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Abstract 

The chemotherapeutic agent gemcitabine is commonly used to treat pancreatic cancer. It is a fluorinated deoxycytidine 
and results in the inhibition of ribonucleotide reductase (RNR) and causes DNA breaks via stalled replication forks. Dur-
ing the ESPAC-4 trial, it was determined that gemcitabine combined with the fluoropyrimidine capecitabine (termed 
GEMCAP) provided better clinical benefit than gemcitabine alone. This study aimed to begin to understand why GEM-
CAP provides a higher benefit than gemcitabine monotherapy. SUIT-2 and SUIT-2 gemcitabine-resistant cell lines with 
varying levels of RRM1 were treated with either gemcitabine + 5’-deoxy-5-fluorocytidine (DFCR) or gemcitabine + 5’-
deoxy-5-fluorouridine (DFUR). The effects of these combination therapies on each cell line were then evaluated by 
measuring cell viability via MTS assay after each drug treatment. DFCR is antagonistic in cells with high levels of the 
RNR subunit RRM1 and is synergistic in cells with low RRM1, whereas DFUR is antagonistic in cells with low RRM1 and 
verges on being synergistic with high RRM1. I hypothesise that in low RRM1 cells, DFCR works alongside gemcitabine to 
inhibit RNR, while DFUR binds to RNR but does not inhibit it. However, the binding of DFUR to RNR could block gem-
citabine from being able to inhibit RNR. The different actions of each metabolite suggest that deamination of DFCR to 
DFUR is likely to take place outside of the cancer cell. The results from this study justify further research into the possi-
ble use of RRM1 as a predictive biomarker which could determine which therapy is best suited to each individual. 

Investigating the interaction between gemcitabine and capecita-

bine by analysis of synergy or antagonism of gemcitabine with 

capecitabine metabolites 

The chemotherapy gemcitabine is commonly used to treat people who have pancreatic cancer. A recent study 
showed that gemcitabine combined with another drug called capecitabine was more beneficial for cancer patients 
than gemcitabine alone. When capecitabine enters the body, it is broken down by the liver into a substance called 
DFCR, then into DFUR. Cancer cells have a protein called RRM1 which is linked to making cancer cells resistant to 
gemcitabine. This study treats cancer cells with gemcitabine plus DFCR or DFUR to look at the effects that these two 
different substances have when combined with gemcitabine. The cancer cells treated had varying levels of RRM1 
protein. The impact of drug treatment was determined by measuring how many cancer cells were alive after being 
treated with these drugs. DFCR and DFUR were found to have different effects on cancer cells and that their actions 
may be affected by how much RRM1 a cancer cell has. The variability of RPM1 is particularly interesting because it 
means that in the future, measuring RRM1 levels in a cancer patient may be able to tell doctors which chemotherapy 
is best for the patient. This additional treatment guidance could potentially increase the survival rate of pancreatic 
cancer, which is currently very low.  

Rebecca Cleator1 

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a lethal dis-
ease which affects the exocrine component of the pan-
creas and is currently the fourth deadliest cancer in the 
United States (1). PDAC’s high mortality rate is attributa-
ble to the fact that the early presenting symptoms for 
this disease are non-specific (2), resulting in diagnosis 
occurring after the cancer has already locally advanced or 
metastasised, meaning curative surgery is rarely an op-
tion for patients facing a late diagnosis (1). 

Gemcitabine 

The chemotherapeutic agent commonly used to treat 
pancreatic cancer is the nucleoside difluorodeoxycytidine 
(dFdC), more commonly known as gemcitabine.  

