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See editorial on page 43.

ackground & Aims: The human equilibrative nu-
leoside transporter (hENT1) protein transports
emcitabine into cells. Small retrospective studies in
ancreatic cancer suggest that levels of hENT1 pro-

ein or messenger RNA may have prognostic value.
e studied the predictive value of hENT1 levels in a

ohort of pancreatic adenocarcinoma patients from
he large prospective randomized adjuvant treat-

ent trial RTOG9704. Methods: In RTOG9704, 538
atients were assigned randomly, after surgical resec-

ion, to groups that were given either gemcitabine
r 5-fluorouracil (5-FU). Immunohistochemistry for
ENT1 was performed on a tissue microarray of 229
esected pancreatic tumors from RTOG9704 and
cored as having no staining, low staining, or high
taining. Associations between hENT1 protein and
reatment outcome were analyzed by unconditional
ogistic regression analysis using the chi-square test
nd the Cox proportional hazards model. Results:
ENT1 expression was associated with overall and

isease-free survival in a univariate (hazard ratio
HR], 0.51; 95% confidence interval [CI], 0.29 – 0.91;

� .02; and HR, 0.57; 95% CI, 0.32–1.00; P � .05) and
ultivariate model in the group given gemcitabine

HR, 0.40; 95% CI, 0.22– 0.75; P � .004; and HR, 0.39;
5% CI, 0.21– 0.73; P � .003). hENT1 expression was
ot associated with survival in the group given 5-FU.
onclusions: In this prospective randomized trial,
ENT1 protein expression was associated with in-
reased overall survival and disease-free survival in pan-
reatic cancer patients who received gemcitabine, but
ot in those who received 5-FU. These findings are
upported by preclinical data; the gemcitabine trans-
orter hENT1 is therefore a molecular and mechanisti-
ally relevant predictive marker of benefit from gemcit-

bine in patients with resected pancreatic cancer.
ancreatic cancer remains one of the most lethal hu-
man cancers. This is caused, in part, by resistance to

ost chemotherapeutic drugs. The nucleoside pyrimi-
ine analogue gemcitabine is the most effective single
gent in the palliation of advanced pancreatic cancer,
here it has been shown to improve clinical symptoms
nd modestly extend survival.1 Gemcitabine, one of the
ost commonly used chemotherapeutic agents, also is

pproved for use in non–small-cell lung cancer, breast
ancer, and ovarian cancer.

It is likely that genetic variability of key enzymes in
emcitabine transport and metabolism may impact on
reatment response and toxicity of gemcitabine agents.2

emcitabine and physiologic nucleosides are hydro-
hilic, and diffusion through the plasma membrane lipid

ayer is slow. Efficient cellular uptake therefore requires
he presence of specialized integral membrane nucleoside
ransporter proteins.3,4 Two general processes of nucleo-
ide transport have been identified: the equilibrative bi-
irectional facilitators and the concentrative sodium/
ucleoside symporters.2 However, the major routes for
ransporting gemcitabine are human equilibrative nucle-
side transporter (hENT1) (also known as SLC29A1)
nd, to a lesser extent, hCNT1 and hCNT3.2,4 –7

As a prodrug, gemcitabine must be phosphorylated to
ts active diphosphate and triphosphate metabolites. De-
xycytidine kinase is the rate-limiting enzyme in the
iotransformation of nucleoside analogues by phosphor-
lation to its mononucleotide. Cytidine deaminase, 5=
ucleotidase, and uridine monophosphate-cytidine mono-
hosphate kinase also are key enzymes in this pathway.
Gemcitabine has many anticancer mechanisms of ac-

ion. For example, gemcitabine triphosphate incorpo-

Abbreviations used in this paper: CI, confidence interval; 5-FU, 5-
uorouracil; hENT1, human equilibrative nucleoside transporter; HR,
azard ratio; SNP, single nucleotide polymorphism; TMA, tissue mi-
roarray.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/j.gastro.2008.09.067
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ates into DNA with a subsequent addition of a natural
ucleotide, thereby making the strand less vulnerable to
NA repair by base-pair excision.8,9 The de novo DNA

ynthesis pathway is blocked through inhibition of ribo-
ucleotide reductase (RRM1 and RRM2 subunits) by
emcitabine diphosphate.10 At high cellular concentra-
ion, gemcitabine triphosphate inhibits deoxycytidine

onophosphate deaminase and cytidine triphosphate
ynthetase, thereby lowering the opposing deoxycytidine
riphosphate pool.11,12 Finally, gemcitabine also has self-
otentiating mechanisms that achieve higher intracellu-

