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Abstract
Purpose Pyruvate kinase muscle isoenzyme 2 (PKM2) is a
key enzyme in aerobic glycolysis and is thought to contribute
to cancer cell metabolic reprogramming. The aim of this study
was to evaluate PKM2 immunohistochemical expression as a
potential prognostic biomarker in pancreatic ductal adenocar-
cinoma (PDAC).
Methods A tissue microarray was constructed using surgical
specimens for 115 patients who underwent resections for
PDAC, stained with PKM2 antibody, and scored for expres-
sion level. Statistical analyses were performed to investigate
the association between PKM2 and patient survival, tumor
stage, tumor grade, surgical margin status, lymph node ratio,

perineural invasion status, or the use of adjuvant
chemotherapy.
Results Fifty-three percent of tumors had positive PKM2 ex-
pression, and 47 % of tumors had negative PKM2 expression.
PKM2 expression was associated with overall survival (HR
0.56, p=0.007) and CA 19-9 levels (p=0.035), but was not
associated with tumor stage, tumor grade, surgical margin
status, lymph node ratio, perineural invasion, or adjuvant che-
motherapy use.
Conclusions PKM2 expression is associated with overall sur-
vival in PDAC. Further studies are warranted to validate the
value of PKM2 as a prognostic biomarker and to examine the
potential utility of PKM2 in predicting treatment response, as
well as a potential therapeutic target in PDAC.
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Introduction

In the 1920s, Otto Warburg observed that cancer cells
displayed a unique metabolism compared to normal cells.
He noted cancer cells metabolize glucose by glycolysis, rather
than utilizing pyruvate to undergo the tricarboxylic acid
(TCA) cycle and oxidative phosphorylation, which is the
more efficient energy production used by normal cells in aer-
obic conditions [1]. This has been termed the “Warburg ef-
fect” or aerobic glycolysis. In contrast to normal cells, cancer
cells upregulate glucose uptake and thereby give rise to inter-
mediate glycolytic metabolites and the end product pyruvate.
Glycolysis in cancer cells is uncoupled from themitochondrial
TCA cycle and oxidative phosphorylation. The glycolysis-
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derived pyruvate is diverted into lactate and kept away from
the mitochondrial oxidative metabolism. Though described
more than 80 years ago, there has been little progression in
knowledge until recently. There is a renewed interest in study-
ing the role of this distinct cancer metabolism in tumor initi-
ation and progression [reviewed in 2]. Additionally, it has
been suggested that this unique metabolism of cancer cells
may be a potential way to selectively target cancer cells with
oncologic therapy [reviewed in 3].

Pyruvate kinase (PK) is an enzyme that catalyzes the con-
version of phosphoenolpyruvate to pyruvate in the final step
of the glycolysis pathway and is thought to be a key player in
regulating the switch to aerobic glycolysis in cancer cell me-
tabolism. There are four isoforms of PK—L, R, M1, and M2
[4]. Isoenzymes L and R are encoded by the gene PKLR,
while isoenzymes M1 and M2 are encoded by the same gene
PKM2 but represent different splice variants [5, 6]. The M1
isoform (PKM1) is typically found in differentiated skeletal
muscle, heart, and brain cells, while the M2 isoform (PKM2)
is expressed in most embryonic cells, stem cells, and tumor
cells. Among the isoenzymes, PKM2 has received the most
attention given its preferential expression in cancer and its role
in cancer cell anabolic metabolism.

The biological functions of PKM2 in cancer initiation and
progression have not been well defined. Most in vitro studies
based on analysis of cultured cells demonstrated that
switching PKM2 for PKM1 reverses the Warburg effect and
reduces cancer cell proliferation. Knockdown of PKM2 has
been shown to repress proliferation and migration of colon
cancer cells in vitro [7]. Studies using xenograft tumors have
yielded contradictory results regarding the role of PKM2 in
tumor growth [8, 9]. Both selective small molecular activators
and inhibitors of PKM2 have been studied in cell culture and
xenograft tumor models. Inhibition of PKM2 has been shown
to suppress xenograft tumor graft growth [10]. Interestingly,
PKM2 activators TEPP-46 and DASA-58 specifically activate
PKM2 but not PKM1 in vitro, and TEPP-46 also impairs
tumor growth in vivo in a non-small cell lung carcinoma xe-
nograft [11]. A recent report that loss of PKM2 accelerates
tumor formation in a mouse breast cancer model further indi-
cates the complicated functions of PKM2 under different cel-
lular contexts [12].

