP and thus oppose the accumulation of
dFdCTP (Li et al., 2008; Aksoy et al., 2009). To decipher the exact
mechanisms of these differences and the involvement of each of the
other proteins shown in Fig. 2, it would be necessary to develop
additional tools (protein-deficient cells, specific inhibitors, etc.) that
are outside the scope of this work.
Direct quantification of gemcitabine and its metabolites (Fig. 1),

combined with CDA inhibition, provided insight into differential CDA
activities that could not be revealed by expression analyses alone
(Fig. 2). In a recent commentary by Peters et al. (2019), phenotyping
with cytidine or gemcitabine was also recommended over genotyping
for pretreatment assessment of in vivo CDA activity in patients. Hodge
et al. (2011a,b) also demonstrated the value of applying different drug
concentrations and duration of incubations, combined with enzyme
inhibition, when studying cellular regulation of gemcitabine transport
(Hodge et al., 2011b) and metabolic (Hodge et al., 2011a) pathways.
In our experiments, we measured the free dFdCTP concentrations and

did not have a measure of the total intracellular amount comprising both
free and DNA-bound gemcitabine that might correlate better with
cytotoxicity (Gandhi et al., 1991). Indeed, using the AnnexinV-PI assay,
no additional effect of CDA inhibition was observed in any of the cell
lines (Supplemental Fig. 4), underscoring that free dFdCTP is not the
only determinant of gemcitabine efficacy. The ratio between free and
total dFdCTP is expected to change over time during and after
gemcitabine incubation, and cell lines might also behave differently
based on intracellular enzyme expressions, illustrated by our own results
in Fig. 2. Based on in silico simulations, Battaglia and Parker (2011)
suggested that the rate of DNA incorporation in general is a slow process
compared with the production rate of dFdCTP. Hence, quantification of
free dFdCTP could therefore be a better measure of cellular uptake and
metabolism of gemcitabine following 60 minutes incubation compared
with 24 hours incubation. Incubation for 60 minutes with 10–100 mM
gemcitabine in vitro might also more accurately represent the in vivo
drug exposure during and after clinically applied 30-minute gemcitabine
infusions of 1000 mg/m2, with a comparable concentration-time product
(area under the curve) of 41 6 12 mM*h (Gusella et al., 2011). We
calculated that 60 minutes or 24 hours in vitro incubation with 10 mM
gemcitabine renders areas under the curve of 10 or 240 mM*h,
respectively.
In general, data from in vitro experiments should be interpreted

with caution in terms of in vivo relevance. However, our finding
that increased gemcitabine exposure does not necessarily lead to an
increase in the intracellular active metabolite concentrations are
in line with observations from in vivo studies, as illustrated by
Hessmann et al. (2018).

Conclusion

Our findings reveal quantitative aspects of gemcitabine intracellular
metabolism in PDAC cell lines. The data support the notion that high
CDA activity limits intracellular dFdCTP accumulation. However, low
CDA activity may not necessarily result in increased dFdCTP accumu-
lation and decreased cell viability. Both CDA activity and the cellular
ability to synthesize active metabolites should be taken into consider-
ation in future studies of gemcitabine delivery to pancreatic cancer cells.
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Supplemental table 1A. Primer sequences for RT-qPCR.  

 

Gene 

 

Forward primer (5’-3’) Reverse primer (5’-3’) 

   