ar concentrations and increase cytotoxicity.
There are limited data about hENT1 in pancreatic

ancer cell lines. Studies involving pancreatic cancer cell
ines (NP9, NP18, NP 29, NP31) have indicated that
ENT1 is the major gemcitabine transporter in which it

s overexpressed.6 It is speculated that populations of
ells with lower hENT1 abundance may be relatively
emcitabine resistant owing to reduced intracellular ac-
umulation.2,7 In one study, pharmacologic inhibition of
ENT1 in cells has been reported to render them gem-
itabine resistant.2 Preclinical studies, including studies
nvolving pancreatic cancer cells lines, have suggested a
ositive correlation between hENT1 gene expression and
hemosensitivity.13–16 In a small retrospective surgical
eries, patients with hENT1-positive pancreatic cancer
umor tissue by immunohistochemistry had significantly
onger survival after gemcitabine chemotherapy than
atients with pancreatic tumors without detectable
ENT1.17 Furthermore, hENT1 messenger RNA (mRNA)
xpression in pancreatic cancer resection specimens has
een associated with longer overall survival, disease-free
urvival, and time to disease.18 Although these retrospec-
ive studies have shown the possibility of hENT1 as a
rognostic marker, they did not show its predictive role
ecause they lacked an appropriate control group who
id not receive gemcitabine.
The RTOG 9704 study was a phase III randomized

ostoperative adjuvant study in resectable pancreatic
ancer patients comparing 5-fluorouracil with gemcitab-
ne before and after chemoradiation.19 All patients re-
eived 5-FU as a radiation sensitizer during radiation.
fter closure of the study we used pretreatment, resected,

ormalin-fixed tumor tissue from patients enrolled in this
tudy to analyze hENT1 expression and correlate it with
atient demographics and treatment outcome. We fur-
her studied hENT1 single nucleotide polymorphisms
SNPs) to seek relationships with the variable hENT1
xpression in pancreatic adenocarcinoma.

Methods
Patient Selection and Consent
Patients entering RTOG 9704 gave consent for

se of formalin-fixed tissue for future planned transla-

ional research as part of the formal informed consent w
rocess. The RTOG tissue bank received tumor blocks
rom a total of 229 of the 538 patients who had under-
one surgical resection and were entered in the RTOG
704 prospective adjuvant treatment trial. Tissue mi-
roarrays (TMAs) were constructed from these blocks.
linicopathologic factors were obtained as part of the
atients’ enrollment in the study. Treatment schedules
nd follow-up clinical information including outcome
overall survival, diseases-free survival) and toxicity were
ecorded as end points in the study. Permission to per-
orm this study was obtained by the study sites’ and
nvestigators’ institutional review boards.

TMA Construction
A TMA was constructed using tissue core samples

rom the patients enrolled in the RTOG 9704 study. Each
atient’s tumor was represented by 3 cores (each core is 6
m in size) from different regions within the tumor

lock and placed on 3 separate arrays to exclude effects of
eterogeneous antigen expression. H&E staining was per-

ormed on each of the 3 TMAs to confirm tumor pres-
nce.

Immunohistochemistry
Anti-hENT1 monoclonal antibody was developed

nd characterized as described previously.17,20,21 Goat an-
imouse antibodies and horseradish-peroxidase–labeled
extran polymer (DAKO EnVision�) were purchased
rom DAKO Corporation (Carpinteria, CA). All other
eagents were of analytic grade and available commer-
ially.

Three separate formalin-fixed, paraffin-embedded pan-
reatic TMA sections (4- to 6-um thick, each containing
he 229 patients’ pancreatic tumor cores) were deparaf-
nized with 3 immersions in xylene baths (10 minutes
ach) followed by serial washes in graded alcohol from
00% to 50%. After rinsing in water, slides were placed in
50 mL of high pH 1� DAKO target antigen retrieval
olution and microwaved in TT-mega Milestone (ESBE
cientific, Markham, Ontario, Canada) under controlled
emperatures and high pressure for 10 minutes at 100°C.
fter cooling in water for 6 minutes, the slides were

insed with water, peroxidase was blocked in 3% H2O2

olution with methanol for 10 minutes, and then washed
n running water for 10 minutes. Phosphate-buffered
aline (PBS) (pH 7.2) was used for rinsing before incuba-
ion with appropriate dilutions of anti-hENT1 monoclo-
al antibodies. Slides with anti-hENT1 were incubated in
humidified chamber overnight at 4°C. The sections