Pancreatic ductal adenocarcinoma is currently the fourth
leading cause of cancer death in the USA and continues to
have a dismal prognosis, with 5-year overall survival rates
estimated at 6 % [13]. The only potential curative option is
surgical resection, for which less than 20 % of patients are
eligible. Even in this subset of patients, the 5-year overall
survival remains only 18–24 % [14–18]. Given the poor sur-
vival with surgery alone, attempts have been made to improve
outcomes with adjuvant therapy. However, the role of adju-
vant therapy in the management of localized pancreatic cancer
remains controversial as many of the randomized clinical trials

were statistically underpowered and used outdated radiation
fractionation schema and techniques. Therefore, tumor bio-
markers that could be used to predict which subset of patients
is likely to benefit from adjuvant therapy would be very useful
for clinicians to tailor therapy based on that individual pa-
tient’s tumor characteristics.

Evidence from preclinical studies suggests a complicated
role of PKM2 activity in cancer development. It is important
to understand the context-dependent metabolic needs of can-
cer cells on PKM2. To this end, this study sought to evaluate
the potential role of immunohistochemical PKM2 expression
as a prognostic biomarker in pancreatic adenocarcinoma.

Materials and Methods

Patient Selection

This study was approved by the Vanderbilt University Medi-
cal Center Institutional Review Board. From 2000 to 2009,
115 patients were identified who had undergone curative re-
sections for pancreatic adenocarcinoma and for whom both
clinical data and tumor tissue were available. Only patients
with histologically confirmed ductal adenocarcinomas were
included. All tumors were restaged by a single pathologist
(SCS) according to AJCC 7th edition criteria [19]. Data col-
lected included patient demographics, operative details, treat-
ment details, and survival. Pathologic data obtained included
tumor location, total number of nodes involved, total number
of nodes resected, tumor size, differentiation, pancreatic ex-
tension, and margin status. A positive margin was defined as
tumor within 1 mm of the inked resection margin on micro-
scopic examination. Tumor differentiation was recorded ac-
cording to the guidelines outlined by the College of American
Pathologists [20]. The lymph node ratio (LNR) was defined as
the number of positive lymph nodes as a fraction of the total
number of lymph nodes examined/resected.

Construction of Tissue Microarray

Tissue microarrays were constructed using 1-mm cores
of both tumor and background normal/reactive pancreas
from 115 curative resection specimens, including
pancreaticoduodenectomy/gastrojejunostomy procedures
(Whipple procedures) and total or distal pancreatectomies.
The microarrays were composed of single or duplicate cores
from tumor and background pancreas. The microarrays were
cut at 5-μm thickness and stained with hematoxylin and eosin.

Immunohistochemistry Study

Five-micrometer thick sections of formalin-fixed, paraffin-
embedded tissue microarrays were de-paraffinized in xylene
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and rehydrated graded alcohol. Antigen enhancement was
done by incubating the sections in citrate buffer pH 6 (Dako,
Carpentaria, CA) as recommended. Staining was performed
using Peroxidase Histostain-Plus Kit (Zymed) according to
the manufacturer’s protocol. PKM2 rabbit polyclonal anti-
body (Cell Signaling, Beverly, MA) was used at a 1:800 dilu-
tion. Diaminobenzidine (DAB) (Life Technologies, Camaril-
lo, CA) was used as substrate for peroxidase. Slides were
counterstained with hematoxylin. Positive and negative con-
trols for PKM2 staining were performed and are shown in
Fig. 1. PKM2 expression was quantified after scoring both
the intensity and the extent of the reaction by a 12-tier scoring
method previously cited in studies by Han et al. and Koo et al.
[21, 22]. The intensity of PKM2 expression was quantified
using the following scores: 0=negative, 1=weakly positive,
2=moderately positive, 3=strongly positive. The extent of
PKM2 expression was quantified by evaluating the percent-
age of the positive staining areas in relation to the whole
cancer areas in the core, where a score of 0 was given for
0 % reactivity, 1 point was assigned for 1–10 % reactivity, 2
points were assigned for 11–50 % reactivity, 3 points were
given for 51–80 % reactivity, and samples with >80 % reac-
tivity were assigned a total of 4 points. The final immunore-
active score was determined bymultiplying the intensity score
by the extent score, with theminimum score attainable being 0
and a maximum score of 12. The 12-tier scoring was then
simplified by combining scores so that 0–2=negative PKM2
expression (final score=0), 3–6=weak PKM2 expression (fi-
nal score=1), 7–9=intermediate PKM2 expression (final
score=2), and 10–12=strong PKM2 expression (final
score=3). Representative images for PKM2 expression scor-
ing are shown in Fig. 2.

