
Pyruvate kinase M knockdown–induced signaling via AMP-
activated protein kinase promotes mitochondrial biogenesis,
autophagy, and cancer cell survival
Received for publication, April 14, 2017, and in revised form, August 1, 2017 Published, Papers in Press, August 4, 2017, DOI 10.1074/jbc.M117.791343

Gopinath Prakasam‡, Rajnish Kumar Singh‡§, Mohammad Askandar Iqbal‡¶, Sunil Kumar Saini‡, Ashu Bhan Tiku�,
and Rameshwar N. K. Bamezai‡1

From the ‡School of Life Sciences and �Radiation and Cancer Therapeutics Laboratory, School of Life Sciences, Jawaharlal Nehru
University, New Delhi 110067, India, §Department of Microbiology and Tumor Virology Program of the Abramson Cancer Center,
Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104, and ¶Department of Biotechnology,
Faculty of Natural Sciences, Jamia Millia Islamia, New Delhi 110025, India

Edited by Alex Toker

Preferential expression of the low-activity (dimeric) M2 iso-
form of pyruvate kinase (PK) over its constitutively active splice
variant M1 isoform is considered critical for aerobic glycolysis
in cancer cells. However, our results reported here indicate co-
expression of PKM1 and PKM2 and their possible physical
interaction in cancer cells. We show that knockdown of either
PKM1 or PKM2 differentially affects net PK activity, viability,
and cellular ATP levels of the lung carcinoma cell lines H1299
and A549. The stable knockdown of PK isoforms in A549 cells
significantly reduced the cellular ATP level, whereas in H1299
cells the level of ATP was unaltered. Interestingly, the PKM1/2
knockdown in H1299 cells activated AMP-activated protein
kinase (AMPK) signaling and stimulated mitochondrial biogen-
esis and autophagy to maintain energy homeostasis. In contrast,
knocking down either of the PKM isoforms in A549 cells lacking
LKB1, a serine/threonine protein kinase upstream of AMPK,
failed to activate AMPK and sustain energy homeostasis and
resulted in apoptosis. Moreover, in a similar genetic background
of silenced PKM1 or PKM2, the knocking down of AMPK�1/2
catalytic subunit in H1299 cells induced apoptosis. Our findings
help explain why previous targeting of PKM2 in cancer cells to
control tumor growth has not met with the expected success.
We suggest that this lack of success is because of AMPK-medi-
ated energy metabolism rewiring, protecting cancer cell viabil-
ity. On the basis of our observations, we propose an alternative
therapeutic strategy of silencing either of the PKM isoforms
along with AMPK in tumors.

Cancer cells acquire a unique metabolic signature of aerobic
glycolysis (Warburg effect) and undergo metabolic fine-tuning
to feast on glucose and excrete a major chunk as lactate (1).

Although our understanding of the Warburg effect (aerobic
glycolysis) is still inconclusive, the growing body of evidence
highlights that the rewiring of cancer metabolism confers a
multitude of advantages, including macromolecular synthesis,
rapid ATP generation, and maintaining redox balance (2, 3).
The M2 isoform of pyruvate kinase (PKM2)2, a glycolytic ter-
minal enzyme and one of the two alternate isoforms encoded by
PKM gene, has emerged as a key factor that regulates aerobic
glycolysis in cancer cells (4, 5). The expression of PKM isoforms
has been assumed as mutually exclusive in nature, where of 12
exons that the PKM gene harbors, a primary transcript that
retains Exon 9 and skips Exon 10 is the M1 isoform of pyruvate
kinase (PKM1) and the one that retains Exon 10 is PKM2 (6). A
preferential expression of PKM2 over other tissue-specific PK
isoforms has been proposed as one of the metabolic hallmarks
of cancer (3, 8), in which preferential expression of PKM2 and
its enzymatically inactive dimeric state serve a pivotal role in
cancer growth by governing aerobic glycolysis (5, 9 –13).

In addition to aerobic glycolysis, PKM2 provides multiple
benefits to cancer cells by performing the nonmetabolic role of
co-transcriptional activation (14 –16), protein kinase function
(17, 18), and chromosomal segregation (19). Supporting such a
deep-rooted association with cancer, the M2 isoform of pyru-
vate kinase has emerged as a potential candidate to target dif-
ferent types of tumors. The strategies of PKM2 inhibition or
silencing (4, 20 –22) and activation (23–25) have been equally
debated in literature for their therapeutic potential in inhibiting
tumor growth. However, recent studies have highlighted the
limitation that exists in the strategy of targeting PKM2 in can-
cer. The knockdown of PKM2 in vitro and in vivo has been
reported to affect proliferation and viability of cancer cells of
different tissue origin heterogeneously (4, 20, 26, 27). To find
out what determines such a heterogeneous response, we sought
to examine the key features that confer protection against
PKM2 knockdown–induced growth inhibition and cell death in
cancer cells. A deep insight, we expected, would rationalize a
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promising therapeutic strategy, as proposed here. We proposed
to answer some of these contradictions and suggest the impor-
tance of both the isoforms of PKM gene in relation to cancer
metabolism and growth. Further, we demonstrated that the
knockdown of PKM2 or PKM1 perturbed cellular ATP level
and activated AMPK in cancer cells that expressed functional
LKB1. Activated AMPK, to restore energy homeostasis, stimu-
lated mitochondrial biogenesis and autophagy. We have shown
that the knockdown of AMPK in cells silenced for PKM2 or
PKM1 showed growth inhibition and resulted in apoptosis.
Together, our results suggest how important it is to target the
reprogramming of the energy metabolism of a cancer cell to
break its vicious cycle of turning resistant to therapies that per-
turb ATP level.

Results

Cancer cells co-express M1 and M2 isoforms of pyruvate
kinase and localize differentially to subcellular organelles

The phenomenon of co-expression was noticed at RNA level
in cultured human cancer cells, using semi-quantitative RT-
PCR followed by exon-specific restriction digestion of PKM2, a
modified technique adopted from David et al. (49), to examine
the proportion of the expression of the PKM1 and PKM2 iso-
forms (Fig. 1, A and B). The co-expression of the two isoforms
was also observed by Western blot analysis in six different cell
lines (MCF-7, MDA-MB-231, PC-3, H1299, A549, and HeLa)
derived from four different tissue origins (breast, lung, prostate,

and cervical) along with two other noncancerous cell lines (L6
(rat skeletal muscle) and HEK293 (human embryonic kidney))
(Fig. 1C). These observations were also validated using stage-
specific sporadic breast tumors and the adjoining normal tis-
sues (data not shown). To ensure that the antibodies used for
the two isoforms were not cross-reacting, the recombinant
GST–tagged PKM1 and PKM2 proteins were used to validate
their specificity (Fig. 1D).

