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Aerobic glycolysis or the Warburg effect (WE) is character-
ized by increased glucose uptake and incomplete oxidation to
lactate. Although the WE is ubiquitous, its biological role
remains controversial, and whether glucose metabolism is func-
tionally different during fully oxidative glycolysis or during the
WE is unknown. To investigate this question, here we evolved
resistance to koningic acid (KA), a natural product that
specifically inhibits glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), a rate-controlling glycolytic enzyme, during the
WE. We found that KA-resistant cells lose the WE but continue
to conduct glycolysis and surprisingly remain dependent on glu-
cose as a carbon source and also on central carbon metabolism.
Consequently, this altered state of glycolysis led to differential
metabolic activity and requirements, including emergent activ-
ities in and dependences on fatty acid metabolism. These find-
ings reveal that aerobic glycolysis is a process functionally dis-
tinct from conventional glucose metabolism and leads to
distinct metabolic requirements and biological functions.

Glycolysis, the uptake and metabolism of glucose, is a set of
chemical reactions conserved to the most primitive of organ-
isms and is fundamental to sustaining life (1). Together with the
catabolism of amino acids and lipids, glycolysis is a component
of central carbon metabolism. The breakdown of glucose to
pyruvate allows for the generation of energy in the form of ATP
and reducing equivalents. In addition, glucose can be diverted
into biosynthetic pathways for anabolic metabolism and for the
process of metabolizing glucose to confer signaling functional-
ity by, for example, coupling to the generation of reactive oxy-
gen species and the mediation of chromatin state (2).

Given the numerous biological functions that are conferred
through glycolysis, it is reasonable to speculate that glucose

metabolism could exist in a number of distinct states that con-
fer different phenotypes and outputs. For example, aerobic gly-
colysis or the Warburg effect (WE)2 (increased glucose uptake
and incomplete oxidation to lactate in the presence of oxygen)
is canonically thought to constitute a switch from fully oxida-
tive glycolysis, the more common form of metabolism observed
in differentiated cells (3, 4). This altered form of glucose metab-
olism has been thought to result in differential functionality in
cells, including variations in anabolic metabolism.

Whereas aerobic glycolysis has been extensively studied,
there are contradictions regarding the biological function that
it confers in cells separate from glucose metabolism. For exam-
ple, findings from recent studies have questioned whether a
switch from mitochondrial metabolism does in fact occur dur-
ing the WE (5), which is consistent with original observations in
which mitochondria remain fully functional (6, 7). Further-
more, other work has challenged whether the WE has any spe-
cific role in anabolic metabolism (8 –10). In line with this
notion, studies have defined metabolic requirements of cancer
to exist in two states: glycolysis-dependent or -independent (11,
12). If this is the case, then the WE would not be biologically
distinct from other aspects of glucose metabolism because this
would suggest that only cells utilizing the WE are dependent on
glycolysis. Thus, there is a surprising lack of clarity in the cur-
rent literature regarding whether the WE is a biologically
defined state (13).

Metabolic control analysis has indicated that GAPDH exerts
more control over glycolysis during the WE (14, 15), and thus
partial inhibition of GAPDH has a large differential effect on
reducing glycolysis in WE conditions (16). As a proof of con-
cept, a natural product, koningic acid (KA), was shown to be
selective for GAPDH as expression of a resistant allele of
GAPDH ablates all changes in metabolism induced by the com-
pound (16 –18). The compound is also selective against the fit-
ness of cells specifically undergoing aerobic glycolysis (16, 19).
Furthermore, numerous studies have suggested that targeting
of GAPDH may be beneficial (20 –22), in retrospect through
partial inhibition of GAPDH during aerobic glycolysis. Thus,
KA is a valuable probe to study the WE and to determine
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whether it has any distinct biological function outside of glycol-
ysis for cellular metabolism.

In this study, we sought to address the question of whether
the WE can be phenotypically defined apart from glycolysis and
fully oxidative glucose metabolism. Using a series of pharmaco-
logical and metabolomic approaches, we provide evidence that
glucose metabolism exists in a number of defined metabolic
states. Using acquired resistance to GAPDH inhibition as a
model and KA as a tool, we show that cells can simultaneously
evolve loss of the WE but continue to remain dependent on
glycolysis. Consequently, these cells that have a selection pres-
sure to lose the WE display widespread changes in metabolism
downstream of glycolysis changes, including a marked rewiring

of fatty acid metabolism. Thus, our study provides evidence
that the WE can be a biologically distinct form of glycolysis.

Results

GAPDH inhibition leads to different phenotypic outcomes
from targeting glucose uptake

We first sought to determine whether disrupting GAPDH
activity results in different outcomes from other perturbations to
glycolysis. Because GAPDH has differential rate control in cells
undergoing the WE (i.e. high glucose uptake and lactate secretion)
(16), we used a high-WE cell line, BT-549, and compared inhibi-
tion of GAPDH with KA with inhibition of glucose uptake and
deprivation of glucose from the culture medium (Fig. 1A). First,