 

After entering the cancer cells via nucleoside transport-
ers such as hENT1, gemcitabine is converted to gemcita-
bine monophosphate (dFdCMP), diphosphate (dFdCDP) 
or triphosphate (dFdCTP) via phosphorylation, and be-
comes activated (3). The current consensus is that gem-
citabine acts in a cytotoxic manner by inhibiting DNA 
synthesis in several ways, one of which includes inhib-
iting the enzyme ribonucleotide reductase (RNR). This 
inhibition reduces the function of RNR and the availabil-
ity of deoxyribonucleotides for the synthesis of DNA, 
hence slowing the rate of DNA synthesis within the can-
cer cell. Gemcitabine also acts through direct incorpora-
tion of itself into newly synthesised DNA, causing termi-
nation of the chain (3).  
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GEMCAP 

Gemcitabine can be given as a single chemotherapy or in 
combination regimens alongside other cytotoxic com-
pounds (4). The ESPAC-4 trial aimed to determine wheth-
er using gemcitabine plus capecitabine (GEMCAP) or 
gemcitabine alone would be more beneficial for patients 
who have had their cancer surgically resected (5).  

Catabolising capecitabine, an oral fluoropyrimidine, via 
three metabolic steps produces its active metabolite 5-
FU. Capecitabine bypasses the metabolite 5’-deoxy-5-
fluorocytidine (DFCR) which is deaminated to 5’-deoxy-5-
fluorouridine (DFUR) by the enzyme cytidine deaminase 
(CDA). DFUR is then converted, by thymidine phosphory-
lase, to the active form 5-FU (6). This trial determined 
that the use of gemcitabine and capecitabine in combina-
tion provides better clinical benefit than gemcitabine 
alone, following the removal of cancerous tissue (5). 
However, it remains unclear how exactly capecitabine 
potentiates gemcitabine. 

RRM1 

The ribonucleotide reductase subunit M1 (RRM1) gene 
encodes the regulatory subunit of the enzyme inhibited 
by gemcitabine; ribonucleotide reductase (RNR) (7). Pre-
vious work by our group has shown that gemcitabine-
resistant cell lines, SUIT-2R and SUIT-2R2, derived from 
SUIT-2, have altered expression of RRM1 (Figure 2). SUIT-
2R has lower RRM1 expression compared to SUIT-2, 
while SUIT-2R2 has higher RRM1 levels to SUIT-2. Pa-
tients expressing high levels of RRM1 had poor survival 
after gemcitabine treatment suggesting that there is an 
association between gemcitabine response and RRM1 
expression (8). For this reason, RRM1 has been a mole-
cule of interest, with the potential to be a predictive bi-
omarker for gemcitabine treatment (8). 

Study Importance 

Based on the results from the ESPAC-4 trial, this study 
explores the results of combining either DFCR or DFUR 
with gemcitabine, by treating cell lines which have vary-
ing RRM1 expression levels. The effects of combining 
these different agents with gemcitabine will be com-
pared to establish where the deamination stage of the 

metabolism of capecitabine takes place. We hypothesise 
that if both the DFCR and DFUR metabolite potentiate 
gemcitabine in these cell lines, then deamination is tak-
ing place within the cancer cell. If it is DFUR which poten-
tiates gemcitabine, and the DFCR does not, we can con-
firm that the deamination stage is likely to be taking 
place outside of the cancer cell.  

Methods 

Tissue culture 

Three human pancreatic cancer cell lines were used; SUIT
-2, SUIT-2R and SUIT-2R2. The SUIT-2 tumour cell line 
was derived from a human metastatic liver tumour of 
pancreatic carcinoma (9). The cell lines were cultured in 
10% FBS (Foetal Bovine Serum; Gibco®) supplemented 
Dulbecco’s modified Eagle Medium (DMEM), and kept in 
T75 flasks (Thermo Scientific). Cells were fed three times 
a week and passaged with trypsin (Sigma-Aldrich) when 
they reached a confluence of ~70-80%.  

