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Abstract
Gemcitabine is one of the most used anti-neoplastic 
drugs with documented activity in almost all major lo-
calizations of cancer. In pancreatic cancer treatment, 
gemcitabine occupies a prominent place as a first line 
chemotherapy, partly because of the paucity of other 
efficacious chemotherapy options. In fact, only a minor-
ity of pancreatic cancer patients display a response or 
even stability of disease with the drug. There are cur-
rently no clinically applicable means of predicting which 
patient will derive a clinical benefit from gemcitabine 
although several proposed markers have been studied. 
These markers are proteins involved in drug up-take, 
activation and catabolism or proteins that define the 
ability of the cell to undergo apoptosis in response to 
the drug. Several of these markers are reviewed in this 
paper. We also briefly discuss the possible role of stem 
cells in drug resistance to gemcitabine.
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INTRODUCTION
Gemcitabine (2’,2’-difluoro 2’deoxycytidine, dFdC) is a 
nucleotide analogue used as an anti-neoplastic drug in 
several types of  cancer such as pancreatic, lung, breast, 
cholangiocarcinomas and sarcomas. The toxicity profile 
of  gemcitabine includes myelotoxicity (with anemia, 
thrombocytopenia and neutropenia), asthenia, reversible 
liver function tests elevation, nausea and rare pulmonary 
toxicity[1]. In view of  its efficacy and well-established 
manageable toxicity profile, gemcitabine is an integral 
part of  many chemotherapy combinations and is used 
also as monotherapy[2-5].

In pancreatic cancer gemcitabine has been approved 
as a first line treatment of  locally advanced and meta-
static disease on the basis of  improvements in quality 
of  life measures and moderate prolongation of  survival 
obtained with its use[2]. Most pancreatic cancer patients 
treated with gemcitabine do not have an objective re-
sponse to treatment and only a minority obtains stabiliza-
tion of  disease or partial response. In addition, there is 
currently no clinical means of  predicting whether patients 
will benefit from the drug or only suffer from side effects 
of  treatment. This editorial review will summarize avail-
able data on potential molecular predictors.

GEMCITABINE UP-TAKE AND 
METABOLISM
Gemcitabine is taken up by cells with the aid of  several 
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transporters including hENT1 and 2 (human equilibra-
tive nucleoside transporter 1 and 2) and hCNT1 and 3 
(human concentrative nucleoside transporters 1 and 3) 
(Figure 1). When intracellular, it is phosphorylated by 
the enzyme deoxycytidine kinase (dCK) to gemcitabine 
monophosphate (dFdCMP) and diphosphate (dFdCDP) 
and subsequently by nucleoside diphosphate kinase to 
the triphosphate (dFdCTP) form which is the DNA-
incorporated metabolite[6,7]. Gemcitabine and gemcitabine 
monophosphate are catabolized by deoxycytidine deami-
nase (CdA) and deoxycytidilate deaminase to difluoro-
deoxyuridine (dFdU) and difluoro-deoxyuridylate mo-
nophosphate (dFdUMP) respectively. The expression of  
dCK, a rate-limiting enzyme in gemcitabine activation, is 
enhanced by the binding of  its mRNA by the protein Hu 
antigen R (HuR). Its function is enhanced by gemcitabine 
diphosphate which inhibits the enzyme ribonucleotide 
reductase (RR) and prevents the formation of  dCTP, an 
inhibitor of  dCK (Figure 1). 

After intra-cellular enzymatic conversion to difluoro-
deoxycytidine triphosphate (dFdCTP), gemcitabine is 
incorporated into DNA and causes strand termination, 
which leads to apoptosis. Gemcitabine-induced DNA 
lesions are more difficult for DNA repair mechanisms 
to recognize because after dFdCTP incorporation an ad-
ditional nucleotide is incorporated into the chain before 
termination. Nevertheless, the incorporation of  a false 
nucleotide is sensed by the DNA damage machinery 

which initiates an apoptotic response through binding of  
a DNA-PK (DNA-dependent protein kinase) complex. 
This complex includes the regulatory sub-unit heterodimer 
Ku70/Ku86 and the catalytic sub-unit DNA-PKcs. DNA-
PK phosphorylates p53 which is thus protected from 
mdm2-mediated ubiquitination and subsequent degrada-
tion, and is stabilized to perform its apoptotic transcrip-
tion function[8]. DNA-PK further co-operates with kinases 
ATM and ATR to phosphorylate histone H2AX[9,10] asso-
ciated with termination of  DNA synthesis[11]. 

Additional mechanisms of  action of  gemcitabine in-
clude RNA incorporation, RR inhibition and thymidylate 
synthase (TS) inhibition[6].

