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1  |  INTRODUC TION

Cancer cells adopt aerobic glycolysis in a metabolic remodeling pro-
cess called the Warburg effect. This provides an advantage to rapidly 
proliferating tumor cells by satisfying cellular bioenergetic and biosyn-
thetic demands.1,2 In addition, lactate, the final product of glycolysis, 

facilitates several characteristics of malignancies, including angiogen-
esis, immune escape, metastasis, and self-sufficient metabolism.3 The 
metabolic remodeling of the Warburg effect is probably attained by 
the orchestration of multiple components such as oncogene activa-
tion, tumor suppressor mutations, epigenetics, and the extracellular 
environment, but the mechanism of its coordinated regulation remains 
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Abstract
To meet cellular bioenergetic and biosynthetic demands, cancer cells remodel their 
metabolism to increase glycolytic flux, a phenomenon known as the Warburg effect 
and believed to contribute to cancer malignancy. Among glycolytic enzymes, phos-
phofructokinase-1 (PFK1) has been shown to act as a rate-limiting enzyme and to 
facilitate the Warburg effect in cancer cells. In this study, however, we found that 
decreased PFK1 activity did not affect cell survival or proliferation in cancer cells. This 
raised a question regarding the importance of PFK1 in malignancy. To gain insights 
into the role of PFK1 in cancer metabolism and the possibility of adopting it as a novel 
anticancer therapeutic target, we screened for genes that caused lethality when they 
were knocked down in the presence of tryptolinamide (TLAM), a PFK1 inhibitor. The 
screen revealed a synthetic chemical–genetic interaction between genes encoding 
subunits of ATP synthase (complex V) and TLAM. Indeed, after TLAM treatment, the 
sensitivity of HeLa cells to oligomycin A (OMA), an ATP synthase inhibitor, was 13,000 
times higher than that of untreated cells. Furthermore, this sensitivity potentiation by 
TLAM treatment was recapitulated by genetic mutations of PFK1. By contrast, TLAM 
did not potentiate the sensitivity of normal fibroblast cell lines to OMA, possibly due 
to their reduced energy demands compared to cancer cells. We also showed that the 
PFK1-mediated glycolytic pathway can act as an energy reservoir. Selective poten-
tiation of the efficacy of ATP synthase inhibitors by PFK1 inhibition may serve as a 
foundation for novel anticancer therapeutic strategies.
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elusive. Glycolytic flux is mainly controlled by four steps: glucose im-
port, glucose phosphorylation, fructose 6-phosphate phosphorylation, 
and lactate export.4 Indeed, phosphofructokinase-1 (PFK1), which 
phosphorylates fructose 6-phosphate, can promote cell proliferation 
and tumor growth by increasing glycolytic flux in several cancers, in-
cluding glioblastoma, colon cancer,5,6 and cultured cancer cells.7,8

We previously demonstrated that a small-molecule compound 
that we named tryptolinamide (TLAM) induces a metabolic switch 
from glycolysis to oxidative phosphorylation (OXPHOS) in HeLa cells, 
cybrids with mutated mitochondrial DNA, and fibroblasts from mito-
chondrial disease patient-derived induced pluripotent stem cells. To 
our surprise, we found that TLAM specifically inhibits PFK1.9 PFK1 
inhibition redirects the carbon flow from glycolysis toward the pen-
tose phosphate pathway, which can reinforce antioxidative potential, 
thereby promoting tumor cell survival.9–13 Collectively, PFK1 serves 
as a dual-function regulator that promotes and suppresses both can-
cer cell proliferation and survival in a context-dependent manner.

