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Abstract

A major metabolic aberration associated with cancer is a change
in glucose metabolism. Isoform selection of the glycolytic enzyme
pyruvate kinase has been implicated in the metabolic phenotype
of cancer cells, and specific pyruvate kinase isoforms have been
suggested to support divergent energetic and biosynthetic require-
ments of cells in tumors and normal tissues. PKM2 isoform expres-
sion has been closely linked to embryogenesis, tissue repair, and
cancer. In contrast, forced expression of the PKM1 isoform has
been associated with reduced tumor cell proliferation. Here, we
discuss the role that PKM2 plays in cells and provide a historical
perspective for how the study of PKM2 has contributed to under-
standing cancer metabolism. We also review recent studies that
raise important questions with regard to the role of PKM2 in both
normal and cancer cell metabolism.
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Introduction

Cancer is a disease defined by uncontrolled cell proliferation. Many
normal processes also involve rapid cell proliferation including
embryonic development, immune responses to infection, injury
repair, and cell turnover in tissues such as the intestine. While the
latter are processes that are regulated by a complex genetic circuitry
that often involves growth factor signaling, proliferation in the
context of cancer is either independent of this circuitry or is reliant
on the aberrant activation of the same pro-growth signals that drive
normal proliferation. Therefore, the challenge in treating cancer lies
in being able to target abnormal proliferation while sparing normal
proliferation, a feat that requires a comprehensive understanding of
both the normal and malignant mechanisms that drive cell growth
and proliferation.

The first time a cell-intrinsic cause for cancer was proposed was
in 1914, when in his essay, “Concerning the Origin of Malignant
Tumors”, Theodor Boveri proposed a chromosomal cause for

tumors [1]. Approximately 10 years after the publication of Boveri’s
theory, Otto Warburg began to characterize the metabolism of
tumors and made his seminal observations about cancer metabo-
lism and the increased glucose fermentation exhibited by many
tumors [2]. Following some controversy about the mechanism
responsible for the aberrant metabolism of tumors, however, the
study of cancer metabolism faded to the background [3]. In the
meantime, in the 1970s and 1980s, various discoveries concerning
the structure and function of DNA and the mechanism of transfor-
mation used by the Rous sarcoma virus culminated in the realiza-
tion that mutations in cellular genes cause cancer [4]. The genomic
era of cancer research that followed has prompted a deeper under-
standing of how genetic mutations can activate the cellular signaling
pathways that drive cancer growth and tumor progression. With this
understanding comes an appreciation for the complexity of these
processes and furthermore, the involvement of not just other cell
types but also of other cell-intrinsic factors. Evidence for the inter-
connectedness of oncogenic signaling and metabolic growth path-
ways has prompted a reemergence of cancer metabolism as a
prominent area of cancer research.

On the origins of cancer metabolism: aerobic glycolysis

Otto Warburg, who, despite winning the Nobel Prize in 1931 for his
work on “the respiratory enzyme” (cytochrome c oxidase) [2], is
now best known for his experiments examining glucose fermenta-
tion and respiration in tumors. Warburg measured oxygen
consumption (respiration) in tissue slices from rat liver, kidney, or
transplanted seminal vesicle tumor and found very little difference
in the respiration of tumor tissue slices compared to that of normal
tissue slices. He then quantified lactate production as a measure of
fermentation rate and found that under anaerobic conditions, all
tissues exhibited increased production of lactate. In contrast, under
aerobic conditions, the behavior of tumor tissue and normal tissue
differed. While the tumor tissue continued to produce elevated
levels of lactate, the normal tissue did not [5]. This led to the defi-
nition of aerobic glycolysis, the fermentation of glucose even in the
presence of abundant oxygen. In future work, Warburg went on to
show that aerobic glycolysis is a common feature of tumors [2].

