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PFKFB2 regulates glycolysis and proliferation in pancreatic cancer cells
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Abstract

Tumor cells increase glucose metabolism through glycolysis and pentose phosphate pathways to meet the bioenergetic
and biosynthetic demands of rapid cell proliferation. The family of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases
(PFKFB1-4) are key regulators of glucose metabolism via their synthesis of fructose-2,6-bisphosphate (F2,6BP), a potent
activator of glycolysis. Previous studies have reported the co-expression of PFKFB isozymes, as well as the mRNA splice
variants of particular PFKFB isozymes, suggesting non-redundant functions. Majority of the evidence demonstrating a
requirement for PFKFB activity in increased glycolysis and oncogenic properties in tumor cells comes from studies on
PFKFB3 and PFKFB4 isozymes. In this study, we show that the PFKFB2 isozyme is expressed in tumor cell lines of various
origin, overexpressed and localizes to the nucleus in pancreatic adenocarcinoma, relative to normal pancreatic tissue. We
then demonstrate the differential intracellular localization of two PFKFB2 mRNA splice variants and that, when ectopically
expressed, cytoplasmically localized mRNA splice variant causes a greater increase in F2,6BP which coincides with an
increased glucose uptake, as compared with the mRNA splice variant localizing to the nucleus. We then show that PFKFB2
expression is required for steady-state F2,6BP levels, glycolytic activity, and proliferation of pancreatic adenocarcinoma
cells. In conclusion, this study may provide a rationale for detailed investigation of PFKFB2’s requirement for the glycolytic
and oncogenic phenotype of pancreatic adenocarcinoma cells.
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capable of extracting sufficient energy through metabolism
of alternative nutrients, e.g., glutamine [4], they still require
an unhindered glycolytic flux to fuel biosynthetic pathways
(e.g., nucleotide synthesis) [5], protect tumor cells from reac-
tive oxygen species (through NADPH production via pentose
phosphate pathway) [6], and modify immune cell metabolism
[7] and microenvironment via lactate efflux [8, 9].

Regulation of the glycolytic activity is accomplished at
several steps via multiple mechanisms. The phosphorylation
of fructose-6-phosphate (F6P) to fructose-1,6-bisphosphate
(F1,6BP) by the 6-phosphofructo-1-kinase (PFK1) enzyme
is an irreversible reaction that operates far from equilibrium
and constitutes a critical control point in regulation of the gly-
colytic flux [10]. As an allosteric enzyme, PFK1 is subject
to positive and negative regulation by a variety of glycolytic
and non-glycolytic metabolites. A shunt product of glycolysis,
fructose-2,6-bisphosphate (F2,6BP), functions as a key acti-
vator of glycolysis by antagonizing the allosteric inhibition
of PFK1 by adenosine triphosphate (ATP) and citrate while
simultaneously increasing PFK1’s affinity for its substrate,
F6P [11]. Stimulation of the glycolytic activity by various
oncogenic stimuli, including proto-oncogenes, e.g., Ras [12],
growth factors, and transforming growth factor f1 [13], has
been shown to coincide with increase in intracellular F2,6BP
levels, supporting the notion that F2,6BP may play an essential
role in the glycolytic phenotype of tumor cells. Intracellular
F2,6BP levels are set by 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase (PFKFB) enzyme family, which have both
kinase and phosphatase activities, i.e., they interconvert F6P
and F2,6BP and are encoded by four genes, PFKFBI1—4 [14,
15]. While in vitro and preclinical studies involving various
tumor cell line and mouse xenograft models demonstrate a
requirement for PFKFB activity for the glycolytic flux [16, 17]
as well as cell proliferation [18], cell survival [19] and tumor
growth [20], majority of the data demonstrating a require-
ment for PFKFB activity comes from studies on the third
(PFKFB3) and fourth (PFKFB4) isozymes. Little is known
about the expression and requirement of PFKFB2 isozyme
in tumor cells.

In the current study, we show that PFKFB?2 (i) is overex-
pressed in pancreatic adenocarcinomas; (ii) localizes to the
nucleus; (iii) contributes to F2,6BP synthesis and glycolytic
phenotype in pancreatic adenocarcinoma cells; and (iv) is
required for proliferation of pancreatic adenocarcinoma
cells.

Materials and methods
Cell culture

PANC-1 (ATCC; Cat.#CRL-1469), HeLa (ATCC;
Cat.#CCL-2), A375 (ATCC; Cat.#CRL-1619), DU145
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(ATCC; Cat.#HTB-81), MCF7 (ATCC; Cat.#HTB-22), and
S2VP10 cells (a metastatic subclone of the SUIT-2 pancre-
atic adenocarcinoma cell line; a gift from Lacey McNally,
Wake Forest School of Medicine, Winston-Salem, NC)
were cultured in DMEM (Sigma) supplemented with 10%
fetal bovine serum (FBS) (Gibco). MIA PaCa-2 (ATCC;
Cat.#CRL-1420) cells were cultured in DMEM supple-
mented with 10% FBS and 2.5% horse serum. A549 (ATCC,;
Cat.#CCL-185) and BxPC-3 (ATCC; Cat.#CRL-1687) cells
were cultured in RPMI-1640 supplemented with 10% FBS.
HCT116 (ATCC; Cat.#CCL-247) cells were cultured in
McCoy’s SA media supplemented with %10 FBS. Cells were
grown at 37 °C in 5% CO,.

Database analysis

The Oncomine database tool (www.oncomine.com) was used
to compare PFKFB2 mRNA expression between normal and
tumor samples. The following publicly available datasets
were included in analyses: Cervix squamous cell carcinoma
(GEO#: GSE9750), melanoma (GEO#: GSE3189), invasive
ductal breast carcinoma (GEO#: GSE5764), and pancreatic
adenocarcinoma (GEO#: GSE3654). Nucleotide and amino
acid sequences, and mRNA splice variants of the human
PFKFB2 gene were retrieved from the Ensembl genome
browser (www.ensembl.org; PFKFB2: ENSG00000123836)
and confirmed in NCBI database (www.ncbi.nlm.nih.gov)
(NCBI Gene ID#5208).

