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Abstract

A metabolic shift to a high rate of glycolysis is frequently observed in tumors and provides critical biosynthetic
intermediates and energy for their rapid growth. The 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases
(PFKFB1-4) have been recognized as important regulators of glycolysis due to their production of fructose-2,6-
bisphosphate (F26BP) which activates a rate-limiting, key glycolytic enzyme, 6-phosphofructo-1-kinase enzyme
(PFK-1). Due to its high kinase activity and resultant contribution to the concentration of F26BP, the PFKFB3 isoform
has been extensively interrogated and determined to play a prominent role in tumor glycolysis and growth, thereby
validating it as a viable target for the development of novel inhibitors. To fully understand the function of PFKFB3
and effects of decreasing its expression, the generation and examination of a model of effective genomic PFKFB3
deletion has been a critical development. Studies conducted with this recently developed inducible model of pan-
tissue homozygous PFKFB3 genomic deletion have demonstrated the importance of the PFKFB3 enzyme in tumor
growth. Additionally, the studies detailing the examination of this model have also served to validate the on-target
effects of recently developed novel antagonists of PFKFB3 and indicate important avenues for developing new

strategies for the effective treatment of cancer.
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Introduction

Metabolic reprogramming with a resultant increase in reliance on
glycolysis are widely recognized as key hallmarks of cancer [1]. The
examination of the glycolytic pathway and its regulation are therefore
critical for understanding their contribution to cancer growth. The bi-
functional PFKFB family of enzymes (PFKFB1-4) plays an important
role in glycolytic regulation due to their production of a potent
activator of glycolysis termed F26BP [2,3]. Of these enzymes, PFKFB3
has been extensively examined and found to be a valid target against
which therapeutics are currently being examined [4,5]. The recent
development of an inducible model of PFKFB3 genomic deletion has
allowed the detailed examination of the role of PFKFB3 in vivo and
effects of its deletion on cancer growth [6]. The goal of this paper is
to highlight the importance of this model and these data in validating
effects of small molecule inhibitors of the PFKFB3 enzyme and for the
future development of novel anti-tumor therapeutic strategies.

Materials and Methods
Glycolysis and regulation by the PFKFB family of enzymes

Glucose metabolism plays a critical role in supporting tumor growth
and expansion due to its ability to supply biosynthetic precursors and
energy essential for their rapid proliferation [7]. A high rate of glycolytic
metabolism is found in multiple tumor types and, additionally, has
been widely demonstrated even in the presence of oxygen (i.e. aerobic
glycolysis or the Warburg effect) [7].

Due to the recognition of the crucial role played by glycolysis in
supporting the growth and progression of many cancers, effectors
whereby the glycolytic pathway is regulated are under significant
scrutiny. Of these effectors, the PFKFB enzymes have been demonstrated
to play an important regulatory role in glycolysis due to their production
of F26BP. F26BP is the most potent activator of the PFK-1 enzyme which

performs a critical, rate-limiting function in the glycolytic pathway
by catalyzing the first committed step, the conversion of fructose-6-
phosphate to fructose-1,6-bisphosphate [2,3]. The 4 PFKFBs have
differing kinase:bisphosphatase (K:B) ratios and, as a result, varying
contributions to the intracellular concentration of F26BP. Of these
enzymes, PFKFB3 has the highest kinase activity (with a K:B ratio of
~740:1) and therefore is considered to contribute significantly to F26BP
production and the regulation of the rate of glycolysis [8,9].

The PFKFB3 enzyme in cancer

As a result of its high kinase activity and consequent F26BP
production and its potentially critical function in the regulation of
glycolysis, the PFKFB3 enzyme has been extensively interrogated in
cancer. PFKFB3 was first identified as an isoform of 6-phosphofructo-
2-kinase found to be induced by proinflammatory stimuli and
constitutively expressed in several human cancer cell lines [8]. Since its
initial description, high PFKFB3 (mRNA and protein) expression has
been reported in numerous solid and hematogenous tumor types [10].
PFKFB3 expression is also strongly activated or promoted by a number
of stimulatory molecules and factors including hypoxia inducible
factor-la (HIF-1a), estradiol and synthetic progestins which play key
roles in tumor development and therefore underscore the importance
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of PFKFB3’s role in the glucose metabolism of tumors and their rapid
proliferation and growth [6]. An additional and more recently elucidated
mechanism whereby PFKFB3 expression and activity are increased is
through the loss of the Phosphatase and Tensin Homolog (PTEN) tumor
suppressor which results in a decrease in the degradation of PFKFB3
by Anaphase Promoting Complex/cdc20 homolog 1 (APC/Cdhl) [11].
Interestingly, in tandem with the role of F26BP derived from PFKFB3 in
the regulation of glycolysis at the PFK-1 enzyme, F26BP has also been
ascribed a function in cell proliferation through the activation of the
cyclin-dependent kinases [12]. To further evaluate the importance of
PFKFB3 in tumor glycolysis and proliferation, studies have examined the
effects of decreasing its expression in oncogene-driven cancer cells and
tumor growth and have determined that decreasing PFKFB3 expression
decreased glycolysis and cell proliferation [13,14]. These preliminary
data have validated PFKFB3 as a potentially important target in cancer
and led to the development of small molecule antagonists of PFKFB3
that are under preclinical and clinical evaluation [4,5].