As the pathways involved in central carbon metabolism were
elucidated over the subsequent decades, aerobic glycolysis in
tumors was refined to involve the use of glycolytic pyruvate to
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Glossary

aKG alpha-ketoglutarate

3-PG 3-phosphoglycerate

ACoA  acetyl coenzyme A

ADP adenosine diphosphate

ATP adenosine triphosphate

F6P fructose 6-phosphate

FBP fructose 1,6-bisphosphate

FGFR1 fibroblast growth factor receptor type 1

FH fumarate hydratase

G6P glucose 6-phosphate

HCC hepatocellular carcinoma

HK hexokinase

IDH2 isocitrate dehydrogenase 2

LDH lactate dehydrogenase

MLC2  myosin light chain 2

PEP phosphoenol pyruvate

PFK phosphofructokinase

PGM phosphoglycerate mutase
PHGDH phosphoglycerate dehydrogenase
PKL liver isoform of pyruvate kinase
PKLR liver and red blood cell pyruvate kinase
PKM1 M1 isoform of pyruvate kinase
PKM2 M2 isoform of pyruvate kinase

PK pyruvate kinase

PKR red blood cell isoform of pyruvate kinase

PPP pentose phosphate pathway

SAICAR succinylaminoimidazolecarboxamide ribose-5" phosphate
SDH succinate dehydrogenase

TCA tricarboxylic acid

generate lactate, rather than the incorporation of glycolytic pyruvate
into the mitochondrial TCA cycle, a process that consumes oxygen
and generates high amounts of ATP through oxidative phosphoryla-
tion. Because Warburg had also observed aerobic glycolysis in some
normal proliferating tissues and noted that it was reversible in these
normal tissues, he postulated that aerobic glycolysis was the conse-
quence of irreversible damage to respiration in tumors [6]. This
hypothesis motivated Warburg and many of his contemporaries to
search for the root cause of damaged respiration in tumors.
Warburg’s hypothesis, however, was not based on sound experi-
mental evidence. Given that even Warburg himself had noted simi-
lar rates of respiration in tumors and in normal tissue, it is unlikely
that tumors are caused by a general defect in respiration. In fact,
Warburg’s hypothesis was met with contention by some of his
contemporaries, most famously Sidney Weinhouse, whose isotope
tracing experiments in tumor cells provided conclusive evidence
against the Warburg hypothesis [7].

In the decades that followed, the study of cancer as a genetic
disease shifted to the forefront of cancer research while cancer
metabolism was relegated to the background. Interestingly, in his
1976 review of the Warburg hypothesis, the main purpose of which
was to underscore the evidence against it, Sidney Weinhouse made
reference to some of his own research that suggested a link between
the genetic and metabolic basis of cancer and that, over the course
of another 50 years, would bring cancer metabolism back into main-
stream cancer research [7]. The review ended with a prescient
observation that some liver tumors express the fetal rather than the
adult isoforms of glycolytic enzymes (most notably pyruvate kinase)
and that, “high aerobic glycolysis is not necessarily an intrinsic
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property of the cancer cell, but rather (...) a consequence of insta-
bility in the normally rigid mechanisms of gene regulation. ..”

PKM2 and cancer

Pyruvate kinase (PK) catalyzes the last and physiologically irre-
versible step in glycolysis, the conversion of phosphoenolpyruvate
(PEP) to pyruvate through the transfer of a phosphate group to ADP
[8] (Fig 1). In mammals, there are four PK isoforms encoded by two
genes [9]. The PKLR gene encodes PKL, expressed in the liver and
some cells of the pancreas, intestine, and kidney, and PKR,
expressed in erythrocytes. The PKM gene encodes PKM1 and PKM2
through alternative splicing of mutually exclusive exons that are
identical in length but encode a 56-amino acid region that differs at
22 residues [10] (Fig 2). Both PKM isoforms perform the same cata-
lytic function. However, whereas PKM1 is a constitutively active
tetrameric enzyme, the 22 amino acid differences in PKM2 create a
fructose-1,6-bisphosphate (FBP) binding pocket that renders it
dependent on the allosteric binding of FBP for formation of an active
tetramer [11].