To identify the protein-interacting partners of PKM1 iso-
form, we generated H1299 stable cells expressing Myc-tagged
PKM1 (PKM1-Myc-His) (Fig. 2A). Further, the complex of
PKM1 and its interacting partners were co-purified by Myc-tag
immunoprecipitation from whole cell lysates of H1299 stable
cells and subjected to liquid chromatography-mass spectrom-
etry (LC-MS)– based analysis. From the results of two indepen-
dent LC-MS studies, we found nearly 30 interacting proteins of
PKM1 (Fig. 2B and supplemental Table S1), which involved the
proteins from cytoplasm, mitochondria, and nucleus, as an
integral part of diverse cellular machinery of glycolytic path-
way, mitochondrial electron transport chain, protein transla-
tion, protein folding, DNA replication, and cytoskeletal net-
works (Fig. 2B). To support the observation of PKM1
interaction with proteins of different subcellular organelles, we
analyzed the amino acid sequence of PKM1, using six online
computational tools to predict PKM1 subcellular localization
and compared with PKM2. The predictions revealed that both
PKM1 and PKM2 localized predominantly in the cytoplasm,

Figure 1. Co-expression of PKM1 and PKM2 in cancer cell lines. A, schematic representation to depict the approach employed to assay PKM1/PKM2 mRNA ratio in
human cancer cells as in B. B, semi-quantitative RT-PCR followed by PKM2 exon-specific restriction digestion with Ale I restriction enzyme to examine the proportion
of PKM1 and PKM2 expression in human cancer cells. UCT, uncut; Ale I, restriction digested, and D.L., DNA Ladder. Uncut PKM1 and PKM2 397 bp, Ale I undigested PKM1
397 bp, Ale I digested PKM2 product I (249 bp), and Ale I digested PKM2 product II (148 bp). C, immunoblots of PKM1 and PKM2 to demonstrate co-expression of
PKM1 and PKM2 isoforms in six human cancer cell lines of four different tissue origins and two noncancerous cell lines, used as a control. D, immunoblotting with
anti-PKM1 and anti-PKM2 to show the specificity for purified recombinant PKM1 (rGST-PKM1) and PKM2 (rGST-PKM1), stained with Coomassie Brilliant Blue (C.B.B.).

PKM knockdown activates AMPK to prevent cancer cell death

15562 J. Biol. Chem. (2017) 292(37) 15561–15576

http://www.jbc.org/cgi/content/full/M117.791343/DC1


followed by their presence in mitochondria and at appreciative
levels in the nucleus (supplemental Table S2). This was further
confirmed by immunoblot studies with subcellular fractions
and confocal microscopy. Results revealed a differential local-
ization pattern of PKM isoforms in H1299 and A549 cells,
where PKM1 localized within the cytosol, mitochondria, and
nucleus. PKM2, however, localized predominantly in the cyto-
plasm and with appreciative levels in the nucleus, showed an
apparent absence in the mitochondria (Fig. 3, A–F). Interest-
ingly, the interactome data of PKM1 revealed a possible inter-
action between co-expressed PKM1 and PKM2 isoforms,
where LC-MS data of PKM1 isoform exhibited the peptide
sequence corresponding to that of PKM2 isoform. To validate
the interaction between PKM1 and PKM2, we carried out co-
immunoprecipitation (co-IP) and confocal microscopy studies.
The IP of Myc-tag from the lysate of H1299 cells stably express-
ing PKM1-Myc showed the co-precipitation of endogenous
PKM2, reconfirming the interaction between the two. This was
further validated in the reciprocal experiment between exoge-
nously expressing PKM2-Myc and endogenous PKM1 (Fig.
4A). The distribution and strong interaction within cytoplasm
between the endogenous PKM1 (immunostained with anti-
PKM1 and Alexa Fluor 594 (red)) and exogenously expressed

Myc-tagged PKM2 (PKM2-Myc) (immunostained with anti-Myc
and Alexa Fluor 488 (green)) were visualized using confocal
microscopy (Fig. 4B). The likelihood of the hetero-oligomers,
expected to be formed through PKM1–PKM2 interaction, was
further examined by separating PKM oligomers (dimer and
tetramer) from H1299 cell lysates in a glycerol step gradient sub-
jected to ultracentrifugation (10, 12) and examining the pyruvate
kinase activity (Fig. 4C), followed by Western blot analysis of the
same glycerol fraction with PKM1- and PKM2-specific antibodies.
This established the formation of heterotetramers of PKM1 and
PKM2, where heterodimers were not detected (Fig. 4D). Further,
to understand the relevance of the co-expression of the PKM1
isoform, we proposed to study its role in aerobic glycolysis and cell
viability using lung cancer cell lines.

PKM1 or PKM2 knockdown differentially affects net pyruvate
kinase activity, aerobic glycolysis, ATP level, and cell viability

To knock down the expression of PKM isoforms, we intro-
duced the lentivirus harboring shRNA, targeting PKM1 or
PKM2 mRNA in human lung cancer cell lines (A549 and
H1299), followed by selection to generate stably transduced
cells. PKM1 or PKM2 knockdown was validated with Western
blot analysis (Fig. 5A). When measured for PK activity, H1299

