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Introduction

Pancreatic ductal adenocarcinoma (PDA) is one of the most 
aggressive cancers. In patients with advanced PDA, survival is 
typically less than 6 mo.1 Multi-agent regimens are superior to 
gemcitabine monotherapy in the metastatic setting, but the ben-
efit is limited to just a few months at the expense of greater tox-
icities.2,3 Patients with localized disease who undergo resection 
have a slightly better prognosis, but the vast majority of patients 
recur and succumb to their disease.4 The median survival after 

resection is approximately 18 mo, and the 5-y overall survival 
rate is just 15%. Based on prospective and randomized data 
from Europe5,6 and the United States,7,8 the standard of care for 
adjuvant treatment remains either gemcitabine (2′,2′-difluoro-
deoxycytidine) or 5-fluorouracil (5-FU) monotherapy, with or 
without chemoradiation. In practice, gemcitabine tends to be 
favored over 5-FU by many oncologists since the drug has a 
slightly better toxicity profile.6 Nevertheless, gemcitabine and 
5-FU are both considered acceptable options in the adjuvant 
setting, especially in regards to new standard of care therapies 
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Deoxycytidine kinase (dCK) and human antigen R (HuR) have been associated with response to gemcitabine in small 
studies. The present study investigates the prognostic and predictive value of dCK and HuR expression levels for sensi-
tivity to gemcitabine and 5-fluorouracil (5-FU) in a large phase III adjuvant trial with chemoradiation backbone in pan-
creatic ductal adenocarcinoma (PDA). The dCK and HuR expression levels were determined by immunohistochemistry 
on a tissue microarray of 165 resected PDAs from the Radiation Therapy Oncology Group (RTOG) 9704 trial. Association 
with overall survival (OS) and disease-free survival (DFS) status were analyzed using the log-rank test and the Cox pro-
portional hazards model. Experiments with cultured PDA cells were performed to explore mechanisms linking dCK and 
HuR expression to drug sensitivity. dCK expression levels were associated with improved OS for all patients analyzed 
from RTOG 9704 (HR: 0.66, 95% CI [0.47–0.93], P = 0.015). In a subset analysis based on treatment arm, the effect was 
restricted to patients receiving 5-FU (HR: 0.53, 95% CI [0.33–0.85], P = 0.0078). Studies in cultured cells confirmed that 
dCK expression rendered cells more sensitive to 5-FU. HuR cytoplasmic expression was neither prognostic nor predictive 
of treatment response. Previous studies along with drug sensitivity and biochemical studies demonstrate that radiation 
interferes with HuR’s regulatory effects on dCK, and could account for the negative findings herein based on the clinical 
study design (i.e., inclusion of radiation). Finally, we demonstrate that 5-FU can increase HuR function by enhancing HuR 
translocation from the nucleus to the cytoplasm, similar to the effect of gemcitabine in PDA cells. For the first time, in the 
pre-treatment tumor samples, dCK and HuR cytoplasmic expression were strongly correlated (chi-square P = 0.015). This 
dual-institutional follow up study, in a multi-institutional PDA randomized clinical trial, observed that dCK expression 
levels were prognostic and had predictive value for sensitivity to 5-FU.
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that have recently emerged (e.g., gemcitabine/nab-paclitaxel and 
FOLFIRINOX).3,9

Gemcitabine is a prodrug antimetabolite that functions as a 
cell cycle-dependent deoxycytidine analog, once activated within 
cancer cells.10,11 The drug enters the cell via the human equilibra-
tive nucleoside transporter (hENT1).12 Under normal conditions 
(i.e., no treatment), deoxycytidine kinase (dCK) functions pri-
marily as the rate limiting enzyme in the deoxyribonucleoside 
salvage pathway, working to recycle DNA degradation prod-
ucts. However, dCK also phosphorylates gemcitabine into a 
monophosphate derivative, which is further phosphorylated by 
additional nucleotide kinases to the active di- and triphosphate 
forms. Cytotoxicity occurs when the active metabolites incor-
porate into DNA, resulting in masked-chain termination.13,14 
Deficiency of dCK, detectable by immunohistochemistry (IHC), 
has been associated with gemcitabine resistance (i.e., impaired 
intratumoral activation) and worse overall survival in patients.15 
Recently, the RNA binding protein human antigen R (HuR) 
was found to bind and stabilize the dCK transcript, resulting 
in higher cytoplasmic dCK levels and improved gemcitabine 
efficacy.16 Concordant with these findings, increased cytoplas-
mic HuR expression was associated with improved survival in 
patients who received gemcitabine after pancreatectomy for pan-
creatic cancer.16,17 Thus, posttranscriptional regulation of dCK by 
activated HuR in PDAs has been hypothesized as an important 
factor determining gemcitabine efficacy.16,17