PKM2 is universally expressed during embryogenesis, regenera-
tion, and cancer, which suggests that the ability to regulate pyruvate
kinase enzymatic activity is important in actively proliferating cells
[12,13]. However, early work on PKM2 as well as recent work using
mouse models and analysis of RNASeq datasets shows that PKM2 is
also expressed in some differentiated tissues and non-proliferating
cells [14-17]. PKM2 can also play an important role in maintaining
the metabolic program of cancer cells. When engineered to express
PKMI in place of PKM2, cancer cells converted from aerobic glycol-
ysis to mitochondrial respiration and were unable to form tumors
after xenotransplantation [13]. PKM2 enzymatic activity can also be
inhibited through binding to tyrosine phosphorylated proteins,
thereby linking decreased PKM2 activity and phospho-tyrosine-
mediated growth signaling [18]. While the studies of PKM2 that
ensued have broadened our view of PKM2 biology and its function
in maintaining tumor growth, they have also unveiled both miscon-
ceptions about PKM isoform expression patterns and controversy
about putative non-canonical roles for PKM2. Therefore, a historical
perspective of PKM2 biology is informative to understand the role
that this enzyme has played in the field of cancer metabolism
(Fig 3).

Historical perspective

The glycolytic pathway was the first metabolic pathway to be eluci-
dated, largely by sequencing known activities from cell lysates
together into a series of reactions to provide a chemical route from
glucose to lactate. Many of the principle discoveries that contributed
to our modern view of glycolysis were made between 1927 and
1939 through the work of a number of scientists including Gustav
Emden, who in 1933 provided the first cohesive outline of the path-
way, in addition to Otto Meyerhof, Jacob Parnas, Dorothy Needham,
Otto Warburg, Carl F. Cori, and Ulf von Euler [19]. Emden’s outline
of the glycolytic pathway predicted much of what was discovered in
the years following its publication and his sudden death that same
year. One of the key advancements in understanding how the vari-
ous reactions that had been described fit together was the recogni-
tion that ATP acts as an energy transfer system and one of the
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Schematic illustrating the relationship between some of the metabolic pathways altered in cancer cells. Metabolic enzymes implicated in cancer are depicted in blue boxes.

reactions that contributes to net ATP production in glycolysis is the
reaction catalyzed by pyruvate kinase (PK), which was described
for the first time by Jacob Parnas in 1934 [20].

The PK enzyme was first isolated in 1947; however, it was not
until the 1960s that different PK isoforms were identified [21].
Although the PK isoform expressed in red blood cells (PKR) will not
be discussed further in this review, it is notable that mutations in
the PKR gene account for the most common cause of hereditary
non-spherocytic hemolytic anemia and it has been extensively stud-
ied in that context. PK deficiency in erythrocytes was identified in
1961 and the observation that this disease was mostly limited to
erythrocytes contributed to the understanding that there were multi-
ple PK genes [22]. Aside from studies of PK deficiency in red blood
cells, the majority of the initial work examining the properties of the
PK enzymes was conducted in liver and muscle extracts. Initial stud-
ies in these tissues led to the identification by three separate groups
of two PK isoforms, PKL in liver and PKM in muscle [23]. Not long
after, a PKM isoform corresponding to PKM2 was isolated from rat
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ascites hepatoma cells and regenerating liver [24]. At the time, this
isoform was equated with the muscle isoform and was referred to
simply as PKM. A study the following year, however, first distin-
guished PKM1 and PKM2 through electrophoresis and reported their
expression patterns in rat tissue as: PKMI1 in brain, heart, and
muscle; PKM2 in lung, spleen, testes, kidney, and a minor compo-
nent in liver; and PKL in liver [25].

The last piece of the PK expression pattern puzzle was produced
shortly thereafter in 1973 when two groups reported PK isoform
patterns throughout development in rat liver, kidney, heart, and
skeletal muscle [26]. This was the first study to report expression of
PKM2 in the embryo. Importantly, it was also the first study to
report a shift in PK isoform expression from PKM2 in fetal heart and
skeletal muscle to PKM1 in the same adult tissues. In liver and
kidney, instead, the authors observed an increase in PKL accompa-
nied by a decrease in PKM2 in the adult tissues. The transition from
PKMI in adult tissue to PKM2 in cancer was later reported (though
somewhat overstated) and tumors [27].