Figure 2. Identification of protein interacting partners of human PKM1 using LC-MS-MS. A, immunoblots of Myc-His–tagged PKM1 and PKM2 from the protein
lysates of H1299 stable cells, transfected with empty vector or Myc-His–tagged PKM1 cDNA. B, cytoscape map of PKM1 interactome, involving a total of 30 interacting
partners of PKM1, co-immunoprecipitated with Myc-tagged PKM1 from H1299 lysate and identified using LC-MS-MS from two biological replicates. The identified
interacting partners were further separated with distinct color codes and were marked as entities that were an integral part of cellular machinery, such as glycolytic
pathway, mitochondrial electron transport chain, protein translational, protein folding, DNA replication, and cytoskeletal networks.
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Figure 3. Subcellular localization of PKM isoforms and their validation. A, immunoblots of PKM1 and PKM2 from the lysate of H1299 (left panel) and A549
(right panel) cells collected by fractionating the cytoplasm and the nucleus (WCL, whole cell lysate; CF, cytoplasmic fraction; and NF, nuclear fraction). PARP and
�-tubulin served as loading controls for nucleus, and cytoplasm respectively. B, immunoblots of PKM1 and PKM2 from lysate of H1299 (left panel) and A549
(right panel) cells collected by fractionating the cytoplasm and the mitochondria (WCL, whole cell lysate; CF, cytoplasmic fraction; MF, mitochondrial fraction).
COX IV and �-tubulin served as loading controls for mitochondria and cytoplasm, respectively. C–F, confocal microscopy images demonstrating the subcellular
localization of PKM1 or PKM2 in H1299 and A549 cells, immunostained with antibodies of PKM2 (green) or PKM1 (green), mitochondria stained with Mito-tracker
Red (red) and the nucleus was stained with DAPI (blue). Merged figures are shown with a scale bar of 20 �m.
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Figure 4. PKM1 and PKM2 interact with each other. A, immunoprecipitation (IP) performed with anti-Myc-tag in lysates of H1299 cells, stably expressing
Myc-tagged PKM1 (PKM1-Myc) (left panel), or Myc-tagged PKM2 (PKM2-Myc) (right panel), followed by immunoblotting with PKM1 or PKM2 antibodies, to show
the interaction between PKM-isoforms (IgG used as isotype control). B, confocal microscopy images, displaying the co-localization of endogenous PKM1
(immunostained with anti-PKM1 and secondary anti-Alexa Fluor 589 red) and exogenously expressed Myc-tagged PKM2 (immunostained with anti-Myc-tag
and secondary anti-Alexa Fluor 488 green) in H1299 cells. Nucleus was stained with DAPI (blue); figures are shown with a scale bar of 20 �m. C, dimeric and
tetrameric peaks of PKM, resolved by examining pyruvate kinase activity from the fractions collected after glycerol density gradient ultracentrifugation, loaded
with protein lysates from H1299 cells. D, immunoblotting with anti-PKM1 and anti-PKM2 of the glycerol density gradient fractions as mentioned in C to measure
the distribution of PKM1 and PKM2 in the separated peaks in C.
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cells that were subjected to PKM2 knockdown exhibited 70%
reduction in the net PK activity, whereas PKM1 knockdown
reduced the activity by 55% in comparison to vector (pLKO.1)
transfected cells (Fig. 5, B and C, left panels). In A549 cells
silenced for PKM2, the activity was reduced by 61%, and PKM1
silencing reduced the activity by 58% (Fig. 5, B and C, right
panels), suggesting a differential contribution of PKM2 and
PKM1 isoforms to the net PK activity in the two (H1299 and
A549) cell lines. Moreover, knockdown of either PKM1 or
PKM2 contributed equally to reduce the glucose uptake and
lactate release in these lung cancer cell lines (Fig. 5, D and E),
the potential reasons for which are discussed later.

Intriguingly, stable knockdown of PK isoforms in A549 cells
significantly reduced the cellular ATP level, whereas in H1299
cells the knockdown left the level of ATP unaltered (Fig. 5F).
However, H1299 cells that were transiently transduced with
shPKM1 or shPKM2 showed a reduction in the total cellular
ATP level (data not shown), which probably suggests that
H1299 stable cells for PKM1 and PKM2 knockdown that were
passaged for successive generations attained energy homeosta-
sis. When assayed for cellular viability, H1299 cells stably trans-
duced with shPKM2 demonstrated a significant reduction in
their viability (vector versus shPKM2, 48 h, p � 0.001 and 72 h,
p � 0.001), whereas the cells transduced with shPKM1

Figure 5. Knockdown of PKM1 or PKM2 differentially affects the metabolism of human lung cancer cells H1299 and A549. A, immunoblots to validate
the stable knockdown of PKM1 and PKM2 expression in H1299 (left panel) and A549 (right panel) cells, transduced with vector control (pLKO.1), shPKM1, or
shPKM2. B, relative pyruvate kinase enzyme activity from protein lysates of H1299 (left panel) and A549 (right panel) cells stably transduced with control vector
(pLKO.1), shPKM1, or shPKM2; with statistical analysis (where n � 3; mean � S.D.), and the level of significance was tested using unpaired Student’s t test. **,
p � 0.01; ***, p � 0.001. C, bar diagrams showing a relative reduction in the percentage of pyruvate kinase activity after silencing of PKM1 and PKM2 in H1299
(left panel) and A549 (right panel) cells. D–F, glucose uptake (D), lactate release (E), and intracellular ATP (F) levels in H1299 (left panel) and A549 (right panel) cells
stably transduced with vector (pLKO.1), shPKM1, or shPKM2; with statistical analysis (where n � 3; mean � S.D.) and the level of significance was tested using
unpaired Student’s t test. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

Figure 6. PKM1 or PKM2 silencing differentially affects the viability of H1299 and A549 (human lung cancer cells). A and B, CCK8 assay to examine the
viability of H1299 cells (A) and A549 cells (B), transduced with vector (pLKO.1), shPKM1, or shPKM2 and cultured for the period of 72 h, the cellular viability
assayed for every 24 h; with statistical analysis (where n � 3; mean � S.D.), and the level of significance was tested using two-way analysis of variance with
Tukey’s multiple comparisons test. C and D, bars represent the number of colonies obtained from the anchorage-dependent clonogenic assay of H1299 (C) and
A549 (D) stable cells transduced with lentivirus containing empty vector (pLKO.1), shPKM1, or shPKM2; with statistical analysis (where n � 3; mean � S.D.), and
the level of significance was tested using unpaired Student’s t test.*, p � 0.01.
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remained unaffected (Fig. 6A). Likewise, stable PKM2 knock-
down in A549 cells showed a remarkable reduction in their
viability (vector versus shPKM2, 48 h, p � 0.001 and 72 h, p �
0.001). However, in contrast to H1299, stable PKM1 knock-
down in A549 cells also exhibited reduced viability (vector ver-
sus shPKM1, 48 h, p � 0.001 and 72 h, p � 0.001) (Fig. 6B). The
effect of PKM silencing on H1299 and A549 cell viability was
further validated using colony-forming assay, in which PKM2
silencing significantly affected H1299 propagation and colony
formation (vector versus shPKM2, p � 0.001) (Fig. 6C), whereas
knockdown of either PKM1 or PKM2 largely reduced A549 cell
colony-forming ability (vector versus shPKM1, p � 0.001 and
vector versus shPKM2, p � 0.001) (Fig. 6D).

PKM knockdown activates AMPK signaling to promote
mitochondrial biogenesis and autophagy to evade apoptosis