RESISTANCE ASSOCIATED WITH 
PROTEINS INVOLVED IN GEMCITABINE 
METABOLISM
Sensitivity and resistance to gemcitabine can be attrib-
uted to cellular events involved in the drug’s metabolism, 
which has an impact on its intracellular availability, activa-
tion and ability to trigger apoptosis, as well as to cellular 
changes not affecting drug metabolism but impacting on 
processes determining the propensity of  the cell to re-
spond to gemcitabine toxicity. These cellular changes may 
be caused by exposure to the drug (secondary resistance) 
or be independent of  such exposure (primary resistance) 
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Figure 1  Intracellular transport and metabolism of gemcitabine. For abbreviations see text. Enzymatic transformations are represented by arrows and inhibitions 
by т type joining.



and associated with the neoplastic process per se[12,13].
Cellular up-take of  gemcitabine by nucleotide trans-

porters, a prerequisite for anti-neoplastic action, influ-
ences sensitivity to the drug. Both concentrative (sodium-
dependent) and equilibrative (sodium-independent) 
transporters have been implicated in gemcitabine up-take 
and neoplastic cells in vitro become resistant when trans-
porters are inhibited[14]. In cell lines derived from human 
pancreatic adenocarcinomas which express endogenous 
hENT1, exogenous expression of  hCNT1 confers addi-
tional gemcitabine sensitivity[15]. hENT2 and hCNT3 play 
also a role in gemcitabine up-take[16].

Levels of  transporter expression correlate with sen-
sitivity to gemcitabine in pancreatic cancer patients. In a 
series of  45 pancreatic cancer patients treated with adju-
vant gemcitabine and radiotherapy after tumor resection, 
expression of  hENT1 and hCNT3 was studied by immu-
nohistochemistry[17]. High expression of  both transport-
ers was found to be associated with improved overall sur-
vival (OS). Disease free survival (DFS) was also better for 
patients with high hENT1 expression and, in univariate 
analysis, for high hCNT3 expression, although in multi-
variate analysis the association displayed a borderline loss 
of  statistical significance. The homogeneity of  hENT1 
staining in immunohistochemistry may also predict 
gemcitabine response[18]. Patients with homogeneously 
positive hENT1 staining in all cancer cells had a better 
outcome than patients in whom areas of  the cancer were 
negative for hENT1. hENT1 mRNA levels were cor-
related with OS, DFS and time to disease progression in 
83 patients with stage I to IV pancreatic cancer treated 
with gemcitabine[19]. In this study, hENT1 mRNA was 
the only mRNA for a gemcitabine metabolism protein 
showing such a correlation while other mRNAs analyzed 
(dCK, 5’-nucleotidase, Cytidine deaminase and RRM1 
and RRM2) showed no correlation.

In a study of  pancreatic cancer using data from a ran-
domized comparison of  adjuvant gemcitabine or 5-FU 
together with radiation in both arms[20], high hENT1 
immunostaining correlated with both DFS and OS in 
the group receiving gemcitabine but not in the group 
of  5-FU[21]. These data confirm hENT1 as a predictive 
marker of  gemcitabine response in pancreatic cancer but 
not as prognostic of  outcome in general. Interestingly and 
in contrast, in non-metastatic, lymph node positive gastric 
cancer patients, high hENT1 expression in lymph nodes 
has been reported to be prognostic of  worse outcomes[22]. 

Up-regulation of  hENT1 is observed after treat-
ment of  cells with de novo nucleoside production inhibi-
tors, such as 5-FU or its analogue tegafur[23,24]. This up-
regulation sensitizes cells to subsequent treatment with 
gemcitabine. As a result, use of  a 5-FU analogue followed 
by gemcitabine was more effective in a xenograft tumor 
model than the reverse sequence or concomitant drug 
administration[23].

Active export of  gemcitabine from pancreatic car-
cinoma cells is mediated by the multidrug resistance 
protein 5 (MRP5 also named ABCC5)[25]. Gemcitabine 
resistant cell lines display up-regulation of  MRP5 and 

small hairpin RNA (shRNA)-silencing of  MRP5-reduced 
gemcitabine resistance.

Higher dCK expression has been associated with a 
better OS in pancreatic adenocarcinoma patients treated 
with gemcitabine[26]. When these patients became resis-
tant to the drug, no consistent mutations or change in 
expression of  dCK were observed, implying that the en-
zyme plays no role in this acquired resistance. Neverthe-
less, dCK expression down-regulation may be observed 
in rare cases[26]. Increased patient age is also associated 
with decreased dCK, possibly attributable to epigenetic 
silencing of  the gene during aging, although this has not 
been formally tested. 