Cloning

FLAG-tagged cDNA plasmids of PFKFB2 mRNA splice
variant 1 (Origene; Cat.# RC211329) and variant 2 (Ori-
gene; Cat.# RC219676) were linearized with BamH1 and
Pmel enzymes and the resulting DNA fragments were then
ligated into the BamH1/Pmel-cut pPCMV6-A-BSD expres-
sion vector with the blasticidine resistance gene (bsr) (Ori-
gene; Cat.#PS100022).

siRNA and plasmid transfection

Two separate mammalian non-targeting control (Ther-
moFisher; Cat.#4390846 and AM4613) and two PFKFB2-
specific siRNA molecules (ThermoFisher; Cat.#s10358 and
104811) were used in transfections. Transfection of siRNA
molecules into cells was carried out using Lipofectamine
RNAiIMAX (ThermoFisher) following the manufacturer’s
instructions. Cells were 40-50% confluent at the time of
transfection. For ectopic expressions, pCMV6-A-BSD
expression vector carrying FLAG-tagged PFKFB2 mRNA
splice variants was transfected into cells using Lipofectamine
3000 reagent (ThermoFisher) following the manufacturer’s
instructions. Cells were 70-80% confluent at the time of
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transfection. For stable transfections, cells were treated with
5 pg/ml blasticidine (Sigma; Cat.#15205) for one week and
maintained in 2 pg/ml blasticidine thereafter.

Cytoplasmic and nuclear fractionation

Nuclear and cytosolic fractions were extracted using the
NE-PER Nuclear and Cytoplasmic Extraction Kit (Ther-
moFisher; Cat.#78833). The extraction procedure was con-
ducted according to the manufacturer’s protocol.

Quantitative PCR

RNA isolation and cDNA synthesis were performed using
commercial kits (ThermoFisher; Cat.#K0731 and #4387406)
following manufacturer’s instructions. Synthesized cDNA
was used in PCR reactions to amplify splice variants using
variant-specific primers. The primers used were as fol-
lows: PFKFB2 variant 1: 5'-GACTGCTGAATCTCTCGG
GG-3' (forward) and 5'-CCCTTCTTGCATGTCCTGGG-3'
(reverse); PFKFB2 variant 2: 5'-CCTCAAAGTGTGGAC
AAGCC-3' (forward) and 5'-CAAGGCAACATGAGG
GACG-3' (reverse); and p-actin: 5'-AGAGCTACGAGC
TGCCTGAC-3' (forward) and 5'-AGCACTGTGTTGGCG
TACAG-3' (reverse). Resulting products were separated
in 1% agarose gel electrophoresis and imaged by Chemi-
DocMP imaging system (BioRad, USA). Real-time quan-
titative (q) PCR was performed with StepOnePlus (Ther-
moFisher, NY, USA) to analyze total PFKFB2, vimentin and
fibronectin mRNA expressions using TagMan® probes for
PFKFB2 (ThermoFisher; Cat.#Hs01015408_m1), Vimen-
tin (ThermoFisher; Cat.#Hs00958111_m1), Fibronectin
(ThermoFisher, Cat.#Hs01549976_m1) and p-actin (Ther-
moPFisher; Cat.#Hs01060665_g1). B-actin was used as the
internal control for normalization of cDNA.

Western blot

SDS-PAGE and Western blotting were performed fol-
lowing standard protocols. Primary antibodies specific to
PFKFB2 (Abcam; Cat.#70175), PFKFB3 (Proteintech;
Cat.#13763-1-AP), FLAG (DYKDDDDK) tag (Origene;
Cat.#TA50011), Octl (Cell Signaling; Cat.#8157), p-actin
(Cell Signaling; Cat.#3700), a-tubulin (Cell Signaling;
Cat.#2125) and Histone H3 (Cell Signaling; Cat.#4499)
proteins and HRP-conjugated goat anti-rabbit (Cell Signal-
ing; Cat.#7074) or anti-mouse (Cell Signaling; Cat.#7076)
secondary antibodies were used. Signals were detected using
ECL prime (Amersham; Cat.#RPN2232) and bands were
visualized in ChemiDocMP (BioRad).

Immunofluorescence and immunohistochemistry
analyses

HeLa cells grown in chamber slides were transfected either
of PFKFB2 variants and fixated with 4% formalin. An anti-
FLAG primary (Origene; Cat.#TA50011) and an Alexa
Fluor 488-conjugated goat anti-mouse secondary (Cell Sign-
aling; Cat.#4408) antibodies were used to visualize the sub-
cellular localization of PFKFB2. Cell silhouettes and nuclei
were identified by rhodamine-conjugated phalloidin (which
stains actin) (Cell Signaling; Cat.#8953) and DAPI (Cell
Signaling; Cat.#8961), respectively. Images were acquired
on Nikon A1R confocal microscope (NY, USA).

Immunohistochemical staining of the PFKFB2 protein
was carried out on paraffin-embedded formalin-fixed sam-
ples (Biomax; Cat.#PA241d) using anti-PFKFB2 antibody
(Millipore; Cat.#07-1530; 1/400 dilution, overnight incu-
bation) as described elsewhere [21]. Detection of specific
signal was achieved using SignalStain® Boost IHC detection
reagent (Cell Signaling; Cat.#8114).

Cell proliferation

Cells were lifted with trypsin post-transfections at indicated
times and stained with trypan blue for 1 min. Cells exclud-
ing trypan blue were counted under an inverted microscope
(Accu-Scope, China) using a standard hemocytometer (Neu-
bauer improved) to determine the total number of viable
cells.