hen were rinsed with PBS, immersed in buffer for 5
inutes, incubated with goat anti-mouse dextran conju-

ate (DAKO Envision�) for 30 minutes, followed by
oaking in PBS. DAKO diaminobenzidine liquid chroma-
en (DAKO Corp., Carpenteria, CA) was placed on the
amples for 5 minutes and rinsed, after which the slides

ere soaked in 1% CuSO4 for another 5 minutes. Subse-
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January 2009 hENT1 AND PANCREATIC CANCER 189
uently, the sections were rinsed, counterstained with
ematoxylin, dehydrated through graded alcohol and
ylene, and finally coverslipped. Negative controls were
rovided by omitting the primary antibodies.
Two readers experienced with hENT1 expression and

ENT1 staining patterns assessed and scored the hENT1
mmunostaining intensities. All hENT1 staining was
cored, including membranous and cytoplasmic. All
ENT1 immunostaining was performed twice and both
ets of scores were consistent. Both readers were blinded
o the clinical characteristics and outcomes data. Scoring
or hENT1 was based on relative intensities of staining of
he pancreatic tumor with reference to the normally
trong hENT1 staining of lymphocytes, using a previ-
usly established system.17 These internal references then
ere used as internal positive controls between slides and

amples as well as for the staining procedure. Pancreatic
umor tissue then was evaluated by comparison with the
nternal controls. A score of high hENT1 staining was given
or strong reactivity in greater than 50% of neoplastic
ells. A score of no hENT1 staining was given if there was
o staining in greater than 50% of cells. A score of low
ENT1 staining was given to all cases in between. Because
ach patient’s tumor was represented on each of the 3
MAs, the maximum score for all 3 of the TMAs was
sed as the final hENT1 score for that patient (No
ENT1, Low hENT1, or High hENT1).

Statistical Analyses
The hENT1 immunohistochemistry and SNP ge-

otype scores were submitted to the RTOG Statistical
ore for analysis without knowledge of patient demo-
raphics, treatment arm randomization, or outcome. A
tatistical comparison to assess whether missing hENT1
ata were associated with baseline characteristics was
erformed using the chi-square test.
hENT1 expression was dichotomized as No hENT1 vs

ombined Low and High hENT1. hENT1 also was bro-
en down into 2 dummy variables with a value of No
ENT1 as the reference level: No hENT1 vs Low hENT1,
nd No hENT1 vs High hENT1. The following pretreat-
ent characteristics were dichotomized: pathologic t-

tage (stage T1 and T2 vs stage T3 and T4), American
oint Committee on Cancer stage (stage I and II vs stage
II and IV), and primary tumor location (head vs every-
hing else). Race was categorized as white, African Amer-
can, or other. The following toxicities also were dichot-
mized: worst overall (grades 1, 2 vs grade 3 or higher),
orst hematologic (grades 1, 2 vs grade 3 or higher), and
orst nonhematologic (grades 1, 2 vs grade 3 or higher).
he failure event for overall survival was defined as death

rom any cause. Survival time was measured from the
ate of randomization to the date of death or last fol-

ow-up evaluation. The failure event for disease-free sur-
ival was defined as disease relapse (local or regional),

istant disease (including abdominal ascites, peritoneal e
eeding, and other abdominal sites), second primary or
eath from any cause. Disease-free time was measured
rom the date of randomization to the date of first
isease-free failure event occurrence.
Association between hENT1 protein expression, either

ichotomized (No hENT1 vs combined Low and High
ENT1) or ungrouped (No hENT1 vs Low hENT1 vs
igh hENT1) with tumor demographic details, toxicity,

nd treatment outcome (overall survival and disease-free
urvival) were sought by unconditional logistic regression
nalysis using the chi-square test and the Cox propor-
ional hazards model. Both treatment arms of the study
ere analyzed. Univariate and multivariate analysis for

orrelation between overall survival and disease-free sur-
ival and patient clinical features were calculated accord-
ng to the Kaplan–Meier method and compared by the
og-rank test based on the pattern of hENT1 immuno-
taining. The following variables were included in the

ultivariate analyses: nodal involvement (no vs yes), tu-
or diameter (�3 vs �3 cm), Karnofsky Performance

cale (100, 90 vs 60, 70, 80), surgical tumor stage (I, II vs
II, IV), and surgical margin status (negative vs positive
nd negative vs unknown). Because there were 3 possible
esponses for surgical margin status (negative, positive,
r unknown), this variable was broken into 2 dummy
ariables with a value of negative as the reference level.
esults were expressed as a hazard ratio (HR) (HR � 1
enoting survival benefit) and were considered significant
t a P value of .05 or less. By using statistical power
alculations for survival models, our analysis was de-
igned such that, with the available tissue (100 samples in
ach arm) and 20%–25% of patient samples having no
ENT1 expression (control arm), it would provide an
0% power to detect a 40% decrease in HR for all patients
ith a P value of .05.

