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Introduction

Pancreatic cancer remains one of the most lethal cancer types 
and is particularly resistant to conventional chemotherapeutic 
agents.1 Mathematical modeling of cancer biology suggests that 
harsh conditions in the tumor microenvironment impose pro-
found selection pressures on cancer cells, leading to the develop-
ment of aggressive and invasive features.2 These selection forces 
may be particularly important for pancreatic cancer tumorigen-
esis, since as much as 90% of the tumor volume is composed 
of stroma.3 This biologic feature adversely affects the delivery of 
oxygen and nutrients to tumor cells,4-6 and has been correlated 
with poor survival in pancreatic7 and other cancers.8,9 It is not 
surprising, therefore, that pancreatic cancers are particularly 
tolerant to nutrient deprivation in vitro, compared with other 
aggressive gastrointestinal malignancies.10

The “Warburg effect” posits that cancer cells exhibit a prefer-
ence for glycolytic metabolism, even in the presence of oxygen.11 
Recent studies reveal that additional biosynthetic pathways are 
upregulated in cancer cells.12-15 While metabolomic and other 
modern molecular assays provide new insights into the metabolic 

cancer cell metabolism differs from normal cells, yet the regulatory mechanisms responsible for these differences are 
incompletely understood, particularly in response to acute changes in the tumor microenvironment. huR, an RNA-
binding protein, acts under acute stress to regulate core signaling pathways in cancer through post-transcriptional 
regulation of mRNA targets. We demonstrate that huR regulates the metabolic phenotype in pancreatic cancer cells 
and is critical for survival under acute glucose deprivation. Using three pancreatic cancer cell line models, huR-proficient 
cells demonstrated superior survival under glucose deprivation when compared with isogenic cells with siRNA-silencing 
of huR expression (huR-deficient cells). We found that huR-proficient cells utilized less glucose, but produced greater 
lactate, as compared with huR-deficient cells. Acute glucose deprivation was found to act as a potent stimulus for huR 
translocation from the nucleus to the cytoplasm, where huR stabilizes its mRNA targets. We performed a gene expression 
array on ribonucleoprotein immunoprecipitated mRNAs bound to huR and identified 11 novel huR target transcripts 
that encode enzymes central to glucose metabolism. Three (GpI, pRps2, and IDh1) were selected for validation studies, 
and confirmed as bona fide huR targets. These findings establish huR as a critical regulator of pancreatic cancer cell 
metabolism and survival under acute glucose deprivation. Further explorations into huR’s role in cancer cell metabolism 
should uncover novel therapeutic targets that are critical for cancer cell survival in a metabolically compromised tumor 
microenvironment.
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phenotype of cancer cells, the regulatory mechanisms that govern 
metabolic transformation in cancer cells remain poorly under-
stood. A prevailing theory suggests that dysregulation (primarily 
through somatic mutations) of oncogenes and tumor suppres-
sor genes is the principle mechanism for metabolic reprogram-
ming,11,16 and has been validated in a variety of tumor systems 
with multiple cancer genes (e.g., KRAS, PI3K, PTEN, p53).13,16,17 
However, the theory fails to adequately address how cancer cells 
acutely adapt to metabolic stress. Somatic mutations are ran-
dom events and are selected for over time; they do not occur 
on demand by cancer cells in response to acute metabolic stress. 
Moreover, genetic changes are irreversible.18 A more flexible regu-
latory strategy, such as post-transcriptional regulation of cancer 
genes, is better suited to navigate the unpredictable, dynamic, 
and heterogeneous tumor microenvironment.

RNA-binding proteins (RBPs) regulate biologic processes 
through post-transcriptional control of target mRNAs. These 
proteins regulate mRNA stability and protein translation. 
Through these mechanisms, RBPs can efficiently and revers-
ibly alter the proteome of a cell. RBPs typically have thousands 
of mRNA targets, which encode proteins with critical biologic 
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increased in both groups of cells by 48 h in 1 mM glucose. As 
with apoptosis, the proportion of affected cells was greatest for 
MiaPaCa2.siHuR cells (Fig. 1D).

The effect of HuR silencing in the setting of glucose depriva-
tion for longer time intervals was assessed using a PicoGreen assay 
at 7 d. MiaPaCa2.siCTRL cells had improved survival when the 
starting glucose concentration was 12.5 mM or less, as compared 
with MiaPaCa2.siHuR cells (Fig. 1E). In these experiments, glu-
cose concentrations in the media typically decreased by 20–50% 
per day. The glucose concentration IC

50
 equivalents were 6 mM 

(MiaPaCa2.siCTRL) and 10 mM (MiaPaCa2.siHuR), respec-
tively (Fig. 1E).

To measure in vitro tumorigencity, we performed an anchor-
age-independent growth assay over a 3 wk time period in 25 mM 
glucose and under glucose deprivation (1 mM). MiaPaCa2.
siCTRL cells exhibited increased colony growth (both size and 
number of colonies) as compared with MiaPaCa2.siHuR cells 
(Fig. 1F) in both glucose conditions. However, the greatest dif-
ference occurred between cells incubated with 1 mM starting 
glucose. Long-term cell survival assays (over 7 d with PicoGreen) 
were performed for two other pancreatic cancer cell lines, BxPC3 
(Fig. 1G) and PANC1 cells (Fig. 1H). As with MiaPaCa2 cells, 
BxPC3.siCTRL and PANC1.siCTRL cells both had superior 
survival, as compared with BxPC3.siHuR and PANC1.siHuR 
cells under glucose deprivation.