Fructose-2,6-bisphosphate analysis

Cells were lysed in 100 mM NaOH and 50 mM Tris—acetate
buffer and then heated at 80 °C for 5 min. Lysates were
neutralized with ice-cold acetic acid and HEPES. F2,6BP
levels in supernatants were measured spectrophotometrically
following a coupled enzyme method as described elsewhere
[22], except that potato tuber pyrophosphate-dependent
phosphofructokinase (PPi-PFK) was replaced by the hetero-
hexameric PPi-PFK from Citrus sinensis obtained recom-
binantly to high purity as recently described [23]. F2,6BP
levels were normalized to total protein.

Glycolytic activity and glucose uptake assays

Glucose uptake and glycolytic activity were determined as
described elsewhere [16]. For glucose uptake, stably trans-
fected cells and transiently transfected cells (48 h post-trans-
fection) were incubated for 30 min in glucose-free media and
for additional 15 min after adding 2-[1-'*C]deoxyglucose
(0.1 pCi/pl; Perkin-Elmer). Cells were then lysed in 500 pl
0.1% SDS and mixed with Microscint 40 scintillation fluid
(Perkin-Elmer) and counts were measured on Tri-Carb 2910
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liquid scintillation analyzer (Perkin-Elmer). Counts were
normalized to protein concentration. For glycolytic activ-
ity, cells were incubated in medium supplemented with
[5-H]glucose (1 uCi; Perkin-Elmer) for 60 min. Separa-
tion of *H,O formed by the enolase activity in glycolysis
from medium was achieved by an evaporation technique
in a sealed system. °H,O formed was then measured on a
liquid scintillation analyzer and compared to [5->H]glucose
and *H,0 standards. Counts were normalized to protein
concentration.

Glucose and lactate levels in the media were measured
colorimetrically using kits employing enzyme-based assays
following the manufacturer’s protocol (Biovision; Cat.
#K606-100 and K607-100).

Wound healing assay

Cells were plated into 6-well cell culture plates and allowed
to grow for 24 h. When cells reached confluency, a scratch
was made across the cell layer using a sterile pipette tip and
the zone of scratch was visualized with an inverted micro-
scope at 0,12, 24 and 48 h time points. Images were taken
from three different zones per sample analyzed.

Colony formation assay

One thousand cells were seeded in 6-well plates and allowed
to grow for one week. Cells were fixated with methanol
in—20 °C for 10 min and stained with 0.2% crystal violet.
Colonies were visualized and evaluated both microscopi-
cally (10 X magnification) and macroscopically.

Statistical analyses

All experiments were performed three times. Data are
expressed as the mean + s.d. of triplicate measurements of a
single experiment. Statistical significance was assessed by
the two-tailed ¢ tests and p < 0.05 was considered significant.

Results
PFKFB2 is expressed in tumor cell lines

Given the scarcity of studies on PFKFB2 expression levels
in tumor cells, we first conducted a real-time qPCR analy-
sis of PFKFB2 mRNA expression in established tumor
cell lines derived from cervix (HeLa), lung (A549), skin
(A375), breast (MCF7), colon (HCT116), prostate (DU145),
and pancreas (PANC-1) tumors and found that all the tumor
lines tested expressed PFKFB2 mRNA to various degrees
(Fig. 1a), as well as PFKFB3 and PFKFB4 mRNAs (Fig S,).
Western blot analysis confirmed the expression of PFKFB2
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at protein levels in the tumor cells (Fig. 1b). In silico analysis
of PFKFB2 mRNA expression in publicly available datasets
using the Oncomine database (www.oncomine.com) dem-
onstrates that PFKFB2 mRNA expression is upregulated in
cervix squamous cell carcinoma (GEO#: GSE9750), mela-
noma (GEO#: GSE3189), invasive ductal breast carcinoma
(GEO#: GSE5764), and pancreatic adenocarcinoma (GEO#:
GSE3654) samples relative to normal tissues (Fig. 1c).

Tumor cells co-express two PFKFB2 mRNA splice
variants

Ensemble search of the PFKFB2 gene
(Ensembl#ENSG00000123836) for alternative splice vari-
ants reveals that there exists two mRNA variants that encode
full-length transcripts containing both the kinase and phos-
phatase domains, which are denoted as PFKFB2-202 and
PFKFB2-201, and, in NCBI database, correspond to tran-
script variant 1 (NM_006212.2) and 2 (NM_001018053.1)
(hereafter, referred to as PFKFB2-V1 and PFKFB2-V2,
respectively). Although both variants contain 14 exons, they
differ at the inclusion/exclusion of one exon at carboxy (C)
terminus (Fig. 1d, upper left panel). Because tumor cells
express one dominant mRNA splice variant of PFKFB3 as
previously shown by us [18] and others [24], we sought to
determine whether expression of either of the PFKFB2 vari-
ants also dominates in cell lines examined above. Since the
Tagman probe which was used to analyze PFKFB2 mRNA
expression in real-time qPCR does not distinguish between
PFKFB2-V1 and PFKFB2-V2, we performed reverse tran-
scription (RT) followed by PCR using primers that span
the variable C terminus of the PFKFB2 mRNA. The PCR
product was then run on 1% agarose. We first confirmed the
specificity of the primers using commercially available plas-
mid vectors encoding PFKFB2-V1 and PFKFB2-V2 cDNAs
(Fig. 1d, upper right panel). All cell lines examined express
both variants to various degrees, with PFKFB2-V1 expres-
sion appears to be higher relative to PFKFB2-V2 (Fig. 1d,
bottom panel), though we cannot rule out a difference in
amplification efficiencies of the primers used. Neverthe-
less, results obtained so far suggest that both PFKFB2 are
expressed in tumor cells and PFKFB2 mRNA is upregulated
in several tumors, warranting efforts directed toward under-
standing if PFKFB2 serves an essential function in tumor
cell metabolism and biology.

