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Abstract

In Chronic Myelogenous Leukemia, the constitutive activation of the BCR-ABL kinase transforms 

cells to an “addicted” state that requires glucose metabolism for survival. We investigated S6K1, a 

protein kinase that drives glycolysis in leukemia cells, as a target for counteracting glucose-

dependent survival induced by BCR-ABL. BCR-ABL potently activated S6K1-dependent 

signaling and glycolysis. Although S6K1 knockdown or rapamycin treatment suppressed 

glycolysis in BCR-ABL transformed cells, these treatments did not induce cell death. Instead, loss 

of S6K1 triggered compensatory activation of fatty acid oxidation, a metabolic program that can 

support glucose-independent cell survival. Fatty acid oxidation in response to S6K1-inactivation 

required the expression of the fatty acid transporter Cpt1c, which was recently linked to rapamycin 

resistance in cancer. Finally, addition of an inhibitor of fatty acid oxidation significantly enhanced 

cytotoxicity in response to S6K1 inactivation. These data indicate that S6K1 dictates the metabolic 

requirements mediating BCR-ABL survival and provide a rationale for combining targeted 

inhibitors of signal transduction with strategies to interrupt oncogene-induced metabolism.
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Introduction

Oncogenic signaling pathways, such as Ras, Akt and myc, reprogram the metabolism of 

transformed cells to promote cell survival (1). In particular, Akt signaling can trigger 

increased cell survival that depends on continued glycolytic metabolism (2, 3). Beyond 

glycolysis, it is now recognized that oncogenes such as myc and ErbB2 induce 

glutaminolysis and fatty acid oxidation (FAO) to fuel proliferation and survival (4-6). 

Oncogene-induced metabolic programs have been investigated as targets for 
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chemotherapeutics. Compounds that inhibit or redirect glucose metabolism such as 

dichloroacetate, 2-deoxyglucose and 3-bromopyruvate have demonstrated substantial 

therapeutic potential in animal models, but are still at early stages of application in the clinic 

(7-9). Because specific oncogenic signaling pathways propel specific metabolic programs, 

an alternative approach to counteracting oncogenic metabolism is to target the signaling 

pathways responsible for metabolic reprogramming.

In Chronic Myelogenous Leukemia (CML), the BCR-ABL oncogene activates glucose 

metabolism as part of its transforming activity. Activation of glycolysis in BCR-ABL+ cells 

is associated with an increase in GLUT-1 glucose transporter molecules at the membrane 

and suppression of p53 (10-12). In response to the BCR-ABL inhibitor imatinib, reduction 

in surface localization of GLUT-1 correlates with decreased glucose uptake and lactate 

production. Importantly, inhibition of glycolysis can enhance the imatinib cytotoxicity (10). 

Thus glycolytic metabolism is suggested to play a key role in determining imatinib efficacy 

and provides a rationale for targeting glycolytic metabolism therapeutically (13, 14).

While inhibition of BCR-ABL kinase activity enables long-term suppression of disease for a 

majority of patients, imatinib resistance is observed in advanced stages of disease or with the 

outgrowth of clones containing specific imatinib resistance mutations (15). Resistance may 

be a result of mutations in the BCR-ABL kinase domain, or with gene amplification or 

activation of alternative signaling pathways such as the PI3K/Akt pathway (16-18). The 

PI3K/Akt pathway activates glycolysis and is required for transformation of BCR-ABL+ 

leukemia cells (19, 20).

We previously found that targeting S6K1 reduces glycolysis in PTEN-deficient leukemia 

cells (21). Decreased glycolysis enhanced apoptosis and reduced the leukemic potential of 

PTEN-deficient cells. S6K1 inactivation recapitulated the effects of rapamycin, suggesting 

that the majority of the chemotherapeutic benefits of rapamycin may be mediated by S6K1 

inactivation. We therefore investigated the metabolic effects of rapamycin and S6K1 

inactivation in BCR-ABL+ cells. Although S6K1 was required for glycolysis, S6K1 

inactivation did not trigger programmed cell death. Instead, inactivation of S6K1 triggered a 

compensatory metabolic pathway that supported cell survival in BCR-ABL+ cells. Targeting 

this compensatory metabolic response in conjunction with mTORC1/S6K1 significantly 

enhanced the cytotoxic efficacy of rapamycin and S6K1 inactivation.

Results

BCR-ABL activates glycolysis through S6K1

To determine the effect of BCR-ABL on the regulation of glycolysis, we measured 

glycolysis in IL-3 dependent FL5.12 immortalized murine hematopoietic progenitor cells 

that were transduced with the p210 isoform of BCR-ABL. BCR-ABL substantially 

increased glycolysis in cells cultured in either the presence or absence of cytokine (Figure 

1A). Increased glycolysis was associated with cytokine-independent activation of S6K1 

(Figure 1B). S6K1 knockdown reduced glycolysis in BCR-ABL cells, indicating a 

requirement for S6K1 signaling to maintain glycolysis (Figure 1C), similar to the effect of 

S6K1 knockdown in PTEN-deficient cells (21). Rapamycin and its analogs (such as 
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everolimus and temsirolimus) are approved cancer chemotherapeutics that can prevent the 

activation of S6K1 by mTORC1 (22). Similar to S6K1 knockdown, rapamycin suppressed 

glycolysis in BCR-ABL transformed FL5.12 cells and also the human BCR-ABL+ cell lines 

KBM7 and K562 (Figures 1D,F, G). The BCR-ABL tyrosine kinase inhibitor imatinib also 

reduced glycolysis, indicating that elevated glycolysis in these cells was induced by the 

transforming oncogene (Figures 1E and G). Altogether, the data indicate that mTORC1-

S6K1 signaling mediates the induction of glycolysis downstream of BCR-ABL.

BCR-ABL survival is glucose-dependent

There is increasing interest in exploiting oncogenic cellular metabolism to induce or 

enhance cytotoxicity in cancer cells. Glucose-dependent survival is associated with the 

activation of S6K1 (21). As BCR-ABL is a strong activator of S6K1 (23) (Figure 1B), we 

determined the requirement for glycolysis in BCR-ABL transformed cells. The data showed 

that BCR-ABL-dependent survival is severely compromised in media containing 0.02 mM 

glucose, a concentration that is known to be rate-limiting for cultured cells (24) (Figure 2A). 