Synthetic lethality is a genetic interaction in which cell death is 
induced by the combination of mutations in two (or more) sensitive 
genes, while mutation of either one alone is insufficient to affect cell 
survival.14,15 Synthetic lethality can also be achieved by chemical in-
hibition. Successful examples of synthetic lethality-based anticancer 
drugs are poly(ADP-ribose) polymerase (PARP) inhibitors for patients 
with BRCA-mutated ovarian, breast, or pancreatic cancer.16,17 In can-
cer cells with loss-of-function mutations in either BRCA1 or BRCA2, 
which are involved in the homologous recombination repair pathway, 
PARP inhibitors are highly effective due to inhibition of alternative 
DNA repair pathways.18,19 Thus, the discovery of synergistic genetic 
(or chemical–genetic) interactions can contribute to a deeper under-
standing of biological systems and to the development of novel anti-
cancer therapeutics. Genome-wide screening techniques using RNAi 
or CRISPR/Cas9 are powerful approaches for identifying synthetic le-
thal interactions in mammalian cells.20,21 Our group conducted large-
scale RNAi screens to identify the determinants of sensitivity to each 
of the following: 2-deoxyglucose,22 aurilide B, a natural cytotoxic ma-
rine product,23 and prethioviridamide, a ribosomally synthesized and 
post-translationally modified anticancer peptide.24

In this paper, we performed large-scale RNAi screening to clarify 
the roles of PFK1 in cancer cell proliferation and survival, and identi-
fied a chemical–genetic interaction between genes coding subunits 
of ATP synthase (complex V) and PFK1. Importantly, no other re-
spiratory chain complexes showed synthetic interaction with PFK1. 
This study advances our knowledge of how cancer cells cope with 
their higher energy demand and provides insights into anticancer 
therapeutics targeting cancer-specific metabolism.

2  |  MATERIAL AND METHODS

2.1  |  Pooled lentiviral shRNA screening

DECIPHER barcoded short hairpin RNA (shRNA) libraries (Human 
Modules 1, 2 and 3) were obtained from Cellecta. Each module con-
tains 27,500 shRNAs covering approximately 5000 human genes, 

with five or six shRNAs per gene. The libraries share multiple shR-
NAs targeting 10 control genes, which have more statistical chances 
to be selected. Packaging into lentiviral particles using 293LTV 
cells was performed as described previously.22 HeLa S3 cells were 
transduced with each of the lentiviral shRNA libraries at 50% effi-
ciency in DMEM (Wako) containing 10% fetal calf serum (FCS; Nissui 
Pharmaceutical), 2 mM l-alanyl-l-glutamine (Nacalai Tesque), and 
5 μg/ml Polybrene (Sigma). After 24 h, the viral supernatant was re-
placed with fresh medium. After an additional 24 h, the infected cells 
were selected with 2 μg/ml puromycin for 48 h. The cells were then 
split into two fractions, one treated with 50 μM TLAM (dissolved in 
media) and the other untreated. The cells were passaged three times 
to maintain exponential growth for 10 days. Cells from both frac-
tions were collected and stored at −80°C for further manipulation. 
Preparation of genomic DNA from cell pellets, PCR amplification of 
barcodes, and barcode quantitation by next-generation sequencing 
were performed at Cellecta. Control genes were excluded from the 
candidates for causing synthetic lethality in conjunction with TLAM. 
The shRNAs which were absent in sequence reads in either fraction 
were excluded from analysis.

2.2  |  Enrichment analysis

Enrichment analysis was performed using Enrichr, a web-based 
tool.25–27

2.3  |  Cell culture

A431, H1299, RXF-631L, HT29, HeLa cells, and the HeLa-derived 
cell lines were maintained in RPMI1640 (Gibco) supplemented with 
10% FCS and 100 units/ml penicillin–streptomycin (Gibco). HeLa S3, 
293LTV, IMR90, and TIG3 cells were maintained in DMEM supple-
mented with 10% FCS and 100 units/ml penicillin–streptomycin.

2.4  |  Reagents

Tryptolinamide (TLAM) was purchased from Maybridge. Oligomycin 
A (OMA), rotenone (RTN), and antimycin A (AMA) were purchased 
from Sigma. Hydrogen peroxide was purchased from Wako. 
Venturicidin A (VCA) was purchased from Santa Cruz Biotechnology.