in human tissues

EMBO reports Vol 17| No 12 | 2016

1723



1724

EMBO reports

PKLR gene

—E——D—D—D—D—D—D—D—D—D—D—

INNENREREER

Expressed in
¢ Erythrocytes

PKL

HNEEEREREN

Expressed in
* Hepatocytes

Some cells of the
e Pancreas

e Intestine

* Kidney

PKM gene

PKM1 PKM2

10

Expressed in

e Heart

e Skeletal muscle
® Smooth muscle
¢ Brain

¢ Adrenal medulla
e Mature sperm

Expressed in
® Most tumour cells
® Embryonic tissue
e Leucocytes

e Kidney distal
tubule cells

¢ Parenchymal lung

e Intestine

® Thymus

¢ Pancreatic islet cells
¢ White fat

® Spleen

e Ovaries

¢ Adrenal cortex

e Testis

Figure 2. Pyruvate kinase: 2 genes, 4 isoforms.

There are two pyruvate kinase genes, PKLR and PKM. PKLR encodes the PKL and
PKR isoforms through tissue-specific promoters (shown in purple for PKR and
orange for PKL). PKM encodes the PKM1 and PKM2 isoforms through alternative
splicing of the mutually exclusive exons 9 and 10 (shown in blue and red,
respectively). Each of the pyruvate kinase isoforms shows a distinct pattern of
tissue expression.

Interestingly, the tissue types used in these studies consisted mostly
of PKM1- or PKL-expressing tissues. In fact, one might speculate
that these studies unintentionally planted the seed that later led to
confusion regarding whether or not PKM2 is normally expressed in
adult tissues.

Progress in the study of PK continued with an initial focus on the
differences in the enzymatic properties of the different PK isoforms.
It was then that the allosteric binding of FBP to PKL and PKM2 was
reported. Other allosteric effectors of each of these isoforms were
also reported. The genetic study of PKM2 was made possible in
1981 when a mouse PKM2 gene was identified and localized to
chromosome 9 [28]. Whether or not this same gene encoded both
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PKM1 and PKM2 was uncertain until 3 years later, when definitive
evidence for this hypothesis was provided [29]. In 1986, Noguchi
et al [10] demonstrated that rat PKM1 and PKM2 were produced
through alternative splicing of mutually exclusive exons, and soon
after, the human gene was cloned and its alternative splicing to form
PKM1 and PKM2 was reported [30].

Despite the widespread expression of PKM2 in several adult
tissues, the majority of the subsequent studies on PKM2 were
conducted in the context of tumors. In fact, studies of PKM2 expres-
sion in hepatomas, rhabdomyosarcomas, breast cancer, lung cancer,
and Barrett’s esophagus reported expression of PKM2 in these
cancer types [27,31-33]. Importantly, for hepatomas and rhab-
domyosarcomas, a switch from PKL or PKM1 in normal tissue,
respectively, to PKM2 in the tumors was noted [34,35]. Thus, it was
hypothesized that PKM2 must contribute to the process of malignant
transformation in these tissues. Some researchers even speculated
that the PKM2 expressed in tumors might have tumor-specific prop-
erties that distinguished it from the PKM2 expressed in adult kidney
and other non-malignant tissues [33]. This notion became more
intriguing when reports that PKM2 could translocate to the nucleus
in response to oncogenic signaling began to emerge [36,37]. The fact
that PKM2 is expressed in tumors and in highly proliferating cells is
striking; that PKM2 is also expressed in normal adult tissues, on the
other hand, was of uncertain significance and subsequent work
focused on roles PKM2 might play in cell proliferation.

PKM2 versus PKM1: Why less enzyme activity might be more
permissive of proliferation

The expression patterns of PKM1 and PKM2 in normal tissue
together with the switch in expression of PKL or PKM1 to PKM2 in
liver tumors and rhabdomyosarcomas suggest that there are distinct
functional requirements in different cell types for each of the four
mammalian PK isoforms. Interestingly, the principal differences
between PK isoforms can be traced to the way in which the enzy-
matic activity of each is regulated. Therefore, an understanding of
the cellular signals that regulate one isoform but not the other is
likely to provide insight into the contexts under which there might
be a selective requirement for one isoform versus the other. Expres-
sion of PKL in hepatocytes provides a good example; PKL enzymatic
activity is regulated by glucose, insulin, and hormonal signals,
which altogether allow the liver to respond to a particular systemic
energy state [38]. PKL is also regulated transcriptionally by glucose
and other nutrient signals [39].