The stable knockdown of PKM1 or PKM2 in H1299 cells
activated the AMPK signaling pathway in response to the per-
turbed energy (ATP) homeostasis. The activation of AMPK was
measured by a marked increase in threonine 172 (Thr-172)
phosphorylation of AMPK, serine 79 (Ser-79) phosphorylation
of acetyl-CoA carboxylase (ACC, a downstream substrate of
AMPK), and serine 792 (Ser-792) phosphorylation of Raptor
(adaptor protein of mammalian target of rapamycin (mTOR)
complex 1) (Fig. 7A, left panel). In addition, AMPK activity was
also assessed using the suppression of mTOR activity by a
marked decrease in threonine 389 phosphorylation of p70S6
kinase. Conversely, stable PKM isoform knockdowns in A549
cells failed to activate AMPK because of the lack of the
upstream protein kinase LKB1 (28 –30) (Fig. 7A, right panel).
Further, we uncovered here that the active AMPK in stable
H1299 cells stimulated mitochondrial biogenesis, where activa-
tion of AMPK in H1299 cell was associated with concomitant
increase in mitochondrial membrane potential (��m) (Fig. 7B)
and mitochondrial mass (Fig. 7C), with an overall increase in
the expression of master regulatory transcription factors of
mitochondrial biogenesis (PGC 1�, NRF1, NRF2, and TFAM)
and mitochondrial-encoded subunits of electron transport
chain (ETC) complexes (COX 1, ND3, and ATP6) (Fig. 7D).
A549 cells that were silenced for the expression of PKM1 or
PKM2 failed to show such changes in the mitochondrial mem-
brane potential (��m), mitochondrial content, and expression
of genes associated with mitochondrial biogenesis (Fig. 7, B and
D). Remarkably, H1299 cells that were silenced for PKM iso-
forms showed no sign of apoptosis but autophagy (Fig. 7E). This
we established using LC3B Western blot analysis. The results
revealed a significant increase in the LC3B-II band (Fig. 7E),
an observation corroborated with the immunocytochemistry
results, in which H1299 PKM1 and PKM2 knockdown stable
cells when immunostained with LC3B antibody showed an
increased autophagic punctate formation. The vector-trans-
duced cells, however, showed a diffused pattern of LC3B immu-
nostain (Fig. 7F). A549 cells that failed to activate AMPK path-
way in response to PKM isoform silencing underwent apoptosis
(depicted through poly(ADP-ribose) polymerase (PARP) cleav-
age using Western blot analysis), but not autophagy (Fig. 7E).
Markedly, exogenous expression of constitutively active
AMPK�T172D mutant rescued A549 cells silenced for PKM

isoforms from apoptosis. Together, these results validated the
significance of AMPK signaling in cancer cell survival following
energy perturbation by the knockdown of PKM isoforms (Fig.
7G).

Knockdown of AMPK� catalytic subunits along with PKM1 or
PKM2 induces apoptosis in H1299 cells

Given that PKM1 or PKM2 silencing in H1299 cells stimu-
lated a metabolic shift to mitochondrial oxidative phosphory-
lation in an AMPK pathway– dependent manner to preserve
energy homeostasis, we speculated that this reprogramming of
energy metabolism might have warranted resistance against
PKM1 and PKM2 silencing–induced cell death in H1299 cells.
To test our hypothesis, we silenced the expression of AMPK�
catalytic subunits in H1299 stable cells for PKM1 and PKM2
knockdown and validated with Western blot analysis (Fig. 8A).
Further, we observed that the combination of AMPK�1/2 cat-
alytic subunit and PKM1 or PKM2 knockdown in H1299 cells
reduced the mitochondrial membrane potential (��m) (Fig.
8B), mitochondrial mass (Fig. 8C), expression of genes associ-
ated with mitochondrial biogenesis (PGC 1�, NRF1, NRF2, and
TFAM), and mitochondrial-encoded subunits of electron
transport chain (ETC) complexes (COX 1, ND3, and ATP6)
(Fig. 8D). When evaluated for cellular viability, H1299 cells
that were transduced with the combination of shAMPK� and
shPKM1 or shPKM2 demonstrated a significant reduction in
their cellular viability (vector versus shAMPK�1/2 � shPKM1,
24 h, p � 0.001; 48 h, p � 0.001; and 72 h, p � 0.001) (vector
versus shAMPK�1/2 � shPKM2, 24 h, p � 0.001; 48 h, p �
0.001; and 72 h, p � 0.001) (Fig. 8E) and also exhibited apoptotic
cell death (Fig. 8F), Likewise, autophagy triggered by PKM1 and
PKM2 silencing were abrogated by the concurrent transduc-
tion of shAMPK�1/2 (Fig. 8F).

Discussion

Altered metabolism phenotype of cancer cells has gained
enormous attention in recent years. Attempts have been made
to develop drugs that could target important metabolic
enzymes like PKM2, which arguably is the critical regulator of
aerobic glycolysis in cancer cells. The therapeutic intervention
that involves the strategy of silencing the expression of PKM2
has several limitations. Although the knockdown of PKM2
affects aerobic glycolysis in cancer cells (4), its ability in regress-
ing the proliferation and in inducing cell death of cancer cells
from distinct tissue origin has been debated (20 –22, 26, 27, 32).

Our experiments in a representative set of human cancer cell
lines of different tissue origin have showed co-expression of M1
and M2 isoforms of pyruvate kinase (Fig. 1), except for HeLa
cells. The HeLa cells showed a strong presence of PKM2 and
PKM1 isoforms at RNA level and exhibited a relatively low
expression of PKM1 because of a partial proteolytic degrada-
tion of PKM13 along with high expression of PKM2 at protein
level.

The observation of co-expression of the two isoforms in both
cancer cell lines and tumor samples provided us an insight to

3 G. Prakasam, R. K. Singh, M. A. Iqbal, S. K. Saini, A. B. Tiku, and R. N. K. Bam-
ezai, unpublished results.
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suggest alternative approaches for therapeutic intervention in
cancer cells. We propose that the cancer cells express both the
isoforms of PKM which interact to generate heterotetrameric

cross-oligomers (Figs. 2 and 4), besides homotetramers of
PKM1, PKM2, and homodimers of PKM2, in all probability
contributing to the overall pyruvate kinase activity in cancer

Figure 7. AMPK signaling reprograms energy metabolism pathway to sustain energy homeostasis and to prevent apoptotic cell death. A, immuno-
blots from the protein lysate of H1299 (left panel) and A549 (right panel) cells stably transduced with lentivirus containing control vector (pLKO.1), shPKM1, or
shPKM2, to show AMPK signaling activation. B and C, bar diagram depicts the relative mitochondrial membrane potential (B) and mitochondrial mass (C) in
H1299 (left panels) and A549 (right panels) cells stably transduced with control vector (pLKO.1), shPKM1, or shPKM2; with statistical analysis (where n � 3;
mean � S.D.), and the level of significance was tested using unpaired Student’s t test. *, p � 0.05; **, p � 0.01. D, quantitative RT-PCR analysis to show the relative
expression change of genes involved in the mitochondrial biogenesis (PGC 1�, NRF1, NRF2, and TFAM) and mitochondrial-encoded subunits of electron
transport chain complexes (COX 1, ND3, and ATP6) from H1299 (left) and A549 (right) cells for stable PKM1 and PKM2 knockdown. The bars represent the -fold
change after normalizing with the control of each group (vector transfected); with statistical analysis (where n � 3; mean � S.D.) and the level of significance
was tested using two-way analysis of variance with Tukey’s multiple comparisons test. *, p � 0.05; **, p � 0.01; ***, p � 0.001. E, immunoblots from the protein
lysate of H1299 (left panel) and A549 (right panel) cells transduced with lentivirus containing empty vector (pLKO.1), shPKM1, or shPKM2 to measure autophagy
and apoptosis using LC3B-II and cleaved PARP as markers. F, confocal microscopy images depicting the autophagic puncta formation in H1299 cells stably
transduced with shPKM1 and shPKM2, immunostained with LC3B antibody and secondary anti-Alexa Fluor 488. Nucleus was stained with DAPI (blue). Merged
figures are shown with a scale bar of 20 �m. G, immunoblot from the protein lysate of A549 cells, transduced with lentivirus containing empty vector (pLKO.1),
shPKM1, shPKM2, and, in addition, ectopic expression of Myc-tagged AMPK�2 constitutively active T172D mutant (AMPK�2T172D-Myc) in cells knocked down
for PKM1 and PKM2 probed with Myc-tag and PARP antibodies to validate the expression of AMPK�2T172D-Myc and to measure apoptosis.
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cells. Thus, it is obvious from our results that cancer cells
involve both PKM1 and PKM2 to drive the glycolysis to yield
ATP (Fig. 5), also indicating that PKM1 in cancer cells is not just
a bystander.