Determining IC50s for DFCR and DFUR 

Cell density optimisation was carried out before the syn-
ergy assay. From this, it was found that the optimal cell 
seeding density was 1500 cells/100 µL. Cells were seeded 
into 96-well plates at a density of 1500 cells per 100 µL, 
using the cell numbers previously counted using a Bio-
Rad automated cell counter. Cells were left to adhere 
overnight prior to treatment. Each cell line was then 
treated with either DFCR or DFUR over a range of con-
centrations. The 50% inhibitory concentration (IC50) for 
each cell line, when exposed to DFCR and DFUR separate-
ly, was then calculated. Cell populations were then evalu-
ated using an MTS assay (EZ4U assay, Biomedica Immu-
noassays) 24 hours after treatment and plates were read 
using a microplate reader at an absorbance of 450 nm 
and 620 nm.  

The IC50 could not be determined for these cell lines, as 
the agent was not adequately toxic in this cell line in sole 
treatment. Therefore, a suitable concentration was cho-
sen for each metabolite from the literature. 

Synergy assay 

SUIT-2, SUIT-2R and SUIT-2R2 cell lines were treated with 
gemcitabine (500, 250, 125, 62.5, 31.25, 15.625, 7.8125, 
0 nM) plus either DFCR (Santa Cruz Biotechnology) or 
DFUR (Abcam) (320, 160, 80, 40, 20, 10, 5, 2.5, 1.25, 0 
μM) for 24 hours. The metabolites were dissolved in di-
methyl sulfoxide (DMSO), so one column contained a 
vehicle DMSO control. Figure 3 shows the 96-well plate 

Figure 1. The metabolic pathway of the formation of 5-FU from 
capecitabine. The common consensus is that the first step of 
this pathway takes place mainly in the liver, although this is yet 
to be proven. It is unknown where the remainder of the meta-
bolic path takes place, although with thymidine phosphorylase 
being expressed in higher concentration in neoplastic tissues 
than healthy tissues, it is hypothesised that this step may occur 
within the cancer cells. Chemical structures were taken directly 
from PubChem Open Chemistry Database (9). 

Figure 2. Western blot images showing the varying levels of 
RRM1 in SUIT-2 and SUIT-2 resistant cell lines. Images provided 
by Anthony Evans and Joshua Chapman.  
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layout. The assays were performed in 96-well plates, 
seeded with 1500 cells per 100 µL for all cell lines. Cells 
were adhered overnight prior to drug treatment. The 
effect on cell viability of gemcitabine combined with each 
metabolite was then investigated using the MTS assay.  
Absorbance, which in this assay represents the quantity 
of MTS tetrazolium reduced to formazan dye by the cells, 
for each plate was measured at 450 nm and 620 nm 3 
hours after addition of the MTS reagent.  Values from the 
plate reader were than analysed for synergy using an R 
software package called COMBIA. This software includes 
both Bliss (independence) and Loewe (additivity) analysis 
(10).  

Results  

Figures 4 (A-F) and 5 (A-F) display analysis of synergy/
antagonism, utilising the Bliss and Lowe methods con-
ducted with the R package COMBIA. The Bliss independ-
ence method compares the observed combination re-
sponse with the predicted combination response (11). 
This method assumes that the two drugs act through 
independent mechanisms, but contribute to the same 
result by addition of the independent interactions (12). 
Contrastingly, the Loewe additivity model assumes that 
the two drugs act through a similar mechanism, and be-
cause of this can be substituted for one another (12, 13).   

DFCR 

From the pseudoisobolar analysis displayed in Figure 4, it 
can be seen that DFCR is most antagonistic in cells with 
high RRM1 (Figures 4E and 4F) and is synergistic in cells 
with low RRM1 (Figures 4C and 4D). From this, it can be 
concluded that DFCR has the same effects as gemcitabine 
in low RRM1 cells, and counteracts the effects of gem-
citabine in cells expressing high levels of RRM1.  

DFUR 

From Figure 5 it can be seen that DFUR is most antago-
nistic in cells with low RRM1 (Figures 5C and 5D) and 
verges on being synergistic with high RRM1 (Figures 5E 
and 5F). This data is contrasting to what can be seen with 
DFCR. From the data, we can see that DFUR alone has 
limited effect, but is antagonistic in cells with low levels 
of RRM. It is assumed that DFUR does not inhibit RNR, as 
DFUR has no effect on cell viability as a single treatment. 
However, the act of DFUR binding to RNR could block 
gemcitabine from binding to RRM. The data in Figure 5 
supports this hypothesis (N=1).  