With the notable exception of PKMI1, which exists in a stable
enzymatically active tetrameric state, all of the PK isoforms are
allosterically regulated [40-44]. Because PK enzymes are only active
as tetramers, allosteric regulation is generally mediated through
stabilization or destabilization of the intersubunit contacts that
allow the enzyme to assemble into a homotetramer [42,44-46].
PKL, PKR, and PKM2 are activated by their substrate, PEP, and by
the upstream glycolytic intermediate FBP. These PK isoforms are
also inhibited by alanine and ATP [8] and both PKR and PKM2 are
inhibited by the thyroid hormone T3 [47]. In addition, PKM2 has a
number of unique allosteric effectors including, serine and SAICAR,
an intermediate of de novo purine biosynthesis, which both activate
PKM2 enzymatic activity [48,49] (Fig 4). The only reported effector
of PKM1 is phenylalanine, which reduces enzymatic activity
through a mechanism that induces a conformational change in the
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Figure 3. A timeline of key events in the study of PKM2.
hPK, human pyruvate kinase.

tetramer and thereby reduces its affinity for PEP but otherwise
maintains the tetramer formation. The same effect has also been
observed for phenylalanine on PKM2 [48,50].

In contrast to PKL, PKR, and PKM1, the enzymatic activity of
PKM?2 can be inhibited by a variety of mechanisms found in prolifer-
ating cells (Fig 4). PKM2 binds specifically to proteins that are
targets of proliferation-inducing tyrosine kinases and this binding
induces the release of FBP and consequently a reduction in PKM2
enzymatic activity [18]. PKM2 is also a direct substrate of these
tyrosine kinases, and phosphorylation by FGFR1 on tyrosine residue
105 (Y'%) can act to reduce activity of nearby PKM2 enzyme by this
mechanism [51]. PKM2 can also be phosphorylated by c-Src and
ERK1/2 [52,53]. Acetylation of lysine 305 (K3%) both reduces PKM2
activity and targets it for lysosomal-dependent degradation [54].
Finally, oxidation of cysteine residue 358 (C*°®) reduces PKM2 activ-
ity and renders it sensitive to the oxidative stress often associated
with increased proliferation [55]. Each of these mechanisms for
inhibiting PKM2 activity has been shown to be important for prolif-
eration in vitro and for the growth of xenograft tumors in mice, lead-
ing to the hypothesis that the ability to inhibit PK enzyme activity
confers an advantage to proliferating cells [13,51,54,55]. The study
of Pkm2~/~ mice supports this hypothesis and further argues that
the ability to inhibit PKM2 activity is important for cells and tissues
in vivo. PKM2-expressing tissues isolated from Pkm2™/~ mice
express PKM1 instead of PKM2 but have reduced levels of total PKM
transcripts and display lower PK enzymatic activity than wild-type
(WT) tissues [14]. This observation, in addition to the metabolic
distress displayed by Pkm2™/~ mice with age, argues that changes
in PK enzymatic activity levels can have profound consequences at
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the systemic level. Which specific regulatory events are most impor-
tant in each context remains unknown.

The metabolic program of proliferating cells requires a rewiring
of cellular metabolism toward increased biosynthesis and the selec-
tion for PKM2 in proliferating cells has been suggested to promote
this metabolic program through reduced PK enzymatic activity. In
particular, low PK enzymatic activity has been proposed to divert
glycolytic intermediates toward biosynthetic pathways such as the
pentose phosphate pathway (PPP) and serine biosynthesis
[43,56,57]. Indeed, small-molecule activation of PKM2 in cells in
culture leads to decreased levels of intracellular acetyl coenzyme A
(ACoA), ribose phosphate, and serine; intermediates required for
the production of palmitate, nucleotide biosynthesis, and proteins
and lipids, respectively [46]. A similar study using a different small
molecular activator of PKM2 showed increased flux into the serine
biosynthesis pathway without an increase in intracellular levels of
serine [58]. In agreement with both scenarios, decreased PKM2
activity has been shown to increase the flux of glucose to make
serine [59]. Altogether these data argue that modulating PKM2
enzymatic activity can impact the flux of glucose carbon into path-
ways downstream of pyruvate kinase itself. However, an exact
mechanistic understanding of these observations is currently lacking
and remains an important unanswered question for the field.