Cell death of BCR-ABL cells exceeded the of cells expressing constitutively active 

myristoylated Akt (myrAkt), which is a well-recognized mediator of glucose-dependent 

survival (2, 3). In contrast, Bcl-xL-dependent survival, which depends more on autophagy 

than glycolysis for survival, exhibited minor cytotoxicity in response to reduced glucose 

availability (2, 25). Similar to BCR-ABL+ FL5.12 cells, K562 cells were also glucose-

dependent (Figure 2B). Glucose limitation induced cell death at a rate that was comparable 

to the effect of the BCR-ABL tyrosine kinase inhibitor imatinib (Figure 2B). These data 

indicate that BCR-ABL signaling engages a glucose-dependent survival program. We 

therefore investigated the effect of inactivating S6K1 on BCR-ABL-dependent survival.

S6K1 is not required for the BCR-ABL survival program

Because S6K1 inactivation suppressed glycolysis (Figure 1), and glucose was required for 

the survival of BCR-ABL transformed cells (Figure 2), we hypothesized that S6K1 

inactivation would trigger cell death in BCR-ABL cells. Loss of S6K1 was sufficient to 

reduce survival in glucose-dependent cells expressing an activated form of Akt (myrAkt) 

(Figure 3A), in agreement with our previous findings (21). However, loss of S6K1 did not 

trigger cell death in BCR-ABL cells, despite effective S6K1 knockdown (Figure 3A, B).

To understand how the inactivation of S6K1 could reduce glycolysis without triggering cell 

death in BCR-ABL cells, we determined the requirement for glucose in cells transfected 

with control and S6K1 siRNAs. In vector control cells, the presence or absence of S6K1 had 

no impact on the ability of cells to survive in the presence or absence of glucose (Figure 

3C). In BCR-ABL expressing cells, survival was compromised in low glucose conditions, as 

shown in Figure 2. Interestingly, after knockdown of S6K1, BCR-ABL-expressing cells 

acquired a survival advantage, sustaining a significant increase in viability in low glucose 

(Figure 3C). This result was confirmed with a separate S6K1 targeting sequence in shRNA-

transduced cells (Supplemental Figure 1). S6K1-knockdown cells sustained higher levels of 

ATP compared to control cells (Figure 3D) when measured at a timepoint prior to 

commitment to apoptosis (no cleavage of Caspase 3). This suggests that BCR-ABL cells 

activate a metabolic pathway that can confer a bioenergetic advantage (Figure 3D).
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Rapamycin triggers S6K1 inactivation by preventing its phosphorylation by mTORC1. In 

BCR-ABL+ FL5.12 cells, rapamycin did not induce cell death in glucose-containing media, 

and conferred a survival advantage under low glucose conditions (Figure 3E). Similarly, 

rapamycin enhanced survival in BCR-ABL+ primary mouse hematopoietic cells cultured 

under low glucose conditions (Figure 3F). In the human K562 line, rapamycin also enhanced 

cell survival under low glucose conditions (Figure 3G). These data indicate that inactivation 

of mTORC1-S6K1 permits BCR-ABL cells to induce a glucose-independent survival 

program that can partially substitute for the survival signals transduced by S6K1.

Previous work demonstrated that under nutrient starvation conditions, mTORC1-S6K1 

signaling is acutely extinguished (26-29). However, S6K1 activity can recover as cells 

engage alternative metabolic programs (28). The knockdown of S6K1 enhanced survival 

under low glucose conditions, suggesting that perhaps BCR-ABL elevated S6K1 activity 

even under nutrient-limiting conditions. To determine the relative activity of S6K1 

downstream of BCR-ABL under nutrient limiting conditions, we examined S6K1 

phosphorylation and the phosphorylation of the ribosomal protein S6 over time after 

switching cells to low glucose conditions. We found elevated S6K1 and S6 phosphorylation 

in BCR-ABL cells at all timepoints examined, relative to control cells (Supplemental Figure 

2). At later timepoints, S6K1 and S6 phosphorylation exhibited a modest recovery. These 

data indicate that downstream of BCR-ABL, S6K1 signaling can continue to regulate 

metabolism and survival under nutrient-limiting conditions.

Inactivtion of mTORC1 and S6K1 can trigger increases in the activity of upstream kinases 

such as Akt, due to loss of feedback regulation. This effect, often described as “rebound 

activation” of Akt, has been proposed to mediate cell survival in transformed cells (30). 

Although Akt activation has been previously associated with glucose-dependent survival 

(Figure 3A and (2)), we tested whether rebound activation of Akt was associated with 

increased survival in BCR-ABL+ cells cultured under low glucose conditions. In BCR-ABL

+ FL5.12 cells, S6K1 knockdown triggered increased Akt phosphorylation at serine 473, in 

agreement with these previous findings (Supplemental Figure 3A). The PI3K inhibitor 

BEZ235 prevented this increase in Akt activation (Supplemental Figure 3A), but did not 

prevent glucose-independent survival in response to S6K1 inactivation (Supplemental 

Figure 3B). Rapamycin treatment can induce rebound Akt activation in short-term cultures, 

but long term treatment can suppress Akt activation by the upstream kinase mTORC2 (31). 

Consistent with this observation, rapamycin did not trigger increased Akt phosphorylation 

even though rapamycin sustained glucose-independent survival (Supplemental Figure 3C, 

Figure 3E). Related to these effects, S6K2 has been shown to functionally compensate for 

S6K1 inactivation in cellular transformation (32), but we observed no alteration in S6K2 

expression levels in response to S6K1 knockdown or rapamycin (Supplemental Figure 3C). 

Altogether these results suggest that rebound activation of Akt is not required for glucose-

independent survival.