Hence, we believe a stand-alone therapeutic strategy that
silences the expression of PKM2 might not warrant success in
regressing the tumor propagation. The abrogation of PKM2
expression in such a situation may be compensated by the
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expression of PKM1 or the signaling pathway that reprograms
energy metabolism to preserve energy homeostasis. This opin-
ion is supported by a recent study conducted by Israelsen et al.
(27), in which PKM2 knock out reprogrammed tumors to
express PKM1, which instead of regressing, stimulated tumor
propagation. A recent study by Qin et al. (32) states that Akt
survival signaling that activated, followed by PKM2 knock-
down, conferred protection against growth inhibition and
apoptosis.

Interestingly, our data demonstrated that the knockdown of
PKM1 and PKM2 affected pyruvate kinase activity, cellular
ATP level, and viability of A549 and H1299 cells (lung adeno-
carcinoma cells) differentially (Figs. 5 and 6). Because the
dimeric and tetrameric content of pyruvate kinase was different
in H1299 and A549 cells (data not shown), it is expected that the
overall PK activity in the two cell lines may differ. Also, the
activity of an enzyme does not always correlate with the mRNA
and protein content, because of post-translational modifica-
tions and existence of different oligomeric forms of an enzyme
(allosteric regulation). PKM1 is a constitutively active and
PKM2 an allosteric isoform with their tetramers expected to
have substantial differences in the activity. Further, as a rule,
constitutively active enzymes usually have higher activities
compared with the allosteric isoforms (5, 8, 9). The analysis,
however, of the H1299 and A549 cells knocked down for PKM1
or PKM2, did not show any difference between the two cell lines
when studied for glucose uptake and lactate release level, and
the results of reduction were more or less similar. We conjec-
ture two potential reasons for this reduction: (i) the knockdown
of PKM apparently allows accumulation of its substrate P-enol-
pyruvate (PEP) (26), allosterically inhibiting the rate-limiting
glycolytic enzyme PFK1 through a feed-forward mechanism
(33, 34), largely affecting the rate of glucose uptake and glyco-
lytic flux by inhibiting PFK1 and (ii) the knockdown of PKM2
abrogates its transcriptional co-activation function with HIF1�
in regulating the expression of enzymes, GLUT1 and LDHA,
associated with glucose metabolism through a positive feed-
back loop (9, 14) and reducing the glucose uptake.

Later, we also uncovered that the heterogenic response
between PKM-silenced H1299 and A549 cells was because of
the presence of LKB1 (a serine/threonine protein kinase
upstream to AMPK) and an active AMPK signaling network
downstream to LKB1 in H1299 and its absence in A549 cells
(28 –30) (Fig. 7A). H1299 cells that were silenced for PKM iso-
forms, to evade apoptosis, activated AMPK survival signaling to
reprogram energy metabolism (Fig. 9A) by stimulating mito-
chondrial biogenesis and by triggering autophagy, confirmed in

Western blot analysis and by the formation of autophagic
puncta in immunocytochemical studies, to preserve energy
homeostasis (Fig. 7). A549 cells that lack LKB1, however, failed
to activate AMPK to maintain the adaptive energy metabolic
phenotype governed by AMPK, resulting in enhanced growth
inhibition and apoptosis (Figs. 6 and 7). The ectopic expression
of constitutively active AMPK mutant (AMPK T172D) in A549
cells, which did not require LKB1 presence for its activation,
rescued PKM knockdown–induced cell death (Fig. 7G); con-
firming the role of AMPK in cell survival.

Our observation of induction of autophagy in H1299 stable
cells for PKM1 and PKM2 knockdown is consistent with a
recent study by Zhang et al. (35), wherein it was shown that
AMPK regulated the expression of key autophagic marker
ULK1 and LC3B in a FoxO3 (transcription factor)– dependent
manner. It is well-known that AMPK directly stimulates
autophagy by phosphorylating Ulk1 at Ser-317 and Ser-777 res-
idues (36). Because AMPK was activated upon PKM silencing
in our case, it may explain our results in which LC3B-II is
increased without any decrease in LC3B-I. Notably, the
requirement of AMPK in both up-regulation of LC3B and con-
version of LC3B-I to LC3B-II was observed by us as shown in
Fig. 8F.

The importance of this study in the context of lack of LKB
function affecting the AMPK signaling path becomes obvious
from the fact that nearly 20 –30% of lung adenocarcinomas are
known to either lack LKB1 or harbor a loss of functional muta-
tion (37). In addition, a substantial number of cases with cervi-
cal, endometrial, and prostate cancers also carry LKB1 muta-
tions (38). Loss of LKB1 expression has been linked largely to a
deregulated cellular metabolism, which generally relies on aer-
obic glycolysis and supports the aggressive replicative pheno-
type of the tumors by delivering precursors for biosynthesis (28,
39, 40). Taken together, our results suggest that the cancer cells
with aberrant LKB1-AMPK axis could be contained by target-
ing glycolytic metabolism and energy homeostasis through
PKM1 and PKM2 silencing (Figs. 7 and 9, B and C). We find our
conclusions are consistent with recent studies, which collec-
tively demonstrate that triggering bioenergetic stress by
pharmacological or genetic means in LKB1-AMPK pathway–
deficient tumors could enhance anti-tumorigenic effect (29,
41– 43).