HuR binds to mRNA 3’-untranslated regions with AU 
or U-rich regions and increases their stability and transla-
tion. Transfection of  pancreatic cancer cells with HuR 
sensitized them to gemcitabine but not to other chemo-
therapy drugs such as cisplatin, etoposide or 5FU[27]. An 
improved survival was found in gemcitabine-treated pan-
creatic cancer patients with higher dCK stabilizing HuR 
protein expression compared with patients with lower 
expression of  this protein. pp32 (also named ANP32A, 
Acidic Nuclear Protein 32A) is a protein that has been re-
versibly associated with pancreatic cancer aggressiveness, 
being suppressed in poorly differentiated pancreatic carci-
nomas[28]. pp32 is a binding partner of  HuR and disrupts 
its ability to bind mRNAs. As a result, dCK expression is 
reduced and cells become resistant to gemcitabine when 
pp32 is up-regulated[29]. Immunohistochemistry data from 
the same study that demonstrated the predictive value 
of  hENT1 and hCNT3[20] also pointed to a prognostic 
value of  dCK for OS and DFS in patients who received 
adjuvant gemcitabine, with patients expressing high levels 
of  dCK having significantly better outcomes than their 
counterparts with low expression levels[30]. In this report, 
patients in the 5FU receiving arm were not evaluated and 
consequently the possible predictive value of  dCK for 
gemcitabine response was neither confirmed or refuted.

In a study of  mRNA expression of  several genes 
involved in gemcitabine metabolism (hENT1, hENT2, 
dCK, CdA, 5’-NT, RRM1 and RRM2) in 35 advanced 
pancreatic cancer patients, only dCK was found to corre-
late with gemcitabine effectiveness, with patients having a 
high dCK being more likely to be gemcitabine responders 
than patients with low dCK mRNA in their tumors[31].

Activity of  CdA, the enzyme that catabolizes gem-
citabine to difluoro-deoxyuridine has been mainly as-
sociated with toxicity outcomes. Patients treated with 
chemotherapy combinations including gemtitabine who 
had lower plasma CdA activity, had more severe adverse 
effects from treatment compared with counterparts with 
higher plasma CdA activity[32]. In lung cancer, polymor-
phisms of  CdA which confer lower enzymatic activity 
have further been associated with clinical benefit from 
gemcitabine/cisplatin chemotherapy, as measured by 
increased time to progression and OS, in addition to 
increased toxicity[33]. In an in vitro study, fibroblasts trans-
duced with CdA showed reistance to gemcitabine[34]. 

RR is the enzyme that converts ribonucleotide 5’-di-
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phosphates to 2’-deoxyribonucleotide 5’-diphosphates. 
The holoenzyme is made up of  two sub-units, RRM1 
and RRM2. Production of  2’-deoxyribonucleotide 5’-di-
phosphates is the rate limiting step for the supply pathway 
of  2’-deoxyribonucleotide 5’-triphosphates, the building 
blocks of  DNA. There is a reciprocal inhibition between 
gemcitabine and RR. Gemcitabine, after transformation 
to dFdCTP, inhibits the activity of  RR, while dCTP pro-
duced by RR inhibits dCK, increases the activity of  dCDA 
and directly antagonizes dFdCTP for DNA incorporation.

Over-expression of  the RRM2 sub-unit of  RR in pan-
creatic cancer cell lines decreases their sensitivity to gem-
citabine while RRM2 knock-down with siRNA enhances 
gemcitabine sensitivity in vitro in cell lines and in vivo in hu-
man pancreatic cancer xenografts in mice[35]. Interestingly 
RRM2 knock-down also decreased transcription factor 
nuclear factor-κB (NF-κB) activity. An investigation of  
RRM2 levels in patient samples showed that pancreatic 
cancer patients with low levels of  RRM2 mRNA in their 
diagnostic biopsy showed significantly better survival than 
patients with high RRM2 mRNA levels[36]. This study 
comprised 31 patients who were all treated with gem-
citabine.

The RRM1 sub-unit of  RR has also been found to 
be associated with gemcitabine resistance in vitro as it 
was the most up-regulated gene in a screen comparing 
gene expression between a pancreatic cancer cell line 
and its gemcitabine-resistant derivative[37]. Knocking 
down RRM1 by RNA interference restored gemcitabine 
sensitivity to the level of  the parental line. In 18 recur-
rent pancreatic cancer patients treated with gemcitabine, 
those patients who had low RRM1 mRNA levels in their 
biopsies had a significant better survival than their high-
expressing counterparts[37].

In an effort to combine the most important gemcitabine 
metabolizing genes in a model of  gemcitabine sensitivity 
prediction, Nakano et al[38] proposed the ratio of  mRNA 
expression of  hENT1 x dCK/RRM1 x RRM2 as predict-
ing sensitivity to gemcitabine of  cell lines in vitro. This 
ratio decreased as cell lines acquired resistance to the drug 
whereas individual gene mRNA levels were not correlated 
with gemcitabine sensitivity in this in vitro model. In a ther-
apeutic context, simultaneous transfection of  gemcitabine 
resistant pancreatic cancer cells with dCK and uridine mo-
nophosphate kinase and knock-down of  RRM2 and TS 
with siRNAs sensitized these cells to gemcitabine[39].

Finally, several single nucleotide polymorphisms of  
various gemcitabine metabolism-associated genes which 
affect activity of  the respective proteins have been associ-
ated with gemcitabine activity and toxicity[40].