RPS28 CGATCCATCATCCGCAATG AGCCAAGCTCAGCGCAAC 

SLC28A1 TCTGTGGATTTGCCAATTTCAG CGGAGCACTATCTGGGAGAAGT 

SLC29A1 GCTGGGTCTGACCGTCGTAT CGTTACAGGGTGCATGATGG 

SLC29A2 ATGAGAACGGGATTCCCAGTAG GCTCTGATTCCGGCTCCTT 

DCK AAACCTGAACGATGGTCTTTTACC CTTTGAGCTTGCCATTCAGAGA 

CMPK1 GGGCATATTCTTTGCTTCCA TGCATTTCAAGGTTCCACTG 

NME2 ATGCAGTGCGGCCTGGTGGG GACCCAGTCATGAGCACAAGAC 

CDA GAGCTGCAATCGTGTCTGG CAGAGCAGCGGGAAACAG 

DCTD GTCGCCTTGTTCCCTTGTAA TCTTGCTGCACTTCGGTATG 

NT5C GGACACGCAGGTCTTCATCTG GCGGTACTTCTCACCCACACA 

NT5C2 ACCTGCTGTATTACCCTTTCAGCTA GCTCCACCGTTGATTCATGA 

NT5C3A AATCGGCGATGTACTAGAG CATCTGCCATTCTTAAGTCTC 

NT5M CATCAGCATTTGGGAGTCAA CGACACAATCTGCTCCAGAA 

DCTPP1 AAATGGACATCAACCGGCGA AGTCACAGGGAATGTCCGCA 

CTPS1 GTGGCGAAATACACCGAGTT TCCTCGAACACCAAATCCTC 

POLA1 AGCTTGACCTGATTGCTGTC ATGACGGGACAAAGACAAGG 

RRM1 GCAGCTGAGAGAGGTGCTTT CAGGATCCACACATCAGACA 

RRM2 GAGTTCCTCACTGAGGCC TTAGAAGTCAGCATCCAAG 

   

   

RPS28; Ribosomal protein S 28; SLC28A1*: Concentrative nucleoside transporter 1 (hCNT1); SLC29A1: 

Equlibrative nucleoside transporter 1 (hENT1); SLC29A2: Equlibrative nucleoside transporter 2 (hENT2); 

dCK: deoxycytidine kinase; CMPK1: uridine/cytosine monophosphate kinase; NME2: nucleoside 

diphosphate kinase (NdPK); CDA: Cytidine deaminase; dCTD: deoxycytidine monophosphate deaminase; 

NT5C: cytosolic 5’(3’)-deoxyribonucleotidase (cdN); NT5C2: cytosolic 5’-nucleotidase II (cN-II); NT5C3: 

cytosolic 5’-nucleotidase III A (cN-IIIA); NT5M: mitochondrial 5’(3’)-deoxyribonucleotidase (mdN); RRM1: 

Large subunit of ribonucleotide reductase; RRM2: Small subunit of ribonucleotide reductase; DCTPP1: 

deoxycytidine triphosphate pyrophosphatase 1; CTPS1*: cytidine triphosphate synthase 1; POLA1: 

deoxyribonucleic acid polymerase alpha.  
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Supplemental table 1B. Antibodies used for Western blot. 

 

Protein/target* 

 

 

Clone / Reference 

 

Dilution 

Primary / 

Secondary 

Host 

organism 

 

Supplier 

      

CDA -/ab56053 1/500 Primary Rabbit Abcam 

cN-II 3C1/H00022978-M02 1/500 Primary Mouse Abnova 

cN-IIIA -/ARP32185 1/1000 Primary Rabbit Aviva Systems Biology 

dCK -/ab96599 1/2000 Primary Rabbit Abcam 

RRM1 -/sc11733 1/1000 Primary Goat Santa Cruz Biotechnology 

RRM2 -/sc10846 1/1000 Primary Goat Santa Cruz Biotechnology 

Beta-actin AC-15/A5441 1/5000 Primary Mouse Sigma 

      

Anti-murine -/926-32210 1/5000 Secondary Goat LI-COR Bioscience 

Anti-rabbit -/926-68171 1/5000 Secondary Goat LI-COR Bioscience 

Anti-goat -/926-32214 1/5000 Secondary Donkey LI-COR Bioscience 

   

 

CDA: Cytidine deaminase; cN-II: cytosolic 5’-nucleotidase II (NT5C2); cN-IIIA: cytosolic 5’-nucleotidase III A 

(NT5C3); dCK: deoxycytidine kinase; RRM1: Large subunit of ribonucleotide reductase; RRM2: Small subunit 

of ribonucleotide reductase 

*Antibodies against transporter proteins (hCNT and hENT) not available 
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Supplemental table 2. Extracellular dFdU and intracellular dFdCTP concentrations 

following 24 hours gemcitabine (10 or 100 µM) incubation with or without 200 µM 

tetrahydrouridine. Data displayed in Figure 1A and 1B.  