Results and Discussion

Examination of an inducible model of Pfkfb3 deletion

Based on the ongoing interrogation of PFKFB3 inhibitors as
promising potential cancer therapeutics, studies that serve to verify the
on-target effects of these agents and address concerns regarding their
safety with systemic administration have significant clinical import. To
that end, the development and interrogation of a pan-tissue model of
homozygous PFKFB3 deletion are critical as this model would serve to
fully define the global effects of PFKFB3 expression and also delineate
consequences of inhibiting its expression and activity in vivo. In previous
studies, our laboratory created a constitutive model of homozygous
PFKFB3 deletion [15]. This model demonstrated that PFKFB3-driven
glycolysis is required for embryonic and organ development however,
as a result of the critical requirement for PEKFB3 in embryogenesis, our
experiments failed to generate homozygous knockouts thus precluding
an examination of the effects of PFKFB3 deletion in adult tissues and
organs. The recent development and description of a novel, inducible
model of homozygous pan-tissue PFKFB3 deletion has, for the first
time, permitted an accurate assessment of these effects [6].

The first studies conducted with this novel inducible model of
PFKFB3 deletion (tamoxifen, TAM-inducible Cre-bearing Ptkfb3"" or
Cre/Pfkfb3"" mice) examined the efficacy of recombination and found
resultant widespread effective PFKFB3 genomic deletion in all evaluated
organs indicated by decreased PFKFB3 protein expression and F26BP.
Importantly, we determined that homozygous genomic deletion of
PFKFB3 did not have deleterious effects on the histology or function
of vital organs examined which may in part be the result of the known
co-expression of several PFKFB isoforms in the majority of organs
contributing to their F26BP production [6]. PFKFB3 deletion also did
not affect body mass or life span or cause any signs of distress which
carry great significance for the successful development of PFKFB3
antagonists for clinical application [6].

Effects of PFKFB3 genomic deletion on tumor growth

Based on the known reliance of tumor proliferation and growth
on glycolytic metabolism, the studies that were used to validate this
genomic deletion model were targeted at determining the effect of
decreased PFKFB3 expression on the growth of oncogene-driven
spontaneous tumor models selected for their relevance and similarity
to human cancers. The first tumor model evaluated was a HER2-
driven spontaneous mammary adenocarcinoma model (Erbb2 mice)

[16] where we elected to examine the effect of PFKFB3 deletion on
established tumors with the goal of simulating a possible scenario
wherein therapeutic intervention with an PFKFB3 antagonist may be
considered in a patient with cancer. Our experiments found that genomic
deletion of PFKFB3 and the subsequently decreased PFKFB3 expression
led to a significant reduction in tumor glucose uptake measured by
18F-fluoro-deoxy-glucose uptake by Positron Emission Tomography
(PET) scan, and to a decrease in intra-tumoral F26BP concentrations
and tumor growth suggesting the potential utility of an inhibitor of
glycolysis as an anti-neoplastic agent. Our studies also examined a
second model of cancer with high clinical relevance, a lung tumor model
closely resembling human lung cancer with spontaneous and gradual
development of adenomas and adenocarcinomas due to activation of
a latent K-ras oncogene (K-ras“4! mice) [17]. We found that PFKFB3
genomic deletion decreased both tumor initiation and growth in this
model. Taken together, the efficacy of PFKFB3 deletion and resultant
decrease in PFKFB3 expression and activity provided confirmation
of the on-target effects of PFKFB3-selective inhibitors and, more
importantly, provided promising preliminary evidence of the potential
efficacy of PFKFB3 inhibition as a therapeutic strategy for cancer. Since
these studies also established the effectiveness of recombination and
genomic deletion in our model, they have now paved the way for further
examination of the effects of PFKFB3 deletion in other relevant cancer
models and in the evaluation of the effects of its deletion on the tumor
microenvironment which will widen the scope of application of PFKFB3
inhibitors and enhance our understanding of the effects of these agents.

