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Identification of small molecule inhibitors of pyruvate kinase M2
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A B S T R A C T

A common feature of tumors arising from diverse tissue types is a reliance on aerobic glycolysis for

glucose metabolism. This metabolic difference between cancer cells and normal cells could be exploited

for therapeutic benefit in patients. Cancer cells universally express the M2 isoform of the glycolytic

enzyme pyruvate kinase (PKM2), and previous work has demonstrated that PKM2 expression is

necessary for aerobic glycolysis and cell proliferation in vivo. Because most normal tissues express an

isoform of pyruvate kinase other than PKM2, selective targeting of PKM2 provides an opportunity to

target cell metabolism for cancer therapy. PKM2 has an identical catalytic site as the related M1 splice

variant (PKM1). However, isoform selective inhibition is possible as PKM2 contains a unique region for

allosteric regulation. We have screened a library of greater than 1,00,000 small molecules to identify

such inhibitors. The inhibitors identified for PKM2 fell primarily into three distinct structural classes. The

most potent PKM2 inhibitor resulted in decreased glycolysis and increased cell death following loss of

growth factor signaling. At least part of this effect was due to on-target PKM2 inhibition as less cell death

was observed in cells engineered to express PKM1. These data suggest that isoform selective inhibition of

PKM2 with small molecules is feasible and support the hypothesis that inhibition of glucose metabolism

in cancer cells is a viable strategy to treat human malignancy.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

One of the first distinctions noted between cancer tissues and
normal tissues was a difference in metabolism [1,2]. Cancer cells,
unlike their normal counterparts, metabolize glucose by aerobic
glycolysis. This phenomenon, known as the Warburg effect, is
characterized by increased glycolysis with lactate production and
decreased oxidative phosphorylation [3,4]. The propensity for
tumor cells to rely on increased glucose uptake which accompanies
the Warburg effect has been exploited for diagnostic purposes and
forms the basis of 18F-deoxyglucose positron emission tomography
(FDG-PET) as a tool for detecting and staging malignancy [2,4].
However, although this observation was made over 90 years ago,
the fundamental difference in cellular metabolism exhibited by
cancer cells has not yet been exploited for therapeutic benefit [5].
Abbreviations: PK, pyruvate kinase; FDG-PET, 18F-deoxyglucose positron emission

tomography; FBP, fructose-1,6-bisphosphate; PEP, phosphoenolpyruvate; LDH,

lactate dehydrogenase.
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Achieving specificity has been a challenge for targeting cell
metabolism. All cells rely on intermediary metabolism for their
survival, and glucose is a major source of energy for many cell types
in humans. This raises the possibility that using a small molecule to
interfere with glucose metabolism would have a detrimental effect
on both cancer and normal tissues. However, cancer cells have
distinct metabolic needs that are required for proliferation and
there is growing evidence that the genetic alterations that drive
malignancy also cause cells to become addicted to high levels of
flux through specific metabolic pathways [4,6]. The metabolism of
glucose via aerobic glycolysis may be a consequence of selection
for cells that reprogram glucose metabolism to meet the distinct
metabolic needs of cell proliferation [4].

An important determinant of how glucose is metabolized in
cells depends on the glycolytic enzyme pyruvate kinase [7,8].
Pyruvate kinase has four isoforms in mammalian cells encoded by
two separate genes [9]. The L gene is alternatively spliced to
produce the L and R isoforms of pyruvate kinase, which are
expressed exclusively in the liver and red blood cells, respectively
[10]. The M gene is alternatively spliced by mutual exclusion of a
single exon to generate either the M1 or M2 isoform of pyruvate
kinase [11]. Most tissues in the adult animal express pyruvate
kinase M1 (PKM1), while pyruvate kinase M2 (PKM2) is expressed
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during embryonic development [7,12,13]. Tumor cells, including
those tumors derived from tissues that normally express PKL or
PKR, express exclusively PKM2 [12,13]. Knockdown of PKM2 using
RNA interference significantly impairs cell growth in tissue culture,
inhibition of PKM2 with peptide aptamers inhibits cell prolifera-
tion, and PKM2 expression is necessary for both aerobic glycolysis
and tumor growth in vivo [7,14]. Furthermore, PKM2 selection for
tumor growth in vivo suggests that reversion to another isoform of
pyruvate kinase might be incompatible with cell proliferation in
the setting of an established tumor. These observations identify
PKM2 as an attractive target for disruption of aerobic glycolysis in
tumors.

One potential challenge for identifying a small molecule that
selectively inhibits PKM2 is the similarity between PKM2 and the
other isoforms of pyruvate kinase. PKM2 and PKM1 are identical in
size and differ only in the 56 amino acid region encoded by the
alternatively spliced exon [13]. In comparison to PKM1, PKL and
PKR are less similar to PKM2, but still exhibit significant sequence
conservation. The unique portion of PKM2 encoded by the
alternatively spliced exon does not contribute to the active site
of the enzyme, but rather allows PKM2, but not PKM1, to be
allosterically activated by the upstream glycolytic intermediate,
fructose-1,6-bisphosphate (FBP) [13]. The unique region of PKM2
also allows for enzymatic regulation by interaction with tyrosine-
phosphorylated proteins [15]. Targeting the allosteric site of PKM2
may allow for isoform selective small molecule inhibitors of
pyruvate kinase.

Here we describe a screen designed to identify inhibitors with
selectivity for PKM2 over PKM1. This screen identified three classes
of molecules that inhibit PKM2 with minimal effect on PKM1.
These molecules can mimic some aspects of PKM2 knockdown
using RNAi, including inhibition of glycolysis. These data demon-
strate that selective targeting of PKM2 with a drug-like molecule is
possible and suggest that efforts to target PKM2 may yield
compounds suitable for targeting cancer metabolism for cancer
therapy.

2. Materials and methods

2.1. Purification of recombinant pyruvate kinase isoforms

The human cDNA for PKM2, PKM1 and PKL were cloned into
pET28a with a N-terminal 6�-His tag and purified from E. coli using
Ni-Agarose beads (Qiagen) as described previously [15]. Briefly, E.

coli grown to an OD(600 nm) of 0.7 were induced with 0.5 mM
IPTG at room temperature for 6 h. Cells were collected and lysed by
freeze/thaw cycles and sonication. Lysate was passed over an Ni-
NTA agarose column and pyruvate kinase eluted with 250 mM
imidazole in 1 ml fractions. Fractions with high concentration of
pyruvate kinase were determined using SDS-PAGE and coomassie
staining according to standard protocol.

2.2. Characterization of enzyme activity

Phosphoenolpyruvate (PEP), ADP, fructose-1,6-bisphosphate
(FBP), lactate dehydrogenase, DDT, glycerol, and NADH were
purchased from Sigma–Aldrich (St Louis, MO). To assess
pyruvate kinase activity, a reaction mixture containing 8 units
of LDH with NADH, ADP, and PEP at the indicated concentrations
was added to purified pyruvate kinase in the presence or
absence of FBP. The reaction buffer contained 100 mM KCl,
50 mM Tris pH 7.5, 10 mM MgCl2, 1 mM DTT, and 5% glycerol. To
assess activity in cell lysates, cells were treated with compound
for the indicated time and lysed in NP40 lysis buffer
immediately before measuring pyruvate kinase activity as
described previously [15].
2.3. Compound library

The compound library consisted of 1,07,360 small molecules,
including compounds approved by the Food and Drug Adminis-
tration (FDA), a purified natural products library, compounds
purchased from Peakdale (High Peak, UK), Maybridge plc.
(Cornwall, UK), Cerep (Paris, France), Bionet Research Ltd.
(Cornwall, UK), Prestwick (Ilkirch, France), Specs and Biospecs
(CP Rijswijk, The Netherlands), ENAMINE (Kiev, Ukraine), Life
Chemicals, Inc. (Burlington, Canada), MicroSource Diversity
System’s NINDS custom collection (Gaylordsville, CT) and
ChemDiv (San Diego, CA), and from various academic institutions.
Compounds were selected from the different vendors by applying
a series of filters, including clog P and predicted solubility. All of
the small molecules in the library generally adhere to Lipinski’s
rules (i.e. molecular weight < 500, H-bond donors � 5, H-bond
acceptors � 10 and log P < 5), contain a low proportion of known
toxicophores (i.e. Michael acceptors and alkylating agents) and
unwanted functionalities (i.e. imines, thiols, and quaternary
amines), and have been optimized for maximization of molecular
diversity.

2.4. Primary screening assay

A CRS CataLyst Express robotic arm (Thermo Fisher Scientific,
Waltham, MA), a mFill microplate dispenser (BioTek/Labtech
International LTD, Ringmer, East Sussex, UK) and a Cybi-well
384 channel simultaneous pipettor (CyBio AG, Jena, Germany)
were used to carry out the high-throughput screening of the small
molecule library. PKM2 reactions were performed in 50 mM Tris,
pH 7.5, 1 mM DTT, 0.02% Brij-35 and 5% glycerol using Costar black
384 assay plates (Corning Inc. Corning, NY). In the final HTS
conditions, 5 pg recombinant PKM2, 125 mM FBP and 1.25 mM PEP
(final concentration at 0.5 mM) in a volume of 10 ml kinase buffer
were added to the assay plate containing 0.4 ml of 1.67 mM
compound (final concentration 27 mM) and pre-incubated for
25 min. The reaction was initiated by addition of 15 ml of 1 mM
ADP (final concentration at 0.6 mM), 400 mM NADH, and 2 units of
lactate dehydrogenase per reaction. The reaction was incubated for
20 min at room temperature. Then the NADH amount was
measured using a PHERAstar HTS microplate reader (BMG Labtech,
Offenberg, Germany) with 340 nm excitation and 460 nm emis-
sions. PKM2 activity for each well was calculated by following
formula: percent inhibition (I%) = (reading � AVElow control)/(AVE-

high control � AVElow control) � 100, in which AVEhigh control is the
average reading of 16 wells of high control (no enzyme) and AVElow

control is the average reading of 16 wells of low control (no
compound with enzyme).

2.5. Confirmation and counter screening assays

All primary hits with >50% inhibition were searched for their
background fluorescent signals using previous experimental data
stored in our internal database. Any compounds with >5 fold
increase in fluorescence over normal background fluorescence
were eliminated. The remaining potential small molecule inhibi-
tors were confirmed manually in the same 384-well assay plate
under the same assay conditions as the primary screening. Time
dependent values of fluorescence were measured at 60 s intervals
for 60 min as described above for each compound. Two concen-
trations (27 and 10 mM) for each compound were tested for
confirmation.

An ATP luminescence assay was used to eliminate potential
lactate dehydrogenase inhibitors. 5 pg PKM2, 125 mM FBP and
1.25 mM PEP (final concentration at 0.5 mM) in a volume of 10 ml
kinase buffer were added to the assay plate containing compound



Fig. 1. Schematic representation of the assays used to measure pyruvate kinase

activity. The pyruvate kinase (PK) reaction can be coupled to the faster lactate

dehydrogenase (LDH) reaction, and pyruvate kinase activity followed by measuring

a decrease in NADH fluorescence. Alternatively, ATP produced by the pyruvate

kinase reaction can be measured by luminescence produced during the ATP-

dependent firefly luciferase reaction.
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at different concentrations and pre-incubated for 25 min, then the
reaction was initiated by addition of 15 ml of 1 mM ADP (final
concentration at 0.6 mM). The reaction was incubated for 20 min
at room temperature. 5 ml of ATP detection reagent (Promega
(Madison, WI)) was added to the well and luminescence signal
measured using a PHERAstar HTS microplate reader.

All the confirmed hits were then tested against recombinant
PKM1 under the same conditions.