Results
Patient Population
The study opened July 20, 1998, and closed on

uly 26, 2002, with a total of 538 patients, and the final
esults have been published.19 Eighty-seven percent and
6% of patients assigned to the 5-FU group completed
hemotherapy and radiotherapy, respectively, as planned.
inety percent and 88% of patients assigned to the gem-

itabine group completed chemotherapy and radiother-
py, respectively, as planned. Of the 268 patients entered
n the gemcitabine arm, 91 were eligible and had analyz-
ble hENT1. Of the 177 cases excluded, 47 were ineligible
including 12 patients with analyzable tissue hENT1
xpression) and 130 had no analyzable tissue hENT1
Figure 1). Possible associations between baseline charac-
eristics and the determination of hENT1 levels were
nvestigated to determine if missing data may have influ-
nced the analysis. Tumor location of head (head vs

verything else) was the only baseline characteristic to
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ave a positive statistical association between missing
nd determined hENT1 in the gemcitabine treatment
rm (P � .02).

Of the 270 patients entered in the 5-FU arm, 107 were
ligible and had analyzable hENT1. Of the 163 cases
xcluded, 39 were ineligible (including 13 patients with
nalyzable tissue hENT1 expression), 1 patient withdrew,

Figure 1. Flow of patients through study.

able 1. Characteristics of Patients Entered Into Gemcitabin
Immunohistochemistry Staining Score (No Staining,

hENT IHC score

Gemcitabine

No stain Low

18 39
ge (y)
Median 53 63

ender
Male 11 (61%) 16 (41%)
Female 7 (39%) 23 (59%)

rimary location
Head 14 (78%) 30 (77%)

-stage
T1, T2 4 (22%) 9 (23%)
T3, T4 14 (78%) 30 (77%)

-stage
N0 6 (33%) 16 (41%)
N1 12 (67%) 23 (59%)

urgical margins
Complete resection/negative margins 4 (22%) 16 (41%)
Complete resection/positive margins 7 (39%) 12 (31%)
Complete resection/unknown margins 7 (39%) 11 (28%)

argest tumor dimension
�3 cm 6 (33%) 17 (44%)
�3cm 12 (67%) 22 (56%)

PS (Categorized)
60, 70, 80 4 (22%) 20 (51%)
90, 100 14 (78%) 19 (49%)

ace
White 17 (94%) 36 (92%)
African American 1 (6%) 1 (3%)
Other 0 (0%) 2 (5%)

PS, Karnofsky Performance Scale.
P value for chi-square test.

Chi-square test not valid due to small cell counts.
nd 123 had no analyzable tissue hENT1 (Figure 1).
ossible associations between baseline characteristics and
he determination of hENT1 levels were investigated to
etermine if missing data may have influenced the anal-
sis. No positive statistical associations existed for this
rouping between missing and determined hENT1 in the
-FU treatment arm.

hENT1 Immunohistochemistry
Of the 229 patient tumor samples evaluated, 6

atient samples were not analyzable for hENT1 immu-
ohistochemistry because of inadequate tissue on the
MA. Of the remaining 223 patients, 25 were excluded

rom the analysis because they were excluded from the
ain trial analysis because of ineligibility rules, leaving

98 with analyzable hENT1 immunostaining. The localiza-
ion of the hENT1 immunostaining was predominantly

embrane, although occasional cytoplasmic staining was
een. For patients randomized to the gemcitabine arm with
nalyzable hENT1 (n � 91), No hENT1 staining was seen
n 18 patients, Low hENT1 staining was seen in 39
atients, and High hENT1 staining was seen in 34 pa-
ients (Table 1). For those randomized to the 5-FU arm

5-FU Treatment Arm Based on hENT1
Staining, and High Staining)

P valuesa

5-FU

P valuesah No stain Low High

4 26 41 40

5 N/A 60 61 63 N/A
.27

6%) 16 (62%) 23 (56%) 23 (58%) .91
4%) 10 (38%) 18 (44%) 17 (43%)

.97
9%) 23 (88%) 37 (90%) 31 (78%) .23

.99 .55
4%) 9 (35%) 12 (29%) 9 (23%)
6%) 17 (65%) 29 (71%) 31 (78%)