Our study also demonstrates that the cancer cells with active
LKB1 could be targeted by employing a strategy of introducing
a combination of knockdowns for AMPK� catalytic subunits
and PKM1 or PKM2 (Figs. 8 and 9, D and F). To this end, we find
targeting AMPK could be appealing over LKB1, because LKB1

Figure 8. AMPK�2 and PKM1 or PKM2 dual knockdown induces cell death in H1299 cells by preventing energy metabolism reprogramming. A,
immunoblots from the protein lysate of H1299 cells stably transduced with control vector (pLKO. 1), shPKM1, shPKM2, shAMPK�1/2, and shAMPK�1/2 �
shPKM1 or � shPKM2 to validate the knockdown of AMPK�1/2, PKM1, and PKM2. B and C, bar diagram depicts the relative mitochondrial membrane potential
(B) and mitochondrial mass (C) in H1299 cells stably transduced with control vector (pLKO.1), shPKM1, shPKM2, shAMPK�1/2, and shAMPK�1/2 � shPKM1
or � shPKM2; with statistical analysis (where n � 3; mean � S.D.), and the level of significance was tested using unpaired Student’s t test. *, p � 0.05, **, p � 0.01.
D, quantitative RT-PCR analysis to show the relative expression change of genes involved in the mitochondrial biogenesis (PGC 1�, NRF1, NRF2, and TFAM) and
mitochondrial-encoded subunits of electron transport chain complexes (COX 1, ND3, and ATP6) from H1299 cells for stable shPKM1, shPKM2, AMPK�1/2, or
AMPK�1/2 and PKM1 or PKM2 knockdown. The bars represent the -fold change after normalizing with the control of each group (vector transfected); with
statistical analysis (where n �3; mean � S.D.), and the level of significance was tested using two-way analysis of variance with Tukey’s multiple comparisons test. *,
p � 0.05; **, p � 0.01; ***, p � 0.001. E, CCK8 assay to examine the viability rate of H1299 cells stably transduced with control vector (pLKO.1), shPKM1, shPKM2,
shAMPK�1/2, and shAMPK�1/2 and shPKM1 or shPKM2 and cultured for the period of 72 h. Cellular viability rates were assayed for every 24 h; with statistical analysis
(where n � 3; mean � S.D.), and the level of significance was tested using two-way analysis of variance with Tukey’s multiple comparisons test. F, immunoblots from
the protein lysate of H1299 as mentioned in (A) to measure autophagy and apoptosis using LC3B-II and cleaved PARP as markers.
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confers most of its biological role of cellular energy metabolic
reprogrammingof thebioenergeticsensorAMPKviaphosphor-
ylation of Thr-172 residue of AMPK (44, 45). Numerous strat-
egies that choose to target aerobic glycolysis are underway; our
study here emphasizes that the cancer cells could develop
resistance against those strategies through AMPK-dependent
energy metabolic rewiring. Taken together, our findings pro-
vide a rationale for PKM knockdown in LKB1-deficient lung
cancer cells and in addition, proposes that the combined silenc-
ing of AMPK and PKM isoforms through genetic or pharmaco-
logical means may provide a promising therapeutic strategy
that could curtail the tumor cells with a functional LKB1-
AMPK axis (Fig. 9).

Experimental procedures

Cell culture and tumor tissue samples

Cell lines MCF-7 (human breast adenocarcinoma), MDA-
MB-231 (human breast adenocarcinoma), PC-3 (human pros-
tate adenocarcinoma), H1299 (non–small cell lung carcinoma),
A549 (lung carcinoma), HeLa (human cervical adenocarci-
noma), HEK293T (human embryonic kidney cell line), and L6
(rat skeletal muscle), procured from the American Type Cul-
ture Collection (ATCC) or National Centre for Cell Science
(NCCS, Pune, India), were grown in DMEM (Sigma-Aldrich),
supplemented with 1� penicillin/streptomycin from 100�
stock solution (Sigma-Aldrich), 10% fetal bovine serum (FBS)
(Gibco), and maintained in the incubator (Thermo Scientific
Heraeus) at 37 °C with 5% CO2. Tumor tissues from sporadic
breast cancer patients (provided by Dr. Gaurav Agarwal from

Sanjay Gandhi Postgraduate Institute of Medical Sciences, Luc-
know, India) were collected as detailed earlier (46, 47) with the
prior approval from Jawaharlal Nehru University Institutional
Ethics Committee.

Cloning and site-directed mutagenesis

The coding sequences (CDs) of full-length PKM1 and the
truncated AMPK�2 were amplified by PCR from cDNA of
H1299 cells. In brief, the insertion of M1 isoform of PKM gene
was generated by an overlapping PCR using the PKM1/2 CDs–
specific and Exon 9 –specific primers. PKM1/2 (forward 5�-
ATATGAATTCATGTCGAAGCCCCATAGTGAAG-3� and
reverse 5�-ATATGGATCCCGGCACAGGAACAACAC-
GCA-3�), PKM Exon 9 (forward 5�-AGGCAGCCATGTTCC-
AC-3� and reverse 5�-TGCCAGACTCCGTCAGAACT-3�),
AMPK�2 (forward 5�-ATATGGATCCATGGCTGAGAA-
GCAGAAGCA-3�), and AMPK�2 312 (reverse 5�-ATATA-
AGCTTATATAAACTGTTCATTACTTCTGATTCTGT-
3�). The PCR-amplified fragment was sequenced and cross-
checked for background mutations and cloned in pcDNATM3.1/
myc-His(	)A vector. Expression vector pcDNATM3.1/myc-
His(	) A, lentiviral transfer vector (pLKO.1), and packaging
vectors (psPAX and pMD2.G) were a kind gift from Prof. Shya-
mal K Goswami and Dr. Goutam K Tanti (School of Life Sci-
ence, Jawaharlal Nehru University, New Delhi). Lentiviral
transducing vector, pLKO.1 encoding shPKM1, and shPKM2
were a generous gift from Dr. Marta Cortés-Cros (Novartis, Basel,
Switzerland). Lentiviral shRNA vectors targeting the expression
AMPK�1 and AMPK�2 (catalog no. pLKO.1shAMPK�1-

Figure 9. Schematic representation of the proposed therapeutic strategy to improve the efficacy of PKM targeting therapy in cancer cells in the
background of the cellular status of the LKB1-AMPK pathway. A, the effect of the bioenergetic sensor, LKB1-AMPK signaling on cellular metabolic pathways
to preserve energy homeostasis. B, the pro-growth metabolic phenotype of tumor cells that lacks or expresses a nonfunctional LKB1 (i.e. somatic mutation,
promoter hypermethylation, or exonic deletion) and thus fails to activate the bio-energetic sensor AMPK. C, the therapeutic efficacy of PKM2 or PKM1 silencing
in tumor cells that lack LKB1-AMPK signaling pathway to rewire metabolic phenotype and to restore the perturbed ATP level. D, the metabolic phenotype of
tumor cells that possess the intact bio-energetic sensors, LKB1-AMPK signaling pathway. E, the mechanistic insight of LKB1-AMPK mediated metabolic rewiring
and the restored energy homeostasis that confers treatment resistance against PKM silencing in cancer cells. F, the proposed therapeutic scheme of inducing
synthetic lethality in cancer cells by targeting the pro-growth metabolism by silencing PKM isoforms and reducing resistance toward apoptosis by targeting
the AMPK pathway.
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TRCN0000000861 and pLKO.1shAMPK�2-TRCN0000002171)
were procured from Sigma-Aldrich. Site-directed mutagen-
esis was performed using QuikChange Site-Directed Mutagen-
esis Kit (Agilent Technologies), according to the manufactu-
rer’s protocol. In brief, wild-type (WT) construct of AMPK�2
was truncated to delete the autoinhibitory and �,� subunit-
binding domain and used for generating AMPK�2 constitu-
tively active T172D mutant by site-directed mutagenesis
(AMPK�2T172D forward 5�-TTTCTGAGAGATAGTTGCG-
GA-3� and AMPK�2T172D 5�-reverse TCCGCAACTATCT-
CTCAGAAA-3�). The PCR-amplified fragment was sequenced
and cross-checked for site-directed mutations incorporated
and cloned in pcDNATM3.1/myc-His(	) A vector.