RESISTANCE ASSOCIATED WITH 
CHANGES OTHER THAN THOSE 
INVOLVED IN GEMCITABINE 
METABOLISM
Intracellular pathways with a role in the pathogenesis of  

malignancy are associated with resistance to gemcitabine-
induced cell death without directly affecting intracellular 
drug retention and activation but instead blocking drug-
induced death signaling. These pathways start from 
surface molecules such as receptor tyrosine kinases 
and adhesion mediators and also include down-stream 
kinases,other modulators and transcription factors. 

Phosphatidylinositol-3 kinase/AKT/NF-κB axis
This important pathway involves activation of  anti-
apoptotic kinase akt (alternatively named PKB, protein 
kinase B) down-stream of  k-ras and phosphatidylinositol-3 
kinase (PI3K) kinase (Figure 2). K-ras carries activating 
mutations in the majority of  pancreatic cancer patients 
and thus, gemcitabine resistance due to hyper-activated 
akt may be clinically relevant. Akt activates anti-apoptotic 
transcription factor NF-κB, other transcription factors 
and anti-apoptotic modulators. 

Both in vitro studies using pancreatic cancer cell lines[41] 
and in vivo human pancreatic cell line xenograft studies in 
mice[42] have shown sensitization to gemcitabine follow-
ing pharmacologic inhibition of  PI3K by wortmannin 
or LY294002. Nevertheless, another study of  xenografts 
of  a variety of  human pancreatic cell lines in SCID mice 
showed that akt inhibition by wortmannin did not always 
sensitize xenografted tumors to gemcitabine treatment, 
but some xenografts had a tumor resistance promoting 
effect in contrast to a sensitizing effect in the same cell 
lines in culture[43]. These results argue for the importance 
of  host factors in modulating tumor response to treat-
ment. In a cell line study, inhibition of  PI3K/akt with 
LY294002 failed to sensitize cells to gemcitabine[44]. In 
contrast, inhibition of  NF-κB pharmacologically or 
through the use of  an inhibitor IκBα super-repressor 
sensitized resistant cell lines to gemcitabine.Notably, al-
though LY294002 inhibited akt kinase, it had no effect 
on NF-κB down-stream, possibly due to concomitant ac-
tivation of  NF-κB by other up-stream signals which may 
explain its failure to have a gemcitabine-sensitizing effect.

Both canonical and non-canonical NF-κB pathways 
are activated in many cases of  pancreatic cancer[45,46]. 
Apart from constitutive activation, this transcription fac-
tor, which confers drug resistance, is further induced by 
hormones such as pro-gastrin[47] and chemotherapeutic 
agents. In pancreatic cancer, knock-down of  NF-κB sub-
unit p65 (RelA) had a synergistic effect with gemcitabine 
in inhibiting both a gemcitabine-sensitive and a gem-
citabine-resistant cell line in vitro and in mice xenografts 
in vivo[48]. Gemcitabine alone led to NF-κB up-regulation. 
In contrast, another group[49], using various pancreatic 
cancer cell lines, both gemcitabine-sensitive and resistant, 
showed that p65 knock-down had a synergistic effect 
with gemcitabine only in sensitive lines in vitro and in ani-
mal xenografts. In this instance no up-regulation of  NF-
κB by gemcitabine was noted. It is unclear whether these 
somewhat conflicting results are due to different experi-
mental conditions, the different gemcitabine-resistant 
cell lines used for the in vivo experiments or other factors. 
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Down-regulation of  NF-κB by isoflavone genistein also 
showed synergy with gemcitabine in inhibiting the growth 
of  pancreatic cancer lines[50]. Curcumin, another natural 
product, and the vitamin E analogue γ-tocotrienol acted 
synergistically with gemcitabine in inhibiting pancreatic 
cancer cells in vitro and in vivo and inhibited NF-κB and 
its target genes cyclin D1, c-myc, bcl-2, bcl-xL, c-IAP1, cox-2 
and MMP9[51,52]. Glycogen synthase kinase 3 (GSK3) inhi-
bition, either pharmacologically or by siRNA, was found 
to down-regulate NF-κB activity but did not confer syn-
ergistic activity to gemcitabine in all pancreatic cancer cell 
lines tested[53]. This is expected because GSK3 has several 
other cellular targets and effects. For example its inhibi-
tion stabilizes and activates β-catenin signaling[54].

Hypoxic conditions activate the PI3K/akt/NF-κB 
pathway and decrease the sensitivity of  pancreatic can-
cer cells to gemcitabine in vitro[55]. ERK phosphorylation 
and activation was also observed in these conditions. 
Pharmacological inhibition of  epidermal growth fac-
tor receptor (EGFR), up-stream of  PI3K and of  akt, 
by small molecule inhibitors PKI166 and LY294002, 
reversed gemcitabine resistance in this model. Pharmaco-
logical inhibition of  ERK had only a partial effect. NF-
κB DNA binding activity was inhibited by EGFR and akt 
inhibition but not by ERK inhibition, an observation that 
may explain re-sensitization to gemcitabine. Hypoxia also 
activates transcription factor HIF-1, which suppresses 
hENT-1[56]. This effect would be expected to contribute 
to gemcitabine resistance.