2.5  |  Cell number assay

Cells were exposed to test compounds in RPMI1640 supplemented 
with 10% FCS. After incubation for 4 days, the cells were fixed with 
4% paraformaldehyde (PFA) for 15 min. After rinsing with phosphate-
buffered saline (PBS), the cells were stained with 1 μg/ml Hoechst 
33342 (Molecular Probes). The fixed and stained cells were rinsed 
once with PBS, then imaged and counted using the Celigo S imaging 
cytometer system (Nexcelom Bioscience).
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F I G U R E  1  Identification of ATP synthase-coding genes that determine the sensitivity to tryptolinamide (TLAM), a phosphofructokinase-1 
(PFK1) inhibitor. (A–C) Effects of pharmacological (A) or genetic perturbation (B, C) of PFK1 activity on cell survival under oxidative stress 
conditions. (D) Doubling time in PFK1-deficient #1/vector, PFK1-deficient #1/PFKP, PFK1-deficient #2/vector, and PFK1-deficient #2/PFKP 
under normal culture conditions. Throughout, data represent means ± SD of three independent experiments. P values were calculated using 
Student's two-tailed t-test (n = 3). (E) HeLa S3 cells were infected with gene Modules 1–3 and split into two subpopulations, one treated with 
TLAM and the other untreated. Relative read counts of each barcode were compared between treated and untreated cells (control). The area 
under the dashed line represents a barcode abundance ratio below 0.5. (F) Candidate genes that determine the sensitivity to TLAM. shRNAs 
against ATP synthase are highlighted. (G) Enrichment analysis with the genes listed in (F), performed using the Reactome 2016 database set. 
Numeric labels represent the gene ratio, defined as the ratio of genes within a given module that are found in any given gene set. The size of 
each dot represents the gene ratio. Normalized read count data are included in Appendix S1.
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2.6  |  Imaging and estimation of doubling time

To estimate the doubling times shown in Figure 1D, cells were seeded 
into 96-well plates (Essen Biosciences), then imaged every 1 h using 
a time-lapse imaging system (IncuCyte Zoom, Essen Biosciences). 
Obtained images were analyzed for confluence using IncuCyte soft-
ware. Doubling time was determined as the time to progress from 
30% to 60% confluence. For Figure  4A,B, cells were seeded into 
384-well plates (Corning). After 24 h of incubation, cells were ex-
posed to compounds, then imaged every 1 h using a IncuCyte Zoom 
system.

2.7  |  Cell-cycle analysis and detection of dead cells

For detection of dead cells in Figure 1A–C, cells were exposed to hy-
drogen peroxide for 30 h (for HeLa cells in the presence or absence 
of 50 μM TLAM) or 24 h (for HeLa-derived cells). Then, the cells were 
stained with LIVE/DEAD Fixable Violet dye (Thermo Fisher) and 
subjected to flow cytometry using a cell analyzer (Guava, Millipore). 
For cell-cycle analysis, cells were exposed to OMA and/or TLAM for 
4 days, then fixed with ice-cold 70% ethanol over 2 h at 4°C. After 
washing with PBS, the cells were stained with 50 μg/ml propidium 
iodide and 10  μg/ml RNase for 30 min, and subjected to flow cy-
tometry using a cell analyzer. Data were analyzed using Flow Jo (ver. 
10.6, BD Biosciences).

2.8  |  Glycolytic capacity assay

An XFe96 extracellular flux analyzer (Agilent) was used to meas-
ure the extracellular acidification rate and analyze glycolytic ca-
pacity. HeLa or HeLa-derived cells were seeded at a density of 
10,000 cells per well of an XFe96 cell culture microplate and 
incubated for 24 h. Before the assay, cells were equilibrated for 
1 h in a non-CO2 incubator with RPMI1640 (R1383; Sigma) con-
taining 1% FCS and 60 μM TLAM. Injector ports were used to 
deliver reagents including glucose (10 mM), OMA (1  μg/ml), and 
2-deoxyglucose (50 mM; Sigma). After measuring the extracellular 
acidification rate, the cells were fixed with 4% PFA, stained with 
Cytotox Green reagent (Essen Biosciences), and imaged using a 
IncuCyte Zoom system. The glycolytic capacity values were nor-
malized to the cell area calculated from the obtained images using 
IncuCyte software.