PFKFB2 is highly expressed in pancreatic
adenocarcinoma cells and PFKFB2-V1 localizes
to nucleus

Given the extensive reprogramming of glucose metabolism
in pancreatic adenocarcinoma cells, as well as the associa-
tion of the glycolytic phenotype with the aggressive and
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lines. p-actin mRNA was used as housekeeping gene control (bottom
panel)
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chemoresistant phenotype of pancreatic tumors [25, 26],
for the remainder of the study, we have chosen pancreatic
adenocarcinoma tumor lines as models to examine the
expression and function of PFKFB2. We first started out
analyzing PFKFB2 mRNA and protein expressions in pan-
creatic adenocarcinoma cell lines MIA PaCa-2, PANC-1,
S2VP10, and BxPC-3 by real-time qPCR and Western blot,
respectively. Based on relative threshold cycles (Ct) in real-
time qPCR analysis, PFKFB2 mRNA expression is lowest in
MIA PaCa-2 cells and highest in PANC-1 cells (Fig. 2a). We
found that all examined cell lines express the PFKFB2 pro-
tein at levels comparable with, or even higher than, PFKFB3
(Fig. 2b, left panel), a PFKFB isoform that has been shown
to be ubiquitously expressed across various types of tumors
and cell lines, although we cannot rule out a difference in
amplification efficiencies of PFKFB2 and PFKFB3 antibod-
ies used. Consistent with the Western blot data, PFKFB2
was the highest expressed PFKFB isoform at mRNA level
in PANC-1 cells (Fig S,). While the immunoreactivity of
the antibody with both isoforms was verified by Western
blot on MIA PaCa-2 cells that were transiently transfected
with either of vectors encoding PFKFB2-V1 and PFKFB2-
V2 cDNAs (Fig. 2b, right panel), with the conditions used
(i.e., gel size, acrylamide %, antibody, etc.), we were not able
to readily distinguish endogenously expressed PFKFB2-V 1
and PFKFB2-V2 proteins in these cells, although careful
examination of PFKFB2-immunoreactive bands in left and
right panels in Fig. 2b, and given that PFKFB2-V2 should
run faster compared to PFKFB2-V1 on the gel (three is~3.4
kD difference) suggest that PFKFB2-V1 protein expression
may dominate over PFKFKB2-V2 in MIA PaCa-2, PANC-1,
and S2VP10 cells, whereas BxPC-3 cells may preferentially
express PEKFB2-V2 at protein level. (Note: The exposure
time that was used to detect only ectopically expressed
PFKFB?2 variants on the right panel in Fig. 2b was less than
2 s.) RT-PCR analysis of each isoform using specific primers
corroborates this conclusion (Fig S;).

The oxidation of glucose to pyruvate followed by reduc-
tion to lactate takes place in cytosol necessitating the localiza-
tion of the main and, presumably, accessory (i.e., regulatory
molecules such as PFKFBs) glycolytic machinery to cytosol.
However, studies consistently show both inducible and consti-
tutive localization of enzymes involved in glycolysis to vari-
ous compartments of the cells [27], supporting the hypothesis
that they serve alternative functions that may be required to
coordinate glucose metabolism and with other functions of
the cells, e.g., cell cycle. Lending support to this hypothesis,
we had previously demonstrated that the dominant mRNA
splice variant of PFKFB3 partially localizes to the nucleus,
where it regulates cell cycle [18, 28]. Trafficking of PFKFB3
protein to the nucleus is dictated by a stretch of amino acids at
C terminus that constitutes a well-known nuclear localization
signal (NLS) known as pat4—K(R/K)X(R/K) (X: K,R,P,V,A)
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[29]. Alignment of amino acid sequences of PFKFB2-V1 and
PFKFB2-V2 with PFKFB3 demonstrate that PFKFB2-V1 car-
ries a nuclear localization motif similar to PFKFB3, as well
as a second NLS motif, PVRMRRN, known as pat7 (Fig. 2c,
upper panel), suggesting it may also localize to the nucleus.
First, to determine if PFKFB2-V1 and PFKFB2-V2 isoforms
differ in their intracellular localization pattern, we transfected
HeLa cells with a vector encoding FLAG-tagged PFKFB2-
V1, PFKFB2-V2, or empty vector, and 48 h later, performed
immunofluorescence analysis using an anti-FLAG primary fol-
lowed by Alexa Fluor 488-conjugated secondary antibodies.
Cell silhouettes and nuclei were identified by rhodamine-con-
jugated phalloidin (which stains actin) and DAPI, respectively.
While ectopic PFKFB2-V1 isoform partially localized to the
nucleus, PFKFB2-V2 isoform displayed a cytoplasmic pat-
tern (Fig. 2c, bottom panel). To determine whether PFKFB2-
V1 isoform is associated with the chromatin, a Western blot
analysis was performed on cytoplasmic, nuclear, and chro-
matin fractions of the cells transfected with the same ectopic
constructs. As shown in Fig S,, while Histone H3, a protein
associated with chromatin, was enriched in the non-soluble
fraction, PFKFB2-V1 was not detected in this fraction of cell
extracts, indicating that PFKFB2-V1 is partially found in solu-
ble fraction of the nucleus.

To determine the intracellular localization of the endog-
enous PFKFB2, we performed a Western blot analysis on
cytoplasmic and nuclear extracts obtained from MIA PaCa-
2, PANC-1, S2VP10, and BxPC-3 cell lines, and found that
PFKFB2 protein expression was distributed in both compart-
ments in all four cell lines (Fig. 2d). We next conducted an
immunohistochemistry analysis on a tissue array contain-
ing human normal pancreas and pancreatic adenocarcinoma
paraffin-embedded tissues, to assess intracellular localiza-
tion of the endogenously expressed PFKFB2 protein in situ.
We noticed that not only was there a higher level of immu-
nostaining in tumor tissues relative to normal tissues, cor-
relating with in silico PFKFB2 mRNA analysis in Fig. Ic,
but also the PFKFB2 protein in nuclei of tumor tissues was
substantially higher compared with those of normal tissues,
indicating a differential intracellular localization of PFKFB2
in normal vs. tumor tissues (Fig. 3 and Fig Ss). The specific-
ity of the antibody was verified by an immunofluorescence
analysis on PANC-1 cells transfected with either control or
PFKFB2-specific siRNA molecules (Fig S¢). Functional sig-
nificance of PFKFB2 expression in the nucleus with regards
to pancreatic tumor development and progression, however,
remains to be determined.