Like gemcitabine, 5-FU is an anti-metabolite that interferes 
with DNA synthesis and repair. The drug is a uracil analog with 
a fluorine atom in place of a hydrogen in the pyrimidine ring.18 
Intracellularly, 5-FU is metabolized to FdUMP through a series 
of steps, which covalently binds and inhibits thymidylate syn-
thase (TS), thereby impairing the formation of thymidine mono-
phosphate. However, it is still unclear whether TS is the main 
target of 5-FU.19,20 Additionally, the 5-FU metabolite FdUTP is 
misincorporated into DNA. These events lead to DNA damage 
and cell death, particularly in proliferating cells.21,22

While gemcitabine and 5-FU have comparable activity in 
the treatment of PDA, they likely affect different patient groups 
differently, due to the different mechanism of a prodrug activa-
tion and drug catabolism. In support of this concept, different 
molecular markers have been proposed to predict tumor response 
for the different drugs. TS, dihydropyrimidine dehydrogenase 
(DPD),23 and mismatch repair enzymes are examples of putative 
predictive markers with 5-FU treatment20; hENT1,12,24,25 ribo-
nucleotide reductase M1 (RRM1),26 excision repair cross comple-
mentation group 1 (ERCC1),26 dCK,15 and HuR16,17 are examples 
for gemcitabine. Clearly, the discovery and application of reli-
able predictive biomarkers to exploit non-overlapping pharma-
cogenomic profiles between the two principal backbone agents 
to treat PDA represents perhaps the “lowest-hanging fruit” in the 
effort to improve outcomes of this devastating disease, yet such 
biomarkers remain elusive.

While dozens of studies have explored predictive markers for 
gemcitabine and 5-FU efficacy, these primarily were based on 
retrospective cohorts with a small sample size. As a result, no 
predictive biomarkers have been validated and integrated into 

routine clinical care, particularly in patients with pancreatic can-
cer. Prospective and randomized adjuvant trials are invaluable for 
investigations of candidate predictive markers for several reasons: 
(1) the large sample size; (2) excellent patient follow-up; (3) tis-
sue availability; (4) uniform treatment plans; and (5) diminished 
confounding or patient selection bias, as a result of the random-
ized study design.

There has been only a single phase III adjuvant study per-
formed in the United States in the past 25 y for pancreatic 
cancer,7 which limits the opportunities to optimally explore 
predictive markers for this disease. The Radiation Therapy 
Oncology Group (RTOG) 9704 trial was a phase III trial in 
patients with resected adenocarcinoma of the pancreas treated 
with 5-FU-based chemoradiation, sandwiched between 5-FU or 
gemcitabine chemotherapy. To our knowledge, three prior bio-
marker studies have been published using the tissue samples from 
this trial. Low histone modification was associated with poor 
survival with 5-FU,27 hENT1 expression was associated with a 
possible benefit from gemcitabine-based therapy,24 and a variant 
single nucleotide polymorphism in cytidine deaminase was asso-
ciated with less gemcitabine toxicity.28

We were granted access to tissue microarrays of specimens from 
the RTOG 9704 trial to test the value of dCK and HuR expres-
sion levels in both study arms.15-17 While both proteins were pre-
viously associated with improved outcomes in patients receiving 
gemcitabine,15-17 we observed improved survival with increased 
dCK expression in patients receiving 5-FU. Independent of the 
survival outcomes, we tested for an association between dCK and 
HuR expression as evidence of a regulatory interaction between 
the proteins in human tumors. We provide experimental data 
in cultured PDA cells supporting the role of dCK as a predic-
tive marker of 5-FU efficacy in PDA. Additionally, we provide 
intriguing mechanistic data, based on previous work,29 that could 
explain the discrepancy between prior findings linking dCK and 
HuR to gemcitabine response, with the results reported herein.

Results

Study population
RTOG 9704 began accruing patients on July 20, 1998 and 

closed on July 26, 2002 with a total of 538 patients. Of the 279 
patients with analyzable tissue, 114 patients were excluded from 
the present study; 93 did not have sufficient tissue and 21 failed 
to meet eligibility requirements for the clinical trial. A total of 165 
patients therefore were analyzed for dCK expression, including 
76 in the gemcitabine arm and 89 in the 5-FU arm. A summary 
of included and excluded patients are provided in Figure S1. The 
median dCK score across the entire cohort was 2.67 (range, 0–3). 
Based on this finding, patients were categorized into low- (<2.67) 
and high-dCK groups (≥2.67).