.57 .54
9%) 11 (42%) 16 (39%) 12 (30%)
1%) 15 (58%) 25 (61%) 28 (70%)

.51 .96
4%) 11 (42%) 18 (44%) 18 (45%)
5%) 8 (31%) 15 (37%) 13 (33%)
1%) 7 (27%) 8 (20%) 9 (23%)

.75 .43
8%) 10 (38%) 18 (44%) 12 (30%)
2%) 16 (62%) 23 (56%) 28 (70%)

.07 .38
2%) 8 (31%) 19 (46%) 14 (35%)
8%) 18 (69%) 22 (54%) 26 (65%)

N/Ab N/Ab

8%) 25 (96%) 37 (90%) 32 (80%)
%) 0 (0%) 1 (2%) 5 (13%)
%) 1 (4%) 3 (7%) 3 (8%)
e and
Low

Hig

3

6

19 (5
15 (4

27 (7

8 (2
26 (7

10 (2
24 (7

15 (4
12 (3

7 (2

13 (3
21 (6

11 (3
23 (6

30 (8
3 (9
1 (3
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January 2009 hENT1 AND PANCREATIC CANCER 191
ith analyzable hENT1 (n � 107), 26 patients had No
ENT1 staining, 41 patients had Low hENT1 staining,
nd 40 patients had High hENT1 staining (Table 1).

Analysis of Baseline Demographics
There were no positive statistical associations be-

ween baseline characteristics and hENT1 levels, both
ngrouped (No hENT1, Low hENT1, and High hENT1)
nd grouped (No hENT1 and combined Low and High
ENT1) in either the gemcitabine or 5-FU treatment
rms (Table 1).

Analysis of Toxicity
Relationships between toxicities and hENT1 lev-

ls, both ungrouped (No hENT1, Low hENT1, and High
ENT1) and grouped (No hENT1 and combined Low
nd High hENT1) were sought. A logistic regression
nalysis did not show a difference in incidence of grade 3
r higher toxicities (worst overall, worst hematologic, and
orst nonhematologic) for the patients with combined
ow and High hENT1) when compared with patients
ith No hENT1 for either the gemcitabine or 5-FU treat-
ent arm (data not shown).

Analysis of Outcome
Univariate analysis. hENT1 protein levels were

ssociated significantly with both overall and disease-free
urvival in the univariate models assessing patients in the
emcitabine treatment arm (Table 2). Among patients
eceiving gemcitabine, disease-free survival was pro-
onged in patients with combined Low and High hENT1
s compared with patients with No hENT1 (HR, 0.57;
5% confidence interval [CI], 0.32–1.00; P � .05). There
as also an improvement in disease-free survival for pa-

ients with High hENT1 as compared with patients with
o hENT1 for all patients (HR, 0.51; 95% CI, 0.27– 0.97;
� .04). There was longer overall survival among gem-

itabine-treated patients with combined Low and High
ENT1 when compared with patients with No hENT1

able 2. HENT 1 Immunohistochemistry Score and Survival i
Hazard Ratio (H.R.) (95% CI)

Gemcitabine arm

Low/High hENT1 vs no
hENT1

High hENT v
hENT1

nivariate
analysis

verall survival 0.51 (0.29, 0.91) (P � .02) 0.42 (0.22, 0.81)
isease free
survival

0.57 (0.32, 1.001) (P � .05) 0.51 (0.27, 0.97)

ultivariate
analysis

verall survival 0.40 (0.22, 0.75) (P � .03) 0.47 (0.24, 0.92)
isease free
survival

0.39 (0.21, 0.73) (P � .003) 0.36 (0.18, 0.71)
.R., hazard ratio. H.R. � 1 denotes survival benefit.
HR, 0.51; 95% CI, 0.29 – 0.91; P � .02). Similarly, overall
urvival was longer among patients with High hENT1
ompared with patients with No hENT1 for all patients
HR, 0.42; 95% CI, 0.22– 0.81; P � .01).

Conversely, hENT1 expression was not associated sig-
ificantly with overall and disease-free survival in these
nivariate models for the dichotomized hENT1 level
ariable (No hENT1 vs combined Low and High hENT1)
r for the ungrouped hENT1 level variable (No hENT1 vs
ow hENT1 vs High hENT1) among those patients ran-
omized to the 5-FU treatment arm.