Generation of stable gene expressing, and knockdown cell
lines

To establish stable gene expression, the pcDNA-PKM1-Myc
construct was transfected using Lipofectamine� 3000 reagent
(Thermo Fisher Scientific) as per the manufacturer’s instruc-
tions. Briefly, after 48 h of post transfection, cells were selected
in G418 (1 mg/ml) containing selection medium for 2 weeks to
generate stable cell lines. For stable gene knockdowns, the len-
tiviral particles were generated as described previously (26, 31,
48). In brief, HEK293T cells were transfected with transfer vec-
tor (LKO.1) harboring shRNAs, along with packaging vectors,
psPAX, and pMD2.G, using Lipofectamine� 3000 reagent
(Thermo Fisher Scientific). After 48 h of post transfection, viral
particles were harvested (in polypropylene microfuge tubes),
concentrated, and used to infect/transduce the target cells in
presence of hexadimethrine bromide (Polybrene). Infected
cells were selected in puromycin (2 �g/ml) containing DMEM
for the course of 14 days for generating cell lines with stable
gene knockdown.

Immunoblotting

Immunoblot analysis was performed by lysing the cells in
modified RIPA buffer (50 mM Tris-HCl pH 7.2, 150 mM NaCl,
0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100) sup-
plemented with 1 mM PMSF, protease inhibitor mixture and
phosphatase inhibitor mixture II and III (Sigma-Aldrich). Pro-
tein lysates were cleared by centrifugation and concentrations
quantified using a BCA kit (Thermo Scientific). An equal
amount of protein lysate was resolved in SDS-PAGE, trans-
ferred to nitrocellulose membrane, and probed with primary
antibodies of interest. Protein bands were detected using Lumi-
nata Forte (EMD Millipore). Densitometry analysis was per-
formed using ImageJ software to calculate the relative expres-
sion change after normalizing with �-actin. Primary antibodies
used in the study were as follows: PKM1 (catalog no.
SAB4200094), PKM2 (catalog no. SAB4200095), Myc-tag (cat-
alog no. C3956), LC3B (catalog no. L7543), and �-actin (catalog
no. A1978) were procured from Sigma-Aldrich, and AMPK�
(catalog no. 5831), phospho-AMPK� (Thr-172) (catalog no.
2535), acetyl-CoA carboxylase (catalog no. 3676), phospho-
acetyl-CoA carboxylase (Ser-79) (catalog no. 11818), PARP
(catalog no. 9542), Raptor (catalog no. 2280), phospho-Raptor
(Ser-792) (catalog no. 2083), p70 S6 kinase (catalog no. 2708),
p70 S6 kinase kit (catalog no. 9234), �-tubulin (catalog no.

2128), and histone H3 (catalog no. 4499) were obtained from
Cell Signaling Technology. Secondary antibodies, anti-mouse
HRP (catalog no. 7076), and anti-rabbit HRP (catalog no. 7074)
were from Cell Signaling Technology.

Subcellular fractionation and co-immunoprecipitation

Nuclear and cytoplasmic fractions were obtained by using
the NE-PER extraction kit (Thermo Scientific) and fractions of
mitochondria were extracted using mitochondrial isolation kit
(Thermo Scientific), according to the manufacturer’s instruc-
tions. Co-immunoprecipitation was performed using the kit
procured from Thermo Scientific. In brief, the antibodies were
cross-linked with the amine-activated agarose A beads and
incubated with cell lysates at 4 °C overnight. Protein complexes
bound to the beads were washed three times with lysis buffer
and then eluted by adding elution buffer. The resultant immu-
noprecipitation products and inputs were subjected to immu-
noblotting analysis with the antibodies of interest.

Confocal microscopy

Cells grown on coverslips were fixed by adding 3.7% parafor-
maldehyde, dissolved in phosphate-buffered saline (PBS) for 20
min and cells were permeabilized with blocking buffer (5%
chicken serum in 1X PBS) containing 0.1% Triton X-100 for 1 h
at room temperature. Slides were incubated overnight at 4 °C
with primary antibodies to mark their subcellular localization.
Excessive antibodies were washed and incubated with second-
ary antibodies, anti-rabbit Alexa Fluor 488 or anti-rabbit Alexa
Fluor 594 or anti-mouse Alexa Fluor 488 (Thermo Fisher Sci-
entific) for 1 h at room temperature. Nuclei were stained with
DAPI (Sigma-Aldrich) and the mitochondria were stained with
MitoTracker Red (Molecular Probes, Life Technologies). Cov-
erslips were mounted on glass slides with Prolong� AntiFade
Reagent (Molecular Probes, Life Technologies); cells were
examined and an image obtained using Nikon Eclipse Ti-S
Inverted Microscope. The data were analyzed using NIS-Ele-
ments Imaging Software (Nikon).

RT-PCR

Total RNA isolated from cells with TRI Reagent (Sigma-Al-
drich) was reverse transcribed into cDNA, using SuperScriptTM

III Reverse Transcriptase kit (Life Technologies). Quantitative
RT-PCR analysis was carried out in Bio-Rad CFX96 TouchTM

Real-Time PCR Detection System, using SYBR Green PCR
Master Mixture (Applied Biosystems). The relative gene
expression was calculated using the comparative Ct method
(2	��Ct). Results were analyzed and presented as -fold change
after normalizing with the control group. Actin served as an
endogenous control. Primers used for the RT-PCR analysis are
as follows: PGC1 A (forward 5�-TGTCACCACCCAAATC-
CTTATTT-3� and reverse 5�-TGTGTCGAGAAAAGGAC-
CTTGA-3�), NRF1 (forward 5�-CCATCTGGTGGCCTG-
AAG-3� and reverse 5�-GTGCCTGGGTCCATGAAA-3�), NRF2
(forward 5�-ACACGGTCCACAGCTCATC-3� and reverse 5�-
TGTCAATCAAATCCATGTCCTG-3�), TFAM (forward 5�-
GAACAACTACCCATATTTAAAGCTCA-3� and reverse 5�-
GAATCAGGAAGTTCCCTCCA-3�), COI (forward 5�-TTC-
TGACTCTTACCTCCCTCTC-3� and reverse 5�-TGGGAGT-
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AGTTCCCTGCTAA-3�), ND3 (forward 5�-CCACAACTCA-
ACGGCTACATA-3� and reverse 5�-AGGAGGGCAATTTC-
TAGATCAAA-3�), ATP6 (forward 5�-TAGCCCACTTCTTA-
CCACAAGGCA-3� and reverse 5�-TGAGTAGGTGGCCTG-
CAGTAATGT-3�), and ACTIN (forward 5�-ACTCTTCCAG-
CCTTCCTTC-3� and reverse 5�-ATCTCCTTCTGCA-
TCCTGTC-3�).