Figure 1. GAPDH inhibition leads to different phenotypic outcomes from targeting glucose uptake. A, schematic representing the comparison of KA
treatment with glucose transporter-1 (GLUT-1) inhibition with E11 or deprivation of glucose from the growth medium. B, cell viability of BT-549 breast cancer
cells treated with E11 (26 nM) with or without KA (0.3 or 3 �M) after 24 h. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 as determined by one-way
ANOVA. C, cell viability of BT-549 breast cancer cells cultured in complete or glucose-restricted medium and treated with or without KA (0.3 or 3 �M) after 24 h.
*, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 as determined by one-way ANOVA. D, hierarchical clustered heat map quantile-normalized of BT-549
cells with condition annotations of global metabolic responses to vehicle, 3 �M KA, or glucose-restricted conditions for 6 h with annotations of metabolic
pathways. The scale represents 0 to 1 for row minimum and row maximum, respectively, after quantile normalization. E, BT-549 glycolysis profile for vehicle, KA,
or glucose-restricted conditions for 6 h. G6P, glucose 6-phosphate; F 1,6-BP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; 3PG, 3-phospho-
glycerate; PEP, phosphoenolpyruvate. All data are represented as mean � S.E. (error bars) from n � 3 biological replicates. *, p � 0.05; **, p � 0.01; ***, p � 0.001;
****, p � 0.0001 as determined by two-way ANOVA unless otherwise indicated.
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we measured the IC50 of E11, a validated, highly potent inhibi-
tor of GLUT-1 and thus glucose uptake (23) (Fig. S1A). We then
compared cell viability of BT-549 treated with doses of KA
above and below the known IC50 (16) and/or E11. We found
that co-treatment of KA and E11 caused a greater significant
decrease in cell viability than treatment with either compound
alone (Fig. 1B). Given these data, we next carried out a dose-
response assay with calculated combination indices for E11 and
KA in BT-549 as well as in other cell lines that have been pre-
viously reported to undergo the WE (16) (Fig. S1, B–F). These
results revealed synergy between KA and E11 at low to middle
concentrations of KA but, more importantly, highlighted dif-
ferential effects of GAPDH and GLUT-1 inhibition on cell
viability.

In line with these findings, we further found significant
changes between KA-treated cells and cells cultured in glucose-
deprived medium (Fig. 1C and Fig. S1 (G–J)). To assess these
differential effects on cells at a metabolic level, we used LC
coupled to high-resolution MS (LC-HRMS)-based metabolo-
mics, which revealed gross differences in global metabolism
when comparing KA-treated BT-549 cells with glucose-de-
prived cells (Fig. 1D). An analysis of glycolysis indicated an
accumulation of glycolytic intermediates upstream and deple-
tion of those downstream of GAPDH in cells treated with KA,
whereas glucose-deprived conditions revealed an overall deple-
tion of metabolites throughout glycolysis (Fig. 1E). Thus, cells
exhibit a differential metabolic response to GAPDH inhibition
compared with other modes of glycolysis inhibition. These
findings raise the possibility that cells utilize and rely on the WE
differently from glycolysis, providing rationale that the WE is
different from other forms of glucose metabolism.

Cells evolve resistance to GAPDH inhibition independent of
drug metabolism

To investigate whether glycolysis exists in different biologi-
cal states from the WE, we hypothesized that cells could tran-
sition from the WE to another state of glucose metabolism
when faced with a selective pressure against maintaining gly-
colysis in a certain state. Given that KA was previously shown to
be selectively toxic to cells undergoing the WE, we suspected
that it could be a useful tool to investigate this concept. We
cultured BT-549 cells with incrementally increasing concentra-
tions of KA and monitored their growth rate over a period of 20
weeks with parental cells maintained in cell culture in parallel
(Fig. 2, A and B). The specific growth rate of parental cells mea-
sured after 1 week in culture was recorded as 0.0173 h�1 and
was used as the week 0 baseline measurement for beginning KA
treatment for acquired resistance. Three clonal cell populations
that developed resistance to KA exhibited growth rates
between 0.0022 and 0.0058 h�1. These were isolated and main-
tained in 3 �M KA for the remainder of the study (BT-
549(R)1–3) (Fig. 2C). IC50 values for KA in each of these clones
were found to be greater than 200 �M compared with the paren-
tal cells that exhibited an IC50 of �1 �M KA (Fig. 2D).

For this system to be an effective model for evolving a tran-
sition out of the WE, it was necessary to first confirm that resis-
tance to KA was not occurring due to mechanisms outside of
cellular metabolism. There are several known pharmacological

mechanisms that are commonly implicated in drug resistance
that include alterations in drug metabolism and target disen-
gagement (24). To test for altered drug metabolism, such as a
difference in drug efflux, we used LC-HRMS to measure intra-
cellular concentrations of KA in BT-549 sensitive and acquired
resistant cells as well as in MCF-7 KA-intrinsic resistant cells
(Fig. 2E). Intracellular concentrations of KA in BT-549
acquired resistant cells maintained in 3 �M KA remained con-
sistent with concentrations detected in BT-549 parental and
MCF-7 intrinsic resistant cells that were treated with 3 �M KA
(Fig. 2F and Fig. S2A). We also found similar intracellular con-
centrations of KA between BT-549 parental and acquired
resistant cells at different time points following culture of cells
with KA (Fig. S2, B–D). Together, these data confirm that drug
efflux is not contributing to acquired resistance to KA in these
cells.

To verify that KA was still engaging its target (i.e. the catalytic
site of GAPDH) (25, 26), we carried out a GAPDH activity assay
in the presence or absence of KA and found that KA maintains
target engagement through decreasing GAPDH activity in
BT-549 acquired resistant cells comparable with that of BT-549
parental cells (Fig. 2G and Fig. S2 (E and F)) and MCF-7 cells
(Fig. S2G). In support of these findings, we observed little dif-
ference in GAPDH protein expression between BT-549 paren-
tal and acquired resistant cells (Fig. S2H). We also found that
acquired resistant cells can become resensitized to KA upon KA
removal for 2 weeks, followed by the addition of KA again (Fig.
S2I), further arguing against an inability to maintain target
engagement. Together, these data indicate that acquired resist-
ant cells retain normal KA drug metabolism properties with
continued target engagement at the active site of GAPDH.
Thus, independent of drug pharmacology, biological mecha-
nisms related to glucose metabolism may underlie the resis-
tance to GAPDH inhibition.

Acquired resistant cells lose the Warburg effect but remain
dependent on glycolysis

Using our evolved resistance model to the glycolytic enzyme
GAPDH, we sought to determine whether these cells continue
to undergo the WE. We treated BT-549 acquired resistant cells
with KA and found that acquired resistant cells still undergo
glycolysis marked by increases in fructose 1,6-bisphosphate
compared with untreated BT-549 parental, which are indica-
tive of slower rates of glycolysis (15, 27) and decreases in lactate
levels compared with parental cells, suggestive of a lower WE
(Fig. 3A). Interestingly, we also found that acquired resistant
cells exhibited similar or lower levels of pentose phosphate
pathway metabolites compared with parental cells (Fig. S3,
A–D).

Because low lactate levels were detected in the acquired
resistant cells compared with parental cells, we next sought to
examine lactate production from glucose carbon using uni-
formly labeled [U-13C]glucose in BT-549 parental and acquired
resistant cells. We observed decreased lactate production in the
acquired resistant cells compared with untreated parental cells
at levels comparable with the lactate production observed in the
parental cells treated with 3 �M KA (Fig. 3B and Fig. S3E). In
addition, we measured intracellular glucose and lactate levels in
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parental and acquired resistant cells (Fig. S3F). As expected,
parental and acquired resistant cells exhibited similar intracel-
lular glucose levels, indicative of similar glucose uptake. Paren-
tal and acquired resistant cells had similar intracellular lactate
levels, which we reasoned was likely due to the majority of lac-
tate produced by cells being immediately secreted out of cells
and into the environment (4, 13). Indeed, upon measuring
excreted lactate from cells in spent medium from 0 to 6 h, we
found significantly less excreted lactate from BT-549 acquired
resistant cells compared with parental cells treated with either
vehicle or KA, with a similar finding after 24 h (Fig. 3 (C and D)
and Fig. S3G). In addition, the decreases in lactate levels were
not immediately reversible upon removal of KA (Fig. S3H).
Quantitative measurements of the WE via relative lactate flux
calculations revealed lower lactate flux (i.e. low WE) in acquired
resistant cells compared with parental cells, with a lactate flux
value comparable with the low glycolytic cell line, MCF-7 (Fig.
S3I). Together, these data indicate that acquired resistant cells
evolved a loss of the WE.

Because acquired resistant cells no longer undergo the WE,
we asked whether they remained dependent on glucose uptake
and depend on glycolysis for survival, because previous studies
have indicated that cells are either glycolysis-dependent or -in-
dependent (11, 12). We reasoned that if these cells do contin-
ue to rely on glycolysis, which would be different from WE
or non-WE cells, then another glycolytic state could have
emerged. We treated the acquired resistant cells with E11
and/or KA and determined cell viability. Whereas these cells
remained resistant to KA as expected, we surprisingly observed
differences in sensitivity upon treatment with E11 in combina-
tion with KA (Fig. 3E). To further investigate this differential
dependence on glycolysis, we studied the response to glucose
deprivation. After 24 h of culture in glucose-deprived growth
medium and KA, we found that the viability of BT-549 acquired
resistant cells decreased compared with cells cultured in full
growth medium and maintained in KA (Fig. 3F). In addition,
metabolite profiling of BT-549 acquired resistant cells in glu-
cose-deprived growth medium compared with those main-
tained in 3 �M KA revealed global differences in overall meta-
bolic levels (Fig. 3G). Together, these data indicate that BT-549
acquired resistant cells no longer exhibit or require the WE but
remain dependent on glycolysis for survival.

Interestingly, we further found that acquired resistant cells
displayed decreased fraction labeling and carbon contribution
from glucose through glycolysis, decreased fraction labeling
with a small increase in carbon contribution from glucose
through the pentose phosphate pathway, and decreased frac-
tion labeling and carbon contribution through the citric acid
(TCA) cycle (Fig. S3, J–T). Taken together, these data further
clarify the existence of multiple states of glucose metabolism.

Changes in fatty acid metabolism emerge as a functional
output of evolved resistance to KA

Our data thus far indicate a transition from the utilization of
the WE to loss of the WE in cells with acquired resistance to
KA with changes in glucose metabolism. To understand the
temporal dynamics of metabolism that result in the observed
change in state of glucose metabolism, we extracted metabo-
lites from cells at different times over the 20-week time course
during progression to resistance and compared their metabo-
lite levels with those of parental cells treated with the corre-
sponding doses of KA (Fig. 4A). Metabolite profiling revealed
global differences, with glycolysis most prominently affected in
the parental cells and changes to fatty acid, one-carbon, and
nucleotide metabolism most apparent in acquired resistant
cells (Fig. 4, B and C). Over half of the common changes in each
of the clones relative to the parental cells were related to fatty
acid metabolism (Fig. 4D), including small and variably signifi-
cant increases in fatty acid levels (Fig. S4, A–C).

Given the common changes to fatty acid metabolism and our
findings that acquired resistant cells are utilizing glucose car-
bon differently from parental cells, we asked whether other car-
bon sources, such as glutamine, account for the observed dif-
ferences (Fig. S4D). Interestingly, we found small but significant
increases in the fraction labeled from glutamine through the
TCA cycle, indicating that acquired resistant cells fuel their
TCA cycle, at least in part, by glutamine (Fig. S4, E–I). Next, we
analyzed whether partial increases in fatty acid levels in
acquired resistant cells result from carbon contribution by glu-
cose, glutamine, and/or palmitate and found small contribu-
tions of each of these carbon sources to representative fatty acid
metabolites (Fig. S4, J–Q). We then asked whether removal of
lipids from the extracellular environment differentially affects
acquired resistant cell survival (Fig. S4R). We found no signifi-
cant differences compared with parental cells, likely due to
extracellular lipids not being a major carbon contributor in
acquired resistant cells (Fig. S4, S–U). Together, these data
demonstrate differences in fatty acid metabolism in acquired
resistant cells with variable contributions from different carbon
sources compared with parental cells.