Statistical Analysis

PKM2 expression scores, the main biomarker of this study,
were unevenly distributed as 0, 1, 2, and 3 with frequency 54,
20, 30, and 11, respectively. To achieve the highest statistical
power to detect differences between clinically meaningful
groups, we further classified the PKM2 expression as positive
(score 1, 2, or 3) or negative (score 0). Patient demographic
and clinical variables were then summarized by PKM2 ex-
pression (negative versus positive), using the median with
the 25th and 75th percentiles (quartiles) for continuous vari-
ables. For categorical variables, frequency and percentages
were shown. Comparisons between PKM2 negative and pos-
itive expression groups were conducted with Wilcoxon rank-
sum test (continuous variables) and Pearson’s test (categorical
variables). The primary endpoint was overall survival (OS),
which was defined as the time from surgery to the date of all-
cause death or last follow-up. The Kaplan-Meier method and
log-rank test were used to compare the overall survival be-
tween PKM2 expression groups. To assess the association

between PKM2 expression and the overall survival, a multi-
variable Cox proportional hazard (Cox PH) model was
employed. All variables adjusted in the multivariable model
were selected a priori based on our clinical experiences and
examinations using directed acyclic graphs (DAGs) [23].
Multiple imputations (MI) with five iterations were used to
deal with the missing values [24]. All analyses were per-
formed with R version 3.0.2 [25], and statistical significance
was based on two-sided tests at the 5 % level.

Results

Patient Clinical and Pathologic Characteristics

From 2000–2009, 115 patients were identified who had un-
dergone curative resections for pancreatic adenocarcinoma for
whom tissue samples were also available for study. Table 1
summarizes the demographic and treatment details as well as
clinicopathologic findings. The average patient age was
67 years. The majority of patients (90.4 %) underwent a
Whipple resection, and 70.0 % of all patients in the study
had microscopically negative surgical margins. The median
overall survival for all patients was 13.2 months (IQR 7.6–
31.6). Fifty-three percent of tumors had positive PKM2 ex-
pression intensity, and 47 % of tumors had negative PKM2
expression. The percentages of patients with weak, intermedi-
ate, and strong PKM2 expression are shown in Table 2. In
positive-staining tumor cells, PKM2 was predominantly
expressed in the cytoplasm (Figs. 1 and 2). In the normal
pancreas tissue, weak to moderate positive staining of
PKM2 was evident in the epithelial cells of the ducts, espe-
cially in small and intercalated ducts. PKM2 is also expressed
in the interspersed islet cells (Fig. 3).

The Associations Between PKM2 Expression and Overall
Survival

PKM2 expression was associated with CA 19-9 levels. Lower
CA 19-9 levels were observed among patients who had pos-
itive PKM2 expressions (median 85 versus 205, p=0.034;
Table 3, Fig. 4). Patients with positive PKM2 expression
tended to have lower lymph node ratio than those who had
negative PKM2 expression (median 0.091 versus 0.195);
however, the difference did not reach statistical significance
(p=0.077). PKM2 expression was not observed to be associ-
ated with age at surgery, tumor stage, tumor grade, surgical
margin status, perineural invasion status, or adjuvant chemo-
therapy use. In the univariate survival analysis, PKM2 expres-
sion was associated with overall survival (HR 0.56, 95 % CI
0.37–0.86, p=0.007). When we further adjusted for age at
surgery, surgical margin status, perineural invasion status,
peripancreatic extension status, and stratified on adjuvant
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chemotherapy use status in the multivariable Cox model, the
association between PKM2 expression and overall survival
remained statistically significant (HR 0.57, 95 % CI 0.36–
0.91, p=0.017) (Table 4 and Fig. 5).