Transient expression of PFKFB2-V2 increases F2,6BP
and glucose uptake in MIA PaCa-2 cells

We chose MIA PaCa-2 as a model to study the effect of each
variant on F2,6BP, glucose uptake and glycolytic activity
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Fig.2 PFKFB?2 highly expressed in pancreatic adenocarcinoma cells
and PFKFB2-V1 localizes to nucleus. a Real-time qPCR analysis of
PFKFB2 mRNA levels of indicated cell lines. b Western blot analy-
sis of PFKFB2 and PFKFB3 proteins in indicated cells lines. p-actin
was used as loading control (left panel); Western blot analysis of the
PFKFB2 protein in MIA PaCa-2 cells transiently transfected with
PFKFB2-V1 and PFKFB2-V2 plasmids using an antibody that recog-
nizes both variants (right panel). ¢, Alignment of carboxy-terminal of
PFKFB3, PFKFB2-V1 and PFKFB2-V2 proteins. pat4 nuclear locali-
zation signal (NLS) in PFKFB3 and PFKFB2-V1, and pat7 NLS in

using an ectopic plasmid transfection approach, as, out
of four pancreatic cell lines examined, MIA PaCa-2 cells
express the PFKFB2 protein at lowest level (Fig. 2b). Previ-
ous studies [30, 31] show increased PFKFB2 expression by
certain oncogenic stimuli, e.g., AKT, suggesting that activity
of the kinase domain of the PFKFB2 protein may dominate
over that of the phosphatase domain in tumor cells. Given the
cytoplasm is the site of glycolytic activity and PFKFB2-V2

——

-

PFKFB2-V1 are shown in bold and boxed (upper panel); Confocal
microscopy analysis of HeLa cells that were transfected with FLAG-
PFKFB2-V1 and FLAG-PFKFB2-V2 plasmids using an anti-FLAG
primary and Alexa Fluor 488 secondary antibodies. Cell silhouettes
and nuclei were visualized by rhodamine-conjugated phalloidin and
DAPI, respectively (bottom panel). d Cytoplasmic (CE) and nuclear
extracts (NE) were isolated and subjected to Western blot analysis
using antibodies to PFKFB2, Octl (a nuclear protein), and o-tubulin
(a cytoplasmic protein) proteins

predominantly localizes to the cytoplasm, we therefore pre-
dicted that ectopic PFKFB2-V2 expression would result
in an increase in F2,6BP, subsequently leading to glucose
uptake/glycolytic activity. To test this, MIA PaCa-2 cells
were transiently transfected with plasmids encoding FLAG-
tagged PFKFB2-V1, PFKFB2-V2, or an empty vector and,
48 h later, increases in PFKFB2 mRNA and protein levels
were confirmed by real-time qPCR (Fig. 4a) and Western
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Fig.3 PFKFB2 overexpressed
and localizes to the nucleus

Pancreatic adenocarcinoma

Matched pancreas

in pancreatic adenocarcinoma
tissues. Immunohistochem- H & E

PFKFB2

H&E PFKFB2

istry analysis of the PFKFB2 4X
protein on a paraffin-embedded
pancreatic adenocarcinoma and
matched pancreas tissue array.

4 x and 40 X magnifications are
shown. Arrows in insets in pan-
creatic adenocarcinoma samples
show the PFKFB?2 protein in
the nucleus and, in matched
pancreas, show exclusion of
PFKFB2 from nuclei. H&E,
Hematoxylin&Eosin

blot (Fig. 4b) analyses, respectively. As predicted, ectopic
PFKFB2-V2 expression resulted in an increase in F2,6BP
levels (Fig. 4c, vector: 67 +2 pmol/mg protein; PFKFB2-
V2: 285 +90 pmol/mg protein, p <0.05) and glucose uptake
(Fig. 4d, vector: 1288 + 14 cpm/mg protein; PFKFB2-V2:
1436 +4 cpm/mg protein, p <0.05) whereas PFKFB2-V 1
expression did not affect glucose uptake or glycolysis, even
though, it increased intracellular F2,6BP levels (Fig. 4c,
PFKFB2-V1:155 +46 pmol/mg protein, p <0.05), albeit, to
a lesser degree compared with PFKFB2-V2. Similar results
were obtained with PANC-1 cells (Fig S,). However, neither
variant changed glycolytic activity in MIA PaCa-2 (Fig. 4¢)
and PANC-1 cells (Fig S;E).

Transient silencing of PFKFB2 reduces F2,6BP,
glucose uptake and glycolytic activity in PANC-1
and BxPC-3 cells