Complementary to HuR silencing studies, the impact of HuR 
overexpression on cell survival under glucose deprivation was 
tested, and PANC1.HuR cells had superior survival to PANC1.
EV cells (Fig. 1I). A similar survival advantage was not observed 
with MiaPaCa2.HuR cells, as compared with MiaPaCa2.EV 
(data not shown). Taken together, these data provide convincing 
evidence, for the first time, that HuR provides a survival advan-
tage to pancreatic cancer cells in the setting of acute glucose 
deprivation.

HuR translocates from the nucleus to the cytoplasm upon 
glucose deprivation. The effect of glucose deprivation on HuR 
translocation from the nucleus to the cytoplasm (i.e., HuR “acti-
vation”) was assessed at 6 h (this time point was chosen based 
on multiple time course experiments, with a representative 
immunoblot provided in Fig. S1). Increased cytoplasmic HuR 
protein expression was observed with glucose concentrations 
below 10 mM for each of the tested pancreatic cancer cell lines 
(MiaPaCa2, BxPC3, and PANC1), and was greatest at 3 mM 
glucose or less (Fig. 2A, C, and D). For each cell line, enhanced 
HuR cytoplasmic expression under glucose deprivation was com-
parable to HuR activation as a result of gemcitabine treatment (a 
first-line chemotherapeutic agent against pancreatic cancer and 
an established inducer of cytoplasmic HuR).30 HuR cytoplas-
mic expression due to glucose deprivation was also observed by 
immunofluorescence (Fig. 2B).

Lactate levels in the media are altered by HuR expression. 
In order to determine whether HuR expression had implications 
on the metabolic profile of cells, we measured lactate levels in 
the media in pancreatic cancer cell lines (MiaPaCa2, BxPC3, 
and PANC1) over time, with a starting glucose concentration of 
5 mM. Data was normalized by total cell number as measured 

functions.19 HuR (ELAVL1 or embryonic lethal abnormal vision-
like protein 1) was one of the first RBPs studied in cancer cells, 
and remains one of the best characterized to date.20-22 HuR binds 
to mRNAs primarily at U- or AU-rich sequences, which are typi-
cally, but not exclusively, located in the untranslated regions of 
target transcripts.23 In response to cellular stressors (e.g., UV 
light, chemotherapeutics, or hypoxia24,25), cytoplasmic levels of 
HuR increase and post-transcriptional regulatory functions of 
HuR are exerted on its bound mRNA cargo. The importance of 
HuR biology in tumorigenesis is supported by numerous clinico-
pathologic studies across diverse tumor types, which consistently 
reveal a correlation between cytoplasmic HuR expression (i.e., 
“activated” HuR) and tumor aggressiveness.26

Targets of RBPs often cluster into discrete functional groups 
(called “RNA regulons”), which enable a single regulatory mol-
ecule (such as HuR) to coordinate an entire signaling pathway 
through post-transcriptional regulation of multiple pathway 
components.19 For instance, yeast studies demonstrate that mul-
tiple mRNAs in a common metabolic pathway (e.g., glycolysis) 
have similar decay rates, presumably due to a shared post-tran-
scriptional regulator.27 Cancer cells exploit this regulatory feature 
by hijacking HuR to promote numerous pro-survival pathways 
such as angiogenesis (targets include VEGF), anti-apoptosis 
(BCL2, MCL1, DR5), cell cycle progression (cyclin A, B1, cyclin 
E1), and drug resistance (DR5).28,29 Based on this previous body 
of work, we hypothesized that acute metabolic stress, such as glu-
cose deprivation (as a model of the compromised tumor micro-
environment), activates a pro-survival metabolic program in 
pancreatic cancer cells mediated by HuR.

Results

HuR expression affects pancreatic cancer cell survival under 
glucose deprivation. Experimental cell lines (control, HuR 
silenced with siRNA oligos, and HuR overexpressed by plasmid 
transfection) are designated throughout the manuscript by the 
parental cell line along with the transfected plasmid, as detailed 
in Table S1 (e.g., HuR silenced MiaPaCa2 cells are designated 
MiaPaCa2.siHuR and controls are MiaPaCa2.siCTRL).