Discussion

The aim of this study was to evaluate the potential role of
PKM2 immunohistochemical expression as a prognostic bio-
marker in pancreatic adenocarcinoma. We found that PKM2
expression in pancreatic adenocarcinoma was associated with
overall survival (p=0.007) and CA 19-9 levels (p=0.035).
PKM2 expression was not found to be associated with tumor
stage, tumor grade, surgical margin status, lymph node ratio,

perineural invasion status, or the use of adjuvant
chemotherapy.

The cellular functions and the pathological roles of PKM2
in cancer metabolism and progression are just beginning to be
uncovered. The current understanding of the prognostic value
of PKM2 in cancer is limited, and there is wide discrepancy in
the reported literature. PKM2 may function differently in can-
cer development and response to treatment among different
tissue and cell types, as supported by a review article by Iqbal
et al. detailing conflicting observations of the role of PKM2
among various studies in the literature [26]. PKM2 function
may be tissue specific, and its functional regulation within
different microenvironments is yet to be determined.
Supporting this view, Lim et al. investigated PKM2 expres-
sion by mRNA levels and immunohistochemical staining in
gastric cancers and found that PKM2 expression was

Fig. 1 Representative images of
positive and negative controls for
PKM2 staining. a Positive IHC
staining by PKM2 rabbit antibody
(1:800). b Negative IHC staining
by rabbit IgG at the same titer as
PKM2 antibody

Fig. 2 Representative images of
PKM2 expression intensity. a
Negative PKM2 expression, b
weak PKM2 expression, c
intermediate PKM2 expression,
and d strong PKM2 expression at
100× magnification
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associated with shorter overall survival in signet-ring gastric
cancers but was not associated with survival in other gastric
cancer histological subtypes [27]. Additionally, studies have
shown that normal brain tissue is PKM2 negative while glio-
mas have strong PKM2 expression that is correlated with gli-
oma tumor grade [28]. In our study, we observed strong
PKM2 expression in normal pancreas (Fig. 3). PKM2 expres-
sion and function therefore may vary based on cell of origin or
molecular environment, which is an interesting future ques-
tion to explore.

To date, the prognostic value of PKM2 expression in his-
tological specimens of pancreatic cancer has not been pub-
lished. Our current study is the first to examine the prognostic
value of PKM2 immunohistochemical expression in pancre-
atic cancer and demonstrates that positive PKM2 expression is
associatedwith increased overall survival in PDAC specimens
(HR 0.56, 95 % CI 0.37–0.86, p=0.007). Pancreatic cancer
inherently features strong inflammatory and extensive fibrotic
changes, and it is not totally surprising that our observation in
PDAC is different from that in other gastrointestinal malig-
nancies. Zhou et al. investigated PKM2 expression by both
mRNA expression and immunohistochemical staining in co-
lorectal cancers and reported that increased PKM2 expression
was associated with more advanced stage [10]. High PKM2
immunohistochemical expression in the nucleus has been re-
ported to be associated with shorter survival in esophageal
squamous cell carcinoma [29]. In gallbladder cancer, posi-
tive PKM2 immunohistochemical expression has been
reported to be associated with lymph node metastasis,
invasion, and TMN stage as well as shorter average
survival by univariate analysis [30].

There are several limitations in our current study. First,
tumor or intratumoral heterogeneity is a possible limitation
within our study, though tumor heterogeneity is an inherent

Table 1 Patient clinical and pathologic characteristics

Number No. (%)

Age, years 115 67 (57–73)a

Gender 115

Female 52 (45)

Male 63 (55)

Race 112

African American 5 (4.5)

Caucasian 107 (95.5)

Tumor grade 115

1 15 (13)

2 65 (57)

3 35 (30)

Tumor stage 115

I–IIA 29 (25)

IIB–IV 86 (75)

Operation type 115

Whipple 104 (90.4)

Distal pancreatectomy 9 (7.8)

Total pancreatectomy 1 (0.9)

En bloc resection 1 (0.9)

Surgical margin status 115

Negative 81 (70)