S6K1 is not required for BCR-ABL leukemogenesis

Activation of the PI3K/Akt pathway is important for BCR-ABL transformation and may 

play a role in therapeutic resistance (20, 33). Chemotherapeutic treatment with rapamycin 
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can interfere with signaling downstream of PI3K/Akt by preventing mTORC1 

phosphorylation of substrates. In mice transplanted with BCR-ABL+ bone marrow cells, 

rapamycin can delay the development of fatal myeloproliferative disease (34). These results 

established the benefits of interfering with mTORC1 signaling downstream of BCR-ABL 

with rapamycin, although it is not clear if this was due to cytostatic or cytotoxic effects. To 

determine the consequences of S6K1 inactivation in BCR-ABL+ myeloproliferative disease, 

we transplanted BCR-ABL+ S6K1+/+ or BCR-ABL+ S6K1−/− bone marrow cells into 

recipient mice. We observed a trend towards a more aggressive disease in mice transplanted 

with BCR-ABL-transduced S6K1−/− bone marrow cells, compared to S6K1+/+ (Figure 4). 

Despite the acceleration of disease kinetics, there were no significant differences in disease 

characteristics at the endpoint of the experiment, including splenomegaly, accumulation of 

myeloid cells and accumulation of GFP+ (BCR-ABL+) cells in the bone marrow (Figure 

4B). That the loss of S6K1 did not slow the progression of myeloproliferative disease 

suggests that an alternative metabolic program substituted to support BCR-ABL 

oncogenesis despite decreased glycolysis in S6K1-deficient cells. Therefore we determined 

the requirement for metabolic programs that can substitute for glycolysis in transformed 

cells.

Loss of S6K1 activates fatty acid oxidation and glucose-independent survival in BCR-ABL+ 

cells

Activation of fatty acid oxidation (FAO) can substitute for decreased glycolysis to promote 

cell survival (4, 5). Recent studies showed that inactivation of mTORC1 can trigger a switch 

from glycolytic to oxidative forms of metabolism in immortalized fibroblast cells (35). 

Therefore, we determined whether the rate of FAO in BCR-ABL+ cells responded to S6K1-

knockdown. Using the rate of 3H release from 3H-palmitate to measure FAO, we found 

significantly increased FAO in both human and murine BCR-ABL expressing cells upon 

knockdown of S6K1 or upon treatment with rapamycin (Figure 5A-C, Supplemental Figure 

4). 3H release from palmitate was mediated by mitochondrial FAO because treatment with 

etomoxir, an inhibitor of the mitochondrial carnitine palmitoyl transferase (CPT) system, 

which is essential for FAO (36), reduced 3H release (Figure 5A-C).

Inactivation of S6K1 increased FAO, but it was not known whether FAO mediated glucose-

independent survival. We cultured S6K1 knockdown/BCR-ABL+ cells in low glucose and in 

the presence and absence of etomoxir (Figure 6A). Etomoxir prevented the survival of 

S6K1-deficient cells, restoring glucose-dependence to BCR-ABL+ cells despite the 

reduction in S6K1. To test whether activation of FAO is sufficient for glucose-independent 

survival of BCR-ABL+ cells, we cultured cells with 5-Aminoimidazole-4-carboxamide 1-β-

D-ribofuranoside, an agonist for the AMP-activated protein kinase (AMPK), which can 

activate FAO. AMPK activation triggered glucose-independent survival to a similar level as 

S6K1 knockdown (Figure 6B). Importantly, treatment with the FAO inhibitor etomoxir 

prevented cell survival mediated by both AICAR and S6K1 knockdown (Figure 6B). The 

ability of AICAR to promote survival in an etomoxir-sensitive manner suggests that FAO is 

necessary and sufficient for glucose-independent survival in BCR-ABL-transformed cells.
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Etomoxir targets the import of fatty acids into mitochondria by carnitine 

palmitoyltransferase 1 (Cpt1). There are three isoforms of Cpt1, each coded by a distinct 

genomic locus, designated Cpt1a, Cpt1b, and Cpt1c (37). Increased expression of CPT1C 

was recently described in human lung cancers, and expression correlated with increased 

FAO in these tumors (38). Interestingly, CPT1C expression was sufficient to overcome 

rapamycin repression of cell growth in a breast cancer cell line. However, it was not known 

which of the effectors downstream of mTORC1 determined the requirement for Cpt1c.

We investigated the effect of depleting Cpt1a or Cpt1c on glucose-independent survival in 

BCR-ABL+ cells lacking S6K1. Knockdown of Cpt1c reduced the survival of S6K1-

deficient cells in low glucose conditions (Figure 6C, Supplemental Figure 5). The 

requirement for Cpt1c was specific, as knockdown of Cpt1c, but not Cpt1a, reduced the 

survival of BCR-ABL+ cells lacking S6K1. FAO can be induced by AMPK activation in 

fibroblasts. Although AMPK can mediate induction of FAO and Cpt1c mRNA, we did not 

observe a requirement for AMPK catalytic subunits (Prkaa1 and Prkaa2) for cell survival in 

response to S6K1 knockdown (data not shown). Nevertheless, reduced viability of cells 

transfected with siCpt1c confirms that FAO is required for S6K1-independent survival.

The induction of glucose-independent survival may explain why siS6K1 failed to induce 

cytotoxicity despite a strong effect in suppressing glycolysis (Figures 1C, 3A). Because 

FAO is required for glucose-independent survival, we tested the combination of siS6K1 with 

etomoxir under full glucose conditions. Again, siS6K1 was unable to induce cell death as a 

single agent, while etomoxir triggered only a mild cytotoxic effect as a single agent (Figure 

7A). However, S6K1 knockdown in combination with etomoxir induced significant 

apoptosis in cells cultured in full glucose (Figure 7A). A similar effect was observed in 

rapamycin-treated cells, though combination of rapamycin with etomoxir was not as strong 

as S6K1 inactivation (Supplemental Figure 6). In dose curve analysis, S6K1 knockdown 

enhanced cell death in response to etomoxir at doses ranging from 200-300 μM, suggesting a 

synergistic effect (Figure 7B).

Altogether these data demonstrate that S6K1-inactivation triggered the compensatory 

activation of FAO, a pro-survival metabolic program that was not previously available to 

cells expressing S6K1. Furthermore, counteracting FAO resulted in improved cell death in 

response to the S6K1 inactivation, suggesting a new approach based on inactivation of the 

pro-glycolytic signaling pathway in conjunction with the inactivation of a metabolic 

adaptive response.

Discussion

In this study we demonstrated that BCR-ABL requires glucose to mediate cell survival. 

Increased glucose transporter expression, glucose uptake and lactate production have been 

previously reported in BCR-ABL+ cells (13, 14), and resistance to tyrosine kinase inhibitors 

is correlated with sustained glucose metabolism. Increased glycolysis coupled with a 

requirement for cell survival is associated with loss-of-function mutations in the PTEN 

tumor suppressor, or activating mutations in PI3K subunits in multiple cancers (39). These 
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mutations trigger increased signaling through key downstream protein kinases, including 

Akt, mTORC1, and S6K1, which mediate increased glycolysis (2, 21, 40).

Although S6K1 was required for BCR-ABL to induce glycolysis, the metabolic 

requirements for survival were altered when S6K1 was inactivated (Supplemental Figure 7). 

Under low-glucose conditions, S6K1 inactivation paradoxically conferred a survival 

advantage to BCR-ABL cells, which was recapitulated by rapamycin treatment. Thus an 

alternative metabolic program that provides a cell survival advantage compensated for loss 

of S6K1. In bone marrow transplant experiments using BCR-ABL+ S6K1−/− cells, the 

oncogenic potential of BCR-ABL was not compromised and trended towards more 

aggressive disease, indicating that the oncogene can function independent of the mTORC1-

S6K1 pathway. This differed from the delay in leukemia that we observed in PTEN-

deficient S6K1−/− leukemias (21), but is consistent with the previously published lack of a 

requirement for S6K1 in mediating neuronal hypertrophy (41). We propose that the 

requirement for S6K1 in oncogenesis varies depending on the transforming mutations and 

cellular background.

Rapamycin can delay leukemia progression in mice transplanted with BCR-ABL+ bone 

marrow cells (34). One difference between the effects of rapamycin and S6K1 inactivation 

may be related to the potential for rapamycin to reduce mTORC1 phosphorylation of 

additional targets that regulate cell cycle progression, such as 4EBP-1, S6K2 and/or ULK1. 

Importantly, 4EBP1 was recently shown to mediate cytostatic responses, while S6K1 

regulates growth and metabolism (21, 42, 43). It is possible that rapamycin has mixed 

effects in BCR-ABL leukemogenesis, inducing a cytostatic response, but also activating 

S6K1-independent metabolic and survival effects. Indeed, there is evidence that rapamycin 

can preserve BCR-ABL+ leukemia-initiating cells in serial transplant experiments (44). 

Similar issues involving cytostatic and pro-survival effects have been raised with the 

application of rapamycin and its analogs in solid tumor settings (45).

Our results indicate that an inhibitor of FAO could tip responses to inactivation of 

mTORC1-S6K1 towards induction of programmed cell death (Supplemental Figure 7). FAO 

was previously shown to compensate for the loss of glycolysis in glioblastoma cell lines and 

3-dimensional cultures of breast epithelial cells (4, 5). Interestingly, glucose-independent 

survival in BCR-ABL-transformed cells required Cpt1c, the CPT enzyme that was recently 

identified to correlate with rapamycin resistance in human lung tumors (38). Our results 

suggest that expression of Cpt1c may be an important determinant of cell death responses to 

mTORC1-S6K1 inactivation.

The mTORC1-S6K1 pathway has been previously linked to the regulation of FAO. In mice 

with liver-specific deletion of the TSC1 tumor suppressor protein, which results in elevated 

mTORC1 activation, liver FAO is decreased (46). Conversely, inactivation of S6K1 in 

muscle triggers increased expression of CPT1 mRNA (47). Together, these reports suggest 

that at least in insulin-responsive tissues, FAO is inversely correlated with signal 

transduction through the mTORC1-S6K1 pathway. However, increased FAO is not a 

necessary response to inactivation of mTORC1-S6K1, as suggested by our earlier studies in 

PTEN-deficient cells, in which inactivation of mTORC1-S6K1 reduced glycolysis and 
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induced programmed cell death. This suggests that oncogene or cell-type specific factors 

govern the metabolic response to mTORC1-S6K1 inactivation.

Unsatisfactory clinical trials with rapamycin and its analogs have led many to propose that 

feedback loops in signal transduction pathways induce compensatory survival signals. To 

overcome feedback effects in signal transduction, inhibitors that target multiple points of the 

PI3K-Akt-mTORC1-S6K1 pathway are under intense investigation (30, 48). Our data 

indicate that metabolic adaptive responses can also play a role in suppressing chemotherapy 

cytotoxicity. Thus it may be necessary to target the compensatory metabolic programs that 

contribute to cell survival in order to achieve the full therapeutic potential of agents that 

target PI3K-Akt-mTORC1-S6K1.

Materials and Methods

Cell analysis

IL-3 dependent FL5.12 cells were cultured as previously described (21). Human BCR-ABL+ 

cell lines were cultured in RPMI containing 20% FBS, HEPES, 2-ME, penicillin and 

streptomycin. Low glucose media contains glucose-free RPMI (Mediatech Inc, Manassas, 

VA, USA), 10% dialyzed FBS (Sigma Aldrich, St. Louis, MO, USA), HEPES, 2-ME, 

penicillin and streptomycin and was supplemented with 10 mM or 0.02 mM Glucose 

(Thermo Fisher). 1×106 cells were transfected using 1μg Accell siRNA pools (Dharmacon, 

Thermo Fisher, Waltham, MA USA) using the G-016 program on the Nucleofector II 

(Amaxa Biosystems, Lonza, Walkersville, MD, USA) for both FL5.12 and human BCR-

ABL+ cell lines. siNon-targeting (siNT or NT) was incorporated as a negative control in all 

experiments involving siRNA. The shRNA construct targeting S6K1 was described 

previously (21). Viability was assessed using propidium iodide exclusion in a FACSAria 

flow cytometer (BD Franklin Lakes, NJ, USA). Cells were washed 3x in PBS and 

resuspended at a concentration of 2×105/mL in media supplemented with 2μg/mL of 

propidium iodide (Molecular Probes) prior to analysis. For the viability analysis of BCR-

ABL+ primary bone marrow cells, viability was measured after withdrawal from cytokines 

for 5 days in media containing full levels of glucose (10 mM) or low glucose (0.02 mM 

glucose).