Patient demographics, pathologic features, and treatment 
allocation were similar between patients with high and low dCK 
expression (Table S1), except that a higher proportion of tumors 
with high dCK were located in the pancreatic head, relative to 
tumors with low dCK. Low- and high-dCK expression groups 
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were similar in the subgroup analysis stratified by treatment arms 
with two exceptions. Within the gemcitabine arm, a higher pro-
portion of patients with high dCK expression had cancers in the 
pancreatic head (93% vs. 67%, P = 0.003). Additionally, a higher 
proportion of the patients in this group had a poor performance 
status (53% vs. 24%, P = 0.01), relative to patients harboring 
tumors with low dCK expression (Table S2).

Prognostic value of dCK expression (analysis of the entire 
cohort)

The disease-free survival was similar between patients with 
high and low dCK protein expression levels in the total cohort 
(Fig. 1A). However, patients with high dCK had improved OS 
(Fig. 1B), with a hazard ratio of 0.66 on univariate analysis (95% 
CI: [0.47–0.93], P = 0.015). The hazard ratio was slightly bet-
ter (0.61, 95% CI [0.44, 0.86], P = 0.0044) in the multivariate 
analysis after adjusting for regional lymph node metastases and 
Karnofsky Performance Status (KPS) (Table 1).

Predictive value of dCK expression for gemcitabine and 
5-FU efficacy (stratified by treatment)

In a subgroup univariate analysis of the gemcitabine arm, OS 
and DFS were similar between patients with low and high dCK 
expression (Fig. 1C and D). The similarity was maintained in 
the multivariate analysis (Table  1). The DFS was also similar 
between low and high dCK groups in the 5-FU arm, although 
a trend toward superior DFS in the high dCK group was noted 
(HR: 0.66, 95% CI [0.42–1.03], P = 0.065). However, patients 
with high dCK expression had significantly improved OS in the 
5-FU arm (HR: 0.56, 95% CI [0.35–0.88], P = 0.012) (Fig. 1E 
and F). The median OS for patients with high and low dCK 
levels in the 5-FU arm were 21 mo (95% CI: 15.1, 30.7) and 
12.9 mo (95% CI: 11.1, 17.6), respectively (log-rank P value = 
0.012) (Table S3). In the multivariate analysis of the 5-FU arm, 
after adjusting for KPS and lymph node metastases, an increase 
in DFS and OS were observed in patients with high dCK expres-
sion; hazard ratios were 0.60 (95% CI [0.38, 0.95], P = 0.027) and 
0.53 (95% CI [0.33, 0.85], P = 0.0078), respectively (Table 1).

dCK expression impacts 5-FU efficacy in pancreatic cancer 
cells

MiaPaCa2 pancreatic cancer cells were transfected with 
siRNA oligos designed to inhibit dCK mRNA and with con-
trol siRNA oligos. The efficacy of silencing was confirmed by 
RT-qPCR analysis of dCK mRNA levels (Fig. 2A). Cells were 
left untreated or treated with 5 or 10 μM 5-FU. At the higher 
dose, survival was greater in the cells that showed lower dCK 
expression levels (Fig. 2B). These results are consistent with the 
above human studies, and demonstrate that dCK expression sen-
sitizes cells to 5-FU treatment (i.e., improved cell killing in cell 
culture or improved patient survival in the RTOG-9704 study).

Prognostic and predictive value of HuR
In the context of previous retrospective studies demonstrat-

ing an association between cytoplasmic HuR expression and pro-
longed survival in patients receiving gemcitabine, we assessed the 
predictive value of HuR abundance in the RTOG 9704 cohort. A 
total of 116 patients had available tissue for immunohistochemi-
cal analyses. There were no differences between patients with 
low- or high HuR-expressing tumors in the total cohort with 

respect to DFS (HR 1.6, 95% CI [0.74–1.53], P = 0.73) and OS 
(HR 1.18, 95% CI [0.81–1.72], P = 0.37) (Fig. S2A and B). No 
differences were identified in subgroup analyses for either treat-
ment arm (Fig. S2C–F).

HuR is co-expressed with dCK in human PDA
We tested for an association between HuR cytoplasmic expres-

sion and dCK expression in patients with tissue available for 
immunolabeling with both biomarkers. Out of 116 informative 
samples, 62 (53%) had high dCK expression. However, among 
samples with low cytoplasmic HuR expression, the proportion of 
samples with high dCK expression dropped to 46%; the propor-
tion in the high HuR cytoplasmic expression group was 69%. 
These data provide the first evidence in human tumors that HuR 
and dCK are co-expressed (P = 0.015), likely due to post-tran-
scriptional regulation of the dCK transcript by HuR (Table 2).