Positive 34 (30)

Adjuvant chemotherapy 110

No 30 (27)

Yes 80 (73)

Adjuvant radiation therapy 110

No 56 (51)

Yes 54 (49)

CA 19-9 97 150 (49–369)a

Lymph node ratio 113 0.136 (0.000–0.300)a

PKM2 expression 115

Negative 54 (47)

Positive 61 (53)

Overall survival status 115

Alive 23 (20)

Deceased 92 (80)

Survival time, months 115 13.2 (7.6–31.6)a

aMedian (IQR)

Table 2 Patient PKM2 expression levels

PKM2 expression score Patients, N=115
No. (%)

Negative (score 0–2) 54 (47)

Weak (score 3–6) 20 (17)

Intermediate (score 7–9) 30 (26)

Strong (score 10–12) 11 (10)

Fig. 3 Expression of PKM2 in normal pancreas. Weak to moderate
staining of PKM2 is demonstrated in the epithelial cells of the ducts,
especially in small and intercalated ducts (long arrows). PKM2 is also
expressed in the interspersed islet cells (short arrow)
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issue with tissue microarrays [31]. Despite potential tumor
heterogeneity, however, if a marker has a strong association,
it should be detectable. Second, all of the reported studies to
date have grouped the scoring of PKM2 expression differently
from one another [27, 29, 30], and the optimal grouping of
scoring of PKM2 expression has yet to be established. In the
current study, we grouped the scoring of PKM2 immunohis-
tochemical expression into negative versus positive based on
sample distribution and statistical power considerations. How-
ever, the heterogeneity of PMK2 expression scores impedes
the comparison of the results of different studies. Third, adju-
vant chemotherapy status may affect the effect of PKM2 on
overall survival. This was not our hypothesis for this particular
study, and a larger study size would be required to test any
interactions. Therefore, we did not test this interaction term
directly. However, in our multivariable Cox model, we did
allow the patients who received adjuvant therapy had a differ-
ent baseline survival function than those who received no
adjuvant therapy, by fitting the Cox model stratified by the
adjuvant therapy status. This is a limitation of our study due to

small sample size and is worth further investigation in future
larger studies.

PKM2 levels can bemeasured in EDTA-plasma. A system-
atic review of PKM2 levels in pancreaticobiliary and colorec-
tal cancer patients found that PKM2 is elevated in malignancy
with the degree of elevation corresponding to disease extent. It
has been proposed that plasma PKM2 can be used as an ad-
junctive diagnostic test in conjunction with CA 19-9 and also
as a biomarker for adverse prognosis [32]. A meta-analysis
found that the specificity of plasma PKM2 for pancreatic can-
cer was 60 % with a 95 % sensitivity [33]. Given that this is a
retrospective study, we were unable to measure concurrent
plasma PKM2 levels, which would have added another per-
spective on PKM2 utility in pancreatic cancer. Future investi-
gations will evaluate if the plasma levels versus histological
expression of PKM2 are correlated and whether they have
similar or different pathophysiologic functions.

In addition to the evaluated expression levels, PKM2 forms
either a dimer with low activity or a tetramer with high activ-
ity, and it is thought that the low-activity form of PKM2

Table 3 The associations between PKM2 expression and other prognostic factors

PKM2 expression

Negativea

(N=54)
Positivea

(N=61)
p valueb

Tumor grade 0.33

1 7 (13 %) 8 (13 %)

2 27 (50 %) 38 (62 %)

3 20 (37 %) 15 (25 %)

Tumor stage 0.49

I–IIA 12 (22 %) 17 (28 %)

IIBIV 42 (78 %) 44 (72 %)

Surgical margin status 0.099

Negative 34 (63 %) 47 (77 %)

Positive 20 (37 %) 14 (23 %)

Perineural invasion 0.3

Negative 12 (22 %) 9 (15 %)

Positive 42 (78 %) 52 (85 %)

Peripancreatic extension 0.29

Negative 10 (19 %) 7 (11 %)

Positive 44 (81 %) 54 (89 %)

Adjuvant chemotherapy 0.28

No 17 (32 %) 13 (23 %)

Yes 36 (68 %) 44 (77 %)