Discussion 

The ESPAC-4 trial determined that GEMCAP provides 
better clinical benefit than gemcitabine alone, following 
surgical removal of pancreatic cancer (5). In this study, 
we aimed to gain a better understanding of why this 
combination therapy offers a clinical benefit, with the 
hope to improve treatment options, and the survival 
rate, for PDAC.  

The contrasting effects of the two agents suggest deami-
nating DFCR to DFUR occurs outside of the cancer cell. If 
not, both of these metabolites would affect cell viability 
in the same manner. This conclusion is tentative due to a 
lack of liver or stromal CDA that is present in vivo. We 
also demonstrate that the two different capecitabine 
derivatives, in combination with gemcitabine, do not 
have the same effects on cell viability. However, each cell 

Figure 3. The layout of the 96-well plate during the synergy 
assay. The plate was prepared via serial dilutions of gemcitabine 

down from its initial starting concentration of 500 µM, and of 

either DFCR or DFUR down from initial starting concentration of 

320 nM.   

Figure 4. The results of testing for synergistic and antagonistic 
interactions between gemcitabine and DFCR in cell lines SUIT-
2, SUIT-2R and SUIT-2R2. A positive value indicates synergy, a 
negative value indicates antagonism and zero indicates neither 
(shown in corresponding colour key) (10). A and B show the 
Bliss and Loewe synergy analysis in the SUIT-2 cell line. C and D 
show the Bliss and Loewe synergy in the SUIT-2R cell line. E 
and F show the Bliss and Loewe synergy analysis in the SUIT-
2R2 cell line. 
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line showed an unexpectedly low response to gemcita-
bine limiting these conclusions. A possible explanation 
for this is that the 24-hour time treatment was insuffi-
cient time for gemcitabine to have an effect. To confirm 
our conclusions, the experiments in this study should be 
repeated with further time-points to ensure gemcitabine 
has optimum time to have a significant impact. 

The RRM1 levels are one of the critical differences be-
tween the resistant cell lines used in this study, and the 
difference in RRM1 expression could lead to alterations 
in response to GEMCAP treatment. Future work involving 
these metabolites could directly target RRM1 either by 
inhibition or overexpression prior to drug treatment, to 
further dissect the relationship between RRM1 and GEM-
CAP. Other studies have already used gene-specific over-
expression and RNA interference to determine the im-
pact of RRM1 on various types of cytotoxic agents (14). 
However, using siRNA to knock down RRM1 is not the 
same as the reduction seen in the evolution of gemcita-
bine resistance. There is also the possibility of targeting 
RRM1 expression as a therapeutic option in patients be-
fore gemcitabine treatment. However, although RRM1 is 
related to gemcitabine resistance, it is unknown whether 
reversing the expression of RRM1 will alter this effect (7, 
8, 15). 

In this study, cells with variable levels of RRM1 respond-
ed differently to each capecitabine metabolite plus gem-
citabine treatment, justifying further research into 

whether RRM1 levels alter effects on survival in response 
to GEMCAP. Using this information RRM1 expression 
levels could become a predictive biomarker for identify-
ing appropriate treatment. However, a recent study has 
shown that intratumoural RRM1 protein expression lev-
els in patient samples from trials involving treatment 
with 5-FU, folinic acid or gemcitabine showed no associa-
tion with survival when analysed in isolation (18). There-
fore, when considering RRM1 as a potential biomarker, 
RRM1 would likely need to be used in combination with 
other biomarkers such as hENT1 (19).  

If deamination of DFCR to DFUR occurs outside of the 
cancer cell, as suggested here, intratumoural CDA may 
not be as important as previously thought. It may be that 
liver CDA is more relevant, as this is where the deamina-
tion step is likely to be taking place. Incorporating meas-
urements of RRM1 and CDA expression could allow fur-
ther comparison of patient tissue samples. These findings 
would allow future experiments to evaluate the effec-
tiveness of these proteins as predictive biomarkers for 
treatment.  