Radiation interferes with HuR biology
To our surprise, HuR and dCK were not predictive of outcome 

in patients receiving gemcitabine. These data conflict with previ-
ous clinical studies and in vitro experiments which suggest that 
HuR stabilization of the dCK transcript enhances gemcitabine 
metabolism and efficacy.15-17 We hypothesized that the use of 
radiation in the RTOG 9704 interferes with HuR biology to the 
extent that HuR or its target transcripts (e.g., dCK) are no lon-
ger reliable as predictive markers. This hypothesis is founded on 
convincing molecular data demonstrating that ionizing radiation 
induces the dissociation of all mRNAs bound to HuR, thereby 
preventing post-transcriptional regulation of these target genes 
(such as dCK) by HuR.29

To explore this possibility, we first examined the importance of 
sequencing order of gemcitabine and radiation on pancreatic can-
cer cell survival. If radiation causes HuR protein and dCK mRNA 
to dissociate, then cancer cells should be less sensitive to gem-
citabine administered as the second treatment. MiaPaCa2 cells 
were plated in soft agar and treated with a combination of 1 μM 
gemcitabine and 2 Gy of radiation (varied sequence order) and 
negative controls. The impact of treatment on anchorage-inde-
pendent growth at 3 wk was compared. As anticipated, combina-
tion chemoradiation was only effective when gemcitabine preceded 
radiation treatment. (Fig. 3A). These data were validated with a 
PicoGreen survival assay analyzed at 7 d. There was 70% more 
cell death in MiaPaCa2 cells treated with gemcitabine followed 
by radiation, as compared with the opposite sequence (Fig. 3B). 
Importantly, there were no survival differences between the two 
sequenced chemoradiation protocols when HuR was removed 
from the system using siRNA oligos (Fig. 3D). Efficacy of HuR 
siRNA treatment was confirmed by RT-qPCR on the transfected 
MiaPaCa2 cells (Fig. 3C). These data suggest that HuR regulatory 
functions contributed to the observed differences in the parental 
cells (Fig. 3A and B). Immunoblots in Figure 3E provide mecha-
nistic evidence of HuR’s regulation of dCK. MiaPaCa2 cells were 
treated with gemcitabine or radiation alone, as well as in combina-
tion. For the latter scenario, both treatment sequences were tested. 
Cytoplasmic HuR was increased relative to the untreated sample 
for each treatment, except when radiation preceded gemcitabine 
(Fig. 3E, lane 5). Similarly, no dCK expression was detected in the 
cells with this treatment sequence (Fig. 3E, lane 5). The greatest 
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Figure 1. Survival of patients enrolled in RTOG 9704 stratified by dCK expression level. Disease-free and overall survival for all evaluable patients (A and 
B), patients on the gemcitabine arm (C and D) and patients on the 5-FU arm (E and F).
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amount of dCK was apparent with chemoradiation, sequenced 
with gemcitabine first, and followed by radiation (Fig. 3E, lane 
3). Accordingly, we reproduced previous findings by our group29 
in pancreatic cancer cells (MiaPaCa2 cells).  In brief, we validated 
and demonstrated in ribonucleoprotein–immunoprecipitation 
assays that dCK mRNA bound to HuR (80-fold compared to IgG 
control), and that when gemcitabine treated PDA cells were irradi-
ated, there was a ~80% reduction in dCK mRNA bound to HuR 
protein (data not shown). Taken together, these findings support 
a model where gemcitabine given prior to radiation increases cell 
killing, while the opposite sequence negates gemcitabine efficacy. 
Mechanistically, gemcitabine efficacy is contingent on HuR’s 
ability to stabilize dCK.

5-FU activated HuR
We have previously shown that gemcitabine induces HuR 

translocation from the nucleus to the cytoplasm,16 a step nec-
essary for HuR function in the stabilization and translational 
control of target mRNAs. Recently, we also published that other 
chemotherapy agents used to treat PDA similarly induce the 
cytoplasmic export of HuR.30 Therefore, we evaluated whether 
PDA cells treated with 5-FU induced HuR translocation from 
the nucleus to the cytoplasm. Indeed, when MiaPaCa2 cells are 
treated with ~IC

50
 doses of 5-FU, HuR translocates to the cyto-

plasm (Fig.  S3). Ongoing studies are aimed at identifying the 
HuR target mRNAs that are regulated (likely stabilized) when 
PDA cells are exposed to 5-FU.

