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SUMMARY

MCL-1 is an anti-apoptotic BCL-2 family protein essential for survival of diverse cell types 

and is a major driver of cancer and chemoresistance. The mechanistic basis for the oncogenic 

supremacy of MCL-1 among its anti-apoptotic homologs is unclear and implicates physiologic 

roles of MCL-1 beyond apoptotic suppression. Here we find that MCL-1-dependent hematologic 

cancer cells specifically rely on fatty acid oxidation (FAO) as a fuel source because of metabolic 

wiring enforced by MCL-1 itself. We demonstrate that FAO regulation by MCL-1 is independent 

of its anti-apoptotic activity, based on metabolomic, proteomic, and genomic profiling of MCL-1-

dependent leukemia cells lacking an intact apoptotic pathway. Genetic deletion of Mcl-1 results 

in transcriptional downregulation of FAO pathway proteins such that glucose withdrawal triggers 

cell death despite apoptotic blockade. Our data reveal that MCL-1 is a master regulator of FAO, 

rendering MCL-1-driven cancer cells uniquely susceptible to treatment with FAO inhibitors.
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Graphical abstract

In brief

Prew et al. report that, independent of its anti-apoptotic function, MCL-1 enforces a programmatic 

dependency on fatty acid oxidation (FAO) in MCL-1-driven hematologic cancer cells, rendering 

them vulnerable to FAO inhibition. Mcl-1 deletion broadly downregulates the FAO pathway, 

revealing MCL-1 as a master regulator of fatty acid metabolism.

INTRODUCTION

Mitochondrial apoptosis is an essential physiologic process that eliminates damaged or 

unwanted cells during development and homeostasis (Danial and Korsmeyer, 2004). BCL-2 

family proteins regulate apoptosis through a protein interaction network composed of pro- 

and anti-apoptotic members. Pro-apoptotic BAX and BAK are executioner proteins that, 

when triggered, transform from latent monomers into toxic oligomers that permeabilize the 

mitochondrial outer membrane, releasing signaling factors, such as cytochrome c, that drive 

the caspase cascade and subsequent cellular self-destruction (Farrow et al., 1995; Liu et 

al., 1996; Oltvai et al., 1993). The anti-apoptotic members, such as BCL-2 and MCL-1, 

can arrest the apoptotic process by trapping activated monomers of BAX/BAK through 

heterodimeric interaction, preventing mitochondrial damage (Czabotar et al., 2014; Sattler 

et al., 1997). An additional layer of regulation is provided by the BH3-only proteins, which 

serve as afferent sensors of cellular stress and deliver pro-apoptotic signals to the core pro- 
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and anti-apoptotic members (Wei et al., 2000). When BH3-only signaling overwhelms the 

anti-apoptotic reserve, latent monomers of BAX and BAK can become directly activated 

by select BH3-only members and indirectly activated by competitive displacement from 

anti-apoptotic proteins (Walensky and Gavathiotis, 2011). Deregulation of BCL-2 family 

interactions can disrupt the delicate balance between cellular life and death, causing diseases 

of cellular excess or deficiency (Rinkenberger and Korsmeyer, 1997).

MCL-1 is an anti-apoptotic BCL-2 protein with distinguishing features. It is a much 

larger protein than its counterparts, featuring an N-terminal extension of unknown function 

(Reynolds et al., 1994). Global and conditional deletion of Mcl-1 have uniquely profound 

physiologic consequences, including embryonic lethality (Rinkenberger et al., 2000), 

immune deregulation (Opferman et al., 2003), hematopoietic stem cell loss (Opferman et 

al., 2005), and fatal cardiomyopathy (Wang et al., 2013). The inability of anti-apoptotic 

homologs to compensate for Mcl-1 deletion in these contexts suggests that MCL-1 may 

have broader roles in organism homeostasis beyond apoptotic suppression. MCL-1 is among 

the most highly overexpressed pathologic proteins across all human cancers (Beroukhim et 

al., 2010) and is linked to poor prognoses, chemotherapy resistance, and relapse (Wei et 

al., 2006; Wuillème-Toumi et al., 2005). Thus, therapeutic targeting of MCL-1 in cancer 

is a high-priority goal. Although clinical testing of candidate small-molecule inhibitors of 

MCL-1 is underway, emerging toxicities beyond what has been observed with selective 

BCL-2 inhibition (Roberts et al., 2016) have halted several trials (Wang et al., 2021), again 

suggesting that MCL-1 targeting may have physiological consequences beyond suppression 

of anti-apoptotic activity.

Consistent with their mitochondrial localization, select BCL-2 proteins regulate 

mitochondrial morphology (Karbowski et al., 2006) and specific metabolic enzymes (Danial 

et al., 2003; Gimenez-Cassina and Danial, 2015). