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ABSTRACT
Background: Skeletal muscle progenitor cells (MPCs) repair damaged muscle postinjury. Pyruvate kinase M2 (PKM2)

is a glycolytic enzyme (canonical activity) that can also interact with other proteins (noncanonical activity) to modify

diverse cellular processes. Recent evidence links PKM2 to MPC proliferation.

Objectives: This study aimed to understand cellular roles for PKM2 in MPCs and the necessity of PKM2 in MPCs for

muscle regeneration postinjury.

Methods: Cultured, proliferating MPCs (C2C12 cells) were treated with a short hairpin RNA targeting PKM2 or

small molecules that selectively affect canonical and noncanonical PKM2 activity (shikonin and TEPP-46). Cell number

was measured, and RNA-sequencing and metabolic assays were used in follow-up experiments. Immunoprecipitation

coupled to proteomics was used to identify binding partners of PKM2. Lastly, an MPC-specific PKM2 knockout mouse

was generated and challenged with a muscle injury to determine the impact of PKM2 on regeneration.

Results: When the noncanonical activity of PKM2 was blocked or impaired, there was an increase in reactive oxygen

species concentrations (1.6–2.0-fold, P < 0.01). Blocking noncanonical PKM2 activity also increased lactate excretion (1.2–

1.6-fold, P < 0.05) and suppressed mitochondrial oxygen consumption (1.3–1.6-fold, P < 0.01). Glutamate dehydrogenase

1 (GLUD1) was identified as a PKM2 binding partner and blocking noncanonical PKM2 activity increased GLUD activity

(1.5–1.6-fold, P < 0.05). Mice with an MPC-specific PKM2 deletion did not demonstrate impaired muscle regeneration.

Conclusions: The results suggest that the noncanonical activity of PKM2 is important for MPC proliferation in vitro

and demonstrate GLUD1 as a PKM2 binding partner. Because no impairments in muscle regeneration were detected in

a mouse model, the endogenous environment may compensate for loss of PKM2. J Nutr 2021;151:3313–3328.
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Introduction

Impaired regeneration after skeletal muscle injuries predisposes
individuals to functional and metabolic deficiencies that reduce
quality of life. Skeletal muscle injuries are repaired by muscle-
specific adult stem cells and muscle progenitor cells [MPCs (i.e.,
Pax7+ cells)], which in response to an injury become activated
from quiescence, proliferate, differentiate, and fuse onto
damaged muscle fibers. Energy metabolism, including glucose
and mitochondrial metabolism, is increasingly recognized as
an important contributor to MPC function. In response to an
injury, indicators of glycolytic and mitochondrial metabolism
increase in MPCs (1, 2). Highlighting the relation between
alterations in metabolism and impaired MPC function, MPCs
from older rodents and male humans, which have impaired

proliferation (3, 4), also have lower oxygen consumption (4, 5).
Excitingly, targeting metabolic pathways may have therapeutic
value. For example, increasing mitochondrial function can
partially restore tissue regeneration in a model of impaired MPC
function (6). Accompanying this recognition of the importance
of metabolic pathways, numerous metabolic proteins have been
explored as putative regulators of MPC function (7, 8).

Pyruvate kinase M2 (PKM2), a metabolic protein, plays a
role in MPC function. PKM2 is a product of alternative splicing
of the PKM gene, which also encodes PKM1. RNA sequencing
revealed that quiescent MPCs dominantly express PKM1,
whereas PKM2 is upregulated postactivation (9). Further, im-
munoblotting analysis showed PKM2 concentrations decrease
during MPC differentiation, whereas PKM1 concentrations
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increase (10). Thus, PKM2 is preferentially expressed during
MPC proliferation. Proliferation was impaired in MPCs isolated
from mice with a whole-body PKM2 deletion (11). In addition,
recombinant PKM2 was reported to increase MPC proliferation
(12); however, the function of PKM2 in proliferating MPCs is
unknown.

Research in other non-MPC cell types has identified
that PKM2 has 2 known major mechanisms of action
(Figure 1): 1) enzyme for the conversion of phosphoenolpyru-
vate to pyruvate in glycolysis (canonical activity); and 2)
interacting with other proteins to modulate glucose and mito-
chondrial metabolism (11, 13–19), inflammation (18, 20–22),
and other cellular processes (23) (noncanonical activity). Some
researchers speculate that low canonical PKM2 activity causes
an accumulation of glycolytic intermediates, which increases
flux through anabolic pathways that stem from glycolysis
(e.g., serine synthesis pathway, pentose phosphate pathway),
increasing proliferation (24). Yet other researchers contend that
high noncanonical activity of PKM2 promotes proliferation by
interaction with proteins to alter cell metabolism [e.g., c-myc
(25)], to coordinate histone modifications (26), or by direct
interaction with cell cycle regulators (27, 28). Disentangling
the PKM2 activity responsible for increased cell proliferation is
difficult because low canonical and high noncanonical activity
occur simultaneously, and there may be cell type–specific
differences in PKM2 function.

Building on the expansive knowledge of PKM2 in nonmyo-
genic cells and the limited knowledge in MPCs, the overarching
goal of this research was to define the function of PKM2
in the skeletal muscle regenerative process. The specific goals
of this research were to 1) confirm the effect of PKM2 on
MPC proliferation; 2) determine whether observed effects of
PKM2 are dependent on canonical or noncanonical activity in
MPCs; and 3) determine the necessity of PKM2 for recovery
from a skeletal muscle injury. To disentangle the contributions
of canonical and noncanonical activity of PKM2, we treated
MPCs with 2 small molecules that differentially affect activity
(Figure 1).
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Methods
Cells and treatments
C2C12 cells were purchased from American Type Culture Collection
(ATCC). Cells were grown on plates coated with Type 1 Rat Tail
Collagen (Corning). Growth medium (GM) was high-glucose DMEM
(Gibco), supplemented with GlutaMAX (Gibco) to a final medium
concentration of 6 mM, 1% penicillin/streptomycin (Corning), and
10% FBS (VWR). HeLa and HEK293 cells were purchased from
ATCC, and were cultured in the same manner and medium as the
C2C12 cells. Differentiation medium was high-glucose DMEM (Gibco)
supplemented with GlutaMAX to a final concentration of 6 mM, 1%
penicillin/streptomycin, and 2% heat-inactivated equine serum (Gibco).
Cells were maintained at 37◦C in a 5% CO2 atmosphere. When
indicated, cells were cultured in glucose-free DMEM (Gibco) with
dialyzed FBS. When indicated, cells were given supplemental shikonin
(1.4 μM, Cayman Chemicals), TEPP-46 (150 μM, Cayman Chemicals),
pyruvate (1 mM, Gibco), aceteoside (100 nM or 2.5 μM, Cayman
Chemicals), recombinant PKM2 (0.01, 1, or 50 ng/uL, Abcam), N-
acetylcysteine (NAC) (1 μM, VWR), glutathione ethylester (GSHee)
(55 μM, Cayman Chemicals), rotenone (500 nM, Cayman Chemicals),
oligomycin (2 μM, Cayman Chemicals), trifluoromethoxy carbonyl-
cyanide phenylhydrazone (FCCP) (1.5 μM, Cayman Chemicals), or
galactose (25 mM, Sigma). Shikonin and TEPP-46 treatments were
started ∼18–24 h after seeding, and with the exception of cell number
assays, cells were incubated with the compounds or vehicle control
(dimethyl sulfoxide) for 8 h.

Knockdown generation
Short hairpin RNA (shRNA) sequences targeting PKM2 were designed
by adapting a published sequence from the human to the mouse genome
(29). An shRNA plasmid containing the PKM2 targeting sequence
(CTACCACTTGCAGCTATTCGA) was purchased from VectorBuilder.
The plasmid contained the shRNA sequence downstream of a
U6 promoter with ampicillin and G418 resistance. VectorBuilder’s
scrambled shRNA, which does not recognize sequences in the human
or mouse genome, was used as a short hairpin control (shControl).
Plasmids were isolated from One Shot TOP10 E. Coli (Invitrogen)
grown in Lennox broth containing ampicillin using a Mini Prep Kit
(Omega Bio-tek). Plasmids were sequenced to verify sequence fidelity,
then delivered to cells using lipofectamine RNAiMAX reagent (Thermo
Fisher) following the manufacturer’s instructions.

Immunoblot analysis
Immunoblotting was performed as previously described (30). The
following proteins were probed using a 1:1000 antibody concentration:
PKM1 (7067S, Cell Signaling), PKM2 (4053S, Cell Signaling), α-tubulin
(9099S, Cell Signaling), Lamin A/C (2032S, Cell Signaling), Lamin B
(12586S, Cell Signaling), glutamate dehydrogenase 1 (GLUD1) (14299-
1-AP, ProteinTech), dihydrolipoamide branched-chain transacylase E2
(DBT) (12451-1-AP, ProteinTech), voltage-dependent anion channel
(VDAC) (4661S, Cell Signaling), β-tubulin (15115S, Cell Signaling),
heme oxygenase 1 (HO-1) (ADI-SPA-896-D, Enzo), or nuclear factor
erythroid 2-related factor 2 (NRF2) (12721T, Cell Signaling). Protein
expression was normalized to tubulin by dividing band intensity
(target/α-tubulin), with the exception of NRF2, which was measured
using a nuclear lysate and normalized to Lamin A/C.

RNA extraction and RT-qPCR
RNA was extracted from cultured cells either using the E.Z.N.A.® Total
RNA Kit (Omega Biotek) with an on-column DNA digest (Qiagen)
or using iScript RT-qPCR sample preparation reagent (BioRad). RNA
was reverse transcribed into cDNA using the High Capacity Reverse
Transcriptase Kit (Applied Biosystems). qPCR was performed using
Power SYBR Green PCR Master Mix (Applied Biosystems) and
the following primer sequences: PKM2: CCATCTACCACTTGCAGC-
TATTC and CACTGCAGCACTTGAAGGA; GLUD1: ATCGGGT-
GCATCTGAGAAAG and CAGGTCCAATCCCAGGTTATAC; and
β-Actin: ACCAGAGGCATACAGGGACA and CTAAGGCCAACCGT-
GAAAAG (Integrated DNA Technology). Data were collected on a
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FIGURE 1 PKM2 has canonical and noncanonical activity and can be manipulated by TEPP-46 or shikonin. PKM2, pyruvate kinase M2.

LightCycler 480 (Roche) using a touchdown PCR protocol (95◦C for
10 min, 2 cycles of 95◦C for 15 s and 62◦C for 1 min, 2 cycles of 95◦C
for 15 s and 60◦C for 1 min, 2 cycles of 95◦C for 15 s and 58◦C for
1 min, 40 cycles of 95◦C for 15 s and 56◦C for 1 min).

Cell number and viability assays
Cell number and the percentage of dead cells were determined using
an imaging cytometer (Celigo) as previously described (31). Briefly,
cells were stained using Hoechst dye (Life Technologies) to determine
cell number, whereas the number of dead cells was determined using
propidium iodide (Thermo Fisher) staining. Differences in cell number
were confirmed after 24 h of treatment with a 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma).

RNA sequencing
RNA was isolated using the column purification method aforemen-
tioned. A total of 5 conditions with n = 1 replicate each were analyzed:
shControl, short hairpin pyruvate kinase M2 (shPKM2), shikonin,
TEPP-46, and a vehicle control. shControl and shPKM2 samples were
transfected for 72 h, whereas vehicle control, shikonin, and TEPP-46
were administered for 8 h. RNA quality was determined using an AATI
Fragment Analyzer. A NEBNext Poly(A) mRNA magnetic isolation
Module (New England Biolabs) was used for polyA + RNA isolation.
Next, TruSeq-barcoded libraries were generated using a NEBNext
Ultra II RNA Library Prep Kit (New England Biolabs). The library
size distribution was determined using a fragment analyzer (Advanced
Analytical) and each library was quantified with a Qubit 2.0 (Thermo
Fisher). The resulting libraries were pooled and sequenced using a
NextSeq500 (Ilumina). At least 20 million reads were generated per
library. The resulting reads were processed using TrimGalore version
0.6.0 with cutadapt (32) and fastQC. Reads were mapped to the
reference genome (Ensembl GRCm38), then normalized read counts
were generated using SARTools (33) and DESEq2 version 1.26.0 (34).
Based on the number of replicates in each of the 5 conditions (n = 1),
these data were not analyzed statistically. Potentially relevant transcripts
were identified as those with a fragments per kilobase million (FPKM)
value >1 and a fold change >1.5 occurring in each comparison
(shPKM2 compared with shControl; shikonin compared with vehicle
control; TEPP-46 compared with vehicle control).

Cellular and metabolic assays
The enzymatic activity of pyruvate kinase was determined using
established methods (35). Cellular reactive oxygen species (ROS) were
measured as previously described (36). Basal oxygen consumption
rate and basal extracellular acidification rate were measured using the
Seahorse XFe analyzer (Agilent) as previously described (30). GLUD
activity was measured using a commercially available kit (Glutamate
Dehydrogenase Activity Assay Kit; Millipore).

Glucose uptake (Glucose Uptake-Glo), lactate excretion (Lactate-
Glo), total and oxidized glutathione (GSH/GSSG-Glo), NAD(P), and
NAD(P)H (NADP/NADPH-Glo) were measured using commercial kits
following the manufacturer’s instructions (Promega). All measurements
were normalized to cell number, which was measured in a parallel plate
as aforementioned.

JC1 staining was performed following manufacturer recommen-
dations (Cayman Chemicals) and reported as a ratio of aggregates
to monomers. To measure mitochondrial DNA copy number, DNA
was isolated from cultured cells using the High Pure PCR Template
Preparation Kit (Roche). Copies of actin and cytochrome c oxidase
subunit 1 were measured and the formula 2∗2∧dCp was used as an indi-
cator of mitochondrial copy number, as previously described (37). The
primers used to measure actin were GGAAAAGAGCCTCAGGGCAT
and CTGCCTGACGGCCAGG (38). The primers used to measure
cytochrome c oxidase subunit 1 were TGCTAGCCGCAGGCATTACT
and CGGGATCAAAGAAAGTTGTGTTT (39).

Confocal microscopy
Cells were stained with mitotracker dye (250 nM, Thermo Fisher) for
30 min at 37◦C, fixed in 4% paraformaldehyde for 20 min, permeabi-
lized with triton × 100, blocked with 5% goat serum, then incubated
with anti-PKM2 antibody (1:250,4053S, Cell Signaling) overnight.
The following morning, cells were incubated with Alexafluor 488
goat anti-rabbit antibody (1:500, Thermo Fisher) at 37◦C for 60 min
and stained with Hoechst (Life Technologies). PKM2 localization was
determined using super-resolution structured illumination microscopy
(SIM) (Nikon Ti2 eclipse inverted microscope with Hamumatsu Orca
Flash 4 Digital Camera), which enables detailed visualization of
intracellular structures.

Immunoprecipitation
A volume of 100 μL Dynabeads Protein A (Invitrogen) was added
to 5 mg/mL BSA (Fisher) in PBS to reduce nonspecific binding
(preblocking). Beads were collected using a magnetic holder and the
supernatant was discarded. Beads were washed 2 additional times with
5 mg/mL BSA in PBS. Antibodies (5 μg each) were diluted in 250 uL
BSA/PBS and bound to the beads by incubation with head-over-tail
rotation at 4◦C overnight. The following day, beads were collected
on the magnetic holder, and the supernatant was discarded. Beads
were washed once in BSA/PBS followed by 2 additional washes in
PBS. Antibodies used were anti-PKM2 (4053S, rabbit, Cell Signaling),
anti-DBT (12451-1-AP, rabbit, ProteinTech), anti-GLUD1 (14299-1-
AP, rabbit, ProteinTech), or rabbit IgG isotype control (31235, Thermo
Fisher).

Cells were collected for immunoprecipitation (IP) by rinsing twice
with cold PBS, detached using trypsin (VWR), and pelleted by
centrifugation at 500 × g for 5 min at 4◦C. Cell pellets were resuspended
in lysis buffer [10 mM HEPES pH 7.6, 100 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 1% sodium deoxycholate, phosphatase and protease
inhibitors (PhosSTOP and cOmplete, Roche)] and sonicated for 3 s.
Cell suspensions were centrifuged at 15,000 × g for 10 min at 4◦C,
supernatants were collected, and protein concentrations were quantified
using a bicinchoninic acid (BCA) assay (Thermo Fisher).

For IP, 1.5 mg protein lysates were diluted to a concentration of
2 μg/μL in lysis buffer [10 mM HEPES pH 7.6, 100 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 1% sodium deoxycholate, phosphatase and
protease inhibitors (PhosSTOP and cOmplete, Roche)] before adding
bead slurries prepared as aforementioned. The beads and protein lysates
were incubated at 4◦C with head-over-tail rotation overnight.
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Beads were collected on the magnetic holder and the supernatant
removed. Beads were then washed 3 times in wash buffer 1 (50 mM
HEPES pH 7.6, 1 mM EDTA, 1% sodium deoxycholate) and twice in
wash buffer 2 (50 mM HEPES pH 7.6). Each wash involved removing
the tube from the holder and mixing on a vortex.

For samples intended for proteomics analysis, after the final wash,
beads were resuspended in 200 mM glycine pH 2.6, incubated for
10 min, and quenched in 90 mM Tris pH 7.5.

For samples intended for immunoblotting, after the final wash, beads
were resuspended in 25 μL radioimmunoprecipitation assay (RIPA)
buffer with Laemmli buffer, incubated at 95◦C for 5 min, cooled briefly
on ice, and collected on the magnetic bead holder. The supernatant was
collected and analyzed by immunoblotting as aforementioned.

Proteomics analysis
In solution, digestion was performed on each sample separately using
S-Trap micro spin columns (ProtiFi) following a Strap protocol as
previously described (40, 41) with slight modifications. Protein samples
were dried using a speed vac and reconstituted in 25 μL 50 mM
triethylammonium bicarbonate (TEAB) pH 8.5, 6 M urea, 2 M thiourea,
1% SDS, then reduced with 10 mM dithiothreitol (DTT) for 1 h at
34◦C, alkylated with 60 mM iodoacetamide for 1 h in the dark, and
quenched with a final concentration of 33 mM DTT. After quenching,
12% phosphoric acid was added to a final concentration of 1.2%,
followed by 1:7 dilution (vol:vol) with 90% methanol, 0.1 M TEAB pH
8.5. The samples were then placed into the spin column and centrifuged
at 4000 × g for 30 s at 4◦C. Next, columns were washed 3 times with
150 μL 90% methanol, 0.1 M TEAB pH 8.5. Digestion was performed
with 25 μL trypsin at 20 ng/μL (1:10 wt:wt) in 50 mM TEAB pH 8.5,
which was added to the top of the spin column. Digest solution absorbed
into the highly hydrophilic matrix. The spin columns were incubated
overnight (16 h) at 37◦C. After incubation, the digested peptides were
eluted off the S-trap column sequentially with 40 μL each of 50 mM
TEAB pH 8.5 followed by 0.2% formic acid (FA) and, finally, 50%
acetonitrile (ACN), 0.2% FA. The 3 eluted peptide washes were pooled
together and evaporated to dryness by a Speedvac SC110 (Thermo
Savant).

The tryptic digests were reconstituted in 22 μL 0.5% FA for
nanoLC-ESI (electrospray ionization)-MS/MS analysis, which was
carried out using an Orbitrap Fusion™ Tribrid™ (Thermo Fisher)
mass spectrometer equipped with a nanospray Flex Ion Source, and
coupled with a Dionex UltiMate3000RSLCnano system (Thermo) (40).
The tryptic digested peptides (4 μL) were injected onto a PepMap
C-18 RP nano trapping column (5 μm, 100 μm i.d. × 20 mm) at a
20-μL/min flow rate for rapid sample loading and then separated
on a PepMap C-18 RP nano column (2 μm, 75 μm × 25 cm) at
35◦C. The tryptic peptides were eluted in a 90-min gradient of 5% to
38% ACN in 0.1% FA at 300 nL/min, followed by a 7-min ramping
to 90% ACN-0.1% FA and an 8-min hold at 90% ACN-0.1% FA.
The column was re-equilibrated with 0.1% FA for 25 min before the
next run. The Orbitrap Fusion was operated in positive ion mode
with spray voltage set at 1.8 kV and source temperature at 275◦C.
External calibration for Fourier transform (FT), injection time (IT),
and quadrupole mass analyzers was performed. In data-dependent
acquisition analysis, the instrument was operated using the FT mass
analyzer in MS scan to select precursor ions followed by 3-s “Top
Speed” data-dependent collision induced dissociation (CID) ion trap
MS/MS scans at 1.6 m/z quadrupole isolation for precursor peptides
with multiple charged ions above a threshold ion count of 10,000 and
normalized collision energy of 30%. MS survey scans were at a resolving
power of 120,000 (full width at half maximum at m/z 200) for the
mass range of m/z 375–1575. Dynamic exclusion parameters were set
at 50 s of exclusion duration with ±10 ppm exclusion mass width. All
data were acquired under Xcalibur 3.0 operation software (Thermo
Fisher).

Resulting spectra were searched against the Swiss-Prot mouse
database (UP000000589, November 2019) with the Lehtiö Lab Data-
Dependent Acquisition Mass Spectrometry Proteomics Pipeline version
1.4 (42) applying MSGF+ and Percolator. The search was performed
specifying fixed carbamidomethyl modifications of all cysteine residues,

variable oxidation of all methionine residues, and a precursor tolerance
of 10 ppm. Only fully tryptic peptides were matched with no limit on
the number of missed cleavages. A target-decoy strategy was applied to
achieve peptide spectral match (PSM) and peptide false discovery rates
(FDRs) of 1% (43, 44) and the picked FDR method (45) was applied
to achieve a protein FDR of 1%. No spectra were omitted based on
predesignated contaminants.

siRNA transfection
To knock down GLUD1 concentrations, C2C12s were reverse
transfected with 25 nM small interfering RNA (siRNA) targeting
GLUD1 [siGLUD1, On-TARGETplus Mouse Glud1 (14661) siRNA—
SMARTpool] or a nontargeting control (siControl, ON-TARGETplus
Non-targeting pool) with Dharmafect 1 (T-2001-01 Horizon Bio-
science). The following day, vehicle control, shikonin, or TEPP-46
treatments were started. Knockdown effectiveness was measured at
48 h of siRNA transfection and cell number was measured at 60 h of
shikonin/TEPP-46 treatment.

Subcellular fractionation
Subcellular fractionation of the nucleus away from the remainder of
the cell was performed following the REAP method (46). Lysates were
analyzed by immunoblotting as aforementioned.

To isolate mitochondria and cytoplasmic fractions, cultured cells
were scraped and collected in PBS. Cells were pelleted by centrifugation
(500 × g for 5 min at 4◦C), washed in PBS, and pelleted again. After
aspirating the supernatant, the pellet was flash frozen in liquid nitrogen,
and thawed on ice. Next, 3 mL hypotonic solution [83 mM sucrose
(Sigma), 10 mM MOPS (Mallinckrodt) pH 7.2] was added to each
sample. After a 10-min incubation on ice, samples were passed through
a tight pestle clearance dounce homogenizer 25 times. Next, 3 mL
hypertonic solution was added (250 mM sucrose, 30 mM MOPS pH
7.2) and samples were centrifuged at 1000 × g for 5 min at 4◦C to pellet
nuclei and unlysed cells. The pellet was discarded and supernatant was
collected in a new tube. The supernatant was recentrifuged to remove
any remaining nuclei and unlysed cells. To separate the mitochondria
and cytosol, the supernatant was centrifuged at 9000 × g for 12 min
at 4◦C. After the centrifugation, the supernatant was collected as a
cytosolic fraction. The mitochondrial pellet was resuspended in wash
buffer [320 mM sucrose, 1 mM EDTA (Fisher), 10 mM Tris-HCl
(Amresco), pH 7.2]. The mitochondrial pellet was washed 5 times.
Each wash step involved resuspending the pellet in wash buffer and
centrifugation at 9000 × g for 12 min at 4◦C. After the last wash
step, the pellet was resuspended in RIPA buffer. Immunoblotting was
performed as aforementioned.

Mouse model generation
All studies involving mice were approved by the Cornell University
Institutional Animal Care and Use Committee. PKM2fl/fl mice [Jackson
Laboratory, stock number 024048 (47)] were bred with Pax7creER

mice [Jackson Laboratory, stock number 017763 (48)] and Rosa26-
tdTomato [red fluorescent protein (RFP); Jackson Laboratory, stock
number 007914 (49)]. Resulting mice were Pax7-PKM2fl/fl; RFP+
[PKM2 knockout (KO) mice] and Pax7-PKM2wt/wt; RFP+ (control
mice). Mice were bred in-house and maintained on a 14-h light,
10-h dark schedule. For models of muscle development, 10-d-old pups
were injected once with tamoxifen (Cayman Chemicals, 1 mg/kg IP)
suspended in sunflower oil (Sigma). Mice (4–7/genotype) were killed
at 30 d old. Tibialis anterior (TA) wet weight was measured using
a standard laboratory scale and normalized to tibia bone length,
which was measured with a ruler. For models of regeneration after
an injury, 8-wk-old mice were injected on 2 consecutive days with
tamoxifen (Cayman Chemicals, 50 mg/kg IP). The following day, the
TA muscle, a common muscle examined in injury studies (1, 36), was
injected with 50 μL 1.2% barium chloride (VWR) under anesthesia
with isoflurane. Mice were killed at 10 or 21 d postinjury (4–6 mice
per sex per genotype). Both male and female mice were used for all
experiments.
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Sectioning and staining
The TA was mounted to cork using optimal cutting temperature
compound (Tissue-Tek) mixed with tragacanth powder (Alfa Aesar)
and frozen in isopentane over liquid nitrogen. Samples were sectioned
on a cryostat (Leica) into 7-μM sections. Samples were stained
with hematoxylin and eosin (H&E), or antibodies targeting proteins
of interest, specifically laminin and Pax7. In uninjured 30-d-old
mice, myofiber cross-sectional area (CSA) was measured using H&E-
stained images. In injured mice, myofiber CSA was measured using
laminin-stained images, to better capture disruption of myofiber
size/integrity in response to injury. Laminin was stained using anti-
Laminin primary antibody (Sigma) and Alexafluor 488 secondary
antibody (Thermo Fisher). Pax7 staining was performed using an
Alexafluor 594 tyramide kit (Invitrogen) as previously described (36).
For each mouse and outcome, 4 representative images were quantified.
To determine CSA, a minimum of 1200 fibers were measured for
each mouse and for Pax7 cell number, all Pax7+ cells in the section
were counted. Images were collected on a Zeiss 710 confocal or
Olympus upright BX-50 microscope with Motic Image Plus 2.0
software.

Grip strength testing and NMR procedure
Grip strength was measured using a grip strength apparatus (BIOSEB)
at postnatal day 30. Mice were lifted from their cage by the tail and
placed in proximity to a metal grid, onto which the mice gripped with
their forelimbs. Next, the researcher pulled the mouse gently away from
the grid and the maximum force generated by the mouse before it was
pulled from the grid was measured by the instrument. Each mouse was
tested 5 times and the maximum strength across the trials was recorded.
Body composition of mice was measured using NMR (Bruker Minispec
LF65).

MPC isolation from control and PKM2 KO mice
Mice were killed with carbon dioxide followed by cervical dislocation.
All hindlimb muscles were isolated from the mouse and temporarily
incubated in low-glucose DMEM (Gibco). After all mice had been
killed and muscle collected, samples were moved into a biological safety
cabinet and minced using a new razor blade. Samples were then washed
in PBS. Next, collagenase (Roche) enzyme, resuspended in low-glucose
DMEM, was added to the tissue and samples were incubated in a 37◦C
water bath for 30 min. Eight units of dispase enzyme (Sigma) were added
to the sample, which was incubated for an additional hour with mixing
on a vortex every 10 min to enhance digestion. Next, samples were
passed through a 70-μm filter, digestion enzymes were quenched by
the addition of mouse GM [41.5% low-glucose DMEM, 41.5% Ham’s
F10 (Gibco), 15% FBS, 1% GlutaMAX, 1% penicillin/streptomycin
(Corning)], and cells were pelleted by centrifugation at 500 × g for
5 min at room temperature. The resulting cell pellet was incubated
in RBC lysis buffer (BioLegend) on ice for 5 min, quenched with
medium, and centrifuged to pellet the cells again. The cell pellet
was next resuspended in a negative selection antibody cocktail
[anti-CD45 (BioLegend), anti-CD31 (BioLegend), anti-CD11b (Bi-
oLegend), anti-SCA1 (BioLegend)] in PBS containing 10% goat
serum. Samples were incubated with the antibody cocktail on
ice for 20 min, diluted in PBS with 10% goat serum, and pel-
leted. Samples were then incubated with MagniSort SAV Nega-
tive Selection Beads (Invitrogen) on a head-over-tail rotator for
10 min and placed on a magnetic stand for 5 min to pellet the beads.
The resulting solution was added to GM and centrifuged at 500 × g for
5 min at room temperature to pellet the cells. The resulting cell pellet
was resuspended in GM and plated onto non-collagen-coated plates
to encourage plating of fibroblasts in conditions that are not optimal
for MPC attachment. After 1 h the supernatant was collected from
the plate and centrifuged at 500 × g for 5 min at room temperature,
then resuspended and seeded in mouse GM with basic fibroblast growth
factor (bFGF, 2.5 ng/mL; Promega). When indicated, mouse MPCs were
cultured in an alternative medium modeled after a previous publication
[89% Hams F10, 1% penicillin/streptomycin, 10% fetal calf serum
(Hyclone), 2.5 ng/mL bFGF] (11). Cell number was determined using

the Celigo analyzer by counting red cells, because the mouse MPCs
express RFP. To address mouse-to-mouse variation in initial cell number,
a ratio of cell number at 96 h:48 h was used as an indicator of cell
proliferation rate.

Statistics
Statistical analysis was performed in GraphPad Prism 9.0.0. Protein
concentrations of PKM1 and PKM2 across time were compared using
a 1-factor ANOVA, with Tukey’s multiple-comparisons post hoc test.
The impact of shPKM2 compared with shControl on MPC number
over time was compared using a 2-factor ANOVA with main effects
of time and shRNA. Sidak’s multiple-comparisons test was used to
compare the impact of shRNA within each time point. The impact
of shPKM2/shControl or vehicle control/shikonin and supplemental
pyruvate on MPC number was determined using a 2-factor ANOVA
with main effects of treatment and pyruvate. The impact of shikonin or
TEPP-46 on cell number, or the percentage of dead cells, was determined
using a 2-factor ANOVA with main effects of time and treatment.
Sidak’s multiple-comparisons test was used to compare the impact of
treatment within each time point.

Pyruvate kinase enzyme activity, MTT absorbance, ROS concen-
trations, HO-1 protein concentrations, NRF2 protein concentrations,
glucose uptake, lactate excretion, basal extracellular acidification
rate, basal oxygen consumption rate, JC1 aggregate:monomer ratio,
mitochondrial DNA copy number, and GLUD activity were compared
between vehicle control and small-molecule (shikonin or TEPP-46)
treated cultures with an unpaired t test (1-sided test for ROS, HO-1, and
NRF2 concentrations). The impact of NAC and GSHee on cell number,
or siGLUD1 and siControl, was determined using a 2-factor ANOVA
with main effects of PKM2 inhibitor treatment and NAC/GSHee or
vehicle control, or siGLUD1 and siControl. If a significant interaction
was observed, Sidak’s multiple-comparisons test was used to compare
the effect of treatment within each PKM2 inhibitor/vehicle treatment
group.

The impact of glucose availability (glucose containing, galac-
tose containing, glucose free) and mitochondrial inhibitors (control
compared with small-molecule inhibitor) was compared using a
2-factor ANOVA with main effects of time and medium/treatment.
Sidak’s multiple-comparisons test was used to determine the impact of
treatment within each time point.

Cell number ratios in mouse MPCs were compared using a 1-factor
ANOVA. Normalized TA wet weights, grip strength, percentage lean
mass, percentage body fat, mean fiber CSA, and number of Pax7 positive
cells were compared between wild-type (WT) and PKM2 KO mice
using an unpaired t test. For all results, significance was determined as
P < 0.05 and P < 0.1 was considered a trend.

Results
Noncanonical PKM2 activity supported MPC
proliferation

Building on previous reports (10, 50), we found that PKM2
expression declined during later stages of differentiation (3–
6 d) compared with concentrations in the growth stage or at
1 d of differentiation (Supplemental Figure 1A). Conversely,
PKM1 increased from proliferation through differentiation
(Supplemental Figure 1B).

Knockdown of PKM2 (shPKM2, 72% reduction in PKM2
mRNA concentration) reduced cell number compared with
shControl (Figure 2A). This genetic approach reduced both
canonical and noncanonical PKM2 activity. We reasoned that
if canonical activity was required for MPC proliferation, lower
production of pyruvate, as a consequence of lower PKM2
concentrations, may limit cell proliferation. Although providing
supplemental pyruvate showed a trend toward increased MPC
proliferation (P < 0.1) in both shPKM2 and shControl cultures
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FIGURE 2 The noncanonical activity of PKM2 promotes MPC proliferation. (A) Cell number in cultures transfected with shControl or shPKM2
(n = 3). (B) Cell number in cultures transfected with shControl or shPKM2 and supplemental pyruvate (n = 4). (C) PK enzyme activity (n = 4), (D)
cell number (n = 3), (E) MTT absorbance (n = 4), and (F) percentage of dead cells (n = 4) in vehicle control or shikonin-treated cultures. (G) Cell
numbers in cultures treated with vehicle control or shikonin and pyruvate (n = 3). (H) PK enzyme activity (n = 4), (I) cell number (n = 3), (J) MTT
absorbance (n = 4), and (K) percentage of dead cells (n = 5) in vehicle control or TEPP-46 treated cultures. Values are mean ± SD. ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001 (asterisks indicate significant effects). AU, arbitrary units; GM, growth medium; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide; PK, pyruvate kinase; shControl, short hairpin control; shPKM2, short hairpin pyruvate kinase M2.
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(Figure 2B), supplemental pyruvate did not rescue the lower cell
number in cultures treated with shPKM2.

To more specifically probe the contributions of noncanonical
and canonical PKM2, we treated MPCs with 2 small molecules.
The first, shikonin, blocks canonical (Figure 2C) and noncanon-
ical PKM2 activity (15). Treating with shikonin reduced cell
number (Figure 2D) and MTT absorbance, an indirect indicator
of cell number (Figure 2E), compared with the vehicle control.
Cell death did not vary substantially between shikonin-treated
and control cells (Figure 2F). As observed in the shPKM2
model, supplemental pyruvate increased cell number in both the
vehicle control and shikonin-treated cultures, but supplemental
pyruvate did not rescue the impact of shikonin (Figure 2G).
The second small molecule, TEPP-46, increases canonical
activity, as verified by the increase in pyruvate kinase enzymatic
activity (Figure 2H), at the expense of noncanonical activity
(16). TEPP-46 treatment reduced cell number (Figure 2I) and
MTT absorbance (Figure 2J), although it did not alter the
percentage of dead cells (Figure 2K). Based on these results, we
posit that the noncanonical activity of PKM2 supports MPC
proliferation.

Interestingly, although a previous report demonstrated that
the small molecule acteoside can increase PKM2 concentrations
and MPC proliferation and providing supplemental PKM2 can
increase MPC proliferation (12), we were unable to reproduce
either of these effects (Supplemental Figure 1C, D).

RNA sequencing revealed oxidative stress regulation
by PKM2

To give insight into pathways altered by PKM2 in proliferating
MPCs, RNA-sequencing data were compared between shPKM2
and shControl cells, as well as vehicle control and shikonin
or TEPP-46. Many of the genes that were upregulated
>1.5-fold across all 3 models encoded protein products
involved in oxidative stress regulation including glutamate-
cysteine ligase catalytic subunit (Gclc), glutathione S-transferase
α (Gsta)1, Gsta4, glutathione S-transferase (Gm3776), heme
oxygenase 1 (Hmox1), and solute carrier family 7 member 11
(slc7a11) (Figure 3A). This finding motivated us to examine ox-
idative stress when noncanonical PKM2 activity was impaired.
ROS, a key contributor to oxidative stress, were increased
after shikonin or TEPP-46 treatment (Figure 3B). In addition,
HO-1, a mediator of cellular stress responses which is the
protein product of Hmox1, was increased after either shikonin
or TEPP-46 treatment (Figure 3C). Many of the transcripts
upregulated in the RNA-sequencing data set were targets of
NRF2 [alcohol dehydrogenase 7, Gsta1, Gsta4, Gclc, Gm3776,
Hmox1, HIV-1 Tat interactive protein 2, slc7a11 (51–53)], a
master regulator of cellular antioxidant capacity; therefore, we
next measured NRF2 concentrations. NRF2 was increased after
either shikonin or TEPP-46 treatment (Figure 3D). In addition,
targets identified encode proteins involved in glutathione syn-
thesis and recycling (Gclc, Gsta1, Gsta4, Slc7a11). Interestingly,
whereas shikonin increased total glutathione and oxidized
glutathione (GSSG) concentrations (Supplemental Figure 2A,
B), no change was observed with TEPP-46. In addition,
NAD(P)H, the cofactor involved in glutathione recycling
(from GSSG to reduced glutathione), was increased with
shikonin treatment, but not TEPP-46 treatment (Supplemental
Figure 2C, D). Providing cell-permeable glutathione (GSHee)
or NAC, a precursor to glutathione, did not rescue cell
number in shikonin- or TEPP-46-treated cultures (Supplemental
Figure 2E) and, in fact, NAC was toxic at even low
doses.

PKM2 altered glucose uptake and mitochondrial
respiration, fundamental processes for MPC
proliferation

Across many cell types, PKM2 has been shown to regulate
glucose and mitochondrial metabolism. Although, whether
PKM2 is stimulatory or inhibitory varies among different cell
types. Culturing MPCs in glucose-free or galactose-containing
media prevents MPC proliferation (Figure 4A). Similarly,
blocking complex 1 (rotenone), the ATP synthase (oligomycin),
or inducing mitochondrial uncoupling (FCCP) reduced MPC
proliferation (Figure 4B). Thus, both glucose metabolism and
mitochondrial respiration are essential for MPC proliferation
and altering these requirements could underlie the role of
PKM2 in MPC proliferation. Treating with shikonin or
TEPP-46 reduced glucose uptake (Figure 4C). Interestingly,
extracellular acidification rate (Figure 4D) and lactate excretion
(Figure 4E) were increased after either shikonin or TEPP-46
treatment. This suggests that despite lower glucose uptake,
glucose or pyruvate from other substrates may be preferentially
shunted to lactate in the absence of noncanonical PKM2
activity. Shikonin and TEPP-46 treatment also reduced basal
oxygen consumption rate (Figure 4F). This decrease was
accompanied by a reduction in mitochondrial membrane
potential (Figure 4G), but no change was observed in mito-
chondrial copy number (Figure 4H). Thus, the noncanonical
activity of PKM2 is important for maintaining mitochondrial
respiration.

PKM2 interacted with GLUD1 in proliferating MPCs

Previous research identified interactions of PKM2 with tran-
scription factors, and the nuclear localization of PKM2 is
thought to be important for PKM2-driven alterations in prolif-
eration and metabolism (28). Interestingly, unlike HEK293 and
Hela cells, which were measured as assay controls, MPCs did
not have a measurable fraction of nuclear PKM2 detectable by
immunoblotting (Figure 5A, Supplemental Figure 3); however,
cellular localization of PKM2 with SIM revealed a small fraction
of PKM2 in the nucleus (Figure 5B).

Co-IP was used to enrich for PKM2 and its interacting
partners, and the sample was analyzed using MS-based pro-
teomics to infer the identity of PKM2 interactors (Supplemental
Tables 1–3). As expected, PKM was the most abundant species
identified in the sample (168 PSMs), followed by DBT (8 PSMs),
a protein involved in branched-chain amino acid catabolism;
GLUD1 (7 PSMs), a protein that catalyzes the oxidative
deamination of glutamate to α-ketoglutarate; and cyclin G
associated kinase (GAK, 7 PSMs), a protein that regulates cyclin
G (Figure 5C). To follow up, we immunoprecipitated PKM2 and
immunoblotted for GLUD1 and DBT, or immunoprecipitated
GLUD1 and DBT followed by immunoblotting for PKM2.
These results revealed an interaction of PKM2 and GLUD1, but
did not provide confirmation of a PKM2-by-DBT interaction
(Figure 5D). Therefore, additional studies focused on the
interaction of PKM2 with GLUD1.

To determine the subcellular location where PKM2 and
GLUD1 may interact, an additional subcellular fractionation
was performed that yielded cytosolic and mitochondrial
fractions. The assay was performed in GM or after 6 d
in differentiation medium, a time point when PKM2 con-
centrations are declining. PKM2 was dominantly localized
to the cytosol, although with a longer exposure time, a
mitochondrial fraction was visualized (Figure 5E). In addition,
SIM confirmed some localization of PKM2 within mitochondria
(Figure 5F). This is consistent with glioblastoma and HCT116

Pyruvate kinase M2 supports muscle progenitor cell 3319



FIGURE 3 RNA sequencing and follow-up measurements of oxidative stress in models of inhibited pyruvate kinase M2 activity in MPCs.
(A) Transcripts up- or downregulated >1.5-fold in shPKM2 compared with short hairpin control, and shikonin or TEPP-46 compared with a
vehicle control. (B) ROS (n = 3), (C) HO-1 protein concentrations (n = 4), and (D) NRF2 protein concentrations (n = 3) in vehicle control,
shikonin, and TEPP-46 treated cultures. Values are mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 (asterisks indicate significant effects). Adh7,
alcohol dehydrogenase 7; AU, arbitrary units; Ctgf, connective tissue growth factor; Flrt2, fibronectin leucine rich transmembrane protein 2; Gclc,
glutamate-cysteine ligase catalytic subunit; Gm3776, glutathione S-transferase; Gsta, glutathione S-transferase α; hmox1, heme oxygenase 1;
HO-1, heme oxygenase 1; Htatip2, HIV-1 Tat interactive protein 2; Krt16, keratin 16; Lonrf1, LON peptidase N-terminal domain and ring finger
1; NRF2, nuclear factor erythroid 2-related factor 2; Plau, plasminogen activator urokinase; ROS, reactive oxygen species; Rsc1a1, regulator of
solute carriers 1; slc7a11, solute carrier family 7 member 11; shPKM2, short hairpin pyruvate kinase M2; Snora, small nucleolar RNA H/ACA box.

cells, where mitochondrial PKM2 has also been observed, under
various physiological conditions (e.g., oxidative stress, glucose
starvation) (54, 55). In addition, GLUD1, in addition to the an-
ticipated mitochondrial fraction, showed a notable cytoplasmic
fraction. Interestingly, blocking noncanonical PKM2 activity
with shikonin or TEPP-46 increased GLUD1 enzymatic activity
(Figure 5G).

In mammary epithelial cells, GLUD1 is more highly
expressed in quiescent than in proliferating cells, and overex-
pressing GLUD1 reduces cell proliferation (56). To determine
whether PKM2 promotes MPC proliferation through inhibiting
GLUD1 activity, MPCs were treated with an siRNA targeting
GLUD1 (siGLUD1) or control (siControl) and with shikonin
and TEPP-46. The siGLUD1 treatment resulted in a 93%
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FIGURE 4 Metabolic requirements for MPC proliferation and alterations in metabolism by altering noncanonical pyruvate kinase M2 activity.
(A) Cell number in cultures given glucose-free medium, glucose-free medium with glucose added back, or glucose-free medium with added
galactose (n = 6). (B) Cell number in cultures given a vehicle control, FCCP, oligomycin, or rotenone (n = 3). (C) Glucose uptake (n = 5), (D)
extracellular acidification (n = 5), (E) extracellular lactate (n = 6), (F) basal oxygen consumption rate (n = 5), (G) JC1 aggregate:monomer
ratio (n = 5), and (H) mtDNA copy number (n = 5) in cultures treated with vehicle control, shikonin, or TEPP-46. Values are mean ± SD.
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 (asterisks indicate significant effects). FCCP, trifluoromethoxy carbonylcyanide phenylhydrazone; mt,
mitochondrial.
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FIGURE 5 PKM2 localization and binding partners in MPCs. (A) Immunoblotting of PKM2 and cytosolic (tubulin) and nuclear (Lamin A/C and
lamin B) markers in MPCs, HeLa cells, and HEK293 cells. N indicates nuclear fraction and C indicates rest of cell (n = 3). (B) Confocal microscopy
of Hoechst, mitotracker, and PKM2 in MPCs. (C) Top 3 candidate PKM2 interacting proteins identified using nontargeted MS-based proteomic
analysis. (D) Validation of PKM2 binding partners by IP coupled to immunoblotting. (E) Subcellular fractionation of cytosolic and mitochondrial
fractions (n = 3 replicates). (F) Co-staining of PKM2 and Mitotracker imaged using structured illumination microscopy. (G) GLUD activity in
vehicle control, shikonin, or TEPP-46 treated cultures (n = 4). (H) Cell number in cultures treated with vehicle control, shikonin, or TEPP-46 and
siControl or siGLUD1 (n = 4). Values are mean ± SD. ∗P < 0.05, ∗∗∗P < 0.001 (asterisks indicate significant effects). sG∗, effect of siGLUD1. Dbt,
dihydrolipoamide branched-chain transacylase E2; DM, differentiation medium; Gak, cyclin G associated kinase; Glud1, glutamate dehydrogenase
1; GM, growth medium; IB, immunoblot; IP, immunoprecipitation; MPC, muscle progenitor cell; Pkm, pyruvate kinase; PKM2, pyruvate kinase
M2; PSM, peptide spectral match; siControl, small interfering RNA non-targetting control; siGLUD1, small interfering RNA targetting GLUD1;
VDAC, voltage-dependent anion channel.
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knockdown of GLUD1. Cell number was slightly suppressed
by siGLUD1, a finding that may be expected owing to similar
findings in lung and breast cancer cells (57). siGLUD1 cells were
not protected from reductions in cell number by shikonin or
TEPP-46 (Figure 5H). The specific effects of GLUD1 on MPC
function should be addressed in future research.

Skeletal muscle stem cell–specific PKM2 was
dispensable for muscle development and
regeneration in vivo

To assess the role of skeletal muscle stem cell–specific PKM2
in vivo, Pax7-CreER mice were bred to Rosa26-tdTomato
mice (RFP) and PKM2fl/fl mice generating Pax7-PKM2wt/wt;
RFP+ (WT) and Pax7-PKM2fl/fl; RFP+ (KO) mice (Figure 6A,
Supplemental Figure 4). After isolation and culture of MPCs
from these mice we confirmed PKM2 deletion in KO mice and
expression of RFP in both WT and KO mice (Figure 6B, C).
However, no difference in cell number was evident between the
WT and KO MPCs, suggesting that MPCs from KO mouse
adapted to the loss of PKM2. This finding is contrary to
inhibition of PKM2 in vitro and previous results in MPCs
from whole-body PKM2 KO mice (11). To verify that observed
differences in cell proliferation were not due to differences in
culture medium, we compared the proliferation of KO and WT
cells in different media. When cultured in either the medium our
laboratory commonly uses for mouse MPCs (Ham’s F10/low-
glucose DMEM/15% FBS) or a medium previously used, in
which differences in MPC proliferation were identified between
WT and whole-body PKM2 KO mice [Ham’s F10, 10%
fetal calf serum (11)], no differences were observed in MPC
proliferation (Supplemental Figure 5).

To assess the role of PKM2 in muscle development, mice
were injected with tamoxifen at 10 d of age and assessed at
30 d of age, capturing a period of time when Pax7-positive cells
fuse onto muscle fibers contributing to postnatal muscle growth
(58) (Figure 6D). WT and KO mice did not differ in muscle size
(Figure 6E), maximum grip strength (Figure 6F), percentage lean
mass (Figure 6G), or percentage body fat (Figure 6H). Similarly,
mean fiber CSA was not different between WT and KO mice
(Figure 6I, Supplemental Figure 6). The number of muscle stem
cells per unit of muscle area also did not differ between WT and
KO mice (Figure 6J).

To assess the role of PKM2 in muscle regeneration, WT and
PKM2 KO mice were aged to 8 wk, injected with tamoxifen,
and muscle injury was induced by intramuscular injection with
barium chloride (Figure 7A). At 10 d postinjury, RFP labeling
in the muscle fibers confirmed fusion of Pax7+ cells, indicating
tissue regeneration. At 10 d postinjury, WT and KO mice did
not differ in fiber CSA (Figure 7B, C). Similarly, the fiber CSAs
did not differ between WT and KO mice at 21 d postinjury
(Figure 7D, E). After a muscle injury, a subset of MPCs commit
to the muscle lineage, whereas others self-renew to maintain the
stem cell pool. To determine self-renewal potential, Pax7+ cell
numbers were compared between WT and KO mice at 21 d
postinjury. The number of Pax7+ cells did not differ between
WT and PKM2 KO mice (Figure 7F, G), thus MPC self-renewal
is not negatively affected by loss of PKM2.

Discussion

In the present study, by combining multiple approaches that
differentially affect canonical and noncanonical PKM2 activity,
we were able to ascribe the effect of PKM2 on MPC

proliferation to the noncanonical activity of PKM2. Further, we
identified GLUD1 as a novel PKM2 binding partner in MPCs.
A relation between PKM2 and cell proliferation has previously
been explored across many cell types. Whereas in most cells,
reducing PKM2 blunts cell proliferation (13, 21, 22, 59, 60), in
a subset of cell types inhibiting PKM2 has no effect or a positive
effect on proliferation (29, 61). Our findings confirmed previous
findings that inhibiting PKM2 retards MPC proliferation (11).
However, unlike a previous study (12), we did not observe
an increase in MPC proliferation after supplementation with
recombinant PKM2. Differential responses between the studies
may be due to the modest magnitude of proliferation with
recombinant PKM2 in the original study.

Excitingly, this research uncovered GLUD1 as a novel PKM2
binding partner. GLUD1 supports oxidative deamination of
glutamate to α-ketoglutarate (62). In addition to GLUD1,
glutamate can be converted to α-ketoglutarate through the
activity of transaminase enzymes that shuttle the glutamate
nitrogen into biosynthetic intermediates, a process that is
favored in proliferating cells. In mammary epithelial cells, the
transition from a highly proliferative to quiescent state is
associated with an increase in GLUD1 activity and decrease in
transaminase activity (56). Further, overexpression of GLUD1
in these epithelial cells reduced cellular synthesis of nonessential
amino acids, suggesting decreased transaminase enzyme activity
(56). Our data showed that blocking PKM2 increases GLUD1
activity, which suggests that PKM2 inhibits GLUD1 activity
during MPC proliferation, potentially allowing more glutamate
to be readily available for transaminase enzymes. In support
of this hypothesis, during the transition from MPC quiescence
to activation, when PKM2 concentrations were previously
shown to increase (4.9-fold mRNA concentration), there was a
corresponding increase in transaminase enzyme concentrations
[glutamic-oxaloacetic transaminase 1 and 2 (3.2-fold and
2.0-fold, respectively), phosphoserine aminotransferase 1 (8.2-
fold), and branched-chain aminotransferase 1 (5.4-fold) mRNA
concentration] (9). GLUD1 was not reported in this data set,
thus whether GLUD1 concentrations also change is unknown.
PKM2 is well recognized for coordinating glucose carbon flux
into biosynthetic outputs (63). By interacting with GLUD1,
PKM2 may also coordinate the shuttling of glutamine nitrogen
into biosynthetic intermediates, especially for amino acid
synthesis (Figure 8). In addition, GLUD1 and its byproduct
ammonia have previously been implicated as upstream regula-
tors of phenotypes we identified in cells with disrupted PKM2
activity including alterations to oxidative stress, glycolysis, and
mitochondrial metabolism (64–66). Future research in MPCs is
needed to identify causal links between binding partners and
cell phenotypes.

Our data suggest that disruption of PKM2 activity in prolif-
erating MPCs induces oxidative stress. Similar to our findings, in
cultured liver cancer cells (HepG2 and SMMC-7721), blocking
PKM2 increased ROS (67). ROS can be managed by the
antioxidant glutathione, and in our RNA-sequencing data set,
several genes encoding proteins for glutathione metabolism
were upregulated. In livers from PKM2-null mice, glutathione
biosynthesis is the top upregulated pathway, supporting a rela-
tion between PKM2 and glutathione (68). Glutathione converts
from the oxidized state back to the reduced state through the
action of NAD(P)H, a cofactor that is regenerated from NAD(P)
through the pentose phosphate pathway. In nonmyogenic
cells, PKM2 was positively associated with NAD(P)H (69),
the first enzyme of the pentose phosphate pathway (glucose-
6-phosphate dehydrogenase) (70–72), and other metabolites
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FIGURE 6 Generation of an MPC-specific PKM2 KO mouse and measurements of muscle development. (A) Pax7-PKM2wt/wt; RFP+ (WT) and
Pax7-PKM2fl/fl; RFP+ (KO) mice were generated. (B, C) Isolation of MPCs after in vivo tamoxifen injection confirmed successful PKM2 deletion
(n = 2/genotype). (D) Ten-day-old pups were injected with tamoxifen and aged to 30 d of age for measurements (n = 7 WT and n = 4 KO). (E)
TA wet weight normalized to tibia bone length, (F) maximum grip strength, (G) percentage lean mass, (H) percentage fat mass, (I) fiber CSA
distribution, and (J) Pax7+ cell number were compared between WT (n = 7) and KO (n = 4) mice. Yellow arrows show Pax7+ cells. Values
are mean ± SD. AU, arbitrary units; CSA, cross-sectional area; KO, knockout; MPC, muscle progenitor cell; Pax7, paired box 7; PKM2, pyruvate
kinase M2; RFP, red fluorescent protein; TA, tibialis anterior; WT, wild-type.

generated through the pentose phosphate pathway (11, 73). In-
terestingly, we observed increased total glutathione and GSSG,
as well as higher NAD(P)H concentrations, in shikonin- but not
TEPP-46-treated cultures. Because shikonin blocks canonical
PKM2 and TEPP-46 forces canonical PKM2, this difference
likely reflects the differential effects of the activity of TEPP-
46 and shikonin. One possibility is that by blocking canonical
PKM2 activity, shikonin may increase availability of glycolytic
intermediates and thus flux through the pentose phosphate
pathway to regenerate NAD(P)H. Alternatively, NAD(P)H
could be generated through malic enzyme (74), the enzyme
which converts malate to pyruvate, which could be an important
source of pyruvate and further lactate in shikonin-treated cells.
Thus, inhibiting noncanonical PKM2 activity causes cellular
oxidative stress, and the response to this stress may partly
depend on whether the canonical activity is also inhibited.

The relation between PKM2 and glucose/mitochondrial
metabolism is heterogeneous across cell types. For example,
although PKM2 is associated with changes in glucose uptake
and lactate production, the directionality of this relation
is variable among different cell types (11, 13–15, 17, 23,
61, 75). Similarly, cell-type variability exists in the relation
between PKM2 and mitochondrial phenotypes (18, 23, 76).
To our knowledge, a detailed investigation into cell-type-
specific differences that underlie this variability is lacking. Given
the relations between PKM2 and metabolism and between
MPC proliferation and metabolism, we measured indicators of
glucose and mitochondrial metabolism in MPCs. We identified
that blocking the noncanonical activity of PKM2 increased
lactate production, suggesting glucose may be converted to
lactate instead of being shunted into biosynthetic pathways
that stem from glycolysis, such as nucleotide biosynthesis. In
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FIGURE 7 Assessment of regenerative capacity in WT and PKM2 KO mice. (A) Eight-week-old mice were injected twice with tamoxifen on
2 consecutive days and with barium chloride on the third day. Mice were killed at 10 and 21 d postinjury. (B, C) Mean myofiber CSA at 10 d
postinjury in (B) male (n = 5/genotype) and (C) female (WT, n = 6; KO, n = 4) WT and KO mice. (D, E) Mean myofiber CSA at 21 d postinjury
in (D) male (n = 5/genotype) and (E) female (WT, n = 6; KO, n = 4) WT and KO mice. (F, G) Pax7+ cell number at 21 d postinjury in (F) male
(n = 5/genotype) and (G) female (WT, n = 6; KO, n = 4) WT and KO mice. Yellow arrows show Pax7+ cells. Values are mean ± SD. CSA,
cross-sectional area; KO, knockout; Pax7, paired box 7; RFP, red fluorescent protein; WT, wild-type.
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FIGURE 8 Summary of findings and potential implications for other cellular pathways. GLUD1, glutamate dehydrogenase 1; PKM2, pyruvate
kinase M2; TCA, tricarboxylic acid.

addition, increased conversion of pyruvate into lactate may
reduce pyruvate availability for the tricarboxylic acid cycle,
resulting in the observed reduction in mitochondrial membrane
potential and oxygen consumption rate.

Surprisingly, mice with an MPC-specific PKM2 deletion did
not exhibit impaired muscle development and regeneration
in vivo, an important and previously unidentified finding in
skeletal muscle. The results are consistent with findings in
cultured colon cancer cells and a colon tumor xenograft (both
using HCT116 cells). In the cultured colon cancer cells, an
shRNA vector targeting both PKM1 and PKM2 reduced cell
proliferation. However, in vivo the shRNA vector had no
impact on xenograft tumor growth (29). One possible and
likely explanation is a difference in nutrient availability in
cell culture models compared with the in vivo environment,
where the circulation can supply missing metabolites. An
interesting and unresolved question is whether a whole-body
PKM2 KO mouse would have impaired regenerative capacity,
recognizing that MPCs from a whole-body PKM2 KO mouse
had severely impaired proliferation in culture (11). GLUD1, the
PKM2 binding partner identified in this study, is involved in
maintaining intramuscular glutamine concentrations through
a role in macrophages, and interestingly GLUD1 deletion in
macrophages accelerates recovery from a muscle injury (77).
Others have demonstrated that PKM2 concentrations increase
in activated macrophages (18), and inhibiting noncanonical
PKM2 activity, with shikonin (78) or TEPP-46 (18, 79),
decreases proinflammatory cytokine production. It is unknown
whether, similar to our results in MPCs, GLUD1 and PKM2
are binding partners in macrophages. But it is conceivable
that PKM2 may inhibit GLUD1 in macrophages and increase

glutamine availability to MPCs, which would support MPC
function and muscle regeneration. It is also possible that a
minimum amount of proliferation is necessary for regeneration,
and this amount is met in PKM2 KO animals. In addition, other
muscle groups, with a different fiber type composition, may
have displayed a different result.

In conclusion, our research highlights the noncanonical
activity of PKM2 as important for proliferation in vitro and
identifies GLUD1 as a novel PKM2 binding partner. Although
we identified a role for PKM2 in promoting MPC proliferation
in a cell culture model, this phenotype did not translate into
muscle development or postinjury tissue regeneration in vivo,
suggesting that the disturbance that disrupts MPC proliferation
in vitro is satisfied by the endogenous environment in vivo, at
least in young healthy animals. Although our work does not
support PKM2 as an essential protein for MPC function in vivo,
it emphasizes the need to simultaneously consider extracellular
nutrient availability with intracellular protein function when
exploring metabolic enzymes. Overall, our data identify the
function of PKM2 in MPC proliferation, but future research is
required to delineate the adaptive mechanism used by MPCs
when PKM2 is absent in vivo.
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