TrkA is the receptor tyrosine kinase for nerve growth 
factor, the expression of  which has been shown to cor-
relate with gemcitabine resistance in vitro[57]. Pancreatic 
cancer cell lines with higher TrkA expression and kinase 
activity were more resistant to gemcitabine than a cell 
line with lower TrkA expression and activity. siRNA for 
TrkA decreased IC50 (the concentration resulting in pro-
liferation inhibition by 50%) of  gemcitabine in resistant 
cell lines from 40-50 nmol/L to less than 10 nmol/L 
and increased the fraction of  apoptotic cells from 15% 
to 30%. Knocking down TrkA resulted in inhibition of  
down-stream akt kinase, as measured by inhibition of  
phosphorylation of  a fusion GSK3 protein in an in vitro 
assay. It remains plausible that proliferation inhibition 
and gemcitabine sensitization by TrkA inhibition passes 
through additional pathways down-stream of  TrkA.

High expression of  chemokine receptor CXCR4, the 
receptor for CXCL12 (also named SDF-1α, stromal-
derived factor 1α), correlates with poorer survival in 
pancreatic cancer patients after resection[58]. The CXCR4/
CXCL12 axis produces activation of  focal adhesion ki-
nase (FAK), akt and ERK in vitro and produces also gem-
citabine resistance in pancreatic cancer cells[59] through ac-
tivation of  the expression of  NF-κB, β-catenin and target 
proteins bcl-2, bcl-xL, survivin and Notch-1. A CXCR4 
inhibitor, AMD3100, was able to reverse gemcitabine re-
sistance.

Plasma concentrations of  large variants of  the extra-
cellular matrix protein tenascin C were higher in pancre-

157WJGO|www.wjgnet.com November 15, 2011|Volume 3|Issue 11|

K-ras

FAK

CK2α
ILK

CXCR4
TrkA

NGF CXCL12

Cell membrane

miR-21

Hypoxia

PTEN

HIF1

hENT1

Apoptosis

PI3K

Akt

NF-κB

c-src

RRM2

CEACAM6

Cyclin D

C-myc

Bcl-2

Bcl-xL

c-IAP1

Cox2

MMP9

Nuclear 
membrane

Figure 2  Phosphatidylinositol-3 kinase/akt/nuclear factor-κB-related pathways involved in gemcitabine resistance. Arrows denote up-regulation or activation 
and т type joinings denote down-regulation or inhibition. NGF: Nerve growth factor; ILK: Integrin-linked kinase; CEACAM6: Carcinoembryonic antigen cell adhesion 
molecule 6; FAK: Focal adhesion kinase; PI3K: Phosphatidylinositol-3 kinase; NF-κB: Nuclear factor-κB.

Voutsadakis IA. Gemcitabine response prediction in pancreatic cancer



atic cancer patients than controls and were even higher 
in gemcitabine-resistant patients[60]. The interaction of  an 
alternatively spliced form of  tenascin C with membrane 
protein Annexin A2 activates the PI3K/Akt/NF-κB axis 
and confers gemcitabine resistance in pancreatic cells. In 
this model, gemcitabine resistance was reversed by NF-
κB inhibition using pyrolidine dithiocarbamate or siRNA. 

Notch-3, one of  the Notch cell surface receptors 
which undergo proteolytic cleavage after ligand binding 
and are translocated to the nucleus to act as co-activators 
of  transcription, has been shown to be involved in gem-
citabine resistance[61]. siRNA for notch-3 sensitizes pan-
creatic cancer cells to gemcitabine in vitro. Akt activity as 
measured by GSK3 phosphorylation was inhibited after 
Notch-3 knock-down.

Expression of  carcinoembryonic antigen cell adhe-
sion molecule 6 (CEACAM6), a CEA family member of  
glycosylphosphatidyl inositol-linked surface molecules, 
confers resistance to gemcitabine in pancreatic cancer 
cells[62]. Gemcitabine-resistant cells in which CEACAM6 
is permanently knocked-down by shRNA expression be-
come sensitized to the drug. Reciprocally, sensitive cells 
that did not express CEACAM6 at baseline become re-
sistant to gemcitabine when transfected with CEACAM6. 
CEACAM6 signals through c-src and akt kinases, as 
witnessed by the induction of  activity of  these kinases in 
transfected cells.