Reagents

Rapamycin, BEZ235, and Imatinib were obtained from LC Labs. Etomoxir was from Sigma 

Aldrich (St Louis, MO, USA) and 5-Aminoimidazole-4-carboxyamide ribonucleoside 

(AICAR) was from Cell Signaling Technology (Danvers, MA, USA). The following 

antibodies were used for immunoblots: Akt p473, S6K1 p389, S6 p235/236, AMPK p172, 

Akt, S6k1, S6 and AMPK from Cell Signaling Technology (Danvers, MA, USA). ACC and 

ACC p79 were obtained from Millipore and GAPDH from Abcam (Cambridge, MA, USA). 

siRNA experiments used Accell pools of siRNA duplexes (Dharmacon, Lafayette, CO, 

USA) targeting each gene.
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Quantitative Real-time PCR

RNA was isolated using Qiagen RNeasy mini kit. 1μg of RNA was reverse transcribed using 

TaqMan Reverse Transcription reagents (Applied Biosystems). Quantitative PCR was 

performed using TaqMan Gene Expression Master Mix and S6K1 and Actin TaqMan probes 

(Applied Biosystems).

Glycolysis

Glycolysis was measured using 3H-glucose as described previously (2). Briefly, 1×106 cells 

were cultured with 5 μCi of 5-3H-glucose for up to 2 hours at 37°C. Following incubation, 

0.2M HCl was added to the mixture and the mixture was put into an eppendorf tube inside 

of a closed system to separate 3H-water from 3H-glucose. After 24-48 hours at room 

temperature, 3H-water was equilibrated between the inner and outer chambers and the 3H-

water was measured in both chambers using a scintillation counter and standardized to 

controls. 3H-H2O was used as a standard to determine the efficiency of equilibration.

Fatty Acid Oxidation

Fatty acid oxidation was measured using a 3H-palmitate adapted from a previous publication 

(49). Briefly, 0.5×106− 1×106 were washed with PBS, then cultured with 400μl of (9,10-3H) 

Palmitate:albumin for 4 hours at 37°C. After incubation, 10% TCA was added to each tube 

and centrifuged at 3300rpm for 10 min at 4°C and then mixed with 6N NaOH and applied to 

ion-exchange columns. The column was washed with 1mL of water and the eluates were 

counted using a scintillation counter.

Mice

S6K1+/+ and S6K1−/− mice were generously provided by G. Thomas and S. Kozma (50). 

C57/Bl6 mice were obtained from Jackson Laboratories. Lineage negative, Sca1+, cKit+ 

(LSK) hematopoietic cells from S6K1+/+ or S6K1−/− mice were isolated using a FACSAria 

cell sorter. LSK cells were then transduced with BCR-ABL-GFP retrovirus. Recipient 

C57/Bl6 mice were lethally irradiated and 10,000 GFP+ LSK cells supplemented with 

300,000 whole bone marrow cells were injected via the tail vein. Survival of recipient mice 

that exhibited symptoms of a lethal myeloproliferative disease was measured from the day 

of bone marrow transplant and the log rank test was used to determine significance.

Statistics and Image Software

Statistical analysis using the log-rank test was performed in GraphPad Prism software. Error 

bars were calculated using standard deviation in Excel, except for qRT-PCR results, where 

standard error was employed. Figures were prepared using Adobe Photoshop, Adobe 

Illustrator, GraphPad Prism and Microsoft Excel, using Crop, Levels, Contrast, and 

Brightness controls applied to whole images.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Barger et al. Page 9

Oncogene. Author manuscript; available in PMC 2013 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

We thank Drs. George Thomas and Sara Kozma for advice and access to S6K1-knockout mice. We thank Dr. 
Shane Horman, Jim Phelan and Meghan Brundage for help with CML models in mice, and Drs. Czyzyk-Krzeska 
and Godar for critique of the manuscript. J.F.B. was supported by an IGERT fellowship #0333377. This work was 
supported by NIH grant CA133164, the American Cancer Society RSG-08-293-01-CCG and the University of 
Cincinnati’s Millennium Scholars program.

References

1. Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg and beyond. Cell. 2008; 134:703–7. 
[PubMed: 18775299] 

2. Plas DR, Talapatra S, Edinger AL, Rathmell JC, Thompson CB. Akt and Bcl-xL Promote Growth 
Factor-independent Survival through Distinct Effects on Mitochondrial Physiology. J Biol Chem. 
2001; 276:12041–8. [PubMed: 11278698] 

3. Rathmell JC, Fox CJ, Plas DR, Hammerman PS, Cinalli RM, Thompson CB. Akt-directed glucose 
metabolism can prevent Bax conformation change and promote growth factor-independent survival. 
Mol Cell Biol. 2003; 23:7315–28. [PubMed: 14517300] 

4. Buzzai M, Bauer DE, Jones RG, Deberardinis RJ, Hatzivassiliou G, Elstrom RL, et al. The glucose 
dependence of Akt-transformed cells can be reversed by pharmacologic activation of fatty acid 
beta-oxidation. Oncogene. 2005; 24:4165–73. [PubMed: 15806154] 

5. Schafer ZT, Grassian AR, Song L, Jiang Z, Gerhart-Hines Z, Irie HY, et al. Antioxidant and 
oncogene rescue of metabolic defects caused by loss of matrix attachment. Nature. 2009; 461:109–
13. [PubMed: 19693011] 

6. Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK, et al. Myc regulates a 
transcriptional program that stimulates mitochondrial glutaminolysis and leads to glutamine 
addiction. Proc Natl Acad Sci U S A. 2008; 105:18782–7. [PubMed: 19033189] 

7. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, Thompson R, et al. A 
mitochondria-K+ channel axis is suppressed in cancer and its normalization promotes apoptosis and 
inhibits cancer growth. Cancer Cell. 2007; 11:37–51. [PubMed: 17222789] 

8. Vander Heiden MG. Targeting cell metabolism in cancer patients. Sci Transl Med. 2010; 2:31ed1.

9. Pelicano H, Martin DS, Xu RH, Huang P. Glycolysis inhibition for anticancer treatment. Oncogene. 
2006; 25:4633–46. [PubMed: 16892078] 

10. Mason EF, Zhao Y, Goraksha-Hicks P, Coloff JL, Gannon H, Jones SN, et al. Aerobic glycolysis 
suppresses p53 activity to provide selective protection from apoptosis upon loss of growth signals 
or inhibition of BCR-Abl. Cancer Res. 2010; 70:8066–76. [PubMed: 20876800] 

11. Gottschalk S, Anderson N, Hainz C, Eckhardt SG, Serkova NJ. Imatinib (STI571)-mediated 
changes in glucose metabolism in human leukemia BCR-ABL-positive cells. Clin Cancer Res. 
2004; 10:6661–8. [PubMed: 15475456] 

12. Barnes K, McIntosh E, Whetton AD, Daley GQ, Bentley J, Baldwin SA. Chronic myeloid 
leukaemia: an investigation into the role of Bcr-Abl-induced abnormalities in glucose transport 
regulation. Oncogene. 2005; 24:3257–67. [PubMed: 15735728] 

13. Klawitter J, Kominsky DJ, Brown JL, Christians U, Leibfritz D, Melo JV, et al. Metabolic 
characteristics of imatinib resistance in chronic myeloid leukaemia cells. Br J Pharmacol. 2009; 
158:588–600. [PubMed: 19663881] 

14. Kominsky DJ, Klawitter J, Brown JL, Boros LG, Melo JV, Eckhardt SG, et al. Abnormalities in 
glucose uptake and metabolism in imatinib-resistant human BCR-ABL-positive cells. Clin Cancer 
Res. 2009; 15:3442–50. [PubMed: 19401345] 

15. Druker BJ, Guilhot F, O’Brien SG, Gathmann I, Kantarjian H, Gattermann N, et al. Five-year 
follow-up of patients receiving imatinib for chronic myeloid leukemia. N Engl J Med. 2006; 
355:2408–17. [PubMed: 17151364] 

16. Branford S, Rudzki Z, Walsh S, Grigg A, Arthur C, Taylor K, et al. High frequency of point 
mutations clustered within the adenosine triphosphate-binding region of BCR/ABL in patients 
with chronic myeloid leukemia or Ph-positive acute lymphoblastic leukemia who develop imatinib 
(STI571) resistance. Blood. 2002; 99:3472–5. [PubMed: 11964322] 

Barger et al. Page 10

Oncogene. Author manuscript; available in PMC 2013 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Burchert A, Wang Y, Cai D, von Bubnoff N, Paschka P, Muller-Brusselbach S, et al. 
Compensatory PI3-kinase/Akt/mTor activation regulates imatinib resistance development. 
Leukemia. 2005; 19:1774–82. [PubMed: 16136169] 

18. Hochhaus A, Kreil S, Corbin AS, La Rosee P, Muller MC, Lahaye T, et al. Molecular and 
chromosomal mechanisms of resistance to imatinib (STI571) therapy. Leukemia. 2002; 16:2190–
6. [PubMed: 12399961] 

19. McCubrey JA, Steelman LS, Abrams SL, Bertrand FE, Ludwig DE, Basecke J, et al. Targeting 
survival cascades induced by activation of Ras/Raf/MEK/ERK, PI3K/PTEN/Akt/mTOR and Jak/
STAT pathways for effective leukemia therapy. Leukemia. 2008; 22:708–22. [PubMed: 
18337766] 

20. Skorski T, Bellacosa A, Nieborowska-Skorska M, Majewski M, Martinez R, Choi JK, et al. 
Transformation of hematopoietic cells by BCR/ABL requires activation of a PI-3k/Akt-dependent 
pathway. EMBO J. 1997; 16:6151–61. [PubMed: 9321394] 

21. Tandon P, Gallo CA, Khatri S, Barger JF, Yepiskoposyan H, Plas DR. Requirement for ribosomal 
protein S6 kinase 1 to mediate glycolysis and apoptosis resistance induced by Pten deficiency. 
Proc Natl Acad Sci U S A. 2011; 108:2361–5. [PubMed: 21262837] 

22. Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao Y, et al. An ATP-competitive Mammalian 
Target of Rapamycin Inhibitor Reveals Rapamycin-resistant Functions of mTORC1. J Biol Chem. 
2009; 284:8023–32. [PubMed: 19150980] 

23. Markova B, Albers C, Breitenbuecher F, Melo JV, Brummendorf TH, Heidel F, et al. Novel 
pathway in Bcr-Abl signal transduction involves Akt-independent, PLC-gamma1-driven activation 
of mTOR/p70S6-kinase pathway. Oncogene. 2010; 29:739–51. [PubMed: 19881535] 

24. Vander Heiden MG, Plas DR, Rathmell JC, Fox CJ, Harris MH, Thompson CB. Growth Factors 
Can Influence Cell Growth and Survival through Effects on Glucose Metabolism. Mol Cell Biol. 
2001; 21:5899–912. [PubMed: 11486029] 

25. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T, et al. Growth factor regulation of 
autophagy and cell survival in the absence of apoptosis. Cell. 2005; 120:237–48. [PubMed: 
15680329] 

26. Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell growth and 
survival. Cell. 2003; 115:577–90. [PubMed: 14651849] 

27. Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL. Regulation of TORC1 by Rag GTPases in 
nutrient response. Nat Cell Biol. 2008; 10:935–45. [PubMed: 18604198] 