The link between PKM2 and the serine biosynthesis pathway is
particularly interesting in that each has been shown independently
to contribute to cancer cell growth [13,60-64]. As mentioned previ-
ously, serine can bind to and activate PKM2, which, based on the
aforementioned experiments, could result in decreased serine
biosynthesis. In turn, the increased serine biosynthesis elicited by
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Figure 4. Overview of cellular signaling events that modulate PKM2 enzymatic activity.

Schematic showing endogenous activators and inhibitors of PKM2 activity. PKM2 is only enzymatically active as a tetramer. Thus, allosteric regulation is achieved through
stabilization or destabilization of the enzyme tetramer. PKM2 is activated by the upstream glycolytic intermediate FBP. It can also be activated by a number of unique
allosteric effectors including serine and SAICAR. PKM2 activity can be inhibited by a number of endogenous inhibitors and cellular signaling events including alanine, ATP, and
the thyroid hormone T3. In addition, PKM2 activity is inhibited by phospho-tyrosine-mediated release of FBP. Other post-translational modifications that inhibit PKM2 activity

include acetylation and oxidation.

decreased PKM2 activity could lead to a feedback loop where PKM2
is activated in response to increased serine concentrations.
However, increased flux of glucose through the serine biosynthesis
pathway does not necessarily imply increased dependency on serine
production. In cell lines in which the serine biosynthesis pathway
enzyme PHGDH is amplified, knockdown of PHGDH led to impaired
proliferation that could not be rescued by serine supplementation
[60]. Although this observation is likely a consequence of the speci-
fic genetic context of the tested cancer cell lines, it highlights the
potential and perhaps underappreciated importance of the interme-
diates generated by flux through a metabolic pathway as opposed to
the end-product metabolite of a pathway. Furthermore, the potential
link between PKM2 enzymatic activity and serine biosynthesis
underscores the interconnectedness of the metabolic network and
how changes in a single node in a pathway can redistribute meta-
bolic flux.

A comparison of the metabolic consequences of increased PKM2
enzymatic activity elicited by small molecular activators, to those
elicited by forced expression of PKM1 points to the possibility that
cells can adapt to the metabolic parameters imposed by chronic acti-
vation of PK enzymatic activity. The development of small-molecule
activators of PKM2 as potential therapeutic drugs for the treatment
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of cancer was prompted by the observation that forced expression
of PKM1 in tumor cells leads to decreased tumor formation after
xenotransplantation [13,58]. In fact, treatment of cancer cells with
small-molecule activators mimics the consequences of forced PKM1
expression with respect to xenotransplantation. Furthermore,
decreased incorporation of glucose-derived carbons into lipids has
been observed in both settings, implying a decrease in some biosyn-
thetic pathways. The acute PK enzymatic activation induced by
small-molecule activators, however, has been shown to differ from
the chronic PK activation that results from forced expression of
PKM1. Decreased levels of intracellular ACoA, ribose phosphate,
and serine were observed in the context of small-molecule PK acti-
vation but not in response to forced expression of PKM1 [46]. In
fact, forced PKM1 expression may provoke compensatory metabolic
adaptations that the transient activation of PKM2 through small-
molecule activators does not.

The notion that PKM2 expression is permissive to the metabolic
requirements of proliferation is an enticing one that might explain
the almost universal expression of PKM2 in rapidly proliferating
cells. In addition, the fact that PKM2 enzymatic activity can be
inhibited through endogenous mechanisms argues that the selection
for PKM2 in proliferating cells confers metabolic flexibility by

© 2016 The Authors
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allowing PK enzymatic activity to be turned on or off in response to
the environment. Expression of PKMI1, on the other hand, likely
renders cells less responsive to intercellular cues pertaining to
energy state, nutrient availability, and growth. Given that the ability
to respond to dynamic energy states is important for any cell type
regardless of its proliferative state [65], it is likely that metabolic
flexibility in PKM1 expressing cells is conferred at a different node
in the metabolic network.