Discussion

RTOG 9704 compared chemoradiation and gemcitabine (pre- 
and post-chemoradiation) to chemoradiation and 5-FU (pre- and 
post- chemoradiation).7 An updated analysis reported that the 
two treatments were equivalent with respect to OS. These results 
were consistent with the results of a European trial that compared 
gemcitabine and 5-FU, without adjuvant chemoradiation.6 As 
one of just a handful of adjuvant randomized trials with available 
pancreatic cancer tissue for biomarker studies, and the only ran-
domized American adjuvant trial performed in the past 25 y, we 
identified the RTOG 9704 biorepository as particularly appeal-
ing to test HuR and dCK as possible predictive markers for che-
motherapeutic efficacy. Metastatic pancreatic cancer, in theory, 
offers a far better model to study predictive markers since treat-
ment response can be directly measured. In contrast, patients 
enrolled in adjuvant trials typically are disease-free at randomiza-
tion, and treatment efficacy must be extrapolated from survival 
data (DFS or OS). Unfortunately, sufficient tissue for biomarker 
studies is a major limitation of palliative chemotherapy trials, and 
often precludes such correlative studies in patients with advanced 
disease. Adjuvant trials are less challenged with regards to tissue 
procurement, but face other limitations. For instance, the predic-
tive value of a given biomarker is much more difficult to discern 
than prognostic information, but may be inferred when an asso-
ciation with survival varies between treatment groups.

Retrospective analyses of specimens from multi-institution 
and randomized adjuvant chemotherapy trials are particularly 
important for biomarker studies for reasons already stated, yet 
only a small number have ever been published. Table 3 provides 
a list of predictive biomarker studies with “positive” results, 

Table 1. Hazard ratios for OS and DFS based upon dCK expression (high vs. low [reference level]) patients treated with gemcitabine or 5-FU

Total patients analyzed (n = 165) Gemcitabine arm (n = 76) 5-FU arm (n = 89)

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Univariable 
analysis

DFS 0.78 (0.57, 1.08) P = 0.13 0.96 (0.60, 1.54) P = 0.87 0.66 (0.42, 1.03) P = 0.065

OS 0.66 (0.47, 0.93) P = 0.016 0.83 (0.51, 1.36) P = 0.45 0.56 (0.35, 0.88) P = 0.012

Multivariable 
analysis

DFS 0.75 (0.54–1.04) P = 0.08 0.96 (0.60, 1.54) P = 0.87 0.60 (0.38, 0.95) P = 0.027

OS 0.61 (0.44, 0.86) P = 0.0044 0.79 (0.48, 1.30) P = 0.35 0.53 (0.33, 0.85) P = 0.0078

Figure 2. Inhibition of dCK in pancreatic cancer cells impairs 5-FU effi-
cacy. MiaPaCa2 cells. (A) RT-qPCR validation of dCK silencing using 
siRNA oligos. (B) Improved cell survival after 5-FU treatment in cells with 
decreased dCK expression.
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using specimens from any tumor type obtained from random-
ized adjuvant trials that tested either gemcitabine or 5-FU. Only 
2 studies based on randomized trials to-date have identified 
predictive markers (hENT1 and cytidine deaminase) for gem-
citabine.12,24,28 Including the present one, a dozen studies have 
identified predictive markers (microsatellite instability, thymi-
dylate synthase, HER2, serine threonine receptor-associated 
protein, MYC, p53, decoy receptor 3, KRAS, and histone modi-
fication) for 5-FU.27,31-40 We provide the first demonstration in 
human samples that dCK levels are associated with survival in 
patients receiving 5-FU.

This association was previously hinted at in a prior study 
using a gemcitabine resistant and dCK deficient ovarian cancer 
cell line, which was also noted to be resistant to 5-FU and a host 
of other drugs.41 We validated the importance of dCK on 5-FU 
efficacy in a pancreatic cancer cell line model. The experimental 
data support the finding that elevated dCK levels may identify 
tumors sensitive to 5-FU, but perhaps even more important, 
highlight dCK as a potential synthetic lethal target to comple-
ment 5-FU. Future studies are needed to validate dCK as a bona 
fide predictive marker of 5-FU efficacy, and to elucidate a mech-
anistic link between dCK expression and 5-FU response. We sus-
pect that the observed interaction in vivo and in vitro reflects an 
increased susceptibility to 5-FU in proliferating cells (i.e., dCK is 
an important enzyme for DNA synthesis).

In prior work, we demonstrated that dCK (normally an impor-
tant enzyme in DNA synthesis) is posttranscriptionally regulated 
by a cancer-promoting protein, HuR.16,42 HuR is overexpressed 
in a wide variety of tumor types,43,44 and increased cytoplasmic 
HuR expression (a key step regulating HuR function) is associ-
ated with aggressive pathologic features and worse survival.45 In 
the present study, we observed a correlation between HuR and 
dCK expression in patient samples, providing evidence that HuR 
regulates dCK in vivo. Similar analyses have been performed for 
other validated HuR binding targets in PDA, including DR5,46 
COX2, and VEGF.16,17

Despite this observed association, and previous studies sug-
gesting that dCK and HuR are predictive of gemcitabine efficacy 
in patients with PDA,15-17 these biomarkers were not informative 
in patients from the RTOG 9704 trial who received gemcitabine. 
Based on new insights into the impact of radiation on HuR biol-
ogy29 and data presented herein, it is entirely plausible that the use 
of radiation in the RTOG 9704 trial decouples HuR and dCK 
expression in residual cancer cells (after treatment, as the samples 
we found a correlation between dCK and HuR were in naively 
treated). This in turn would diminish gemcitabine efficacy. We 
acknowledge that the in vitro studies testing the importance of 
chemotherapy and radiation sequencing performed in both the 
previous29 and the present studies are not a completely accurate 
treatment model for the RTOG 9704 regimen. It would be very 
difficult to simulate the complex treatment schedule (pre-treat-
ment chemotherapy for 1 mo, chemoradiation for 5 wk, post-
treatment chemotherapy for 3 mo) in cell culture, and vice versa. 
Nevertheless, when one considers the gemcitabine treatment arm 
in the RTOG 9704 study in the context of our new understanding 

of HuR biology, the results are in fact quite predictable. Patients 
did not begin their main course of gemcitabine until 5 mo after 
surgery (10% of patients will have already recurred clinically by 
then6); moreover, this treatment course begins on the heels of 
radiation which likely disrupts the HuR–dCK axis. Finally, we 
should also note that another limitation of the study was the fact 
that only ~30% of the patients enrolled in the study had tissue 
available.

Based on the present results, we are currently performing a 
similar analysis with tissues from the ESPAC3 trial,47 comparing 
adjuvant gemcitabine and 5-FU, without chemoradiation. Based 
on our new observations that 5-FU activates HuR and dCK is 
a predictive marker of 5-FU, we are eager to validate these data 
in an independent clinical setting (e.g., the retrospective setting 
of the ESPAC3 trial). This study demonstrates the importance 
of mechanistically understanding how and why a specific bio-
marker (e.g., HuR) may or may not be valuable in certain clinical 
settings (e.g., gemcitabine in combination with radiation). Based 
on our collective past work from two institutions,15,16 we followed 
up on our biomarker studies with additional experimentation 
and validation work, and we believe, these studies (with further 
rigorous validation) could lay the groundwork for setting up a 
future, prospective, and personalized trial for PDA patients.

Materials and Methods

Patient specimens
Paraffin-embedded tissues were collected from patients 

enrolled into the RTOG 9704 clinical trial. All patients con-
sented to specimen submission and tissue was collected and 
stored at the RTOG Biospecimen Resource. Full details of the 
RTOG 9704 clinical protocol and the IRB approval are available 
through the online Supplementary Materials. For simplicity, the 
treatment arms consisting of gemcitabine plus chemoradiation 
(using 5-FU as a radiosensitizer) or 5-FU plus chemoradiation 
(using 5-FU as a radiosensitizer) will be designated gemcitabine 
and 5-FU arms, respectively.

Immunohistochemistry for dCK and HuR
Unstained 4-μm sections were deparaffinized and placed in 

Retrieval Solution (Dako) for 20 min at 100 °C. The slides were 
quenched with 3% H

2
O

2
 for 5 min and incubated at room tem-

perature (RT) with polyclonal rabbit anti-dCK antibody (1:200 
dilution) for 1 h (generously provided by Dr Iannis Talianidis). 
The antibody was generated against amino acids 246 to 260 
of dCK corresponding to the COOH terminal portion of the 

Table 2. Association between dCK status and HuR levels

HuR status

dCK Low High Total

Low (<2.67) 42 (55%) 12 (32%) 54 (47%)

High (≥2.67) 35 (46%) 27 (69%) 62 (53%)

Total 77 (66%) 39 (34%) 116 (100%)

chi-square P = 0.015
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Figure 3. Gemcitabine prior to radiation (XRT) is more efficacious than gemcitabine (GEM) alone or XRT prior to GEM due to differential modulation 
of HuR and dCK proteins. (A) Anchorage-independent colony formation assays were performed for quantification of colonies formation in MiaPaCa2 
cells treated with gemcitabine (1 uM) alone or with gemcitabine preceded or followed by radiation (2 Gy). (B) PicoGreen cell survival assay on cells 
treated with radiation or with gemcitabine preceded or followed by radiation. (C) PicoGreen cell survival assay after HuR silencing with siRNA oligos. (D) 
RT-qPCR validation of HuR siRNA treatment in MiaPaCa2 cells. (E) Western blot for dCK, HuR and α-tubulin (loading control) on lysates obtained from 
cells treated with gemcitabine alone, radiation alone, gemcitabine prior to radiation and radiation prior to gemcitabine.
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protein.48 Labeling with a secondary antibody alone (anti-rabbit) 
was used as a negative control. IHC labeling was detected with 
the Dako Envision system and scored on an intensity scale of 0 to 
3; 0 for no staining, 1 for weak positive labeling of neoplastic epi-
thelium (weaker in intensity to lymphocytes present in the same 
section), 2 for positive labeling of epithelial cells (equal in inten-
sity to lymphocytes), and 3 for intense positive labeling (greater 
in intensity to lymphocytes). A final score was calculated for each 
patient as an average obtained from replicate samples (a total of 
2 or 3 replicates per patient). Patients with only a single score were 
excluded from the analysis. IHC scoring was performed by two 
authors who remained blinded to corresponding patient clinical 
information. There was concordance between pathologists. HuR 
labeling (antibody purchased from Santa Cruz Biotechnology, 
clone sc-5261) and scoring were based on the percentage of cells 
with positive cytoplasmic labeling, as previously described.16,17 
Expression scores for HuR were categorized into 2 groups: low 
(scores of 0 and 1) and high (scores of >2).16

Cell culture, transfection, treatment, and RT-qPCR
The human PDA cell line MiaPaCa2 (American Type Culture 

Collection) was maintained in Dulbecco’s modified essen-
tial medium (DMEM), supplemented with 10% fetal bovine 
serum, l-glutamine, and penicillin/streptomycin (Invitrogen). 
Gemcitabine was obtained from Eli-Lilly as a powder and recon-
stituted in phosphate-buffered saline for delivery in our cell 
culture model. Radiation was delivered at a dose of 2 or 10 Gy. 
Silencing siRNA oligos targeting HuR and a scrambled control 
were obtained from Santa Cruz Biotechnology (sequence avail-
able upon request), siRNA were used at a final concentration of 
15 nM. Transfection of cells was performed using Oligofectamine 
and Optimem per manufacturers’ instructions (Invitrogen). 
RT-qPCR for HuR and dCK mRNA expression were performed 
to confirm the lack of RNA amplification after siRNA treatment.

Soft agar assay
Single-cell suspensions of MiaPaCa2 cells in 3 mL of stan-

dard DMEM supplemented with 0.36% agar were created after 
treatment with gemcitabine, radiation or both. Suspensions were 
plated in 60-mm dishes overlying a 5 mL layer of 0.75% agar/
DMEM and grown for three weeks. Colonies were counted and 
morphology was noted under the light microscope.

Cell survival assay
MiaPaCa2 cells were plated in 96-well plates at a density of 

1000 cells per well. Plates were then treated with gemcitabine in 
varying doses with or without radiation. At seven days, the cells 
were lysed using deionized water and stained with Quant-iT 
PicoGreen dsDNA reagent (Life Technologies). Double-
stranded DNA was then counted using a Tecan GENios 
Fluorescence, Absorbance and Luminescence Reader (Tecan 
Group).

Ribonucleoprotein–immunoprecipitation analysis (data not 
shown)

Ribonucleoprotein–immunoprecipitation (RIP) assays were 
performed as previously described.16,49

Protein analysis
Cytoplasmic, nuclear, and whole cell extracts
MiaPaCa2 PDA cells were plated at 60–70% conflu-

ence. Cells were treated with 5 μM 5-fluorouracil (USB) for 
6 h. Cytoplasmic and nuclear extracts were prepared using the 
NE-PER kit (ThermoScientific) as previously described.30 Whole 
cell extracts were lysed using RIPA buffer (Invitrogen) supple-
mented with 10 μL/mL PMSF, 10 μL/mL sodium orthovana-
date, and 10 μL/mL protease and phosphate inhibitors (Pierce) 
as previously described.30

SDS-PAGE/western blotting
Samples were mixed 1:1 with 2× Laemmli buffer, boiled for 

5 min at 95 °C. Approximately 10–20 μg of protein was separated 

Table 3. Prior studies of predictive markers of 5-fluoruracil and gemcitabine efficacy from randomized adjuvant trials

First author Year Tumor Treatment Marker Result summary

Ohrling39 2013 Colorectal 5-FU MSI and TS 5-FU beneficial for ↓MSI and ↑TS

Farrell29,* 2012 Pancreas Gem CDA Gem less toxic with CDA variant SNP

Sinicrope41 2011 Colorectal 5-FU MSI 5-FU beneficial for ↑MSI

Manayakorn28,* 2010 Pancreas 5-FU H3K4me2, H3K9me2 5-FU ineffective with low histone modification