To further probe the differences we observed in fatty acid
metabolism, we used cerulenin, a fatty acid synthase inhibitor
that inhibits fatty acid oxidation by increasing malonyl-CoA
levels (28 –30). We observed increased sensitivity in acquired
resistant cells compared with parental cells and also found no
significant change in MCF-7 cells (Fig. S5, A–C). Additionally,
the acquired resistant cells treated with cerulenin exhibited a
differential metabolic response (Fig. 5A and Fig. S5D). Next, we
asked whether cerulenin differentially affected acyl-carnitine
levels, signatures of fatty acid metabolism (31, 32), in BT-549

Figure 2. Cells evolve resistance to GAPDH inhibition independent of drug metabolism. A, schematic representing progression to acquired resistance
model of BT-549 cells. After 20 weeks of incrementally increasing doses of KA, clonal populations of acquired resistant cells were isolated and maintained in 3
�M KA for the duration of the study. B, recorded growth rates of BT-549 cells during the 20-week period of progression to acquired resistance. C, representative
images of BT-549 parental (top left) and three clonal acquired resistant cells (top right, bottom row). D, cell viability of BT-549 parental and acquired resistant cells
treated with 0 –200 �M KA and reported IC50 values. E, mass spectra of KA in a spiked sample and KA-treated acquired resistant cells using LC-MS with a
representative sample. F, intracellular KA concentrations from BT-549 parental and acquired resistant cells treated with 3 �M KA. G, relative GAPDH activity in
BT-549 parental and acquired resistant cells in response to vehicle or 3 �M KA (n � 2). All data are represented as mean � S.E. (error bars) from n � 3 biological
replicates unless otherwise indicated. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 as determined by multiple t tests.
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acquired resistant cells compared with BT-549 parental cells.
Whereas we found that BT-549 parental cells exhibited few
changes in acyl-carnitine levels upon co-treatment with KA and
cerulenin, we found that when acquired resistant cells are
maintained in KA, acyl-carnitines are elevated, but upon co-
treatment with cerulenin, many of them significantly decrease
(Fig. 5B and Fig. S5E). In corroboration with these findings,
treatment with etomoxir, an inhibitor of carnitine palmitoyl-
transferase (CPT1), showed modest differential effects in via-
bility of acquired resistant cells compared with parental cells,
notably at 100 �M (Fig. S5F).

Because the biguanide metformin has been shown to decrease
fatty acid and mitochondrial metabolism (33), we asked whether
metformin displayed similar effects as cerulenin and etomoxir.
Using the measured IC50 of metformin in BT-549 parental cells
(Fig. S5G), we co-treated parental and acquired resistant cells with
metformin and KA, which revealed decreases in cell viability of
both BT-549 parental and acquired resistant cells, albeit to a lesser
extent in BT-549(R)2 cells, and no significant response in the non-
glycolytic MCF-7 cells (Fig. S5, H and I). We also found that upon
co-treatment with KA and metformin compared with KA alone,
acyl-carnitines were to a larger extent significantly decreased in
acquired resistant cells than in parental cells (Fig. 5 (C and D) and
Fig. S5 (J and K)). Given the observed fatty acid metabolic pheno-
types, we asked whether KA-resistant cells also depend on oxida-
tive phosphorylation. We profiled the TCA cycle intermediates, a
readout of oxidative phosphorylation, in the context of metformin
inhibition in parental and KA-resistant cells (Fig. S5L). Upon treat-
ing parental cells with metformin in combination with KA, we
observed decreases in several TCA cycle metabolites, including
�-ketoglutarate. However, whereas we found similar decreases in
�-ketoglutarate upon metformin treatment in all three resistant
cell lines maintained in KA, we also observed significant or modest
increases in several other TCA cycle intermediates. These results
suggest that compared with parental cells, acquired resistant cells
rely more on oxidative phosphorylation. Taken together, these
data confirm that distinct metabolic phenotypes related to fatty
acid metabolism occur downstream of the differences in glycolysis
in acquired resistant cells.

Discussion

Evolved resistance to KA as a model to study the Warburg
effect

Previous work has shown that GAPDH has a specific regula-
tory role in aerobic glycolysis (15, 16, 19, 20). Our current study
extends from this understanding to show that cells that evolve
resistance to a specific GAPDH inhibitor, KA, lose the WE but

remain dependent on glycolysis with different metabolic out-
puts from cells undergoing the WE or not. In particular, we
demonstrate that cells can exist in at least two separate states of
glucose metabolism, including WE-dependent and glycolysis-
dependent or WE-independent and glycolysis-dependent (Fig.
5E). Glycolysis has been thoroughly studied using models that
ablate the expression of glycolytic enzymes or completely block
the pathway (11, 34 –36), which reduces overall or eliminates
altogether the activity of glycolysis. Our model of evolved resis-
tance to KA is useful to study glucose metabolism regulation
without complete pathway inhibition. Instead, we were able to
place a selection pressure against the fitness of using the WE
during proliferation. Moreover, using metabolomics, we fur-
ther demonstrate that the resulting pressure to lose the WE
retains a requirement for glycolysis but alters several metabolic
outputs in central carbon metabolism. For example, fatty acid
metabolism is up-regulated and selectively required in cells.
Our extensive metabolomics analyses also provide insight into
enzymatic activity changes. Based on our profiling, it is worth
noting that many activities in enzymes have likely changed
throughout glycolysis and branching pathways. These enzyme
activities, as well as the availability of different nutrients and
metabolites, may also contribute to the observed fluxes through
glycolysis and other biosynthetic pathways that are dependent
on glycolytic metabolites. Furthermore, we could capture the
temporal dynamics of metabolic alterations from early to late
time points of this evolution, which also may depend on factors
such as nutrient availability and enzyme activities. In physiol-
ogy, such as within a tumor microenvironment, it is likely that
this range of metabolic plasticity allows for rapid adaptation to
a dynamic environment. A genome-wide study could be con-
sidered for future studies to complement changes observed in
the metabolic network.