2.6. IC50 determinations

For the most promising compounds, IC50 values were
determined using the same 384-well assay plate under the
same assay conditions as the primary screening. Time dependent
values of fluorescence were measured at 60 s intervals for 60 min
as described above for each compound. Each compound was
assayed in triplicate for each inhibitor concentration. The
inhibition for each well was calculated by the following formula:
percent inhibition (I%) = (Slope of well � Slope of AVElow control)/
(Slope of AVEhigh control � Slope of AVElow control) � 100, in which
Slope of AVEhigh control is the average slopes of 16 wells of high
control (no enzyme) and Slope of AVElow control is the average
slopes of 16 wells of low control (no compound with enzyme).
IC50 values were determined by fitting measurements of percent
inhibition (I%) to a sigmoidal dose–response curve using Prism
software.

2.7. Testing of related available compounds

All compounds were tested for activity against fresh recombi-
nant PKM2, PKM1 and PKL protein as indicated using the NADH-
coupled assay described above. Compounds 1–3 were purchased
from ChemDiv (San Diego, CA). Compound 3 was also indepen-
dently obtained as a gift from Agios Pharmaceticals. Compounds
shown in Supplementary Fig. 5 were purchased from ChemDiv or
ChemBridge (San Diego, CA). Additional thiazolidinediones tested
included Pioglitazone obtained from Sigma (St. Louis, MO), and
several Compound 2 analogs available from ChemDiv and Chem-
Bridge (San Diego, CA).

2.8. Cell lines and cell culture experiments

H1299 and HCC827 cells were grown in RPMI supplemented
with 10% FCS using standard tissue culture conditions. H1299 cells
were engineered to express mouse PKM1 or mouse PKM2 as
described previously [7]. Knockdown of endogenous PKM2 was
confirmed by Western blot using a commercially available anti-PK
antibody (Abcam). FL5.12 cells were grown in RPMI supplemented
with 10% FCS and 0.35 ng/ml of recombinant mouse IL-3 as
described previously [16]. For IL-3 withdrawal, cells were washed
3 times in RPMI and cultured in the original media minus IL-3. Cell
viability was measured by PI exclusion using flow cytometry as
described previously at the indicated time following drug
treatment and/or IL-3 withdrawal [16].

2.9. Measurement of glycolysis

The rate of glucose metabolism by glycolysis was measured by
following conversion of 5-3H-glucose to 3H2O as described
previously [16]. Briefly, cells were washed with PBS prior to
incubation in Krebs buffer without glucose for 30 min at 378. The
buffer was then replaced with Krebs buffer containing 10 mCi
5-3H-glucose in the presence of 10 mM cold glucose and cells
incubated for 1 h at 378. Samples of media were then transferred to
tubes containing 0.2N HCl and the amount of 3H2O generated was
determined by diffusion.
3. Results

Pyruvate kinase catalyzes the transfer of phosphate from
phosphoenolpyruvate (PEP) to adenosine-50-diphosphate (ADP),
generating pyruvate and adenosine-50-triphosphate (ATP). Pyru-
vate kinase activity can be measured via coupled assays to detect
production of either pyruvate or ATP (Fig. 1). Pyruvate generation
can be monitored kinetically by coupling the pyruvate kinase
reaction to the lactate dehydrogenase (LDH) reaction. LDH oxidizes
NADH to NAD+ while reducing pyruvate to lactate. Because the
reaction catalyzed by LDH is more efficient than the PK reaction,
the rate of NADH fluorescence loss corresponds to PK activity.

To generate PKM2 enzyme suitable for inhibitor screening, N-
terminal 6-His tagged human PKM2 was produced in E. coli and
purified using Ni-affinity chromatography (Fig. 2A). Kinetic
characterization of rPKM2 generated was in general agreement
with published values. rPKM2 demonstrated robust activation by
FBP (Fig. 2B). Given that FBP has a slow off rate from PKM2 and does
not activate according to classic Michaelis–Menton kinetics [15], a
precise Ka was not determined. However FBP activated PKM2 in the
mM range as expected from previously published studies [17], and
FBP decreased the Km of PKM2 for PEP (Fig. 2C). The Km for both ADP
and PEP of the rPKM2 used for screening were consistent with
published values in the range of 100 mM (Fig. 2D and E) [17].