Farrell25,* 2009 Pancreas Gem hENT1 Gem beneficial for ↑hENT1

Colozza36 2005 Breast C, M, 5-FU HER2 5-FU ineffective for ↑HER2

Buess35 2004 Colorectal 5-FU, MMC STRAP Chemotherapy ineffective with STRAP amplification

Ribic40 2003 Colorectal 5-FU MSI 5-FU beneficial for ↓MSI

Edler37 2002 Colorectal 5-FU TS 5-FU beneficial for ↑TS

Mild38 2002 Colorectal 5-FU, MMC DCR3 5-FU ineffective for DCR3 amplification

Ahnen32 1998 Colorectal 5-FU KRAS and P53 5-FU beneficial for WT KRAS and ↓P53

Augenlicht34 1997 Colorectal 5-FU MYC 5-FU beneficial for low MYC amplification

*From RTOG 9704. Additional abbs: 5-FU, 5-fluorouracil; C, cyclophosphamide; CDA, cytidine deaminase; DCR3, decoy receptor 3; Gem, gemcitabine; 
hENT1, human equilibrative nucleoside transporter; H3K4me2, H3K9me2, H3K18ac, modified histones; M, methotrexate; MMC, mitomycin C; MSI, mic-
rosatellite instability; STRAP, serine/threonine kinase receptor associated protein; TS, thymidylate synthase). Pubmed search used to populate table: (A) 
randomized[title/abstract] AND fluorouracil[title/abstract] AND adjuvant[title/abstract] AND marker[title/abstract]; (B) randomized[title/abstract] AND 
5-fluorouracil[title/abstract] AND adjuvant[title/abstract] AND expression[title/abstract AND survival[title/abstract]; (C) RTOG 9704.
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using a 10% Bis-Trispolyacrylimide gel (Gibco/Invitrogen) and 
transferred to PVDF membrane (Invitrogen).

The membrane was preincubated in 5% milk with 1× TBST 
for 1 h at RT before incubating with primary antibodies overnight 
at 4 °C. Antibodies included HuR (Santa Cruz, sc-5621, 1:1000), 
α-tubulin (Santa Cruz, 1:1000), GAPDH (Cell Signaling), and 
dCK (gift from Dr Talianidis, 1:5000). Blots were then washed 
5 times with 1× TBST 5 min each followed by secondary anti-
body incubation at 1:10 000 dilution with HRP conjugated anti-
body for 1 h at RT. Protein complexes were visualized with ECL 
(Thermo Scientific).

Immunofluorescence
MiaPaCa2 cells were plated onto chamber slides at 1000 cells 

per chamber cell confluency and treated with 5 μM 5-flurouracil 
(USB) for 12 h. Cells were then washed 3 times with PBS, fixed 
with 4% paraformaldehyde, permeabilized with 0.2% Triton-X, 
blocked with 5% goat serum for 1 h at RT and incubated with 
the HuR (3A2, 1:200) antibody overnight at 4 °C. Cell nuclei 
were mounted on chamber slides with ProLong® Gold antifade 
reagent with DAPI (Invitrogen) for analysis with a Zeiss LSM-
510 Confocal Laser Microscope.

Statistical analyses
Statistical comparisons to assess potential associations 

between baseline characteristics and dCK or HuR expression 
were performed using the Chi-square test. Median overall 
survival (OS) and disease-free survival (DFS) were estimated 
by the Kaplan–Meier method50 and survival between groups 
analyzed using the log-rank test. A Cox proportional hazards 
model51 was used for multivariable survival analyses; patients 
harboring tumors with low dCK expression served as the ref-
erence group. The following variables were included in the 
multivariable model: dCK expression, treatment arm (5-FU 
vs. gemcitabine), primary tumor location (head vs. everything 
else), nodal involvement (no vs. yes), tumor diameter (<3 vs. ≥3 

cm), Karnofsky Performance Status (KPS) (90–100 vs. 60–80), 
and resection margin status (negative vs. positive). Backward 
selection process was used to build the multivariable models, 
and variables with a P value < 0.05 were kept in the models. 
However, dCK expression was retained in models regardless of 
the P value. Definitions have been defined elsewhere.7 In brief, 
an overall survival event was defined as death due to any cause 
and was measured from the date of randomization to the date 
of death, or the date of the last follow-up for censored patients. 
Failure for disease-free survival was defined as local, regional, 
or distant relapse, appearance of a second primary, or death due 
to any cause.
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