28. Nobukuni T, Joaquin M, Roccio M, Dann SG, Kim SY, Gulati P, et al. Amino acids mediate 
mTOR/raptor signaling through activation of class 3 phosphatidylinositol 3OH-kinase. Proc Natl 
Acad Sci U S A. 2005; 102:14238–43. [PubMed: 16176982] 

29. Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-Peled L, et al. The Rag 
GTPases bind raptor and mediate amino acid signaling to mTORC1. Science. 2008; 320:1496–
501. [PubMed: 18497260] 

30. O’Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, et al. mTOR inhibition induces 
upstream receptor tyrosine kinase signaling and activates Akt. Cancer Res. 2006; 66:1500–8. 
[PubMed: 16452206] 

31. Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF, et al. Prolonged rapamycin 
treatment inhibits mTORC2 assembly and Akt/PKB. Mol Cell. 2006; 22:159–68. [PubMed: 
16603397] 

32. Nardella C, Lunardi A, Fedele G, Clohessy JG, Alimonti A, Kozma SC, et al. Differential 
expression of S6K2 dictates tissue-specific requirement for S6K1 in mediating aberrant mTORC1 
signaling and tumorigenesis. Cancer Res. 2011; 71:3669–75. [PubMed: 21444676] 

33. Kharas MG, Janes MR, Scarfone VM, Lilly MB, Knight ZA, Shokat KM, et al. Ablation of PI3K 
blocks BCR-ABL leukemogenesis in mice, and a dual PI3K/mTOR inhibitor prevents expansion 
of human BCR-ABL+ leukemia cells. J Clin Invest. 2008; 118:3038–50. [PubMed: 18704194] 

34. Mohi MG, Boulton C, Gu TL, Sternberg DW, Neuberg D, Griffin JD, et al. Combination of 
rapamycin and protein tyrosine kinase (PTK) inhibitors for the treatment of leukemias caused by 
oncogenic PTKs. Proc Natl Acad Sci U S A. 2004; 101:3130–5. [PubMed: 14976243] 

Barger et al. Page 11

Oncogene. Author manuscript; available in PMC 2013 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Choo AY, Kim SG, Vander Heiden MG, Mahoney SJ, Vu H, Yoon SO, et al. Glucose addiction of 
TSC null cells is caused by failed mTORC1-dependent balancing of metabolic demand with 
supply. Mol Cell. 2010; 38:487–99. [PubMed: 20513425] 

36. Eaton S, Bartlett K, Pourfarzam M. Mammalian mitochondrial beta-oxidation. Biochem J. 1996; 
320(Pt 2):345–57. [PubMed: 8973539] 

37. Bonnefont JP, Djouadi F, Prip-Buus C, Gobin S, Munnich A, Bastin J. Carnitine 
palmitoyltransferases 1 and 2: biochemical, molecular and medical aspects. Mol Aspects Med. 
2004; 25:495–520. [PubMed: 15363638] 

38. Zaugg K, Yao Y, Reilly PT, Kannan K, Kiarash R, Mason J, et al. Carnitine palmitoyltransferase 
1C promotes cell survival and tumor growth under conditions of metabolic stress. Genes Dev. 
2011; 25:1041–51. [PubMed: 21576264] 

39. Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway in cancer. Annu Rev Pathol. 2009; 
4:127–50. [PubMed: 18767981] 

40. Duvel K, Yecies JL, Menon S, Raman P, Lipovsky AI, Souza AL, et al. Activation of a Metabolic 
Gene Regulatory Network Downstream of mTOR Complex 1. Mol Cell. 2010; 39:171–83. 
[PubMed: 20670887] 

41. Chalhoub N, Kozma SC, Baker SJ. S6k1 is not required for Pten-deficient neuronal hypertrophy. 
Brain Res. 2006; 1100:32–41. [PubMed: 16777079] 

42. Dowling RJ, Topisirovic I, Alain T, Bidinosti M, Fonseca BD, Petroulakis E, et al. mTORC1-
mediated cell proliferation, but not cell growth, controlled by the 4E-BPs. Science. 2010; 
328:1172–6. [PubMed: 20508131] 

43. Um SH, D’Alessio D, Thomas G. Nutrient overload, insulin resistance, and ribosomal protein S6 
kinase 1, S6K1. Cell Metab. 2006; 3:393–402. [PubMed: 16753575] 

44. Ito K, Bernardi R, Morotti A, Matsuoka S, Saglio G, Ikeda Y, et al. PML targeting eradicates 
quiescent leukaemia-initiating cells. Nature. 2008; 453:1072–8. [PubMed: 18469801] 

45. Plas DR, Thomas G. Tubers and tumors: rapamycin therapy for benign and malignant tumors. Curr 
Opin Cell Biol. 2009; 21:230–6. [PubMed: 19237273] 

46. Sengupta S, Peterson TR, Laplante M, Oh S, Sabatini DM. mTORC1 controls fasting-induced 
ketogenesis and its modulation by ageing. Nature. 2010; 468:1100–4. [PubMed: 21179166] 

47. Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, Sticker M, et al. Absence of S6K1 protects 
against age- and diet-induced obesity while enhancing insulin sensitivity. Nature. 2004; 431:200–
5. [PubMed: 15306821] 

48. Serra V, Scaltriti M, Prudkin L, Eichhorn PJ, Ibrahim YH, Chandarlapaty S, et al. PI3K inhibition 
results in enhanced HER signaling and acquired ERK dependency in HER2-overexpressing breast 
cancer. Oncogene. 2011; 30:2547–57. [PubMed: 21278786] 

49. Djouadi F, Bonnefont JP, Munnich A, Bastin J. Characterization of fatty acid oxidation in human 
muscle mitochondria and myoblasts. Mol Genet Metab. 2003; 78:112–8. [PubMed: 12618083] 

50. Shima H, Pende M, Chen Y, Fumagalli S, Thomas G, Kozma SC. Disruption of the p70(s6k)/
p85(s6k) gene reveals a small mouse phenotype and a new functional S6 kinase. EMBO J. 1998; 
17:6649–59. [PubMed: 9822608] 

Barger et al. Page 12

Oncogene. Author manuscript; available in PMC 2013 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
BCR-ABL activates growth factor-independent glycolysis through S6K1. A. IL-3-dependent 

FL5.12 cells were transduced with vector control or BCR-ABL-expressing retrovirus, then 

cultured in the presence or absence of IL-3 for 3 hours. Glycolytic release of 3H2O from 

5-3H-glucose in the absence of growth factor was increased by BCR-ABL. The mean 

±standard deviation is plotted. B. BCR-ABL strongly activated S6K1. Vector control and 

BCR-ABL cells were cultured for 3 hours in the absence of growth factor, then restimulated 

for 30 minutes where indicated for analysis of S6K1 phosphorylation at T389 and the 

phosphorylation of ribosomal protein S6 at serines 235/236. C. S6K1 knockdown (inset) 

impaired glycolysis in BCR-ABL+ FL5.12 cells cultured in the absence of IL-3. siRNA 

pools targeting S6K1 or Non-targeting siRNA were transfected where indicated. D - F. 