To identify inhibitors of PKM2, the LDH-coupled kinetic assay
was adapted to 384 well format for high-throughput screening
(HTS). We modified the assay buffer conditions such that the
enzyme retained activity even at room temperature for 2 h, which
is the time period needed to facilitate HTS (Supplementary Fig. 1).
The screen was carried out in the presence of 125 mM FBP, which
was sufficient to completely activate the enzyme at the beginning
of the reaction. Reproducible results were observed between plates
included in a pilot screen and the same plates included in the HTS
(Supplementary Fig. 2). The Z0-factor ranged from 0.6 to 1.0 for all
the plates screened (Fig. 3A). Of the 1,07,360 compounds included
in the HTS, approximately 7.4% of the compounds scored as greater
than 50% inhibition (Table 1). These included many compounds
which were subsequently excluded from further study because of
high background fluorescent signal. 515 remaining compounds
were cherry picked and retested. 41.5% scored as positive upon
retesting at 30 mM compound concentration with 17.8% of those
scoring positive at a compound concentration of 10 mM.

To identify selective inhibitors of PKM2, we next screened those
compounds that demonstrated confirmed activity against PKM2 for
activity against PKM1. Recombinant PKM1 was generated in
bacteria and exhibited a high specific activity that was insensitive
to FBP (Supplementary Fig. 3A and B). 59.8% of the confirmed hits
against PKM2 at 30 mM compound concentration also demonstrat-
ed significant inhibition of PKM1 (Table 1). However, compounds
were identified which exhibited selective, dose-dependent inhibi-
tion of PKM2 with less inhibition of PKM1 (Fig. 3B).



Fig. 2. Characterization of recombinant PKM2. (A) PKM2 was expressed and purified from E. coli. A coomassie stained SDS-PAGE gel of the purified PKM2 fractions used for

subsequent assays is shown. (B) Activity of PKM2 protein was assessed by following loss of NADH fluorescence in an LDH-coupled assay. PKM2 enzyme activity in the absence

or presence of 50 mM FBP is shown. (C). Lineweaver–Burk plot of enzyme velocity measured for PKM2 at various concentrations of PEP in the presence or absence of 50 mM

FBP as shown. (D) Enzyme velocity is plotted at various concentrations of ADP as shown. (E) Enzyme velocity is plotted at various concentrations of PEP as shown.
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Given the assay used to identify inhibitors was coupled to LDH,
it is possible that compounds with activity against LDH could score
as hits in the screen. These compounds would not be expected to
score as specific inhibitors of PKM2 because LDH is used for both
the PKM2 and PKM1 assays; however, to further eliminate this
possibility a luminescent end-point assay to measure ATP
production was used (Fig. 1). Using this assay, compounds
Fig. 3. A screen for small molecule inhibitors identified compounds selective for PKM2.

representative small molecules identified in the HTS as PKM2 selective inhibitors on PKM

from Compound 1 and Compound 2 as labeled (see Fig. 4). Differences in NADH scale sh

inherent differences in specific activity of the two enzymes.
identified as selective PKM2 inhibitors were tested for the ability
to inhibit PKM2- or PKM1-dependent ATP production (Supple-
mentary Fig. 3C). The majority of compounds tested demonstrated
selective PKM2 inhibition by this assay.

46% of the compounds with selective activity against PKM2 at
10 mM fell into three distinct structural classes. The most potent
inhibitors in each class are shown in Fig. 4. Compound 1 is a
(A) The Z0-factor for each plate in the HTS is plotted as shown. (B) The effect of two

2 and PKM1 activity using the LDH-coupled assay is shown. The data presented are

own for PKM1 and PKM2 assays reflect optimization of the assay to compensate for



Table 1
HTS results for PKM2.

Total compound screened 1,07,360

PKM2 Inhibition>50% 5661a

PKM2 Inhibition>60% and <120% 2334b

Non-fluorescent inhibitors 519c

Compounds retested 515

Confirmed hits at 30 mM 214

Confirmed hits at 10 mM 92

Confirmed hits also hit PKM1 at 30 mM 128

Confirmed hits also hit PKM1 at 10 mM 18

PKM2 specific inhibitors at 10 mM 74

a Includes many fluorescent compounds.
b Includes many fluorescence compounds.
c Eliminate compounds with >5 fold above background fluorescent signal.
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thiazolidinedione. Several thiazolidinediones scored as hits in the
HTS, and many thiazolidinedione-like compounds are commer-
cially available. However we were unable to identify a more potent
inhibitor of PKM2 either in terms of IC50 or % inhibition (not
shown). Compound 2 is a dye derivative and was insoluble in
aqueous solution even at low mM concentrations. This insolubility
made calculation of a precise IC50 impossible and inhibited further
characterization of Compound 2. Compound 3 demonstrated the
lowest IC50 among the compounds identified from the screen and
was selected for further studies.

Two other compounds related to Compound 3 also demon-
strated greater than 60% inhibition of enzyme activity (Supple-
mentary Fig. 4). Neither compound demonstrated increased
potency or selectivity for PKM2 when compared with Compound
3. Several commercially available analogues of Compound 3 were
also obtained and tested for activity against PKM2. All of these
compounds proved to be inactive as PKM2 inhibitors.
Fig. 4. Three distinct structural classes of small molecules were identified that exhibit sel

judged by both IC50 and % inhibition in each class is shown. The IC50 against PKM2 as w

compound. The standard error of the mean from three independent determinations o

determined (n.d.).

Fig. 5. Compound 3 inhibits PKM2 and PKL activity. (A) Independently obtained Compoun

concentrations as shown. (B) The inhibition of PKM2, PKM1 and PKL activity by 50 mM
To confirm that Compound 3 and not a contaminant present in
the library used for HTS was responsible for PKM2 inhibition,
Compound 3 was obtained from two independent sources and
retested using the LDH-coupled kinetic assay. Compound 3 from
both sources demonstrated inhibition of PKM2 with an IC50 in the
50 mM range (Fig. 5A, not shown).While this value was slightly
higher than that obtained from the screening compound, the
selectivity of Compound 3 for PKM2 over PKM1 was confirmed
(Fig. 5B). At least some of the variability in activity could be
accounted for by assay configuration as the concentration of PKM2
influences maximal enzyme activity presumably via affecting
amounts of highly active tetramer [14]. Compound 3 was also
tested for an ability to inhibit PKL. Compound 3 was found to
inhibit PKL with similar potency to PKM2 (Fig. 5B). Analogous to
Compound 3, Compound 1 was also found to inhibit PKL to a
similar degree as PKM2 (Supplementary Fig. 5).

To test the effects of PKM2 inhibition on cancer cells, Compound
3 was added to H1299 human lung cancer cells. H1299 cells are
known to express PKM2 as their only pyruvate kinase isoform [7].
Consistent with an IC50 of 10–50 mM, high mM concentrations of
Compound 3 were required to impact cellular glucose utilization or
cell proliferation. Overnight treatment of H1299 cells with 100 mM
of Compound 3 resulted in a 18.5% (�3.5% (SEM)) decrease in
glycolysis. For comparison, a 57.7% (�5.5% (SEM)) decrease in
glycolysis is observed upon RNA interference mediated knockdown
of PKM2 to levels that result in inhibition of cell proliferation [7].
Consequently, greater than 100 mM of Compound 3 is needed for
cytotoxicity (Fig. 6A).

To determine if pyruvate kinase inhibition was observed in cells
at the concentrations needed for cytotoxicity, the activity of
pyruvate kinase in cell lysates was measured following treatment
with 250 mM Compound 3 or vehicle control. 250 mM Compound 3
ective inhibition of PKM2 over PKM1. The structure of the most potent compound as

ell as the percent inhibition of both PKM2 and PKM1 at 30 mM are shown for each

f percent inhibition is shown in parentheses. The IC50 for Compound 2 was not

d 3 was retested for inhibition of PKM2 activity in the LDH-coupled assay at various

of Compound 3 is shown.



Fig. 6. Compound 3 inhibits PKM2 and is toxic to cells in culture. (A) Viability of H1299 cells was assessed by propidium iodide exclusion using flow cytometry after 2 days of

treatment with Compound 3 at the indicated concentration (solid diamonds) or DMSO control (open square) as shown. The Compound 3 used for in vivo experiments was

independently purchased and not obtained from the screening library. (B) H1299 cells were treated for 6 h with DMSO (Ctrl) or 250 mM Compound 3 prior to lysis. The

pyruvate kinase activity in the lysates was assessed by following loss of NADH fluorescence in the LDH-coupled assay in the presence or absence of exogenously added FBP

(125 mM) as shown. (C) H1299 cells engineered to express either PKM1 or PKM2 were treated with DMSO (Ctrl) or 250 mM Compound 3 for 36 h and viability assessed by

propidium iodide exclusion and flow cytometry. The increased cell death observed in PKM2-expressing cells compared with PKM1-expressing cells in the presence of

Compound 3 was statistically significant by Student’s t-test (p < 0.05). (D) Viability of IL-3-dependent FL5.12 cells was assessed by propidium iodide exclusion using flow

cytometry. Viability was assessed following treatment with Compound 3 at the indicated concentration in the presence or absence of IL-3 for 20 h as shown. The effect of

vehicle only (DMSO) is plotted as an open square on the Y axis. (E) Viability of HCC827 cells was assessed by propidium iodide exclusion using flow cytometry. Viability was

assessed after 2 days of treatment with Compound 3 at the indicated concentration in the presence or absence of 1 mM of the EGFR inhibitor Gefitinib (EGFRi) as shown.
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was the lowest concentration where a significant decrease in
viability was observed after 2 days (Fig. 6A). No difference in
viability was apparent after 6 h of drug treatment; however lysates
from Compound 3 treated cells had significantly less pyruvate
kinase activity (Fig. 6B). In addition, treatment of cells with
Compound 3 prevented the ability of exogenous FBP to activate
pyruvate kinase in the lysates. These data are consistent with
Compound 3 inhibiting pyruvate kinase activity in cells at
concentrations where cytotoxicity is seen.

Despite the correlation between PKM2 inhibition in lysates and
cytotoxicity, it is possible that the toxicity results from an off target
effect of Compound 3. To evaluate this possibility, we generated
PKM1-expressing cell by expressing the highly conserved mouse
versions of PKM1 or PKM2, and then subjecting those cells to
shRNA-mediated knockdown of the endogenous pyruvate kinase
(Supplementary Fig. 6, [7]). PKM1 has a higher IC50 for Compound
3 than PKM2, so PKM1-expressing cells should be less susceptible
to toxicity mediated by on-target pyruvate kinase inhibition.
Thirty-six hour exposure to Compound 3 resulted in increased cell
death in the PKM2-expressing cells compared with the PKM1-
expressing cells (Fig. 6C). These data show that inhibition of PKM2
activity is responsible for at least a portion of the cytotoxicity
caused by Compound 3, and suggest that a window for selective
inhibition of PKM2 can be achieved in cells. Growth factor
signaling has been shown to increase the rate of glucose utilization,
and cell death following growth factor withdrawal correlates with
decreases in glycolysis [16]. To test if inhibition of glycolysis can
sensitize cells to growth factor withdrawal, we used the FL5.12
hematopoetic cell line, which is dependent on the growth factor IL-
3 for survival. Addition of Compound 3 to FL5.12 cells increased the
amount of cell death observed at 20 h following growth factor
withdrawal (Fig. 6D). To test if PKM2 inhibition can increase cell
death following inhibition of growth factor signaling in cancer
cells, we utilized HCC827 lung cancer cells that carry a mutation in
EGFR and are sensitive to the EGFR tyrosine kinase inhibitor
Gefitinib [18]. Similar to results observed in FL5.12 cells, cell death
from Compound 3 was increased in the presence of Gefitinib
(Fig. 6E). These data suggest that PKM2 inhibition might have a role
in cancer therapy even in the absence of full inhibition of
glycolysis.