Glucose metabolism exists in distinct phenotypically distinct
states

We were able to study glycolysis under different configura-
tions of metabolic activity as cells transition from the WE to
another glycolytic state. We provide clear evidence for a dis-
tinction between the WE and glucose metabolism. Interest-
ingly, previous literature and related drug development efforts
have worked under the model that glycolysis functions as a
binary switch (i.e. glucose-dependent or -independent) (11, 12).
In these cases, glucose dependence is identical to aerobic gly-
colysis. Our findings show that although KA-resistant cells no
longer undergo the WE, they undergo glycolysis with less lac-
tate production and remain dependent on glucose uptake.

Figure 3. Acquired resistant cells lose the Warburg effect but remain dependent on glycolysis. A, glycolytic metabolite levels measured after 6 h. All
glycolysis metabolite levels measured from parental cells were normalized to 1. All glycolysis metabolite levels measured from acquired resistant cells are
normalized to parental cell levels. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 as determined by multiple t tests. B, [13C]lactate from [U-13C]glucose
in BT-549 parental treated with vehicle or 3 �M KA and acquired resistant cells for 0 – 4 h. C, excreted lactate detected in medium from 0 to 6 h. D, excreted lactate
detected in medium after 24 h. E, cell viability of BT-549 acquired resistant cancer cells treated with E11 (26 nM) with or without KA (3 �M) after 24 h. *, p � 0.05;
**, p � 0.01; ***, p � 0.001; ****, p � 0.0001 as determined by one-way ANOVA. F, cell viability of BT-549 acquired resistant cancer cells cultured in complete or
glucose restricted medium and treated with or without KA (3 �M) after 24 h. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 as determined by one-way
ANOVA. G, hierarchical clustered heat map quantile-normalized of BT-549 cells with condition annotations of global metabolic responses to vehicle, 3 �M KA,
or glucose-restricted conditions for 6 h with annotations of metabolic pathways. The scale represents 0 to 1 for row minimum and row maximum, respectively,
after quantile normalization. G6P, glucose 6-phosphate; F 1,6-BP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate;
PEP, phosphoenolpyruvate. All data are represented as mean � S.E. (error bars) from n � 3 biological replicates. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p �
0.0001 as determined by two-way ANOVA unless otherwise indicated.
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Whereas the difference in intracellular lactate levels between
parental cells treated with KA and acquired resistant cells
maintained in KA was not as dramatic as was seen with mea-
surements of secreted lactate, the majority of lactate produced
by cells is immediately secreted into the environment (4, 13),
likely accounting for the larger differential found in secreted
lactate. Thus, our data indicate that glucose metabolism exists
functionally in a set of states, depending on selective pressures
and demands for cellular survival. By evolving resistance to
GAPDH inhibition with KA, we show that WE-undergoing
cells that lose aerobic glycolysis do not simply switch to
increased oxidative phosphorylation but maintain glucose
metabolism in a separate biological state with separate meta-
bolic outputs.

The biology of and targeting of the Warburg effect

Although aerobic glycolysis has been extensively studied
over the years, whether the WE has a function aside from gly-
colysis has been questioned (8, 37). Our findings provide evi-
dence for the WE existing as a biologically functional state of
glucose metabolism. From a therapeutic perspective, elucidat-
ing the WE as a distinct phenomenon from glucose metabolism
provides a rationale for continued efforts to target the WE while
keeping all other forms of glycolysis intact. Such efforts are
under way, including various studies particularly focusing on
the targeting of GAPDH (19 –21). The practicability of target-
ing GAPDH therapeutically likely results from the ability to
target its activity. GAPDH is a highly abundant protein and is
the most abundant protein in glycolysis (38). In addition, pre-
vious reports record that most cancer types exhibit moderate
GAPDH protein staining relative to normal tissues (39, 40),
indicating that GAPDH levels between normal and cancer cells
are not considered to be different from each other. Thus, cells
undergoing the WE exhibit higher GAPDH activity irrespective
of protein level, which has been shown to be associated with
increased sensitivity to GAPDH inhibition (15, 16). Additional
studies also indicate the feasibility and tolerability of targeting
GAPDH therapeutically in disease contexts (16, 19).

This current study now provides evidence for a proof-of-
principle concept in which acquired resistance to a potential
cancer therapy can be encoded in the metabolic activity of the
metabolic network controlled by the therapeutic target (i.e.
GAPDH). This study further shows that acquired resistance
from inhibition of the WE can result in an altered glycolytic
state whereby cells still remain dependent on glucose carbon
for fueling their metabolic demands. These findings provide
clinical relevance and systematic strategies for therapeutically

targeting pathways in the central carbon network upon
acquired resistance to inhibiting the WE, such as fatty acid
metabolism. Notably, the WE and high rates of glycolysis have
been shown to complement fatty acid metabolism in a tumor
setting (41). One potential reason for this could be due to glu-
cose-derived pyruvate incorporation into the TCA cycle, which
would fuel fatty acid metabolism and synthesis.