To determine whether PFKFB2 plays a role in determin-
ing the steady-state F2,6BP levels and glucose uptake/
glycolytic activity, endogenously expressed PFKFB2 was
depleted using the RNAI silencing approach. PANC-1
cells, which highly expresses PFKFB2, were transfected
with combination of two control or PFKFB2-specific
siRNAs using lipofectamine RNAiMAX as transfec-
tion reagent. We first validated the effect of used siR-
NAs in depleting PFKFB2 mRNA and protein levels
by real-time qPCR (Fig. 5a) and Western blot (Fig. 5b)
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analyses, respectively. Targeting of both splice variants
with the siRNA molecules used have been confirmed by
RT-PCR (Fig SgA). We also confirmed the specificity
of the siRNAs used for the PFKFB2 isoform relative to
other co-expressed isoforms (PFKFB3 and PFKFB4) using
real-time qPCR (Fig S¢B). Compared to control siRNA
(siNTC), PFKFB2 siRNA (siPF2) markedly reduced
F2,6BP levels (Fig. 5c, siNTC: 85.5 +30.8 pmol/mg pro-
tein; siPF2: 26.0 + 6.4 pmol/mg protein, p <0.001), sug-
gesting that steady-state PFKFB2 expression is required
for F2,6BP production and the kinase:phosphatase activ-
ity ratio of this isoform is higher than “1” in these cells
under the tested conditions. We next assessed the effect
of PFKFB2 silencing on glucose uptake and glycolytic
activity in PANC-1 cells as described above. We found
that while PFKFB2 depletion had no significant effect on
glucose consumption (Fig. 5d), it markedly reduced the
glycolytic activity (Fig. Se, siNTC: 48.0 + 3.0 cpm/mg pro-
tein; siPF2: 33.3 +2.4 cpm/mg protein, p <0.01). These
data suggest that PFKFB2 serves a non-redundant function
in setting the pace of glycolytic activity in PANC-1 cells.
In BxPC-3 cells, however, drop in F2,6BP levels upon
PFKFB2 silencing did not coincide with a decrease in the
glycolytic activity as assessed by lactate production (Fig
Sy). Consistent with the low endogenous PFKFB?2 protein
expression, PFKFB2 silencing did not reduce F2,6BP lev-
els, lactate production and glucose consumption in MIA
PaCa-2 cells (data not shown).
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Fig.4 Transient expression of PFKFB2-V2 increases F2,6BP and
glucose uptake in MIA PaCa-2 cells. MIA PaCa-2 cells were trans-
fected with either FLAG-tagged PFKFB2-V1 or PFKFB2-V2 plas-
mids, or an empty plasmid (vector) as control and grown for 48 h.
a Real-time qPCR analysis of the PFKFB2 mRNA. b Western blot

Stable PFKFB2-V2 expression increases cell
proliferation and migration in MIA PaCa-2 cells

Increased F2,6BP, glucose uptake and glycolytic activity
have been linked to enhanced cellular proliferation [32]
and oncogenic properties such as invasion [33]. Given that
PFKFB2 splice variants had different effects on F2,6BP
and glucose uptake in MIA PaCa-2 cells, we postulated
that each variant would have non-overlapping effects on
cell proliferation and oncogenic properties. Toward this
end, we stably transfected MIA PaCa-2 cells with expres-
sion vectors carrying PFKFB2-V1 or PFKFB2-V2 and
blasticidine as selection marker. Real-time qPCR and
Western blot analyses confirmed the expected increases
in PFKFB2 mRNA and protein (Fig. 6a, b). We confirmed
that stable expression of PFKFB2 variants does not sig-
nificantly change the expression of the co-expressed
PFKFB isoforms, PFKFB3 and PFKFB4 (Fig S,,). We
measured cell proliferation using trypan blue-exclusion
under microscope and found that PFKFB2-V2, but not
PFKFB2-V1, strongly stimulated proliferation by 96 h
(Fig. 6¢), consistent with its effect on glucose uptake and
F2,6BP production (Fig. 4). We next performed colony
formation assays, to determine whether either variant
would have any effect on the capacity of MIA PaCa-2
cells to grow as colonies when seeded at low density.

Vector PFKFB2-V1 PFKFB2-V2

m

25

20

Glycolytic activity

(3H20 release; cpm/mg protein)

Vector PFKFB2-V1 PFKFB2-V2

analysis of ectopically expressed PFKFB2-V1 and PFKFB2-V2 using
an anti-FLAG antibody. B-actin was analyzed as loading control. ¢
F2,6BP levels. d 2-[1-'*C]deoxyglucose uptake. e Glycolytic activ-
ity as assessed by release of *H,0 from cells fed with [5-*H]glucose.
*p<0.05; *¥p <0.01; ***p <0.001

While neither variant had any noticeable effect on col-
ony number and size (Fig S,;), we noticed that, under
microscopic examination, cells expressing PFKFB2-V2
displayed a distinct phenotype: they appeared more mes-
enchymal and colonies grown exhibited a scattered and
spreaded phenotype, and did not pile on top of each other,
as was seen with vector and PFKFB2-V1 expressing cells
(Fig. 6d). Given the association of mesenchymal pheno-
type with cell motility [34], we next compared migra-
tory capacities of vector, PFKFB2-V1 and PFKFB2-V2
expressing cells using wound healing assays and found
that cells expressing PFKFB2-V2 closed the wounds at
markedly higher rate, compared to vector and PFKFB2-
V1 expressing cells (Fig. 6e), indicating that PFKFB2-V2
potentiated the migratory capacity of MIA PaCa-2 cells.
Of note, compared to vector and PFKFB2-V1 express-
ing cells, fewer PFKFB2-V2 cells (50%) were plated for
wound healing assays, to rule out the higher proliferative
capacity on migration. In fact, cell counts were compa-
rable between clones at the end of wound healing assay
(data not shown). Consistent with a mesenchymal pheno-
type, MIA PaCa-2 transfected with ectopic PFKFB2-V2
expressed fibronectin and vimentin at higher levels than
PFKFB2-V1 and vector expressing cells (Fig. 6f). Ectopic
expression of PFKFB2-V2 in PANC-1 cells, however,
did not increase proliferation (data not shown). Taken
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Fig.5 PFKFB2 silencing
reduces F2,6BP levels and gly-
colytic activity in PANC-1 cells.

Cells were transiently trans- 120

B

fected with PFKFB2 siRNA siNTC  siPF2
(siPF2) or non-targeting control < 100
siRNA (siNTC) molecules and Z w0 a——— PFKFB2
allowed to grow for 48 h. a £ Lo
Real-time qPCR analysis of the q e
PFKFB2 mRNA. b Western v -actin
blot analysis of the PFKFB2 E “ T S— B
protein. B-actin was analyzed 20
as loading control. ¢ F2,6BP 0 EmE— |
levels. d 2-[1-'*C]deoxyglucose siNTC SiPF2
uptake. e Glycolytic activity
as assessed by release of *H,0 C D
from cells fed with [5-*H]glu-
cose. *p<0.01; *¥p <0.001 140 500
g o2
§ 100 ‘-fg K]
% : 80 5 g_ s00
©E a2
N E 60 § _g 200
g * - RS 100
2 20

siNTC

m

together, these data suggest that ectopic expression of
PFKFB2-V2 increases the proliferation of MIA PaCa-2
cells cultured as monolayers in 2D-culture, confers a
distinct phenotype in colony formation, and induces the
expression of mesenchymal markers.