2.9  |  Statistical information

Unless indicated otherwise, data are presented as means ± SD. The 
number of biological replicates per experiment, statistical tests, and 
significance are specified in every figure legend.

3  |  RESULTS

3.1  |  Genome-wide synthetic lethality screening 
with the PFK1 inhibitor TLAM

Phosphofructokinase-1 has three isoforms: platelet isoform (PFKP), 
muscle isoform (PFKM), and liver isoform (PFKL). Using CRISPR/
Cas9 technology, we previously established PFK1-deficient HeLa cell 
lines in which PFKP and PFKL were completely knocked out but one 
or more WT PFKM alleles still existed. Our previous study demon-
strated that these PFK1-deficient cells were viable even in the pres-
ence of TLAM, which abolished all remaining PFK1 activity.9 Using 
two independently established PFK1-deficient cell lines and modi-
fied versions of these cell lines into which PFKP was reintroduced, 
we confirmed that pharmacological or genetic perturbation of PFK1 
activity provided a survival advantage under oxidative stress induced 
by H2O2 (Figure 1A–C) due to the promotion of the pentose phos-
phate pathway, as evidenced in previous studies.10–13 These results 
suggested that PFK1 activity is not required for cell survival. Next, 
we investigated the impact of PFK1 on cell proliferation rates using 
two different cell lines. Although PFK1-deficient cells into which 
PFKP was reintroduced were previously shown to have high gly-
colytic activity,9 there was no difference in doubling times between 
PFK1-deficient and PFKP-restored cells, suggesting that inhibition of 
PFK1 activity does not affect cell proliferation under normal culture 
conditions (Figure 1D). Given the functional importance of PFK1 in 
glycolysis, its apparent dispensability for HeLa cell survival and pro-
liferation suggests the existence of an unknown pathway that sup-
ports cell proliferation in the absence of PFK1. To address this issue, 
we screened for synthetic-lethal genes using systematic gene knock-
down in the presence of the specific PFK1 inhibitor TLAM. To do 
this, we used pooled shRNA libraries targeting ~15,000 human genes 
consisting of three modules (Human Modules 1, 2, and 3). HeLa S3 
cells were transduced with each of the libraries, then half of the cells 
were treated with 50 μM TLAM for 10 days while the other half re-
mained untreated. After the 10-day period, the cells were harvested 
and the constructs integrated in each fraction were quantitated by 
next-generation sequencing of associated molecular barcodes. Cells 
harboring shRNAs against candidate synthetic-lethal genes were ex-
pected to be depleted in the TLAM-treated fraction but not in the 
untreated fraction. We then calculated the ratio of abundances of 
each shRNA sequence between the two fractions (Figure  1E and 
Appendix S1). We considered a gene to be a candidate for causing 
synthetic lethality in conjunction with TLAM if its abundance ratio 
(treated:untreated) was lower than 0.5 for at least three of the cor-
responding shRNA sequences except for control genes. Ten of the 39 
genes that met the criteria were found to encode subunits of mito-
chondrial respiratory chain complex V, which is responsible for ATP 
synthesis. Statistical analysis revealed surprisingly high enrichment 
(Figure 1E–G), suggesting that inhibition of ATP synthase and PFK1 
exhibits a strong synthetic genetic interaction.
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3.2  |  Validation of synthetic chemical–genetic 
interaction using ATP synthesis inhibitors