The effect of HuR on apoptosis and cell viability in normal 
(25 mM glucose) and glucose-deprived (1 mM glucose) media 
was assessed in HuR-proficient (MiaPaCa2.siCTRL) and -defi-
cient (MiaPaCa2.siHuR) cells. Representative quantitative PCR 
(qPCR) and immunoblot (Fig. 1A and B) experiments after HuR 
silencing demonstrated greater than 90% reduction in mRNA 
and 70% reduction in protein expression, respectively. Apoptosis 
was assessed by Annexin V staining and no differences were 
observed between MiaPaCa2.siCTRL and MiaPaCa2.siHuR 
cells at 12 h (Fig. 1C). However, cells incubated with 1 mM glu-
cose for 24 h showed an increase in apoptotic signaling, with 
the greatest amount of apoptosis occurring in the MiaPaCa2.
siHuR cells. These findings suggest that HuR depletion sensitizes 
pancreatic cancer cells to glucose deprivation. A similar pattern 
was observed in an analysis of cell death by Trypan blue stain-
ing. Death was comparable between MiaPaCa2.siCTRL and 
MiaPaCa2.siHuR cells after just 12 h of glucose deprivation, but 
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GLUT1 mRNA in the HuR sample (as compared with the IgG 
sample) in two of three cell lines. We were able to detect minimal 
enrichment in one cell line (BxPC3). In these experiments, the 
known HuR target, dCK, was used as a positive control.30 In 
line with these findings, there was no change in GLUT1 mRNA 
(Fig. 4F) or protein expression (Fig. 4G and H) in MiaPaCa2.
siHuR cells, as compared with MiaPaCa2.siCTRL cells. These 
data demonstrate that HuR’s effects on glucose utilization by 
pancreatic cancer cells must be independent of GLUT1.

Identification of novel metabolic targets of HuR. RNP-IP 
assays with HuR followed by qPCR Array analysis of bound mRNA 
were performed with MiaPaCa2 cells after 6 h of glucose depriva-
tion (1 mM). RNP-IP with IgG antibody was performed in paral-
lel as a negative control. A heat map and clustergram based on four 
independent RNP-IP experiments is shown in Figure 5A (detailed 
results are provided in Table S3). There were 11 metabolic tran-
scripts (~13% of the genes on the glucose metabolism array) which 
were enriched in the HuR sample by more than 4-fold over IgG 
(P < 0.05) (Fig. 5B), representing novel HuR-bound mRNA tar-
gets. These HuR binders did not cluster into any specific branch of 
glucose metabolism, but rather were distributed throughout mul-
tiple metabolic pathways, including: glycogen synthesis [glucan 
(1,4-α-), branching enzyme 1, GBE1; glycogen synthase kinase 
3 β, GSK3B]; glycolysis (glucose-6-phosphate isomerase, GPI; 
phosphoglycerate kinase 1, PGK1; hexokinase 2, HK2); tricar-
boxylic acid cycle and related pathways (isocitrate dehydrogenase 
1, IDH1; isocitrate dehydrogenase 3A, IDH3A; citrate synthase, 
CS); and the pentose phosphate pathway (phosphoribosyl pyro-
phosphate synthetase 2; PRPS2, ribose 5-phosphate isomerase A, 
RPIA; ribulose-5-phosphate-3-epimerase, RPE).

Three HuR metabolic target genes were selected for further 
validation studies (GPI, IDH1, and PRPS2). First, the tran-
scripts were validated by HuR enrichment in RNP-IP/qPCR 
experiments in two additional pancreatic cancer cell lines. In 
BxPC3 cells, all three metabolic genes were enriched after extrac-
tion with the HuR antibody, compared with the IgG control 
(Fig. 5C). IDH1 and PRPS2 were also validated in PANC1 cells, 
while the fold-change of enrichment in the HuR sample for GPI 
did not achieve the pre-determined cutoff value used to define 
HuR binders (Fig. 5D). Second, we silenced HuR in MiaPaCa2 
cells (MiaPaCa2.siHuR) and observed a corresponding decrease 
in mRNA expression in all three transcripts (> 85% reduction) 
compared with MiaPaCa2.siCTRL cells (Fig. 6A, an additional 
negative control for this experiment, again using GLUT1, is 
shown in a separate replicate as Fig. S4). Third, we observed 
a decrease in protein expression of the three targets with HuR 
silencing in all three pancreatic cancer cell lines (Fig. 6B–D), 
providing evidence of protein transcriptional changes directly 
related to HuR regulation. Levels of IDH1 and PRPS2 appeared 

by PicoGreen analysis. For each cell line, lactate production was 
lower in HuR-deficient cells, as compared with HuR-proficient 
control cells (Figs. 3A–C). The impact of HuR silencing on lac-
tate production was evaluated at 10 mM starting glucose concen-
trations as well for each of the three pancreatic cancer cell lines, 
and the results were consistent; HuR expression was associated 
with increased lactate production (Fig. S2).

Glucose levels in the media are altered by HuR expression. 
Glucose concentrations were measured in the media over 5 d 
as an estimate of glucose uptake by pancreatic cancer cells. In 
a manner similar to lactate studies, data was normalized to cell 
number as measured by PicoGreen analysis. Surprisingly, the glu-
cose levels diminished more rapidly in MiaPaCa2.siHuR cells, 
as compared with MiaPaCa2.siCTRL cells. The experiment 
presented in Figure 4A was performed with a starting glucose 
concentration of 5 mM. A replicate experiment performed at 10 
mM glucose is provided in Figure S2. Findings were also consis-
tent with six separate experiments performed at starting glucose 
concentrations ranging between 2.5–20 mM (data not shown); 
cells with silenced HuR consumed more glucose than their iso-
genic counterparts. Notably, when these results are considered in 
the context of survival data demonstrated in Figure 1, our assay 
likely underestimates the degree to which HuR activity mini-
mizes glucose uptake relative to HuR-deficient cells.