Using biomarkers to identify the most appropriate treat-
ment for individuals would vastly increase survival rates 
in pancreatic cancer (20). Previous studies show that 
patients with a higher level of the nucleoside transporter 
hENT1 survive longer after treatment with gemcitabine. 
(21). hENT1 also allows gemcitabine transport into and 
out of the cell. Although this study only used tissue sam-
ples from 21 patients, it provides a basis for the idea of 
hENT1, acting as a biomarker (21). A more recent study 
which further explored this idea examined 434 patients 
from the ESPAC-3 trial and compared survival rates be-
tween groups expressing high hENT1 levels and low 
hENT1 levels (20). This study determined that administer-
ing gemcitabine in patients displaying a low level of 
hENT1 was detrimental, and there was no survival bene-
fit for patients who had received 5-FU (20), further con-
firming that hENT1 levels could indeed be an indicator of 
which is the best treatment for each patient. These find-
ings allow future research to explore the benefit of per-
sonalised treatment for individuals. 

Future studies could explore the effects of using inhibi-
tors of the specific metabolites in the capecitabine meta-
bolic pathway, determining which of the metabolites is 
necessary for the potentiation of gemcitabine. Due to 
capecitabine being a pro-drug that is only active once it 
has converted to 5-FU, the efficacy of capecitabine 
should be affected by the levels of enzyme present at 
each stage of the pathway, and also by the levels of dihy-
dropyrimidine dehydrogenase (DPD), which returns 5-FU 
to a less toxic variant (19). Blocking DPD by using a com-
petitive inhibitor such as 5-chloro-2, 4-dihydroxypyridine 
(CDHP) would allow us to observe GEMCAP administra-
tion, without 5-FU converting to its non-toxic form (22). 
The following analysis could determine whether it is the 
accumulation of cytotoxic 5-FU within the cancer cells or 
an alternative step in the metabolic pathway that causes 
GEMCAP’s increased clinical benefit. Research into these 
areas has already begun to take place, with one study 

Figure 5. The results of testing for synergistic and antagonistic 
interactions between gemcitabine and DFUR in cell lines SUIT-2, 
SUIT-2R and SUIT-2R2. The colour scale next to each graph cor-
responds to each value (positive, negative or zero) to a colour. 
A positive value indicates synergy, a negative value suggests 
antagonism and a value of zero indicates neither (10). A and B 
show the Bliss and Loewe synergy analysis in the SUIT-2 cell 
line. C and D show the Bliss and Loewe synergy analysis in the 
SUIT-2R cell line. E and F show the Bliss and Loewe synergy 
analysis in the SUIT-2R2 cell line. 
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having already explored the relationship between levels 
of DPD and the response to 5-FU hepatic perfusion 
chemotherapy in PDAC patients to determine whether 
DPD levels could be used as a predictive marker for re-
sponsiveness to the therapy (23). A more recent study 
indicated that DPD status could be a useful predictive 
marker in PDAC patients who undergo surgical resection 
with S-1 adjuvant chemotherapy (24). S-1 consists of 
tegafur, gimeracil and oteracl potassium (25). Flores et 
al. discuss recent studies that have explored the idea of 
DPD expression being associated with response to vari-
ous 5-FU based therapies, but data which nominates DPD 
as a useful biomarker for 5-FU treatment needs valida-
tion. Numerous pathways can be further researched in 
the future to understand why GEMCAP benefits certain 
patients. 

Increased knowledge of exactly how and why GEMCAP 
provides clinical benefit for pancreatic cancer patients 
could lead to the use of other pyrimidine analogues with 
gemcitabine to give equivalent or even better results 
than GEMCAP.  In conclusion, our findings provide hope 
for the development of a possible predictive biomarker 
which could provide us with the ability to identify which 
therapy is the most appropriate for each patient.  
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