Multivariate analysis. Multivariate analyses for
ichotomized hENT1 (No hENT1 vs combined Low and
igh hENT1) and ungrouped hENT1 (No hENT1 vs Low
ENT1 vs High hENT1) was performed for all patients.
ENT1 expression was associated independently and sig-
ificantly with overall and disease-free survival despite
djusting for baseline characteristics in these multivariate
odels for both groupings (Table 2). We observed pro-

onged disease-free survival for patients with combined
ow and High hENT1 as compared with patients with
o hENT1 for all patients (HR, 0.39; 95% CI, 0.21– 0.73;
� .003) (Figure 2A). There was also an improvement in

isease-free survival for patients with High hENT1 as
ompared with patients with No hENT1, and for patients
ith Low hENT1 as compared with patients with No
ENT1 for all patients (adjusted HR, 0.36; P � .003; and
djusted HR, 0.43; P � .01) (Figure 2C). There was pro-
onged overall survival among patients with combined
ow and High hENT1 as compared with patients with
o hENT1 for all patients treated with gemcitabine (HR,

.40; 95% CI, 0.22– 0.75; P � .03) (Figure 3A). There was
n independent improvement in overall survival for pa-
ients with Low hENT1 as compared with patients with
o hENT1, and for patients with High hENT1 compared
ith patients with No hENT1 for all patients treated
ith gemcitabine (adjusted HR, 0.47; P � .03; and ad-

usted HR, 0.34; P � .002, respectively) (Figure 3C).

tients Treated With Gemcitabine or 5-FU Expressed as

5-FU arm

Low/High hENT1 vs no
hENT1

High hENT vs no
hENT1

.01) 0.93 (0.58, 1.49) (P � .75) 0.78 (0.46, 1.34) (P � .37)

.04) 0.88 (0.56, 1.40) (P � .60) 0.82 (0.49, 1.37) (P � .44)

.04) 0.78 (0.47, 1.27) (P � .31) 0.68 (0.40, 1.19) (P � .18)

.003) 0.72 (0.45, 1.16) (P � .18) 0.71 (0.41, 1.21) (P � .20)
n Pa

s no

(P �
(P �

(P �
(P �
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In the 5-FU treatment arm, hENT1 expression was not
ssociated significantly with overall and disease-free sur-
ival after adjusting for baseline characteristics in these
ultivariate models for both groupings; dichotomized

ENT1 (No hENT1 vs combined Low and High hENT1)
Figures 2B and 3B) and ungrouped hENT1 (No hENT1,
ow hENT1, and High hENT1) (Figures 2D and 3D).

Discussion
This current study studied hENT1 in a phase III

djuvant therapy trial in early stage pancreas cancer.
atients were randomized to receive gemcitabine or 5-FU
s part of their systemic therapy. Although slightly less
han 50% of the patients entered into the trial had tissue
vailable for hENT1 analysis, the missing data are not
xpected to bias our results because there were no signif-
cant imbalances between patient and tumor baseline
haracteristics (including tumor and nodal stage) in the
nalyzed and nonanalyzed patients.

Our data showed a strong relationship between

igure 2. Disease-free survival for patients receiving either gemcitabin
emcitabine treatment arm comparing combined Low and High hENT
azard model, adjusted for surgical margin. (B) Disease-free survival in p

solid line) with No hENT1 (dashed line). From adjusted Cox proportiona
cale. (C) Disease-free survival in patients in the gemcitabine treatmen
ENT1 (thick line). From adjusted Cox proportional hazard model, adjus
isease-free survival in patients in the 5-FU treatment arm comparing
rom adjusted Cox proportional hazard model, adjusted for nodal invol
reference value.
ENT1 protein expression in pancreatic cancer and treat- a
ent outcome including overall survival and disease-free
urvival in patients with resected pancreatic cancer
reated with adjuvant gemcitabine. This finding is statis-
ically significant by univariate and multivariate analyses
fter adjustment for standard clinicopathologic prognos-
ic factors. This correlation remained valid for high ex-
ressing hENT1 tumors in the univariate analysis, and
oth the low and high staining tumors (when compared
ith no staining) by multivariate analysis. The survival
enefit of hENT1 protein expression was not seen in the
-FU treatment arm, either by univariate or multivariate
nalyses. Although both arms received radiosensitizing
mounts of 5-FU, the total amount of 5-FU given to
atients who received gemcitabine is not thought to

nfluence clinical outcomes compared with the nongem-
itabine 5-FU arm. Furthermore, the inclusion of 5-FU in
his arm would be more important if predictors of re-
ponse to 5-FU were being evaluated. The current data do
ot support hENT1 as a prognostic marker with neither
statistical trend nor a statistically significant difference