PFKFB2 expression is required for cell proliferation
and colony formation

We next aimed to determine whether the steady-state
PFKFB?2 expression is required for the proliferation and
colony formation capacities of pancreatic adenocarcinoma
cells. PFKFB2 expression was depleted using the RNAi
approach as described above, and live cells were counted 24,
48, 72 and 96 h after transfection. While, initially, PFKFB2
siRNA led to a faster cell growth compared to control
siRNA in PANC-1 cells, as assessed by cell numbers at 48 h
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(Fig. 7a, siNTC: 286,000 +28,400; siPF2: 396,000 + 64,766
at 48 h, p <0.05), this effect was lost by 72 h and reversed
by 96 h of transfection (siNTC: 384,000 + 80,000; siPF2:
288,000+ 58,423 at 96 h, p <0.05). The effect of PFKFB2
silencing on proliferation was more pronounced in BxPC-3
cells compared with PANC-1 cells, with significantly
reduced proliferation in PFKFB2-depleted cells at 48, 72
and 96 h, relative to control siRNA transfected cells (Fig
S5, p<0.001). We next conducted colony formation assays
to evaluate the effect of PFKFB2 depletion on the growth
of PANC-1 as colonies from single cells. We found that
PFKFB?2 silencing almost completely abrogated the capac-
ity of PANC-1 cells to grow as colonies in 2D-culture
(Fig. 7b, ¢). However, transient PFKFB?2 silencing had no
effect on migratory and invasive capacities of PANC-1 cells
as assessed by wound healing and Boyden chamber tran-
swell invasion assays (data not shown). BxPC-3 cells did
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Fig.6 Stable expression of PFKFB2-V2 increases the proliferation
and migration of MIA Paca-2 cells. MIA PaCa-2 cells were stably
transfected with either PFKFB2-V1 or PFKFB2-V2 plasmids, or
an empty plasmid (vector) as control and selected in the presence
of blasticidine. a Real-time qPCR analysis of the PFKFB2 mRNA.
b Western blot analysis of ectopically expressed PFKFB2-V1 and
PFKFB2-V2 using an anti-PFKFB2 antibody. f-actin was analyzed as

not survive the low density seeding in culture; therefore, we
were unable to grow BxPC-3 cells as colonies. Consistent
with its lack of effect on F2,6BP and the glycolytic pheno-
type, transient PFKFB2 silencing did not reduce the prolif-
eration of MIA PaCa-2 cells (data not shown).
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Discussion
Despite the relatively high number of studies on the expres-

sion and functional relevance of PFKFB3 and PFKFB4
isoforms of the PFKFB family in tumor cells, examination
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Fig.7 PFKFB2 silencing reduces the colony formation capacity
of PANC-1 cells. a Cells were transiently transfected with PFKFB2
siRNA (siPF2) or non-targeting control siRNA (siNTC) molecules
and O (time of transfection), 24, 48, 72, and 92 h later, live cells were

of PFKFB2 function in tumor cell metabolism and biol-
ogy has not been initiated until recently. Our report, to our
knowledge, is the first study to show that (1) the two mRNA
splice variants of PFKFB2 (PFKFB2-V1 and PFKFB2-V2)
that encode functional proteins with intact kinase and phos-
phatase domains are expressed in multiple tumor cell lines;
(2) PFKFB2-V1 is partially expressed in the soluble fraction
of the nucleus; (3) the PFKFB2 protein is overexpressed
and predominantly localizes to the nucleus in the pancreatic
adenocarcinoma tissue relative to adjacent normal pancre-
atic tissue; and (4) PFKFB2 expression is required for the
steady-state F2,6BP concentration, glycolytic activity, and
the growth of PANC-1 cells as colonies in 2D-culture.
Studies consistently demonstrate the co-expression of
PFKFB isoforms, PFKFB3 and PFKFB4 in particular [35,
36], in tumor cells, indicating non-redundant functions. Our
current report demonstrates that tumor cell lines of various
origin, including cervix, lung, breast, and pancreas, express
PFKFB2 both at mRNA and protein levels. Combined with
results from recent studies demonstrating the expression of
the PFKFB2 protein in osteosarcoma [37], gastric carci-
noma [38], and melanoma [39] cells, these data indicate that
PFKFB2 is widely expressed across multiple tumor cell lines
of various origin. Majority of the cell lines examined in this
study and other studies are also known to express PFKFB3
and/or PFKFB4 [13, 40, 41], supporting the hypothesis that
each PFKFB isozyme may serve a unique and non-redundant
function in tumor cells. Lending support to this hypoth-
esis, we [18] and others [28, 42] showed that the variant
of PFKFB3 expressed in the nucleus is involved in regula-
tion of the cell cycle and proliferation. Evidence suggests
that PFKFB3 shuttles between the cytosol and nucleus,
depending on the particular needs of a cell in a given con-
text. For example, DNA damage promotes the acetylation
of PFKFB3 at Lys472, leading to its cytoplasmic retention

@ Springer

siNT_C siPF2

C

140

120

100

80

60

40

Colony number

20

siNTC

siPF2

counted. b Macroscopic pictures of cell colonies stained with crys-
tal violet after seeding cells at low density 48 h post-transfection. ¢
Image J analysis of colony counts. *p <0.05; **p <0.001

and subsequent glycolytic activation that is required for
protection against apoptosis induced by DNA damage [43].
Whether PFKFB2 also shuttles in and out of the nucleus in
response to various stimuli is currently unknown. Never-
theless, in human pancreatic adenocarcinoma tissues, the
PFKFB2 protein appears to mainly localize to the nucleus,
whereas it is largely cytoplasmic in the adjacent normal pan-
creatic tissue, suggesting a role for PFKFB?2 in the nucleus
for malignancy. Whether absolute levels of PFKFB2 protein
expression or its activity is required for pancreatic tumori-
genesis has not been evaluated in this study.