Non-canonical functions of PKM2

In addition to its established role in metabolism, alternative non-
metabolic functions of PKM2 in tumor cells and other proliferating
cells have been reported. PKM2 has been suggested to regulate gene
expression by acting both as a protein transactivator along with
Hiflo and B-catenin [66-69], and as a protein kinase [53,70,71]. The
studies of PKM2 acting as a protein kinase propose that, following
translocation into the nucleus, PKM2 can use its metabolic substrate
PEP as a phosphate donor for phosphorylation of a long list of target
proteins that includes, Stat3 [71], histone H3 [69], myosin light
chain 2 (MLC2) [72], Bub3 [73], and ERK1/2 [53]. While each of
these studies argued that the reported non-canonical functions of
PKM2 were important for tumor proliferation, recent evidence from
mouse models in which genetic ablation of PKM2 did not abrogate
tumor growth, argues that the requirement for PKM2 function, meta-
bolic or not, might be context-dependent [14,74,75]. The phenotype
of the PKM2 germline knockout mouse further calls into question
the significance of non-metabolic PKM2 functions for either normal
or malignant cell proliferation [14]. Furthermore, a recent study was
unable to find evidence that PKM2 acts as a PEP-dependent protein
kinase and suggested that contaminating ATP-dependent protein
kinases and ADP might be responsible for the previously reported
PEP-dependent phosphorylation events attributed to PKM2 [76].

Recent advances in PKM2 biology
Although there are clear lines of evidence to suggest that PKM2
expression is beneficial to the metabolic state of a proliferating cell,
recent advances in the study of PKM2 have revealed a more complex
relationship between PKM2 and proliferation and PKM2 and cancer
than previously appreciated. The most surprising results have come
from the use of a Pkm2 conditional allele (Pkm2™) that allows for
Cre-mediated deletion of the PKM2-specific exon 10 [74]. Impor-
tantly, this Pkm2" allele does not abrogate expression of PKM1 and,
as a result, deletion of PKM2 in this context allows for a switch in
isoform expression as opposed to complete loss of the PKM protein.
The first use of this allele was reported in 2013 when the Pkm2"
allele was crossed to a Cre-driven autochthonous mouse model of
breast cancer and it was found that deletion of PKM2 concomitant
with tumor initiation accelerated tumor development. Interestingly,
PKM2-deleted breast tumors showed heterogeneous expression of
PKM1; while PKM1 was expressed in non-proliferating tumor cells,
the proliferating tumor cells showed low or undetectable levels of
PKM [74]. While unexpected because they showed that PKM2 itself
was not required for tumor growth in this model, these results are
in line with the hypothesis that PKM1 expression is selected against
in proliferating tumor cells. Similarly, when the Pkm2" allele was
crossed to a leukemia model, PKM2 deletion concomitant with
tumor initiation led to uniform expression of PKM1 across tumor
cells and limited tumor progression [75]. Further evidence to suggest
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that PKM1 is detrimental to proliferating cells is provided by the
study of primary cells derived from Rosa26°EX, Pkm2"" embryos.
Acute deletion of PKM2 in primary cells resulted in forced expression
of endogenous PKM1, which led to decreased de novo nucleotide
biosynthesis and proliferative arrest [77]. Notably, primary untrans-
formed MEFs derived from embryos harboring a germline null allele
of PKM2 (Pkm2~) do not show any defects in proliferation (T.L.
Dayton, unpublished observation), suggesting that the cellular
response to acute as opposed to chronic absence of PKM2 is different.

This idea that acute loss of PKM2 differs from chronic absence of
PKM2 might be one way to make sense of the recent observation
that germline loss of PKM2 is compatible with normal embryonic
development and adult organismic viability [14]. Because there is a
reduction in the levels of total PKM transcripts in Pkm2~/~ tissues
that normally express PKM2, and because Pkm2 /" tissues display
lower PK enzymatic activity than wild-type (WT) tissues, it is possi-
ble that the regulation of PK enzymatic activity that would normally
be conferred through endogenous activators and inhibitors of the
protein is, in the case of Pkm2™/~ tissues, conferred through
changes in the levels of total Pkm expression.