Cell line 

  [Gemcitabine] ± 200 µM THU 

 Extracellular 
[dFdU], µM 

 Intracellular 
[dFdCTP], pmol/106 

 Mean SD  Mean SD 
 

 
BxPC-3 

      

  10 µM  10.5* 1.1  209.6 29.5 

  10 µM + THU  0.6* 0.05  1370.0 182.4 

  100 µM  86.3 4.1  850.5 127.1 

  100 µM + THU  1.5 0.02  1368.5 200.5 
 

MIA PaCa-2       
  10 µM  3.4* 0.8  1465.5 247.6 

  10 µM + THU  n.d. n.d.  1420.4 95.7 

  100 µM  23.5* 7.1  1242.2* 197.0 

  100 µM + THU  0.8 0.2  1187.7* 203.6 
 

PANC-1       
  10 µM  1.1 0.0  954.7 224.7 

  10 µM + THU  0.2 0.0  950.9 66.8 

  100 µM  7.3 0.7  662.5 77.2 

  100 µM + THU  0.2 0.05  600.7 77.4 

       

n = 4-8 per experimental condition; * experiments with n=8; n.d.: not detectable; 
dFdCTP: 2’,2’-difluoro-2’-deoxycytidine-5’-triphosphate; dFdU: 2’,2’-difluoro-2’-deoxyuridine; 
THU: tetrahydrouridine 
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Supplemental Figure 1. Stability of 10 µM gemcitabine (dFdC) in Dulbecco’s modified 

Eagles medium with horse serum at 4 °C, room temperature (RT) and 37 °C. dFdU 

concentrations relative to the sum of dFdC and dFdU concentrations 

([dFdU]/([dFdC]+[dFdU]), %), was used as a measure of CDA-activity. No CDA activity was 

found in either of the two other culture media; RPMI and DMEM. 
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Supplemental Figure 2. Concentrations of gemcitabine metabolites following 60 minutes 

incubation with 10 or 100 µM gemcitabine ± 200 µM tetrahydrouridine (THU), a cytidine 

deaminase inhibitor. A and B show extracellular dFdU* (µM) and intracellular dFdCTP 

(pmol/106), respectively. Data are displayed as means (n = 4 – 8). Error bars excluded from 

view for clarity.  
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Supplemental Figure 3. Western blots of protein expression of selected proteins involved in 

the transport* and metabolism of gemcitabine in BxPC-3, MIA PaCa-2 and PANC-1. 

Brackets indicate the individual analytical runs, with each beta-actin control included. 

CDA: Cytidine deaminase; cN-II: cytosolic 5’-nucleotidase II (NT5C2); cN-IIIA: cytosolic 5’-nucleotidase IIIA 

(NT5C3); dCK: deoxycytidine kinase; RRM1: Large subunit of ribonucleotide reductase; RRM2: Small subunit of 

ribonucleotide reductase 

*Antibodies against transporter proteins (hCNT and hENT) not available 
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Supplemental Figure 4. Viability of BxPC-3 (high CDA expression) and PANC-1 (low CDA 

expression) following 60 minutes or 24 hours incubation with 10 µM gemcitabine and/or 200 

µM tetrahydrouridine. THU: Tetrahydrouridine 200 µM; “Gem”: Gemcitabine 10 µM 

 

Cells (100,000 per well) were seeded in 24-well plates in 1 mL complete media and left to 

attach before adding the various compounds. Cells were incubated with 10 µM gemcitabine 

and/or 200 µM THU for 60 minutes or 24 hours. Media was changed and cells were 

incubated for another 47 or 24 hours (total incubation 48 hours). Unexposed cells were used 

as controls. After harvesting by trypsinisation and centrifugation, cells were labelled with 

AnnexinV-Fluos Staining kit (Roche) and AnnexinV and PI staining of cells was determined 

on flow cytometry (Fortessa, BD Biosciences) as indicated in manufactures’ instructions, and 

percentage alive cells were used as a measure of drug efficacy. Graph show mean values of 

four independent experiments performed in duplicate, and error bars are standard deviations.  