Metabolomic studies (GC/MS and LC/MS/MS) were per-
formed in MiaPaCa2 cells at 25 mM glucose (MiaPaCa2.siC-
TRL vs. MiaPaCa2.siHuR cells). The concentrations of many 
cellular metabolic intermediates were similar between the two 
groups (see Table S2). However, intracellular glucose levels were 
noted to be 7-fold greater in MiaPaCa2.siHuR cells, as compared 
with MiaPaCa2.siCTRL (Fig. 4B), supporting the findings 
from glucose measurements obtained from the media over time 
(Fig. 4A). These data confirm that HuR expression reduces glu-
cose uptake into MiaPaCa2 cells. A relative increase in glucose 
uptake was also observed in BxPC3.siHuR cells, as compared 
with BxPC3.siCTRL cells (Fig. 4C), although this trend did not 
extend to the PANC1 cell line (Fig. 4D).

Assessment of the candidate HuR target, GLUT1, in pan-
creatic cancer cells. GLUT1 is the best characterized glucose 
transporter in cancer cells and has been implicated as an HuR 
target in one previous study performed in adipocytes.31 GLUT1 
is believed to be an important regulatory target of key oncogenes 
involved in metabolic reprogramming of cancer cells and respon-
sible for altered glucose uptake.32,33 Therefore, we hypothesized 
that changes in glucose uptake related to HuR expression may 
result from HuR binding and post-transcriptional regulation of 
GLUT1. We performed a ribonucleotide-immunoprecipitation 
(RNP-IP) experiment under glucose deprivation (1 mM glucose) 
with HuR antibody (Fig. 4E). We detected no enrichment of 

Figure 1 (See opposite page). huR protects pancreatic cancer cells against glucose-deprivation. In bar graphs: sicTRL, black bars; sihuR, gray bars (*P 
< 0.05). In survival curves (unless indicated): sicTRL are solid lines; sihuR are dashed lines. (A) Representative qpcR 24 h after transfection in Miapaca2 
cells. (B) Representative immunoblot 48 h after transfection in Miapaca2 cells. (C) Annexin V staining in Miapaca2 cells. (D) Trypan blue staining in 
Miapaca2 cells. (E) picoGreen assays at 7 d in Miapaca2 cells. (F) Three-week soft-agar colony formation assays in Miapaca2 cells. picoGreen assays at 
seven days in (G) BXpc3 and (G) pANc1 cells. (I) Representative immunoblot 72 h after transfection in pANc1 cells. (J) picoGreen assay at seven days in 
pANc1.huR (double line-top) vs. pANc1.eV (single line-bottom).
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Figure 1. For figure legend, see page 1314.
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cancer genes involved in cell proliferation (“classic” oncogenes 
and tumor suppressor genes), principally through somatic muta-
tions.11,13,17 The current study presents an alternative strategy 
used by cancer cells to overcome acute metabolic stress (e.g., 
glucose deprivation). These data suggest that pancreatic cancer 
cells exploit RNA binding protein biology to affect the expres-
sion of metabolic enzymes, resulting in altered metabolism and 
improved cancer cell survival under glucose-deprived condi-
tions. Specifically, we demonstrate that (1) HuR is engaged in 
the acute stress response and translocates to the cytoplasm upon 
acute glucose withdrawal, (2) HuR protects cells in low glucose 
conditions resulting in improved survival and less apoptosis, (3) 
HuR-proficient cells demonstrated increased lactate production 
and diminished glucose uptake, and (4) HuR binds and regulates 
multiple core metabolic target transcripts. Importantly, despite 
differences in the degree to which each cell line is impacted, 
these core differences were preserved across three genetically and 
phenotypically diverse pancreatic cancer cell lines. The role of 
RNA-binding proteins as central metabolic regulators remains 
an unexplored concept, yet is consistent with a widely accepted 
idea that HuR is a master-regulator of pro-survival pathways 
and becomes activated by acute cellular stress.26 In contrast to 
genetic changes that are acquired in cancer genes and provide 
cancer cells a survival advantage over a protracted time interval, 

most affected by direct silencing alone, while GPI appeared to be 
impacted the least in response to direct HuR silencing.

In addition, we tested for HuR-directed changes of target pro-
tein expression (GPI, IDH1, and PRPS2) as a function of glucose 
deprivation (Fig. 6E). This experiment was meant to simulate 
austere conditions encountered by cancer cells in human tumors. 
MiaPaCa2.siCTRL and MiaPaC2.siHuR cells were incu-
bated in media with 1 mM glucose for different time intervals. 
Cytoplasmic HuR peaked by 12 h in the MiaPaCa2.siCTRL cells 
(Fig. 6E, left). Subsequently, HuR returned to baseline levels, as 
has been previously described with other stressors.30 Importantly, 
protein expression of metabolic targets increased above baseline 
levels after 24–48 h of glucose deprivation (and 12–24 h after 
HuR translocation to the cytoplasm) in MiaPaCa2.siCTRL cells 
(left side of Fig. 6E and F). In contrast, changes in target pro-
tein expression were not observed in the MiaPaCa2.siHuR cells 
(Fig. 6E, right), providing evidence that the protein expression 
findings of HuR target genes in MiaPaCa2.siCTRL cells were in 
fact due to post-transcriptional changes mediated by HuR.