PFKFB family of enzymes have distinct
kinase:phosphatase (K:P) activity ratios and PFKFB2
was shown to display nearly equal kinase and phosphatase
activities [44]. PFKFB3 is presumed to be the main con-
tributor to intracellular F2,6BP, the product of the kinase
function, due to its extremely high relative kinase activity
(K:P= ~760). Contrasting with these notions, we find that
transient PFKFB2 depletion caused a marked reduction
in F2,6BP levels in PANC-1 (Fig. 5¢) and BxPC-3 cells
(Fig S,C), both of which also highly express PFKFB3 [13,
45]. This finding suggests that the kinase function of the
PFKFB?2 isozyme dominates in these cells and rivals that of
PFKFB3. This result is in agreement with studies demon-
strating the increased kinase activity of PFKFB2 by onco-
genic signals such as AKT [31] and p90 ribosomal S6 kinase
(RSK) downstream MAPK [39] through post-translational
modifications. Considering that the published K:P levels are
based on in vitro measurements using bacterial recombinant
proteins and the fact that post-translational modifications in
eucaryotic cells can drastically change enzymatic activity,
we suggest that relative importance of a particular isozyme
in dictating F2,6BP levels and whether the lack of a particu-
lar isozyme can be compensated by another in a given cell
type or tumor should be determined by genetic approaches.
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We found that ectopically expressed of PFKFB2-V2
increased F2,6BP and glucose uptake more potently than
PFKFB2-V1 in the pancreatic adenocarcinoma cell lines
MiaPaCa-2 and PANC-1. The predominant localization of
PFKFB2-V2 to the cytosol—the site of glycolytic activity
where PFKFB2-V2 may have better access to its substrate,
F6P—as opposed to the nuclear localization of PFKFB2-V1,
may have led to the observed differences. Consistent with
this notion, we had previously showed that cytoplasmically
re-routed PFKFB3 increased F2,6BP and glycolytic activ-
ity more potently than the nuclear PFKFB3 [18]. However,
we cannot rule out a potential difference in intrinsic K:P
activity of each PFKFB2 splice variant. In the current study,
increase in F2,6BP by ectopic PFKFB2-V2 coincided with
an increase in glucose uptake but not with glycolytic activ-
ity, suggesting that additional factors may be required to
further stimulate glycolytic activity in these glycolytically
active cells. Depletion of the endogenous PFKFB2 protein
in PANC-1 cells, however, reduced both glucose uptake and
glycolytic activity, suggesting that the steady-state PFKFB2
expression is required to sustain glycolytic activity. The
PFKFB4 isozyme, which is solely expressed in the cyto-
sol [18], has been shown to increase glucose utilization via
the pentose phosphate pathway [46], which runs parallel to
glycolysis and essential to synthesis of nucleotides required
for cell proliferation. Although our observations suggesting
PFKFB2 expression affects glucose uptake, glycolysis as
well as cell proliferation may provide a rationale for detailed
interrogation of PFKFB2 with respect to its potential effect
on glycolysis and pentose phosphate pathways, future stud-
ies should incorporate metabolic flux studies by NMR and
MS using labeled glucose analogs (e.g., uniformly labeled
glucose ([U-13C6]—glucose) and [1,2-13C2]—glucose) that can
distinguish glycolytic and pentose phosphate pathway activi-
ties, in order to reach a firm conclusion on the requirement
of PFKFB2 on the regulation of glucose metabolism via
respective pathways.

While transient PFKFB?2 silencing in PANC-1 cells led
to a modest decrease in proliferation, it almost completely
abrogated the colony growth upon seeding cells at low den-
sity in 2D-culture. In BxPC-3 cells, the effect of transient
PFKFB?2 silencing on cell proliferation was robust. Taken
together, these data suggest that PFKFB2 is required pancre-
atic adenocarcinoma cell proliferation and add to the recent
literature demonstrating the requirement of PFKFB2 for the
proliferation of melanoma cells [39] and gastric carcinoma
cells [38]. Relative importance of endogenously expressed
splice variants in tumor glucose metabolism and oncogenic
properties such as proliferation is currently unknown and
has not been pursued in the current study. Given the co-
expression of the nuclear (PFKFB2-V1) and cytoplasmic
(PFKFB2-V2) variants in the examined cell lines, an intrigu-
ing possibility is that PFKFB2-V2 may function to increase/

maintain glycolytic activity in the cytoplasm, whereas
PFKFB2-V1 may serve a seemingly non-metabolic func-
tion in the nucleus, such as regulation of the cell cycle, that
may be essential to integration of glucose metabolism with
malignant properties under nutrient-replete conditions. Dis-
secting the role of each variant in tumor cell biology will
require specifically silencing one variant at a time and/or
restoring each variant in PFKFB2-depleted cells.

Although this study is far from providing a mechanistical
details as to the nature of PFKFB2’s role in tumor cell biol-
ogy, we postulate that while, owing to the cytoplasmic local-
ization, PFKFB2-V2 is a key contributor to the steady-state
levels of F2,6BP in the cytoplasm where it may play in the
reprogramming of glucose metabolism and that, by localiz-
ing to the nucleus, PFKFB2-V1 may function to coordinate
glucose metabolism with proliferation. Given the exten-
sive metabolic alterations and unique metabolic addictions
adopted by pancreatic adenocarcinoma [25], comprehensive
metabolomics and transcriptional effects of PFKFB2 inhibi-
tion via genetic and pharmacological approaches may reveal
vulnerabilities that can be exploited for the development of
therapeutics against pancreatic adenocarcinoma.
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