CA 19-9 level 205 (98–551) 85 (32–336) 0.034

Lymph node ratio 0.195 (0.036–0.435) 0.091 (0.00–0.286) 0.077

Overall survival, months 10.6 (6.6–19.0) 16.6 (9.8–35.8) 0.008

Age at surgery 68.8 (60.7–72.9) 63.6 (56.5–73.0) 0.22

a Frequency (percent) for categorical variables and median (IQR) for continuous variables
b Pearson test for categorical variables and Wilcoxon rank-sum test for continuous variables
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contributes to cancer cell progression by promoting aerobic
glycolysis [reviewed in 2, 34]. The high-activity PKM2 tetra-
mer is expressed in normal cells and promotes conversion of
pyruvate to acetyl-CoA driving the TCA cycle. Conversely,
PKM2 activity is suppressed by tyrosine kinase phosphoryla-
tion into the low-activity dimer, which is expressed predomi-
nately in cancer cells, and promotes the conversion of pyru-
vate to lactate in glycolysis [reviewed in 33]. The in vivo
factors influencing the ratio of PKM2 tetramer to dimer have

been studied by Kumar et al. in metastatic and non-metastatic
human pancreatic cancer cell lines. It was demonstrated that
the metastatic Colo357 cells contained higher levels of PKM2
than the non-metastatic Panc-1 cells, and additionally
Colo357 cells contained 3.5-fold more of the dimeric form
of PKM2. Changes in pancreatic tumor microenvironment
such as hypoxia, glucose deprivation, and low pH had no
effect on overall PKM2 levels but increased PKM2 dimeric
form in Colo357 cells and also impacted tumor cell

Fig. 4 CA19.9 level (a) and
lymph node ratio value (b) by
PKM2 expression

Table 4 The associations between PKM2 expression and selected prognostic factors with overall survival form the multivariable Cox model

Overall survivala

Variables HR 95 % CI p value

Age at surgery (73 vs 57.2)b 1.18 0.83–1.68 0.048

PKM2 expression (positive vs negative) 0.57 0.36–0.91 0.017

Surgical margin status (positive vs negative) 1.54 0.95–2.49 0.079

Perineural invasion (positive vs negative 0.81 0.46–1.43 0.471

Peripancreatic extension (positive vs negative) 2.36 1.21–4.60 0.012

a The multivariable Cox model stratified on adjuvant chemotherapy (yes or no)
b Age at surgery was included in the model nonlinearly by using a restricted cubic spline with three knots. Reported here is the HR for upper quartile vs
lower quartile, the p value reported is for the whole curve
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proliferation [35]. The prognostic and predictive values of the
specific form of PKM2 and the nuclear versus cytosolic ex-
pression of PKM2 need to be tested in future studies.

Our finding that positive PKM2 expression is associ-
ated with an improved overall survival could have im-
portant implications both as a prognostic marker as well
as a predictive marker of therapeutic response. Both
selective small molecular activators and inhibitors of
PKM2 have been studied in cell culture and xenograft
tumor modes. Anastasiou et al. has demonstrated that
the small molecule PKM2 activators TEPP-46 and
DASA-58 specifically activate PKM2 but not PKM1
in vitro and that TEPP-46 impairs tumor growth
in vivo in a non-small cell lung carcinoma xenograft
[11]. PKM2 inhibitors have also been studied and
shown to suppress colorectal cancer tumor growth in
an in vivo model [10]. It is apparent in light of these
studies that the role of PKM2 in cancer pathogenesis
and progression is likely complex, as both inhibitors
and activators of PKM2 have shown to be beneficial.
Understanding the mechanisms that underlie improved
overall survival in pancreatic cancer will be critical for
future studies in exploring the predictive value of
PKM2 expression, as well as in the development of
novel treatment strategies targeting the PKM2 signaling
pathway in pancreatic ductal adenocarcinoma.

In summary, PKM2 is emerging as a key player in the switch
to cancer cell metabolism and cancer cell progression. This is
the first study to examine the prognostic value of PKM2 im-
munohistochemical expression in pancreatic adenocarcinoma,
and we propose that PKM2 expression may be a useful bio-
marker in pancreatic adenocarcinoma. Further studies are war-
ranted to better understand the role of PKM2 in pancreatic
cancer.
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