Discussion

To date, research on cancer cell metabolism has predominantly 
attributed metabolic reprogramming to dysregulation of certain 

Figure 2. huR protein is activated to the cytoplasm under glucose deprivation. (A) Immunoblots of whole cell (left) and cytoplasmic (right) lysates 
from Miapaca2 cells cultured for 6 h in media with the indicated glucose concentrations. Gemcitabine (GeM) (1 μM) was used as a positive control for 
cytoplasmic huR activation. huR (and GeM) levels are quantified at each glucose concentration and numeric values are displayed normalized to con-
trol glucose conditions below the corresponding cytoplasmic huR band. Immunofluorescence at 12 h (B) and immunoblots at 6 h (C) of Bxpc3 cells in 
normal DMeM (25 mM glucose), 1 mM glucose DMeM, and 1 μM gemcitabine (positive control). Nuclei are counterstained in blue (DApI). Immunoblots 
of (D) pANc1 cells after incubation in the indicated glucose concentrations for 6 h. Relative huR levels are quantified, as described for panel (A).
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different pancreatic cell lines in the 
present study, such as RIP-qPCR 
results for GPI (Fig. 4). A recent study 
in prostate cancer cells demonstrated 
that total glucose withdrawal resulted 
in degradation of HuR through ubiq-
uitin-dependent proteolysis within 
24 h.35 While the findings from that 
study could be interpreted as con-
flicting with a model placing HuR 
at the center of an acute metabolic 
stress response, we notably did not 
observe any HuR degradation in pan-
creatic cancer cells even out to 72 h 
(Fig. S3A). Time points beyond 72 h 
could not be assessed due to extensive 
cell death under severe hypoglycemic 
stress (Fig. S3B). We also caution 
against an experimental model where 
glucose is removed completely from 
the system, as that deviates from phys-
iologic conditions in tumors.

An unexpected finding in our work 
was that HuR expression was actu-
ally associated with decreased glucose 
uptake from the media (Fig. 4). On 
the surface, the observation contra-
dicts an accepted principle that can-
cer cells utilize more glucose than 
normal cells. Baseline increases in 
glucose uptake by cancer cells has 
been linked to certain activated onco-
genes (e.g., Kras, PI3K, AKT and 

NOTCH)13,32,42,43 and is thought to fuel increased glycolytic and 
biosynthetic activity associated with cancer cell proliferation.44 
This biologic phenomenon is exploited clinically by PET imag-
ing, which detects increased (F-18) flurodeoxyglucose uptake by 
tumor cells.45

The present data, which demonstrates decreased glucose uptake 
as a result of a different oncoprotein, HuR, should be interpreted 
with the following points in mind. First, comparisons in this study 
were made between cancer cells with silenced (e.g., MiaPaCa2.
siHuR) and endogenous levels of HuR (e.g., MiaPaCa2.siCTRL), 
and not between cancer cells and normal cells. Therefore, we can-
not make any conclusions regarding glucose utilization in cancers 
with activated HuR relative to normal tissues. Second, despite 
decreased glucose uptake in HuR proficient cells, our data suggest 
that HuR expression still could support a glycolytic phenotype, 
as lactate production was elevated (Fig. 3A–C). Third, the find-
ings are consistent with previous studies showing an association 
between increased glucose uptake related to oncogene activation 
(e.g., AKT activation) and increased sensitivity to glucose with-
drawal.42 Accelerated glucose consumption was previously noted 
to put cancer cells at risk when nutrients are scarce, presumably 
due to rapid depletion of energy substrates. Therefore, it stands 
to reason that pancreatic cancer cells would have mechanisms to 

HuR-directed survival mechanisms are rapid and reversible.19,26,28 
These biological features of HuR are well suited for the unpredict-
able, changing, and heterogeneous tumor microenvironment.34

While HuR has been indirectly linked to cancer cell metabo-
lism in a handful of studies,31,35-40 no studies have examined HuR 
as regulatory hub for cancer cell metabolism.4 One study in non-
cancer cells demonstrated that HuR stabilizes phosphoenolpyru-
vate carboxykinase mRNA (an enzyme that catalyzes the first 
committed step of gluconeogenesis and was previously thought 
to be transcriptionally regulated) in the setting of an acute drop 
in pH.41 A separate study concluded that the mRNA transcript 
of the glucose receptor, GLUT1, binds to HuR in adipocytes.31 
Based on this study, we hypothesized that HuR’s effect on glu-
cose uptake in pancreatic cancer cells (Fig. 4) was mediated 
through GLUT1. However, we were not able to validate GLUT1 
mRNA as a true HuR target in all of our cell lines, nor were we 
able to demonstrate GLUT1 protein changes with HuR manipu-
lation in isogenic cell lines (Fig. 4E–H). The discrepant results 
between the present study in pancreatic cancer cells and the prior 
study in adipocytes raises an intriguing possibility that HuR’s 
target mRNA substrates are tissue- (and perhaps even cancer-) 
specific, dependent on the available transcriptome in a given cell. 
This idea may explain certain inconsistencies observed between 