The implications of our findings could extend to effective
strategies in the tumor microenvironment as well, especially
given the efficacy of KA on immune cell populations that rely
on glycolysis for activation. Beyond the clinical implications of
understanding acquired resistance to the WE, we now provide
insight onto how cells can metabolically evolve resistance to a
metabolic inhibitor over time. This is an important concept
that can apply to other clinically relevant targeted metabolic
therapies, such as 5-fluorouracil or gemcitabine, both of which
have exhibited challenges clinically due to resistance. Although
this study by itself does not resolve whether the WE is in fact
driving cancer or whether it is a metabolic consequence of can-
cer progression, it does confirm that the WE is a real biologi-
cal phenomenon with different biological and metabolic
properties.

Experimental procedures

Cell culture

BT-549 and MCF-7 cells were cultured in full medium con-
taining RPMI 1640 (Gibco), 10% heat-inactivated fetal bovine
serum (FBS), 100 units/ml penicillin, and 100 �g/ml streptomy-
cin. BT-549 and MCF-7 cells were obtained from the American
Tissue Culture Collection (ATCC). KA-resistant BT-549 cells
were cultured and maintained in full medium containing RPMI
1640, 10% heat-inactivated FBS, 100 units/ml penicillin, 100
�g/ml streptomycin, and 3 �M KA (isolated in-house) (16).
Cells were cultured in a 37 °C, 5% CO2 atmosphere.

Time to progression to resistance assay

Cells were allowed to progress to resistance as described pre-
viously (42). To allow cells to acquire resistance to KA, BT-549
breast cancer cells were first seeded in triplicate in 15-cm plates
at 3 � 106 cells/plate in normal medium. After 24 h, the normal
growth medium was replaced with fresh medium at the indi-
cated KA treatment. After 7 days, cells were lifted with 0.25%
trypsin (Cellgro) and counted using a Moxi Z mini automated
cell counter. All cells up to 1 � 106 cells were centrifuged at
1,500 rpm for 3 min, resuspended in 10 ml of medium, and
plated into a 15-cm plate with fresh treatment. For each mea-
surement, once cell number reached 3 � 106 cells 2 weeks in a

Figure 4. Changes in fatty acid metabolism emerge as a functional output of evolved resistance to KA. A, schematic of experimental setup for metabo-
lomics during evolution to acquired resistance to KA. Metabolites from parental cells were extracted after 6 h of treatment with 0 –3 �M KA. Metabolites from
KA-acquired resistant cells were extracted over the 20-week progression to resistance period upon resistance to the depicted doses. B, hierarchical clustered
heat maps quantile-normalized. Shown is a heat map depicting detected metabolites from parental cells treated with 0 –3 �M KA for 6 h (left) and a heat map
depicting detected metabolites as cells acquire resistance to 0 –3 �M KA over 20 weeks (right). Heat maps show annotations of metabolite pathways. The scale
represents 0 to 1 for row minimum and row maximum, respectively, after quantile normalization. C, volcano plots showing metabolite profiles of BT-549
acquired resistant cells maintained in 3 �M KA compared with BT-549 parental cells treated with vehicle. Shown is log2 -fold change versus �log10 p value.
Dotted lines along the x axis represent �log2(1) -fold change, and the dotted line along the y axis represents �log10(0.05). Metabolites � log2(1) -fold change
are shown as red points with metabolite names denoted. All other metabolites are shown as black points. D, Venn diagram indicating the overlap of metabolic
changes among KA-resistant clones based on average �log2(1) -fold changes compared with BT-549 parental cells treated with vehicle. G6P, glucose 6-phos-
phate; F 1,6-BP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; 3PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate. All data are repre-
sented as mean � S.E. from n � 3 biological replicates. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 as determined by two-way ANOVA.
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row, the dose was increased as indicated. This procedure was
repeated weekly for 20 weeks. Weekly growth rates (�) were
calculated from the number of cells plated the previous week
(N0) and the number of cells counted in the current week (N)
according to the formula,

ln N � ln N0 � �t (Eq. 1)

where t is elapsed time in hours. These growth rates were then
used to project total cell number as if no cells had been
discarded.

Cell viability assays

For all cell lines, 5 � 104 cells/well were seeded in triplicate in
a 96-well plate and allowed to adhere for 24 h. The following
day, vehicle or treatment was added to each well at the respec-
tive concentrations. After 24 h, the medium was aspirated and
replaced with 100 �l of phenol red–free RPMI 1640, and 12 mM

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT)
(Thermo Fisher Scientific, #M6494) was added to the cells.
After 4 h, the medium containing MTT was aspirated, and 50 �l
of DMSO was added to dissolve the formazan and read at
540 nm.

Drug treatments

For all cell lines, IC50 values of KA were measured by seeding
5 � 104 cells/well in triplicate in a 96-well plate and allowed to
adhere for 24 h. The following day, medium was changed, and
concentrations of either vehicle (H2O or DMSO), KA, E11 (23),
cerulenin (Sigma-Aldrich, #C2389), metformin (Santa Cruz
Biotechnology, #202000A), or etomoxir (Sigma-Aldrich, #E1905)
were added. After 24 h, cell viability assays were carried out
using MTT as described previously.