-FU by multivariate analysis. (A) Disease-free survival in patients in the
lid line) with No hENT1 (dashed line). From adjusted Cox proportional
s in the 5-FU treatment arm comparing combined Low and High hENT1
rd model, adjusted for nodal involvement and Karnofsky Performance
comparing No hENT1 (thin line) vs Low hENT1 (dashed line) vs High

or surgical margin. No hENT1 staining is used as a reference value. (D)
NT1 (thin line) vs Low hENT1 (dashed line) vs High hENT1 (thick line).

nt and Karnofsky Performance Scale. No hENT1 staining was used as
e or 5
1 (so
atient
l haza
t arm
ted f

No hE
veme
chieved in the patients treated with 5-FU alone. The
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urrent data support the concept of hENT1 as a predic-
ive marker.

Although kinetic studies of human cell lines with de-
ned nucleoside transporter processes have shown that
emcitabine intracellular uptake can be mediated by
ENT1, hENT2, hCNT1, and hCNT3, the hENT1 pro-
ein mediates the majority of gemcitabine transport in
reclinical models.2,4 – 6 The relationship between hENT1
NA expression and gemcitabine sensitivity in pancreatic
ancer cells remains unclear. One recent study did not
how a correlation between hENT1 mRNA levels and

edian inhibitory values of gemcitabine in 8 pancreatic
ancer cell lines studied ex vivo (PC143, PK1, KLM1, PK9,
K8, MIAPaCa2, KPIN, BxPC3), and hENT1 gene expres-
ion was not reduced after the development of acquired
esistance to long-term continuous gemcitabine expo-
ure.14 Under these conditions, hENT1 mRNA expression
lone does not appear to mediate inherent and acquired
esistance to gemcitabine. The increase in hENT1 expres-
ion in PK1, PCI, and KLM1 pancreatic cancer cells lines
fter exposure to gemcitabine may reflect a compensatory

igure 3. Overall survival for patients receiving either gemcitabine or 5-
reatment arm comparing combined Low and High hENT1 (solid line) w
djusted for surgical margin. (B) Overall survival in patients in the 5-FU tr
ENT1 (dashed line). From adjusted Cox proportional hazard model, ad
urvival in patients in the gemcitabine treatment arm comparing No hE
djusted Cox proportional hazard model, adjusted for surgical margin
atients in the 5-FU treatment arm comparing No hENT1 (thin line) vs
roportional hazard model, adjusted for nodal involvement and Karnofs
daptation to higher chemoresistance to gemcitabine.14 1
urthermore, this particular study suggested that ac-
uired and inherent chemoresistance to gemcitabine of
ancreatic cancer cells is determined by the balance of
eoxycytidine kinase, RRM1, RRM2, and hENT1 gene
xpression, but not that of any individual gene.14 It is
ikely that posttranslational modification may account
or some of the inconsistencies seen between hENT1 gene
xpression and gemcitabine sensitivity in vitro.

When the hENT1 protein, the major mediator of gem-
itabine cellular uptake, has been studied by immunohis-
ochemistry in normal pancreas and pancreatic cancer
issue, hENT1 is readily detected in normal Langerhans
ells, lymphocytes, and pancreatic adenocarcinoma cells,
ut not in normal glandular elements.17 The hENT1
rotein previously has been evaluated as a prognostic
arker in gemcitabine-treated pancreatic cancer. Spratlin

t al17 studied 21 patients with pancreatic adenocarci-
oma treated with gemcitabine (stage III, 1; stage IVA, 9;
nd stage IVB, 11 at time of initiation of gemcitabine).
ine patients had uniformly detectable hENT1 immu-
ostaining and 12 patients possessed a proportion (10%–

y multivariate analysis. (A) Overall survival in patients in the gemcitabine
o hENT1 (dashed line). From adjusted Cox proportional hazard model,
ent arm comparing combined Low and High hENT1 (solid line) with No
d for nodal involvement and Karnofsky Performance Scale. (C) Overall
(thin line) vs Low hENT1 (dashed line) vs High hENT1 (thick line). From
hENT1 staining was used as a reference value. (D) Overall survival in
hENT1 (dashed line) vs High hENT1 (thick line). From adjusted Cox

erformance Scale. No hENT1 staining was used as a reference value.
FU b
ith N
eatm
juste