Figure 3. huR expression affects lactate production of pancreatic cancer cells. Lactate levels in the 
media over time. sicTRL are solid lines; sihuR are dashed lines. The starting glucose concentration for 
these experiments was 5 mM. (A) Miapaca2 cells, (B) BXpc3 cells, and (C) pANc1 cells. Lactate levels are 
normalized to total cell count in each well.
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hypoxia36,40), while “classic” oncogenic or tumor suppressor pro-
teins regulate cancer cell metabolism under more stable conditions 
with a goal to maximize cell proliferation.

counteract this action under austere conditions. A unifying model 
puts HuR as a key regulator of cancer cell metabolism in the setting 
of acute metabolic stress (e.g., glucose deprivation, acidification,41 

Figure 4. huR expression affects glucose uptake into pancreatic cancer cells independent of GLUT1. In glucose concentration curves: sicTRL are solid 
lines; sihuR are dashed lines. (A) Glucose levels in the media (5 mM starting glucose) over time in Miapaca2 cell culture. (B) Box plot of intracellular 
glucose levels detected by Gc/Ms and Lc/Ms/Ms platforms in Miapaca2 cells incubated in 25 mM glucose (*p < 0.1). Glucose levels in the media (5 mM 
starting glucose) over time in (C) Bxpc3 cells and (D) pANc1 cells. (E) Ribonucleotide immunoprecipitation and qpcR for GLUT1 demonstrating that 
GLUT1 does not bind huR (gray bars), relative to IgG (black bars) in Miapaca2 and pANc1 cell lines. Bxpc3 cells demonstrated mild enrichment of GLUT1 
mRNA in the huR sample relative to the IgG sample. The huR target, dcK, served as a positive control (data not shown, Miapaca2: 8 fold increased bind-
ing; pANc1: 4 fold increased binding; Bxpc3: 3-fold increased binding). (F) qpcR of GLUT1 mRNA in Miapaca2.sihuR (gray bars) and Miapaca2.sicTRL 
cells (black bars). (G) Immunoblots for huR, GLUT1 and α tubulin of whole cell Miapaca2 lysates 72 h following transfection with siRNA oligs. (H) Flow 
cytometric analysis of GLUT1 cell surface expression of Miapaca2.sihuR (blue) and Miapaca2.sicTRL cells (red, set to a value of 1 in the bar graph).
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Oligofectamine™ (Invitrogen) with a final siRNA concentration 
of 25 nM. For each experiment, gene silencing was confirmed 
24–48 h after transfections by immunoblotting with an HuR 
antibody (Santa Cruz Biotechnology, sc-5621) or qPCR analysis 
of HuR mRNA as previously described.29,30 For transient overex-
pression of HuR, the HuR gene (OriGene Technologies, pCMV6-
XL5) was cloned into a pcDNA3.1 plasmid vector (Invitrogen, 
V790-20) and transfected into cell lines using Lipofectamine™ 
(Invitrogen, 18324) at a plasmid concentration of 10 μg cDNA 
per 3 million cells as previously described.30

Apoptosis, cell death, survival, and growth assays. Cell lines 
were plated into 75 cm2 flasks and allowed to adhere. Cells were 
washed with PBS, glucose-free DMEM twice, and then incubated 
with media containing the indicated glucose concentrations. To 
estimate cell death, cells were trypsinized and counted after 
Trypan blue staining (Invitrogen, 15250-061) with a Hausser 
bright-line hemocytometer (Fisher Scientific). Annexin V® label-
ing was measure to estimate apoptosis using a flow cytometry 
staining kit (Invitrogen, V13242) on a BD Biosciences FACS 
Calibur system (BD Biosciences).

Cell survival was measured using a method similar to drug 
sensitivity assays, as previously described.30 Briefly, 1,000 cells per 
well were plated in triplicate. The cells were incubated in media 
with the indicated glucose concentration for 7 d, lysed with de-
ionized water and cell viability was detected using Quanti-iT 
PicoGreen® (Invitrogen, P7581) to stain double-stranded DNA. 
Results are reported as the percentage of viable cells at each glu-
cose concentration, relative to control glucose conditions.

Soft-agar anchorage independence growth-assays were per-
formed in 60 mm culture dishes (Fisher Scientific). A 5 ml 
bottom layer of 0.75% agar was prepared in DMEM with the 
indicated glucose concentrations and allowed to solidify. A top 
layer was added with 30 000 cells in 3 ml of 0.36% agar dis-
solved in DMEM containing the indicated glucose concentra-
tions. After 3 wk, colonies were examined and counted.

Immunoblot and immunofluorescence. Detection of HuR 
cytoplasmic protein expression was assessed by immunoblot and 
immunofluorescence. For immunoblotting, cells were cultured 
in 75 cm2 flasks, trypsinized, washed with PBS, and lysed. RIPA 
buffer (Santa Cruz Biotechnology, SC-24948) was used to extract 
whole-cell protein and a digitonin-based lysis buffer was used to 
prepare cytoplasmic extracts.48 Protein concentrations were quan-
tified by Bradford assay (Bio-Rad Laboratories, 500-0001) and 
equal amounts were loaded on an SDS-PAGE gel (Invitrogen, 
NP315BOX). The protein was transferred to a membrane and 
blocked for 1 h in 5% milk, followed by primary incubation 
with mouse anti-α tubulin (loading control), and mouse anti-
HuR antibodies overnight (Santa Cruz Biotechnology, sc-8035 
and sc-5621).30 Immunoblotting was also used to validate meta-
bolic enzymes [e.g., GPI (TA501137), PRPS2 (TA308129), and 
IDH1(TA500610); OriGene Technologies], as well as GLUT1 
(SLC2A1: Santa Cruz Biotechnology, sc-1605).