To validate the interaction between PFK1 and ATP synthase, we 
used ATP synthase inhibitors in place of gene silencing. Oligomycin 
A has been widely used as a potent inhibitor of the mitochondrial 
ATP synthase since 1958.28,29 As seen in previous reports,30,31 OMA 
showed biphasic cytotoxic effects on HeLa cells, with a moderate 
reduction of cell numbers in a wide range of low concentrations 
(10−3–100 μg/ml) (first inflection phase) and eradication of cells at 
10 μg/ml (second inflection phase) (Figure 2A). Tryptolinamide po-
tentiated the cytotoxicity of OMA by more than 13,000 times, as 
shown by a comparison of IC50 values following the administra-
tion of OMA alone (IC50 = 3500 ng/ml) versus OMA together with 
TLAM (IC50 = 0.26 ng/ml). This potentiation was observed in a wide 
range of OMA concentrations, corresponding to the first inflection 
phase. The potentiation by TLAM also occurred when venturicidin 
A (VCA), another ATP synthase inhibitor, was used in place of OMA 
(Figure 2B). Like the shRNA screening, these results indicate that si-
multaneous inhibition of ATP synthase and PFK1 results in synthetic 
lethal interaction.

In addition to mitochondrial ATP synthase (mitochondrial respi-
ratory chain complex V), other mitochondrial respiratory complexes 
are involved in fully functional ATP synthesis. Therefore, we ex-
amined whether TLAM potentiated the cytotoxic effects of mito-
chondrial respiratory complex inhibitors. We used RTN for complex 
I inhibition and AMA for complex III inhibition. While RTN exhib-
ited marked cytotoxicity at 1 μM in HeLa cells, TLAM potentiated 
this toxicity by four times based on a comparison of IC50 values 
(without TLAM: 0.28 μM; with TLAM: 0.073 μM) (Figure 2C). TLAM 
potentiated the toxicity of 0.01 μM AMA but not that of higher con-
centrations (Figure  2C). Obviously, the stimulatory effect of the 
combination of TLAM and OMA or VA was much greater and was 
observable in a wider range of OMA or VCA than that of TLAM with 
RTN or AMA. This is consistent with the result of shRNA screening; 
the screen highly enriched the genes encoding subunits of complex 
V, but no other mitochondrial respiratory complexes were identified 
as having a clear chemical–genetic interaction with TLAM.

3.3  |  Validation of the synthetic chemical–genetic 
interaction using PFK1 mutants

To verify the chemical–genetic and chemical–chemical interactions, 
we tested the effects of TLAM in combination with OMA on PFK1-
deficient cells. These cells were highly sensitive to OMA, consistent 
with the effect of TLAM on OMA-treated wild-type cells (Figure 3A). 
Furthermore, reintroduction of PFKP into PFK1-deficient cells re-
versed their susceptibility to OMA, and they became as sensitive as 
wild-type cells (Figure 3B). These results confirmed that simultane-
ous inhibition of ATP synthase and PFK1 demonstrates a synthetic 
chemical–genetic interaction.

F I G U R E  2  Validation of the synergistic interaction between 
phosphofructokinase-1 and ATP synthase using ATP synthesis 
inhibitors. (A–C) Effects of mitochondrial respiratory complex 
inhibitors [(A) oligomycin A (OMA), (B) venturicidin A (VCA), (C) 
rotenone (RTN) and antimycin A (AMA)] on HeLa cell number in the 
presence or absence of 50 μM tryptolinamide (TLAM). Throughout, 
data represent means ± SD of three independent experiments.
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3.4  |  Characterization of the synthetic chemical–
genetic interaction by simultaneous inhibition of 
PFK1 and ATP synthesis

Imaging analysis suggested that the combined treatment with OMA 
and TLAM induced a cytostatic effect but not a cytotoxic effect in 
HeLa cells and PFK1-deficient cells (Figure  4A,B). To validate this, 
we performed cell-cycle analysis by flow cytometry. Administration 
of OMA or TLAM alone did not affect the cell-cycle status in HeLa 
cells. However, co-treatment of these cells with OMA and TLAM in-
duced G2/M arrest (Figures 4C and S1A). This was fully recapitulated 
when PFK1-deficient cells were used in place of TLAM; administration 
of OMA alone induced G2/M arrest in PFK1-deficient cells (PFK1-
deficient#1/vector and PFK1-deficient#2/vector), whereas PFKP 
re-introduction reversed the cell cycle arrest (Figures 4D and S1B,C). 
These results show that simultaneous inhibition of PFK1 and ATP syn-
thesis in HeLa cells induces a potent cytostatic effect but not cell death.