Semi-quantitative RT-PCR assay to examine PKM1/PKM2
mRNA proportion

RNA was isolated from 2 � 106 cells using TRI Reagent (Sig-
ma-Aldrich). 2 �g from total RNA was subjected to DNase I
(Applied Biosystems) treatment to remove contaminating
DNA and was reverse transcribed into cDNA using Super-
ScriptTM III Reverse Transcriptase kit (Life Technologies).
PKM alternative splice transcripts, PKM1 (Exon 9 included)
and PKM2 (Exon 10 included), were PCR amplified together
using primers specific to Exon 8 and Exon 11 (Exon-8
5�-GAAACAGCCAAAGGGGACT-3� and Exon-11 5�-CATT-
CATGGCAAAGTTCACC-3�) as described earlier (7). The
amplified products were equally divided into two aliquots (
 20
�l); one of them was subjected to restriction digestion with Ale
I restriction enzyme and the other one served as an uncut con-
trol. Ale I specifically cuts at Exon 10 of PKM2 and leaves PKM1
undigested. Images of semi-quantitative RT-PCR products
resolved in 3% agarose gel were obtained by Syngene gel docu-
mentation system.

LC-MS studies

His- and Myc-tagged PKM1 was purified from the lysates of
H1299 stable cells using His pulldown and Myc IP. We first
used His-tag for pulldown and then immunoprecipitated
PKM1 using Myc-tag from the elute we got after His pulldown.
The resultant eluent was subjected to in-solution trypsin diges-
tion. In brief, the eluted proteins were mixed with surfactant
RapiGest (Waters) and were reduced with DTT and alkylated
using iodoacetamide. Samples were digested with 2 �g of
sequencing grade trypsin gold (Promega) at 37 °C overnight
and subjected to LC-MS-MS analysis (LC-MS-MS Waters
SYNAPT G2 with 2D nano ACQUITY System). Mass spectrum
obtained from the LC-MS was analyzed using ProteinLynx
Global SERVER and the interactome for PKM1 was generated.

Computational prediction of protein subcellular localization

To predict subcellular localization of PKM1 (UniProt I.D.:
P14618 –2) and PKM2 (UniProt I.D.: P14618 –1), the amino
acid sequences of PKM isoforms were examined using six
online computation tools that employ various algorithms to
predict the subcellular localization. In brief, these tools employ
algorithms that involve homology-based annotation, amino
acid composition, localization signal sequences (sorting sig-
nals), and functional motifs to predict the subcellular localiza-
tion. We used the following computational tools to assess
the subcellular localization of PKM isoforms: CELLO
v.2.5, http://cello.life.nctu.edu.tw/ (50, 51); HSLpred, http://
www.imtech.res.in/raghava/hslpred/ (52); Hum-mPLoc 2.0,
http://www.csbio.sjtu.edu.cn/bioinf/hum-multi-2/ (53, 54);
SubLoc v1.0, https://omictools.com/subloc-tool (55); YLoc,

http://abi.inf.uni-tuebingen.de/Services/YLoc/webloc.cgi (56,
57); and BaCelLo, http://gpcr.biocomp.unibo.it/bacello/ (58).4

Pyruvate kinase enzyme assay and glycerol gradient
ultracentrifugation

Pyruvate kinase activity was measured as described previ-
ously (10). In brief, PK catalytic activity was measured by cou-
pling with lactate dehydrogenase assay.

The specific activity of enzymes per mg of cell lysate was
calculated as follows.

Units mg �
OD340/min

6.22 � mg lysate/ml reaction
(Eq. 1)

Glycerol gradient ultracentrifugation experiment was per-
formed by loading 750 �g of whole cell protein lysate on top of
15–33% step gradient and centrifuged at 50,000 rpm for 18 h at
4 °C in a SW 55 Ti Rotor (Beckman Coulter); fractions were
collected and examined for PK activity as mentioned previously
(12). An aliquot of these fractions was subjected to immunoblot
analysis.

Glucose uptake, lactate release, and ATP assays

Glucose consumption and lactate release levels were mea-
sured in culture medium that was collected after growing cells
under appropriate conditions, using a glucose (hexokinase)
assay kit (Sigma-Aldrich) and Lactate Colorimetric/Fluoro-
metric Assay Kit (BioVision) following the manufacturer’s
specifications. The concentration of the ATP was measured
using the ATP bioluminescence assay kit (BioVision) as per the
manufacturer’s instruction.

FACS analysis

To assess the mitochondrial membrane potential and mass,
the stable knockdown cells were trypsinized and stained with
100 nM MitoTracker Red CMXROS dye (Invitrogen, catalog no.
M7512) to examine mitochondrial membrane potential or
MitoTracker Green dye (Invitrogen, catalog no. M7514) to
examine mitochondrial mass and incubated for 30 min at 37 °C.
To acquire the fluorescence MitoTracker signals, samples were
run on flow cytometry (BD Biosciences), and the data acquired
were analyzed using built-in CellQuest Pro Software.

Cell Counting Kit-8 (CCK8) assay to measure cell viability

The viability of cultured cells, transduced with shPKM1 and
shPKM2 were measured using Cell Counting Kit-8 reagent
(Dojindo Molecular Technologies, Inc.). In brief, to each well of
a 96-well plate, the cells were seeded at a density of 10,000 cells
per well. Following 12 h of the seeding, the adherent cells were
washed with phosphate-buffered saline and replaced with fresh
100 �l growth medium. Cell viability rate was measured every
24-hour interval, starting from 0 to 72 h, by adding 10 �l of
CCK8 reagent to the appropriate groups and incubated at 37 °C
for 1 h. Absorbance was quantified at a wavelength of 450 nm
using a microplate reader (Molecular Devices). Cells were

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of these sites or any other third party hosted site.
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seeded in triplicates for each group in this experiment and the
experiment was repeated twice.

Statistical analysis

Data were represented as mean � S.D., where n 	 3. The
level of significance was tested using Student’s t test or two-way
analysis of variance with Tukey’s multiple comparisons test
(GraphPad Prism). p � 0.05 was considered to be statistically
significant. Tested significance is displayed in the figures as *,
p � 0.05; **, p � 0.01; *** p � 0.001.
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