Because PKM2 is not required for tumor formation in mouse
models and is not required for embryonic development or viability
of adult mice, the question arises, is there any requirement for
PKM2 over PKM12 The analysis of Pkm2™/~ mice has started to
answer this question but has also led to new questions. Unexpect-
edly, Pkm2~/~ mice develop late-onset spontaneous hepatocellular
carcinomas (HCC) accompanied by a progressive metabolic imbal-
ance that becomes more pronounced with age and is associated with
increased hepatocyte proliferation. Pkm2~/~ mice were also shown
to be more sensitive to the effects of a high-fat diet [14]. Thus, while
PKM?2 is not required for development or overall viability, it does
appear to play a key role in maintaining systemic metabolism and to
the systemic response to metabolic stress associated with aging or a
high-fat diet.

It remains less clear how PKM2 expression might be contributing
to other proliferative systems such as the immune system, where
PKM?2 is the primary isoform expressed, or adult stem cells, where
in many cases, the exact PKM expression patterns have not been
fully established. Because the progenitor and stem cell populations
of the hematopoietic system are well defined, this proliferative
system presents an interesting context for the study of PKM2. Condi-
tional deletion of PKM2 in the hematopoietic system did not signifi-
cantly affect hematopoiesis under homeostatic conditions, a finding
supported by the lack of any overt hematopoietic deficiencies in
Pkm2~/~ mice. Nonetheless, progenitor populations of Pkm2~/~
bone marrow displayed a competitive disadvantage following trans-
plantation when compared to WT bone marrow [75], arguing that
PKM2 might be required by hematopoietic progenitors under condi-
tions of stress. Similarly, studies of PKM2 in different immune cell
populations suggest that Pkm isoform selection plays a role in medi-
ating the immune system response to triggers such as LPS and IL-23
[78,79].

Summary

The study of PKM2 has contributed insight into the metabolic
requirements of proliferating cells, and how changes in a single
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Sidebar A: In need of answers

() How does Pkm isoform selection (PKM2 versus PKM1) in normal
adult tissue regulate systemic metabolism or the systemic response
to metabolic stress?

(i) How does decreased pyruvate kinase activity promote increased
flux through pathways downstream of pyruvate kinase?

(iii) Will chronic long-term treatment with PK activators mimic the
consequences of germline loss of PKM2?

(iv) Is there a tumor or normal tissue context where PKM2 is
required?

(v) Is there a cellular sensor of PK enzymatic activity that allows for
regulation at the levels of both Pkm gene expression and post-
translational modification?

(vi) What is the role of PKM1 in normal adult tissue?

node can alter metabolic flux. These studies have also highlighted
both the complexity of the metabolic network itself and the diverse
mechanisms by which that network can be regulated or altered in
different cellular contexts. The expression of PKM2 in cancer and
other rapidly proliferating cells led to a focus on the role of PKM2 in
mediating proliferative metabolism. Work showing that engineering
cancer cells to express PKM1 in place of PKM2 impaired tumor
formation further sparked interest in PKM2 as a potential therapeu-
tic target for cancer treatment [13]. However, subsequent work
suggested this phenotype might be better explained by selection
against PKM1, and the widespread expression of PKM2 in normal
adult tissues implies PKM2 can play a role in cells other than
supporting proliferation. Furthermore, the distinct cell-type-specific
expression patterns of each the four PK isoforms, as well as their
unique regulatory effectors, suggest non-redundant functions of one
isoform versus the other. The recent findings that PKM2 is dispens-
able for breast tumor formation and leukemogenesis in autochtho-
nous mouse models together with the observation that germline loss
of PKM2 is compatible with embryonic development and organismic
viability underscore the potential for metabolic adaptability in
response to a switch in PK isoform expression patterns [14,74,75].
Nonetheless, two key observations: the limited progression of PKM2
null leukemias and spontaneous tumor formation in PKM2 null
mice, suggest limitations to this metabolic adaptability and under-
score how much we have yet to learn about PKM2 and the regulation
of glucose metabolism. Importantly, these most recent findings
paint a more complicated picture of the role played by PKM2
in proliferative and cancer metabolism than was suggested by
earlier studies.
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