Next, to determine whether the synthetic effects of TLAM are 
selective in particular cancer cells, we investigated the efficacy of 
combined treatment with OMA and TLAM in several other cancer 
cell lines as well as normal fibroblast cell lines. As in the case of HeLa 
cells, TLAM potentiated OMA cytotoxicity in all the cancer cell lines 
tested, specifically epidermoid carcinoma A431 cells, non-small-cell 
lung carcinoma H1299 cells, renal carcinoma RXF-631L cells, and 
colorectal adenocarcinoma HT29 cells (Figure  4E). We noted that 
combined treatment with OMA and TLAM did not induce G2/M 
arrest in these cell lines (Figure S2). By contrast, TLAM barely po-
tentiated the cytotoxicity of OMA in the normal fibroblast cell 
lines IMR90 and TIG3, although the administration of OMA alone 
resulted in higher cytotoxicity in normal fibroblasts than in cancer 
cells (Figure 4F), suggesting that the proliferative capacity of normal 
fibroblasts depends more on mitochondrial energy generation than 
that of cancer cells.

3.5  |  PFK1 contributes to elevated glycolytic 
capacity in cancer cells

A remaining issue was the known importance of PFK1 in cancer malig-
nancy. Because both mitochondrial ATP synthase and PFK1 contrib-
ute to cellular energy production, we addressed this issue by analyzing 
energy metabolism. Our previous study revealed that PFK1 regulates 
the balance between glycolysis and OXPHOS; when PFK1 is inhib-
ited, AMPK is activated to promote fatty acid oxidation.9 From the 
opposite perspective, we expected that PFK1 would help buffer ATP 
content when mitochondrial ATP synthesis declined. Therefore, we 
examined the effect of PFK1 activity on glycolytic capacity in HeLa 
cells; this capacity can be defined as the maximum glycolytic flux 
reached in response to the inhibition of mitochondrial ATP synthe-
sis. As anticipated, inhibition of PFK1 activity by TLAM decreased the 
glycolytic capacity (Figure 5). While PFK1-deficient HeLa cells (PFK1-
deficient #1/vector and PFK1-deficient #2/vector) had low glycolytic 
capacities, similar to TLAM-treated wild-type cells, the reintroduction 
of PFKP into PFK1-deficient cells reversed the decrease in capacity 
(Figure 5). These results suggested that PFK1 contributes to increas-
ing glycolytic capacity to compensate for defective mitochondrial ATP 
synthesis. In addition, the differences in glycolytic capacities between 
PFK1-deficient cells and PFKP-restored cells were similar to those be-
tween TLAM-treated and vehicle-treated PFKP-restored cells, indi-
cating that TLAM can be used to estimate the contribution of PFK1 
toward cellular glycolytic capacity.

4  |  DISCUSSION

Cancer-specific metabolism has been recognized as an important 
therapeutic target.32,33 In this study, to investigate the impact of 
PFK1, a gatekeeper of glycolysis, on cancer malignancy, we screened 