Nutrient restriction in medium

For all cell lines, 5 � 104 cells/well were seeded in triplicate
with complete RPMI 1640 medium in 96-well plates and
allowed to adhere for 24 h. On the following day, the respective
treatment medium was added in the absence or presence of KA
at the indicated treatments. MTT assays were carried out as
described previously. Treatment medium used was as follows:
minus glucose (�Glucose): RPMI 1640 with glutamine lacking
glucose containing 10% dialyzed FBS (Life Technologies), 100
units/ml penicillin, and 100 �g/ml streptomycin; delipidated
serum (D-FBS): RPMI 1640 with glutamine containing 10%
delipidated FBS (Thermo Fisher Scientific, #A3382101), 100
units/ml penicillin, and 100 �g/ml streptomycin. Cells were
grown at 37 °C with 5% CO2.

Synergism experiments

BT-549, SK-MEL-28, SK-MEL-5, and NCI-H522 cell lines
were seeded at 5 � 104 cells/well in 96-well plates and allowed
to adhere for 24 h prior to treatment. After, 0, 0.5, 1, 5, and 10
�M KA were used as single concentrations or in combination
with 0, 10, 100, 500, and 1,000 nM E11 or in combination with 0,
0.5, 1, 5, and 11 mM glucose. After 24 h, dose-response curves
were generated using MTT reagent as described above. Then
cell viability values and concentrations were inputted into
CompuSyn 1.0 software, and combination indices were calcu-
lated by the software to determine synergism, additivity, or
antagonism.

Resensitization of BT-549 acquired resistant cells to KA

KA was removed from BT-549 acquired resistant cells for 3
passages (�2 weeks) (BT-549(R)1–3�KA,p.3). After, parental
cells, acquired resistant cells maintained in 3 �M KA, and
BT-549(R)1–3�KA,p.3 cells were treated with vehicle, 0.5 �M, or
3 �M KA for 24 h followed by measurement of cell viability with
MTT reagent.

GAPDH activity assay

A GAPDH activity assay kit (BioVision, #K680) was used. All
cells were seeded at 1 � 106 cells/10-cm plate with either vehi-
cle or KA. After 24 h, cells were lysed, an NADH standard curve
was made, and cells were measured at 450 nm in kinetic mode
for 60 min at 37 °C according to the manufacturer’s instructions.

Microscopy

Cells were seeded at a density of 5 � 103 cells/well in 6-well
plates and allowed to adhere for 24 h prior to treatment. After
48 h, images were captured using a Leica DM IL LED micro-
scope equipped with a Leica MC170HD camera at �10 objec-
tive using LAS EZ software (Leica). Scale bars represent
100 �m.

Stable isotope labeling

Cells were seeded at 3 � 105 cells/well in a 6-well plate and
allowed to adhere for 24 h. For [U-13C]glucose isotopic labeling,
cells were treated with either vehicle or KA for 6 h and then
replaced with RPMI 1640 medium containing 11 mM [U-13C]
glucose (Cambridge Isotope Laboratories, #CLM-1396) and
vehicle or KA for 0 – 4 h or for 24 h. Metabolites were then
extracted. For [U-13C]glutamine isotopic labeling, cells were
treated with either vehicle or KA for 6 h and then replaced with
RPMI 1640 medium containing 10% dialyzed FBS, 2 mM

[U-13C]glutamine (Cambridge Isotope Laboratories, #CLM-
1822), and vehicle or KA for 24 h. Metabolites were then

Figure 5. Changes in fatty acid metabolism occur downstream of differences in glycolysis in acquired resistance to KA. A, volcano plots showing
metabolite profiles of BT-549 acquired resistant (R)1 and (R)2 cells maintained in KA (3 �M) with or without cerulenin (15 �M). Log2 -fold change versus �log10
p value. Dotted lines along the x axis represent �log2(1) -fold change, and the dotted line along the y axis represents �log10(0.05). Metabolites � log2(1) -fold
change are shown as red points with metabolite names denoted. All other metabolites are black points. B, acyl-carnitine levels in BT-549 parental and acquired
resistant cells maintained in KA (3 �M) and treated with or without cerulenin (15 �M) for 6 h. C, volcano plots showing metabolic profiles of BT-549 acquired
resistant (R)1 and (R)2 cells maintained in KA (3 �M) with or without metformin (1.3 mM) as in A. D, acyl-carnitine levels in BT-549 parental and acquired resistant
cells maintained in KA (3 �M) and treated with or without metformin (1.3 mM) for 6 h. E, schematic representing different phenotypically defined glucose
metabolism states. SAH, S-adenosyl-L-homocysteine. All data are represented as mean � S.E. (error bars) from n � 3 biological replicates. *, p � 0.05; **, p � 0.01;
***, p � 0.001; ****, p � 0.0001 as determined by two-way ANOVA.
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extracted. For [U-13C]palmitate isotopic labeling, cells were
treated with vehicle or KA for 6 h and then replaced with
RPMI 1640 medium containing 10% dialyzed FBS, 100 �M

[U-13C]palmitate (Cambridge Isotope Laboratories, #CLM-
409), and vehicle or KA for 24 h. Metabolites were then extracted.

Intracellular metabolite measurements

Cells were seeded at 3 � 105 cells/well in a 6-well plate and
allowed to adhere for 24 h. After, cells were treated with vehicle
or KA for 6 h and then washed twice with 0.9% NaCl. Metabo-
lites were then extracted.

Extracellular metabolite excretion measurements

Cells were seeded at 3 � 105 cells/well in a 6-well plate and
allowed to adhere for 24 h. After, cells were treated with vehicle
or KA, and 15 �l of medium was collected from 0 to 4 h and
24 h. Metabolites were then extracted.