Integrin-linked kinase (ILK) is a serine threonine ki-
nase that links adhesion signaling to down-stream cell 
signal transduction. It is involved in the activation of  the 
PI3K/akt pathway. Pharmacological inhibition of  ILK 
by the small molecule inhibitor QLT0254 decreased akt 
Ser473 phosphorylation in pancreatic cancer xenografts. 
QLT0254 also inhibited phosphorylation of  targets of  
mTOR, kinase S6K and S6 ribosomal protein as well as 
phosphorylation of  signal transducer and activator of  
transcription 3 but not of  GSK3 and ERK[63]. Mice treat-
ed with the ILK inhibitor displayed a smaller volume of  
xenografts after 3 wk of  treatment than controls. Never-
theless QLT0254 did not produce a significant reduction 
in the proliferation or apoptosis of  the xenografts after 
single agent exposure. In combination with gemcitabine, 
the ILK inhibitor produced a small additional growth in-
hibition; xenografts used in these experiments were also 
sensitive to gemcitabine monotherapy.

Phosphorylation of  FAK, another important adhe-
sion and integrin-associated kinase, has been associated 
with resistance of  pancreatic cell lines to gemcitabine[64]. 
FAK phosphorylation resulted in akt phosphorylation 
and activation as well as poor phosphorylation of  anti-
apoptotic bcl-2 family members. Inhibition of  laminin-
induced FAK phosphorylation with siRNA or with over-
expression of  FAK-related non-kinase, an endogenous 
inhibitor, enhanced gemcitabine sensitivity in vitro and in 
a nude mouse xenograft model[64,65].

Non-receptor tyrosine kinase src has increased activ-
ity in gemcitabine-resistant pancreatic cancer cell lines 
and its pharmacological inhibition diminished this resis-

tance[66]. Similarly, c-src suppression by siRNA sensitized 
cells to gemcitabine and increased their apoptosis[67]. Akt 
activity, as measured by GSK3 phosphorylation, was 
inhibited by c-src RNA interference. Pharmacological 
inhibition of  c-src decreased the expression of  RR sub-
unit RRM2, which was over-expressed in gemcitabine 
resistant cell lines[66].

In another in vitro study using RNA interference to 
knock-down the catalytic sub-units of  casein kinase 2 
(CK2), CK2α and CK2α’, decrease of  either of  these 
sub-units increased gemcitabine sensitivity in a resistant 
pancreatic cancer cell line. CK2α interference favored 
apoptotic cell death with activation of  kinases MKK4 
and JNK, while CK2α’ interference produced signs of  
necrotic cell death with concomitant activation of  the 
PI3K/akt pathway[68]. Other investigators, though experi-
menting with a different pancreatic cell line, found that 
gemcitabine produced apoptosis and phosphorylated 
and activated MKK3/6 and p38MAPK but not JNK[69]. 
Moreover, pharmacological inhibition of  p38MAPK, but 
not JNK, inhibited gemcitabine-induced apoptosis.

miR-21 is an oncogenic microRNA which has been 
found to be over-expressed in several types of  cancer 
including pancreatic cancer[70]. Seventy nine per cent of  
pancreatic cancer patient samples showed miR-21 expres-
sion by in situ hybridization while miR-21 was weakly 
expressed in only 27% of  chronic pancreatitis specimens 
and 8% of  normal pancreas. Node negative pancreatic 
cancer patients with a strong miR-21 expression had a 
statistically significant poorer OS than their counterparts 
with a weak or negative staining[70]. Among the targets 
miR-21 suppresses are protein programmed cell death 
4 and phosphatase PTEN. In contrast matrix metallo-
proteinases MMP2 and MMP5 and vascular endothelial 
growth factor are up-regulated when primary pancreatic 
cancer cells are transfected with miR-21. Patients with 
pancreatic cancer and a high expression of  miR-21 have 
been found to have a poorer prognosis and be resis-
tant to gemcitabine treatment compared with patients 
with low miR-21[71]. Inhibitors of  activated akt reversed 
gemcitabine resistance in cells expressing high levels of  
miR-21 in vitro, supporting the role of  PTEN suppression 
in miR-21 resistance. Treatment of  gemcitabine resistant 
pancreatic cancer cell lines with the curcumin analogue 
CDF down-regulated miR-21, induced PTEN and re-
versed gemcitabine resistance[72]. The same sensitization 
effect was observed with miR-21 knocking-down by anti-
sense oligonucleotides[73].

Other modulators and transcription factors associated 
with gemcitabine resistance
Signals communicated from pancreatic cancer cells to 
neighboring stroma fibroblasts, through the Hedgehog 
pathway, are important in inducing proliferation of  fi-
broblasts and creating a desmoplastic stroma around the 
tumor mass[74]. Desmoplastic stroma is often a character-
istic of  human pancreatic adenocarcinoma and may act 
as a barrier to drug delivery in vivo. A Hedgehog inhibitor 
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decreased fibroblast levels in vivo in a mouse model and 
synergized with gemcitabine in increasing the survival of  
mice bearing pancreatic tumors[74].