NT1
. No

Low
00%) of adenocarcinoma cells without detectable hENT1.
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atients lacking uniformly detectable hENT1 immuno-
taining had a median survival of 4 months (95% CI,
.5– 6.9 mo) from the time of initiation of gemcitabine,
hereas patients with uniformly detectable hENT1 had a
-fold longer median survival of 13 months (95% CI,
.2–20.4 mo). Kaplan–Meier analysis of survival from
emcitabine initiation revealed a statistically significant
eparation in the survival curves (P � .01). Univariate
nalysis revealed no significant relationships between pa-
ient clinical characteristics (age, sex, performance sta-
us). A similar retrospective study evaluated hENT1 RNA
xpression in microdissected pancreatic tissue from 105
atients. Forty-seven of 62 resected patients received ad-

uvant treatment with gemcitabine and 36 of 43 patients
eceived palliative treatment with gemcitabine. By using
ertiles to define hENT1 gene expression, high hENT1
ene expression (�1.38) was associated significantly with
ncreased time to disease progression in the palliative
etting (P � .02) and disease-free survival in the adjuvant
etting (P � .01).18 Although both of these retrospective
tudies showed a prognostic role for hENT1 in pancreatic
arcinoma, neither studied controls who did not receive
emcitabine. Consequently, the predictive value of hENT1
n gemcitabine-treated pancreatic carcinoma (ie, the abil-
ty to identify those patients most likely to benefit from
emcitabine) could not be assessed.

The regulation of hENT1 RNA expression and protein
evels is poorly understood. hENT1 is expressed variably
ithin normal tissues and malignant cells. Various fac-

ors that influence ENT1 expression have been identified,
nd include hypoxia and differentiation status.22–24 Al-
hough the variability of hENT1 expression in pancreatic
ancer is shown in this and other studies, the reason for
he increased and variable hENT1 expression in pancre-
tic adenocarcinoma is not known.17,18 One possibility
ncludes hENT1 SNPs. Recently, in a study of 247 ethnically
iverse individuals, several SNPs in hENT1 (SLC29A1), in-
luding 2 nonsynonymous ones: Ile216Thr (T216C) in
xon 6 and Glu391Lys in exon 12, were identified in 1.2%
nd 0.4% of African Americans, Caucasians, and Mexican
mericans. However, no functional alterations in hENT1
ith these 2 nonsynonymous SNPs were found.25 It is
ossible that other hENT1 SNPs may account for the
ariability in hENT1 expression.26,27 Further, the modu-
ation of hENT1 expression induced by thymidylate syn-
hase inhibitors, as well as by the multitargeted antifolate
emetrexed, may represent a new way to explore effective
odalities for pancreatic cancer treatment.28,29 Although

here is preclinical evidence suggesting the synergistic
ffect of gemcitabine and pemetrexed in pancreatic can-
er cells that includes up-regulation of hENT1 as a mech-
nism of action, there are limited clinical data available
or pancreatic cancer.30,31 One trial comparing gemcita-
ine with gemcitabine and permetrexed for advanced
ancreatic cancer did show a statistical difference in

verall response rate but not for survival.32
Other key enzymes involved in gemcitabine metabo-
ism, such as deoxycytidine kinase, cytidine deaminase,
RM1, and RRM2, also may have a key role in altering

ntracellular disposition of the drug and determining
esponse to gemcitabine. However, there are limited clin-
cal data available on the predictive value of these mark-
rs in pancreatic cancer. Single, small, retrospective, clin-
cal studies have suggested the poor prognostic value of
igh levels of RRM1 or RRM2 gene expression and low
eoxycytidine kinase protein expression in patients with
ancreatic cancer treated with gemcitabine.33–35 However,
urther study using larger prospectively collected data is
equired to determine the true predictive value of these

arkers as well as their influence on hENT1 expression.
In summary, the current study reports the predictive

alue of hENT1 immunohistochemistry for assessing
enefit from gemcitabine adjuvant chemotherapy in pa-
ients with early stage pancreatic cancer. Although we have
ot been able to explain the variability of hENT1 expres-
ion, it is possible that nonsynonymous hENT1 SNP may
ccount for some of this. Evaluation of hENT1 testing on
ancreatic cancer tissue acquired with minimally invasive
rocedures (endoscopic ultrasound– guided fine-needle
spiration or computerized tomography– guided biopsy)
arrants further study to determine the potential to

ndividualize gemcitabine therapy in the majority of pan-
reatic cancer patients who present with locally advanced
r metastatic disease. Finally, for other types of tumors
or which gemcitabine is approved but there exist multi-
le other effective nongemcitabine regimens, our find-

ngs should prompt investigation to determine if oncolo-
ists can rationally choose between gemcitabine and
ongemcitabine regimens based on hENT1 expression.
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