Immunofluorescence was performed using 4-well chamber 
slides, and cells were incubated under the indicated glucose con-
centrations for 6 h. The cells were washed with PBS, fixed with 
4% paraformaldehyde (Fisher Scientific, AC41678-0030), and 

While changes in intracellular glucose levels were the most 
striking finding with the metabolomics analysis (Fig. 4B), other 
subtle differences were noted (Table S2). Increased glucose-6 
phosphate levels were observed in the MiaPaCa2.siCTRL cells 
(compared with MiaPaCa2.siHuR cells), even in the setting of 
less glucose substrate. Stabilization of hexokinase (the first step 
in glycolysis, Fig. 5B) by HuR likely accounted for this result. 
Similarly, 6-phosphogluconate (a proximal metabolite in the 
pentose phosphate pathway and downstream product of glucose 
6-phosphate) was increased in MiaPaCa2.siCTRL cells. Notably, 
three central enzymes in the non-oxidative pentose phosphate 
pathway (RPE, RPIA, and PRPS2) were identified as HuR tar-
gets (Fig. 5B). These findings highlight the pentose phosphate 
pathway as a potential focal point for HuR-directed metabolic 
reprogramming, and suggest the identification of a candidate, 
“non-canonical” pathway specific for pancreatic cancer cells that 
could be targeted.

In summary, this study provides a foundation for a completely 
new line of investigation in cancer biology focused on post-
transcriptional regulation of core metabolic enzymes by RNA 
binding proteins. We anticipate future studies to show that HuR 
enhances overall metabolic efficiency under stress (e.g., a cellular 
“adrenaline” of sorts) through its numerous targets involved in 
multiple metabolic pathways. Improved metabolic performance 
due to activated HuR enables pancreatic cancer cells to adapt to 
harsh metabolic conditions by conserving nutrient availability 
while still maintaining a glycolytic phenotype. Future studies, 
such as RNP-IP-sequencing experiments and targeted metabolo-
mic studies will provide additional metabolic pathway insights. 
Elucidation of the most important metabolic targets of the HuR 
stress response should uncover novel therapeutic opportunities 
aimed at blocking pathways that are critical for pancreatic cancer 
cell survival within its unique metabolic milieu.

Materials and Methods

Pancreatic cancer cell lines, cell culture, and transfections. 
Pancreatic cancer cell lines (MiaPaCa2, PANC1, and BxPC3) 
were purchased from ATCC and grown at 37 °C and 5% CO

2
 

in 75 cm2 flasks. Under control conditions, standard DMEM 
(25 mM glucose, or 450 mg/dl) was used for MiaPaCa2 and 
PANC1 cells, and RPMI (11.11 mM glucose, or 200 mg/dl) for 
BxPC3 cells. Media was supplemented with 10% fetal bovine 
serum, 1% L-glutamine, and 1% penicillin/streptomycin 
(Invitrogen). Low glucose media was used to simulate glucose 
deprivation commonly encountered in the tumor microenviron-
ment. The most severe hypoglycemic stress used in these experi-
ments was 1 mM glucose (18 mg/dL) to approximate in vivo 
metabolic stress as observed in prior studies.46,47 Physiologic glu-
cose levels in human serum are between 4 and 6 mM (80 and 
110 mg/dl).

We performed transient silencing of HuR expression using 
siRNA oligos purchased from Invitrogen (siRNA sequence used 
against HuR available upon request). Cells were suspended in 
10 ml of Opti-mem® (Invitrogen) at a concentration of 3 mil-
lion cells per 150 cm2 flask. Transfections were performed using 
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primary anti-HuR antibody overnight at 4 °C. Slides were washed 
and incubated with secondary goat anti-mouse antibody labeled 
with Alexa-Fluor® (Invitrogen, A11001) for 2 h. After washing 

permeabilized with Triton X-100 (Sigma-Aldrich, X100-500). 
Slides were blocked with 5% normal goat serum (Vector labs, 
005-000-121) diluted in PBS for 1 h, and incubated with the 