F I G U R E  3  Validation of the synergistic interaction between phosphofructokinase-1 (PFK1) and ATP synthase using a genetic mutation of 
PFK1. (A–C) Effects of oligomycin A (OMA) on the numbers of HeLa cells and PFK1-deficient cells (A) or on two sets of PFK1-deficient cells 
and PFK1-restored cells (B) in the presence or absence of 50 μM tryptolinamide (TLAM). Throughout, data represent means ± SD of three 
independent experiments. WT.
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the determinants of sensitivity to TLAM and found that certain 
genes encoding subunits of ATP synthase (mitochondrial respiratory 
chain complex V) showed synthetic chemical-genetic interactions 
with PFK1 inhibition. Subsequent validation using ATP synthesis 
inhibitors and genetic mutations of PFK1 revealed that ATP syn-
thase and PFK1 showed synthetic lethal interaction in cancer cells. 
Glycolysis and mitochondrial respiratory complex V serve as alterna-
tive and complementary means of achieving ATP synthesis; simul-
taneous inhibition of both pathways should decrease cellular ATP 
content and thereby induce a stimulatory cytostatic effect. While 
TLAM enhanced the efficacy of OMA by 13,000 times, its ability 
to enhance cell growth inhibition that was induced by RTN or AMA 
was much less remarkable. Among mitochondrial respiratory com-
plexes, complex V is solely responsible for the direct generation of 
cellular energy, whereas respiratory complexes I and III share the 
function in proton-pumping activity. Therefore, the depletion of 
ATP on complex V inhibition may be more rapid and more severe 
than that by the inhibition of complexes I or III, which can explain 
why complex V but not complex I or III did show a strong synthetic 

interaction with PFK1. The G2/M arrest in HeLa cells induced by 
combined treatment with OMA and TLAM is probably due to human 
papillomavirus-derived proteins E6 and E7, which degrade p53 and 
inhibit pRB, respectively.34 Both p53 and pRB function as check-
points at G1/S phase transition. Simultaneous loss of both TP53 and 
RB1 alters the cell cycle progression, thereby inducing switching 
from G1 arrest to G2/M arrest in response to the anticancer drug,35 
similar to the case of the forced expression of E6 and E7.36 By con-
trast, TP53 is mutated in A431, H1299, and HT29 cells, whereas RB1 
is intact in these cells.37,38

Our metabolic analysis revealed that PFK1 contributes to an 
increase in glycolytic capacity that compensates for mitochondrial 
energy generation. This increased glycolytic capacity probably 
confers a survival advantage to tumor cells in their oxygen-limited 
environment. In this regard, dual inhibition of PFK1 and mitochon-
drial ATP synthase may be an attractive strategy for developing 
new anticancer therapeutics because of the wide range of effec-
tive concentrations of ATP synthesis inhibitors in the context of 
PFK1 inhibition. In glioma, cancer stem cells (CSCs) mainly rely on 

F I G U R E  4  Characterization of synergism resulting from simultaneous inhibition of phosphofructokinase-1 (PFK1) and ATP synthesis. (A) 
Representative images of cells treated with DMSO, tryptolinamide (TLAM) (50 μM), oligomycin A (OMA) (1 ng/ml), or TLAM (50 μM) + OMA 
(1 ng/ml) for 4 days (upper), or cells treated with TLAM (50 μM) + OMA (1 ng/ml) for the periods indicated (lower). (B) Representative images 
of cells treated with DMSO or OMA (1 ng/ml). Images in (A) and (B) are from single experiments that are representative of three independent 
experiments. Scale bar, 400 μm. (C, D) Flow cytometry cell-cycle analysis of HeLa cells (C) or two sets of PFK1-deficient cells and PFK1-
restored cells (D), treated with OMA and/or TLAM for 4 days. Quantified and statistically analyzed data are included in Figure S1E,F. Effects 
of OMA in cancer cell lines (E) and normal fibroblast cell lines (F) in the presence or absence of 50 μM TLAM. Data represent means ± SD of 
three independent experiments.
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mitochondrial OXPHOS but have metabolic plasticity and can also 
use glycolysis.39 Notably, CSCs in lung cancer,40 pancreatic can-
cer41 and leukemia42 also rely on mitochondrial OXPHOS. These 
CSCs are likely vulnerable to the aforementioned combined treat-
ment strategy. Although the use of mitochondrial ATP synthesis 
inhibitors raises concerns about adverse effects on normal or-
gans (Figure 4F), pharmacological inhibition of ATP synthase did 
not exert cytotoxic effects in in vivo xenograft models.43 Thus, 
further investigation into the pharmacological targeting of PFK1 
and ATP synthase is required for the development of anticancer 
therapeutics.
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