Rapamycin (Rapa., 20 nM) and imatinib (1μM) suppressed glycolysis in BCR-ABL+ FL5.12 

cells (D and E), human BCR-ABL+ KBM7 cells (F) and human BCR-ABL+ K562 cells (G). 

Inset, Both imatinib and rapamycin reduced S6K1 activity as indicated by reduced 

phosphorylation of small ribosomal protein S6 (pS6).
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Figure 2. 
BCR-ABL-activated survival is glucose-dependent. A. Viability of BCR-ABL+ FL5.12 cells 

cultured in cytokine-free medium containing 0.02mM glucose (-Glucose) for 48 hours was 

significantly reduced compared to cells cultured in 10mM glucose (+Glucose). Survival of 

cells expressing an activated mutant of Akt (myrAkt), which mediates a glucose-dependent 

form of survival is shown for comparison. For reference, the glucose-independent survival 

of cells expressing Bcl-xL is also shown. The mean of triplicate viability measurements 

±standard deviation were determined by propidium iodide exclusion in a flow cytometer. B. 

BCR-ABL+ K562 cells require glucose for long-term survival. Cell death in response to low 

glucose and imatinib were comparable.
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Figure 3. 
Glucose independent survival upon loss of S6K1. A. S6K1 is not required for cytokine-

independent survival in BCR-ABL+ FL5.12 cells. Decreased viability in myrAkt+ FL5.12 

cells upon loss of S6K1 is shown for comparison. The siRNA pool targeting S6K1 is 

indicated by (+); Non-targeting siRNA is indicated by (-). B. Efficacy of S6K1 knockdown 

in treatments shown in A. C. S6K1 knockdown BCR-ABL+ cells exhibited a survival 

advantage when cultured under low glucose conditions (0.02 mM Glucose, indicated as -

Glucose). D. Increased ATP in S6K1-knockdown cells cultured under low glucose 

conditions for 3 hours (left). Cells were not yet committed to programmed cell death at the 

time point measured, as illustrated by the absence of cleaved Caspase 3 at 3 hours (right). E-

G. Rapamycin inactivation of S6K1 triggered a survival advantage in low glucose conditions 

in BCR-ABL+ FL5.12 (E), BCR-ABL+ primary murine bone marrow cells (F), and K562 

cells (G).
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Figure 4. 
S6K1 deficiency does not impair BCR-ABL leukemogenesis. A. Bone marrow cells from 

S6K1+/+ or S6K1−/− mice were transduced with BCR-ABL then transplanted into lethally 

irradiated recipients. Symptom-free survival is plotted. A trend towards more aggressive 

disease was observed in mice transplanted with BCR-ABL+ S6K1−/− cells, although the 

trend is not statistically significant (log-rank test). B. Little change in disease characteristics 

in mice that received S6K1−/− vs. S6K1+/+ BCR-ABL transformed cells. Shown are spleen 

wet weight (left), frequency of myeloid cells in the spleen (center), and frequency of BCR-

ABL+ (GFP+) cells in the bone marrow (right) at the time of organ harvest.
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Figure 5. 
FAO is activated in BCR-ABL+ cells upon S6K1 inactivation. A. BCR-ABL+ FL5.12 cells 

were cultured in the absence of cytokine and under low glucose conditions in the presence 

of 3H palmitate. S6K1 knockdown increased 3H2O release from 3H-palmitate in BCR-ABL+ 

FL5.12 cells. The CPT1 inhibitor etomoxir, which blocks mitochondrial FAO, counteracted 

this effect. The mean ±standard deviation of triplicate measurements is shown. B,C. 

Rapamycin increased FAO release of 3H from 3H-palmitate, which was inhibited by 

etomoxir in human BCR-ABL+ cell lines K562 (B) and KBM7 (C).
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Figure 6. 
Requirement for FAO to mediate glucose-independent survival upon S6K1 inactivation. A. 

S6K1 knockdown improved survival under low glucose conditions and the FAO inhibitor 

etomoxir prevented this survival advantage in BCR-ABL+ FL5.12 cells. B. The AMPK 

agonist AICAR induced FAO-dependent survival in low glucose conditions, which was 

comparable to the survival observed in response to S6K1 knockdown. The FAO inhibitor 

etomoxir prevented survival in response to either AICAR or S6K1 knockdown. C. Cpt1c 

knockdown specifically reduced glucose-independent survival in S6K1-knockdown cells. 

siRNA targeting Cpt1a and Cpt1c (indicated by 1a and 1c, respectively) was transfected, 

followed by measurement of cell viability after 48 hours of culture in low glucose cytokine-

free medium.
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Figure 7. 
Coordinated metabolic inactivation enhances cytotoxicity in response to rapamycin. A. In 

the presence of full concentrations of glucose, neither S6K1 knockdown nor etomoxir 

induced significant cytotoxicity. Combination of S6K1 knockdown with 200 μM etomoxir 

was markedly cytotoxic for BCR-ABL+ FL5.12 cells measured at 48 hours. B. siS6K1 

enhanced the sensitivity to a range of doses of etomoxir in BCR-ABL+ FL5.12 cells cultured 

in full glucose, suggesting a synergistic effect. Viability was measured at 48 hours.
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