Figure 5. Identification of huR metabolic target mRNAs through ribonucleotide immunoprecipitation assays. mRNA enriched by huR immunoprecipi-
tation were compared with an IgG control sample in Miapaca2 cells with an 84-gene glucose metabolism qpcR Array. (A) heatmap/clustergram: red 
represents increased transcript levels with huR RNp-Ip compared with control, and green represents decreased levels. Genes enriched in the huR sam-
ple at levels 4-fold or greater than the IgG sample are highlighted with a purple bar to the left of the heat map. (B) eleven huR targets are presented 
and grouped by pathway. RNA levels represent fold-change enrichment to huR, relative to IgG. Data are normalized to GApDh and the red dashed line 
(also present in panels C and D) indicate the predetermined cutoff used to define highly enriched huR targets (greater than 4-fold enrichment in the 
huR sample over IgG control). IDh1 was grouped with TcA cycle enzymes for the purposes of presentation, but technically is an isoenzyme of mito-
chondrial IDh and resides in the cytosol. GpI, IDh1, and pRps2 were validated as huR-bound mRNA targets by huR RNp-Ip and q-pcR in (C) Bxpc3 and 
(D) pANc1 cell lines. huR RNp-Ip (gray bars) and IgG RNp-Ip (black bars). pcR Arrays were normalized to GApDh. qpcR assays were normalized to 18s.
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Intracellular metabolites (i.e., metabolomics) were measured 
in MiaPaCa2 cells using GC/MS, and LC/MS/MS platforms 
(Metabolon Corporation). Prior to assay preparation, 2 million 
cells per 150 cm2 flask were transfected with siRNA oligos (scram-
bled or against HuR) as described above. Following transfection, 
media was replaced with standard DMEM and cells were allowed 
to grow for 60 h. Cells were trypsinized, collected in standard 
DMEM, and counted. A total of 6 million cells were washed in 
PBS twice and snap frozen in liquid nitrogen. Metabolite analysis 
was then performed as previously described.49,50 Metabolite lev-
els were normalized to total cellular protein and data from each 
experimental group were analyzed as a group of five replicates. 
Welch’s t-test was used to compare metabolite levels between 

with PBS, DAPI (Invitrogen, D1306) was added to counterstain 
the nuclei. Protein labeling was visualized with a Nikon confocal 
microscope (Nikon Corporation).

Glucose and lactate assays. Cells were pipetted into 96-well 
plates and allowed to adhere for 36 h. Subsequently, the cells were 
washed twice with glucose-free DMEM and 200 μl of media 
(containing the indicated glucose concentration) were added 
to each well. Plates were returned to the incubator and assayed 
over time for glucose (glucCELL Device, Bellco) and lactate 
(D-Lactate assay kit, Eton Bioscience Inc.,1200024002) per 
manufacturer instructions. Concentrations of glucose and lactate 
were normalized to total cell number in each well (quantified by 
Quant-iT PicoGreen as detailed above).

Figure 6. huR silencing alters expression of metabolic targets. (A) Gene target mRNA expression 48 h after transfection (normalized to 18s) in Miapa-
ca2.sicTRL (black bars) and Miapaca2.sihuR cells (gray bars). Whole cell protein lysates were assayed for metabolic proteins at 72 h in (B) Miapaca2, (C) 
Bxpc3 and (D) pANc1 cells. (E) Miapaca2 cells were incubated in 1 mM glucose for the indicated time points and metabolic target protein expression 
was determined. (F) protein expression of huR targets over time from panel (E) are quantified and graphed. Miapaca2.sicTRL are solid lines; Miapaca2.
sihuR are dashed lines. * highlights the later time points in panel (E) with increased target expression in Miapaca.sicTRL cells.
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Flow cytometry analysis of GLUT1. Cells were trypsinized, 
washed, and resuspended in FACS buffer (1% BSA, 0.05% 
sodium azide in PBS) at a concentration of 200,000 cells per 
500 μL, and incubated with a GLUT1 antibody (Santa Cruz 
Biotechnology, sc-1605) for 1 h at room temperature. Cells were 
washed with buffer and incubated with a secondary antibody 
(Alexa Fluor® 488 goat anti-rabbit IgG; Invitrogen, A11008) 
for 1 h at room temperature in the dark. Samples were analyzed 
by flow cytometry (BD Bioscience FACS Calibur) and histo-
grams created using the FlowJo software package (Tree Star, 
Inc.).
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groups, with statistical significance accepted for P < 0.1. The 
q-value is provided in the Table S2 as an additional statistical 
measure of confidence, but was not used as a criterion for the 
present analysis.50

Ribonucleoprotein-immunoprecipitation (RNP-IP) assay, 
qPCR array, and RT-qPCR. Cells were plated at a concentration 
of 2 × 106 cells per 150 cm2 flask and allowed to adhere overnight. 
The flasks were washed with PBS and incubated for 6 h in media 
containing 1 mM glucose, trypsinized, and collected. RNP-IP 
was performed from cytoplasmic lysates with anti-HuR or con-
trol rabbit anti-IgG antibodies (MBL International Corporation, 
07-468 and 6401-05).30 RNA bound to either HuR or control 
IgG was extracted, treated with DNase (SABiosciences, PA-001) 
and converted to a cDNA library using the RT2 First Strand 
Kit (SABiosciences, 330401). The cDNA library was then 
probed with a glucose metabolism qPCR Array consisting of 84 
metabolic probes and 12 control probes (SABiosciences, PAHS-
006Z). A total of four replicate RNP-IP qPCR Array experi-
ments were performed and analyzed using the manufacturer 
recommended software (RT2 Profiler™; SABiosciences; www.
sabiosciences.com/pcrarraydataanalysis.php). Candidate HuR 
binders were identified as transcripts with at least 4-fold expres-
sion after HuR RNP-IP extraction, compared with IgG controls.

Selected candidate genes (GLUT1, GPI, IDH1, and PRPS2) 
were evaluated as HuR mRNA targets by RT-qPCR of extracted 
RNA after independent RNP-IP experiments on an ABI 7500 
Fast Analyzer (Life Technologies Corp.). The selected enzymes 
were selected with the goal of testing genes from different meta-
bolic pathways. Results were normalized against 18S expression 
levels.
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