Although our examination of the effects of homozygous PFKFB3
deletion on tumor growth found that it substantially decreased growth
in both models, we observed greater growth inhibition in the Erbb2
model than the K-ras**! lung cancer model and, similarly, greater effects
on cell cycle progression and proliferation in the Erbb2 model relative
to the K-ras*4’ model. We speculate that the differences in responses of
the model systems were likely related to differences in their timing of
induction of PFKFB3 genomic deletion. In the HER2-driven mammary
tumor model, we induced PFKFB3 deletion after palpable tumors were
noted, to mimic the situation wherein a PFKFB3 antagonist might be
administered to a patient. Additionally, since the mammary tumors
in this model demonstrate aggressive growth after initial appearance,
the control tumors rapidly reached endpoint so the experimental time
period following induction of PFKFB3 deletion was relatively short
(~3 weeks). In contrast, tumor growth in the K-ras"*! lung cancer
model is more gradual with early surface nodules and tumors noted
at 10-17 weeks that reach larger and clinically significant volumes by
approximately 32 weeks [18]. Additionally, since an important objective
of assessing this model of gradual tumor growth was to determine
effects of PFKFB3 deletion on tumor initiation, deletion was induced
at 6 weeks of age (prior to the noted onset of early nodules) and mice
were followed for an additional 26-28 weeks until signs of distress were
noted in control animals. We hypothesized that the prolonged period
of decreased PFKFB3 expression in this model might have led to the
utilization of alternate pathways to support growth. Based on the
previously demonstrated co-expression of other PFKFB isoforms along
with PFKFB3 in lung and several other cancer types, we speculated
that another PFKFB enzyme might have compensated for the loss of
PFKFB3-driven glycolysis to support cell cycle progression and tumor
growth in this model.

New studies and indications for novel anti-cancer therapeutic
strategies

Studies from our laboratory and several others have consistently
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found evidence of high expression of the PFKFB4 enzyme in addition
to its frequent co-expression with PFKFB3 in many tumor types [5,19].
Our studies also have found in vitro evidence of increased PFKFB4
expression when PFKFB3 expression was decreased [19]. PFKFB4
additionally has a high kinase activity (with a K:B ratio of ~4.3:1, in
contrast to PFKFB2 with a K:B ratio of ~1.8:1 and to PFKFBI with
a K:B ratio ~1:1 [19,20]) and therefore contributes significantly to
intracellular F26BP concentrations.

We hypothesized that PFKFB4-derived F26BP might support the
growth of lung tumors in the slow-growing K-ras**! model. In new
studies, we examined serial lung sections from tumor-bearing control
(PFKFB3 WT) and PFKFB3-deleted (PFKFB3”) K-ras**' mice by
immunohistochemistry for PFKFB3 and PFKFB4 (Figure 1). We found
that PFKFB4 was strongly expressed in control mice (with WT PFKFB3
expression) as expected, but also was highly expressed in PFKFB3-
deleted mice where PFKFB3 expression was significantly decreased
(Figure 1). We therefore speculate that PFKFB4-driven F26BP likely
compensates for the loss of PFKFB3 and is able to support glycolysis,
cell cycle progression and tumor growth in this model.

The possible compensation by PFKFB4 for PFKFB3 deletion is of

immediate and significant clinical relevance to the currently ongoing
development of small molecule PFKFB3 inhibitors since the anti-tumor
efficacy of these agents may be diminished due to the activity of the
PFKFB4 enzyme. Taken further, these data suggest that simultaneous
inhibition of the PFKFB3 and PFKFB4 enzymes may prove to be a
highly effective therapeutic strategy against lung cancer and multiple
other tumor types where co-expression of these enzymes is observed.
We are currently interrogating effects of simultaneous genomic deletion
of both enzymes in vivo and of co-targeting both enzymes with novel
inhibitors on tumor growth [5,21].

Ultimately, although our discussion has focused on the role of
PFKFB3 and other PFKFB family members, we fully acknowledge
that the observed effects of PFKFB3 deletion on tumor growth may
additionally be due to changes in multiple glycolytic enzymes or in
other tumor growth pathways affected by deletion and the resultant
decreased expression/activity of PFKFB3. Studies to evaluate these
are currently underway and, if other pathways are determined to be
involved, we anticipate that our model will enable the assessment of
further potentially impactful combination strategies to ultimately
improve outcomes in cancer.

K-ras""IPikfb3""

bl e, \

Figure 1: PFKFB3 and PFKFB4 enzymes are co-expressed in lung tissue obtained from mice with K-ras-driven lung cancer.

Note: Groups of K-ras**'/Cre/PFKFB3"" mice were treated with corn oil (K-ras**'/PFKFB3"T) + TAM (K-ras**'/PFKFB3") at 6 weeks of age and mice were followed for
clinical signs of distress and tumor growth until endpoint. At endpoint, serial sections of lung tissue from the mice were stained with hematoxylin and eosin (H&E) to
evaluate histopathology (A,B) and were examined for PFKFB3 (C,D) and PFKFB4 (E,F) expression by immunohistochemistry, using an anti-PFKFB3 antibody obtained
from Proteintech, Rosemont, IL, USA and an anti-PFKFB4 antibody obtained from Abcam, Waltham, MA, USA.
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Conclusion

In conclusion, we have developed a novel and effective model of
genomic deletion of a key regulator of glycolysis. Our studies have
validated the efficacy of this model in vivo in decreasing oncogene-
driven tumor growth. Most importantly, these studies have provided
evidence of the efficacy of PFKFB3 inhibition as a therapy against cancer
and data that provide potential future directions for the development of
therapeutic strategies in combination with PFKFB3 inhibitors.
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