Metabolite extraction

Metabolite extraction and subsequent LC-HRMS for polar
metabolites of each cell line were carried out using a Q Exactive
Plus mass spectrometer as described previously (43, 44). For
culture from adherent cell lines, medium was quickly aspirated.
Next, 1 ml of extraction solvent (80% methanol/water) cooled
to �80 °C overnight was added immediately to each well, and
the plates were then transferred to �80 °C for 15 min. After, the
plates were removed, and cells were scraped into the extraction
solvent on dry ice. For medium extractions, 15 �l of medium
was collected at 0 –24 h. Next, 15 �l of extraction solvent (80%
methanol/water) (Optima LC-MS grade, Fisher; methanol,
#A456; water, #W6) was added to the medium. For absolute
quantification of KA in cells, medium was quickly aspirated,
and cells were washed twice with 0.9% NaCl following extrac-
tion for culture from adherent cells. 0.7 �M KA in water was
added into extraction solvent before centrifugation. For abso-
lute quantification of KA at 2, 6, and 24 h, cells were washed
twice with 0.9% NaCl, and a standard curve of KA was applied
with concentrations from 0 to 25 �M KA added into methanol
solvent of untreated BT-549 cells before centrifugation. All
metabolite extractions were centrifuged at 20,000 � g at 4 °C
for 10 min. Finally, the solvent in each sample was evaporated
using a speed vacuum for metabolite analysis. For polar metab-
olite analysis, the cell metabolite extract was first dissolved in 15
�l of water, followed by dilution with 15 �l of methanol/aceto-
nitrile (1:1, v/v) (Optima LC-MS grade, Fisher; methanol,
#A456; acetonitrile, #A955). Samples were centrifuged at
20,000 � g for 10 min at 4 °C, and the supernatants were trans-
ferred to LC vials. The injection volume for polar metabolite
analysis was 5 �l.

Liquid chromatography

An XBridge amide column (100 � 2.1-mm inner diameter,
3.5 �m; Waters) was used on a Dionex (Ultimate 3000 UHPLC)
for compound separation at room temperature. Mobile phase A
is water with 5 mM ammonium acetate, pH 6.9, and mobile
phase B is 100% acetonitrile. The gradient is linear as follows: 0
min, 85% B; 1.5 min, 85% B; 5.5 min, 35% B; 10 min, 35% B; 10.5
min, 35% B; 10.6 min, 10% B; 12.5 min, 10% B; 13.5 min, 85% B;

and 20 min, 85% B. The flow rate was 0.15 ml/min from 0 to 5.5
min, 0.17 ml/min from 6.9 to 10.5 min, 0.3 ml/min from 10.6 to
17.9 min, and 0.15 ml/min from 18 to 20 min. All solvents are
LC-MS grade and were purchased from Fisher.

Mass spectrometry

The Q Exactive Plus mass spectrometer (Thermo Scientific)
is equipped with a heated electrospray ionization probe, and the
relevant parameters were as listed: evaporation temperature,
120 °C; sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray volt-
age, 3.6 kV for positive mode and 2.5 kV for negative mode.
Capillary temperature was set at 320 °C, and S lens was 55. A full
scan range from 70 to 900 (m/z) was used. The resolution was
set at 70,000. The maximum injection time was 200 ms. Auto-
mated gain control was targeted at 3 � 106 ions.

Peak extraction and data analysis

Raw data collected from LC-Q Exactive Plus MS was pro-
cessed on Sieve 2.0 (Thermo Scientific). Peak alignment and
detection were performed according to the protocol described
by Thermo Scientific. For a targeted metabolite analysis, the
method “peak alignment and frame extraction” was applied. An
input file of theoretical m/z and detected retention time of 197
known metabolites was used for targeted metabolite analysis
with data collected in positive mode, whereas a separate input
file of 262 metabolites was used for negative mode. m/z width
was set to 10 ppm. The output file including detected m/z and
relative intensity in different samples was obtained after data
processing. If the lowest integrated mass spectrometer signal
(MS intensity) was less than 1,000 and the highest signal was
less than 10,000, then this metabolite was considered below the
detection limit and excluded for further data analysis. If the
lowest signal was less than 1,000, but the highest signal was
more than 10,000, then a value of 1,000 was imputed for the
lowest signals. Mass isotopomer distributions were calculated,
and samples were normalized by comparing the ratio of glu-
cose-derived labeled metabolites to unlabeled metabolites
within each sample. Quantitation and statistics were calculated
using Microsoft Excel and GraphPad Prism 7.0.

Analysis of metabolomics data

GENE-E and Morpheus software were used for hierarchical
clustering and heat map generation (Broad Institute, https://
software.broadinstitute.org/GENE-E/index.html).3 For hierar-
chical clustering, Spearman correlation parameters were
implemented for row and column parameters, with the excep-
tion of BT-549 parental and acquired resistant drug response
data, in which hierarchical clustering for row parameters only
was used. Quantile normalization was used to normalize the
data, represented by color scales.

Lactate flux calculations

The time-dependent lactate-labeling pattern was modeled as
with the equation,

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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�X*]

XT � 1 � e
�

fX

XT t
(Eq. 2)

In which [X*] is the concentration of labeled lactate, XT is the
total concentration (both labeled and unlabeled) of lactate, and
fX is the lactate production flux. This model was fit to lactate
mass isotopomer distributions using the fit() function in
MATLAB to determine relative lactate production fluxes. Rel-
ative lactate pool sizes were estimated from MS signal intensities.

Quantification and statistical analysis

Unless otherwise noted, all error bars represent reported �
S.E. with n � 3 independent biological measurements, and sta-
tistical tests resulting in p value computations were computed
using two-tailed Student’s t test, multiple t tests, one-way
ANOVA, or two-way ANOVA of log-transformed data fol-
lowed by Tukey’s multiple comparisons. All statistics were
computed using GraphPad Prism 7 (GraphPad Software, Inc.).
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