4. Discussion

Identification of targets that provide a sufficient therapeutic
window to selectively target glucose metabolism in cancer cells
has been a major hurdle to the development of drugs to exploit
cancer cell metabolism. PKM2 is such a metabolic target; however
its similarity to PKM1 raised questions as to whether specific
targeting was feasible. Here we demonstrate that selective
inhibition of PKM2 with a small molecule, at least in relation to
PKM1, is possible. The unique portion of PKM2 allows for
interaction with FBP raising the possibility that the compounds
identified target the allosteric FBP binding site of PKM2. The
finding that PKM2 inhibition by Compound 3 in cell lysates is not
reversible by FBP further supports the possibility that Compound 3
interferes with the FBP activation of PKM2. PKL also binds FBP, and
the finding that both Compound 1 and Compound 3 inhibit PKL is
consistent with the hypothesis that these compounds target the
allosteric FBP binding site.

Like PKL and PKM2, PKR is also allosterically activated by FBP
[10,13]. PKR is a splice variant of PKL and contains the same FBP
binding site as PKL. Thus, it is likely that the molecules we
identified will also inhibit PKR. Inhibition of pyruvate kinase
activity in liver or red blood cells could present toxicity issues for
human cancer therapy. However, it is possible that additional
efforts could identify compounds that inhibit PKM2 but do not
inhibit PKL or PKR. The FBP binding property alone of PKM2 does
not appear to confer an advantage for tumor growth. Tumors
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arising from the liver and red blood cells (which normally express
PKL and PKR, respectively) also switch expression to PKM2 [12,13].
A unique property of PKM2 that distinguishes it from all other
isoforms of pyruvate kinase is the ability of PKM2 to be regulated
by binding to proteins that are phosphorylated on tyrosine in
response to cell growth signals [15]. This phosphotyrosine
interaction with PKM2 results in the release of FBP from the
protein suggesting that it may also involve the allosteric site [15].
This property of PKM2 to interact with phosphotyrosine-contain-
ing proteins could be leveraged to find molecules with relative
selectively for PKM2 over PKL and PKR as well as PKM1.

More potent inhibitors would be beneficial for consideration as
a cancer therapeutic. Using ATP production as an endpoint in
screening would avoid elimination of fluorescent compounds and
is one approach to screen for more potent inhibitors. RNA
interference experiments suggest that significant knockdown of
PKM2 expression is required to inhibit cell proliferation in culture
[7]. In addition, a large decrease in glycolysis in response to 2-
deoxyglucose is required for cell death [19,20]. Peptide aptamers
which selectively target PKM2 compared to PKM1, and promote
the low activity dimeric form of the enzyme, have been shown to
inhibit cell proliferation under conditions where glucose metabo-
lism is disrupted [8,14]. Therefore, enough PKM2 inhibition to
significantly decrease glycolysis will likely be required for
cytotoxicity as a single agent.

Partial inhibition of glucose metabolism may be a viable
strategy for cancer therapy even in the absence of inducing cell
death as a single agent. Other active anti-tumor drugs also
decrease glycolysis [21] and there is emerging data that metabolic
response to therapy as measured by FDG-PET is a more reliable
indicator of patient survival than decreased tumor size [22]. The
ability to inhibit glucose metabolism as assessed by FDG-PET
scanning is a powerful predictor of therapeutic efficacy across
many tumor types and anti-neoplastic agents [23]. The degree by
which glycolysis is inhibited appears to contribute to apoptosis
sensitivity in cell culture [16,21]. The ability of Gefitinib to induce
apoptosis in EGFR positive lung cancer correlates with the ability to
inhibit glucose utilization (MVH, JE, LCC unpublished). In support
of these findings, Compound 3 was more toxic to cells dependent
on mutant EGFR in the presence of an EGFR inhibitor. Inhibition of
glycolysis using a PKM2 inhibitor may synergize with other
therapeutic agents to increase cell death.

PKM2 remains an attractive target for cancer therapy. We
demonstrate that selective targeting of PKM2 with drug-like
molecules is feasible and suggest that inhibition of PKM2 could
be synergistic with other targeted therapies. These compounds will
provide an opportunity to explore targeting of cancer cell
metabolism. Development of more potent PKM2 inhibitors, as well
as the optimal strategy to use these molecules for cancer therapy
remains an exciting and active area of cancer drug development.
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