Interferon stimulated gene 15 (ISG15) is a ubiquitin-
like protein which, similar to ubiquitin, is linked to target 
proteins through enzymatic reactions involving an activat-
ing enzyme, conjugating enzymes and ligases[75]. Dozens 
of  cellular proteins can be ISGylated and this covalent 
link leads to modulation of  sub-cellular localization and 
activity of  target proteins. ISG15 expression is increased 
in gemcitabine resistant pancreatic cancer cell lines and 
knocking-down the protein with siRNA reverses this re-
sistance[76].

TMS1 (target of  methylation-induced silencing 1, 
also called ASC, apoptosis-associated Speck-like protein 
containing a CARD domain) is a tumor suppressor that 
is itself  suppressed in several types of  cancer. TMS1 
structure includes an amino-terminal PYD domain (pyrin 
domain) and a carboxy-terminal CARD domain (caspase 
recruitment domain). Based on this structure, TMS1 is 
capable of  promoting apoptosis but also of  regulating 
NF-κB signaling[77]. TMS1 is repressed by methylation in 
pancreatic cells and its up-regulation through transfection 
or pre-treatment with the demethylating agent 5-azacyti-
dine increases sensitivity to gemcitabine[78].

Bcl-2 family proteins include both pro-apoptotic and 
anti-apoptotic members[79] and regulate mitochondrial 
release of  pro-apoptotic factors. In the pancreatic cancer 
cell line Capan-1, prolonged exposure to gemcitabine 
produced resistance to the drug and led to up-regulation 
of  anti-apoptotic bcl-2 family members bcl-xL and 
mcl1[80]. In contrast, another pancreatic cell line, Mia-
PaCa-2 was sensitized by prolonged gemcitabine expo-
sure and neither expression of  bcl-xL nor of  mcl-1 was 
changed significantly. In another study, suppression of  
mcl-1 by shRNA led to growth inhibition of  pancreatic 
cancer cells in vitro and in xenografts and produced gem-
citabine sensitization[81].

Phosphorylation of  heat shock protein 27 (Hsp27), 
a chaperone protein functioning in the unfolded protein 
response, is mediated by several kinases, such as MAPK 
activated protein kinase 2 and 5, protein kinase D and akt 
and results in apoptosis inhibition and proliferation in-
hibition[82]. Phosphorylation of  Hsp27 is associated with 
resistance to various chemotherapy agents in a number 
of  cancers and has been shown to be increased in a pan-
creatic cancer cell line resistant to gemcitabine compared 
with a sensitive clone[83]. Knocking-down Hsp27 with 
siRNA or suppressing it with a benzylidene lactam com-
pound or with interferon γ reversed this resistance[84-86].

In addition to NF-κB, the expression and function of  
other transcription factors influences pancreatic cancer 
cell sensitivity to gemcitabine.

Transcription factor activating protein 2α (AP-2α), 
one of  five members of  the human AP-2 family of  tran-
scription factors, has tumor suppressing properties in 
breast and colon cancer[87,88]. In pancreatic cancer cells, 
AP2α over-expression reduces proliferation in vitro, in 

a xenograft model[89], and reduces cell migration in vitro. 
Clones that over-express AP2α are also more sensitive to 
gemcitabine treatment. Interestingly, clones where there 
is a moderate over-expression of  AP2α show a greater 
effect, while higher expression results in a lower prolifera-
tion and gemcitabine sensitization advantage compared 
with control cells.

Transcription factor E26 transformation specific se-
quence 1 (Ets1), belonging to a family of  transcription 
factors with homology to avium erythroblastosis virus 
E26 gene v-ets, is involved in cell proliferation and differ-
entiation[90]. Members of  the family are involved in recur-
rent translocations associated with prostate cancer[91,92]. 
Pancreatic cancer cell lines, made resistant to gemcitabine 
with gradual increasing exposure to the drug, display 
up-regulation of  Ets1 and siRNA-mediated Ets1 silenc-
ing restores gemcitabine sensitivity[93]. Ets1 target genes 
MMP1 and uPA are down-regulated secondary to Ets1 
suppression but it remains unknown if  they are directly 
involved in resistance reversal or if  other targets are in-
cluded.

Stem cell phenotype and gemcitabine resistance
Cancer stem cells constitute a minority of  tumor bulk in 
most cancers but are important because they are able to 
repopulate tumors after therapeutic attack due to their in-
herent drug resistance. They are characterized by surface 
antigens that are preferentially expressed compared to 
the rest of  the tumor cells. Among these antigens, CD44, 
the hyaluronan surface receptor, is expressed in stem 
cells from various cancers. It contributes to cell survival 
and metastasis potential by facilitating communication of  
cancer cells with their environment but also participating 
in cell extravasation and motility[94]. CD44+ pancreatic 
cancer cells were enriched during the acquisition of  re-
sistance to gemcitabine by pancreatic cancer cell lines 
in vitro[95]. CD44+ cells display increased expression of  
ABCB1 (MDR1) transporter that confers multi-drug 
resistance. Moreover, pancreatic cancer patients whose 
tumors stained positive for CD44 had a poorer outcome 
than CD44 negative patients.

Tumor suppressing microRNAs of  the miR-200 fam-
ily are down-regulated in cells resistant to gemcitabine[72]. 
The miR-200 family consists of  five members belong-
ing to two sub-groups based on their target sequences. 
Sub-group Ⅰ is comprised of  miR-200a and miR-141 
and sub-group Ⅱ of  miR-200b, miR-200c and miR-429. 
These miRs play a significant role in epithelial mesenchy-
mal transition (EMT) through inhibition of  transcrip-
tion repressors Zinc finger E-box binding homeobox 1 
(ZEB1) and ZEB2 (Figure 3). ZEB repressors inhibit 
reciprocally miR-200s[96]. Thus a feedback loop is estab-
lished which works physiologically during development 
and in cancer during metastasis. ZEB activity promotes 
EMT and miR-200 family activity promotes the reverse 
process, mesenchymal to epithelial transition. miR-200 
down-regulation has been observed in different cancers. 
In pancreatic cancer miR-200 family expression is vari-
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able in different cell lines[97] but it correlates inversely 
with gemcitabine resistance[98]. miR-200b and c are sup-
pressed in gemcitabine-resistant cell lines which display 
EMT morphology with fibroblastoid features. In contrast 
ZEB1 is up-regulated and its target E-cadherin is sup-
pressed[99]. Treatment of  these cells with the natural fla-
vinoid, isoflavone or with 3’,3’-diindolyl-methane (DIM) 
reverses this phenotype, down-regulates ZEB1 and up-
regulates E-cadherin. The EMT phenotype is associated 
with Notch signaling and inhibition of  Notch results in 
reversal of  the phenotype as well as ZEB1, slug, snail and 
NF-κB down-regulation[100]. Reciprocally, ZEB1 induces 
Notch signaling constituting a feed-forward loop that 
promotes stemness and drug resistance[101]. miR-200b and 
c induction is observed after treatment with the curcumin 
analogue CDF which, as mentioned previously, concomi-
tantly down-regulates miR-21 and induces gemcitabine 
sensitivity in initially resistant cell lines[72]. 

DIM and an isoflavone mixture additionally induce 
miR-146a in pancreatic cancer cells and down-regulate its 
targets interleukin 1 receptor-associated kinase 1, NF-κB 
and EGFR[102], which could also contribute to gemcitabine 
resistance reversal.

The let-7 family of  miRs: let-7b, let-7c, let-7d and let-
7e, are down-regulated in gemcitabine-resistant pancre-
atic cancer cells[98]. This family of  miRs is associated with 
suppression of  the stem cell phenotype[103]. 

Stable transfection of  pancreatic cells with transforming 
growth factor β (TGFβ) increases their invasion potential 
in vitro, although it decreases their proliferation. Knocking-
down of  TGFβ receptor TβRII by siRNA increased 
pancreatic cell sensitivity to gemcitabine compared with 
clones in which siRNA was ineffective and TβRII contin-
ued to be expressed[104]. Up-regulation of  protein kinase 
Cα was observed after cell treatment with TβRII and may 
mediate resistance to gemcitabine but also to cisplatin in 
this model. TGFβ signaling plays a role in EMT and as a 
result constitutes a link between this transition and drug 
resistance[105]. TGFβ suppresses miR-200 microRNAs 
favoring ZEB transcription modifiers, thereby promot-
ing EMT[106]. In addition, it co-operates with both Notch 
signaling[107] and transcription repressor Snail[108] in EMT 
promotion. Snail is induced by NF-κB[109], indicating the 

co-operation of  the two drug resistance-inducing path-
ways in EMT.

Thus, it becomes evident from the discussion above 
that stem cells possess specific intra-cellular circuits in-
volving, among others, miRs, ZEBs and CD44 that pro-
mote both EMT and drug resistance. 

CONCLUSION
Response to gemcitabine is dependent on both phar-
macokinetic and pharmacodynamic factors that define 
intra-cellular drug availability, activation and metabolism 
as well as the way the malignant cell responds to the 
toxic lesion incited by the agent. Membrane transporters 
and enzymes that are involved in gemcitabine activation 
and catabolism have been implicated in gemcitabine re-
sponse. Multiple pro-survival signal pathways culminat-
ing in the PI3K/Akt/NF-κB axis activation are impor-
tant in gemcitabine resistance. There is cross-talk with 
signals favoring the EMT and the stem cell phenotype. 
As the cellular events effecting gemcitabine resistance 
are revealed and the causative lesions, as opposed to 
resistance-secondary events better clarified, new clinical 
opportunities will arise. Selecting patients that will most 
probably benefit from the drug and rationally combining 
it with sensitizing agents should lead to improved clinical 
outcomes.
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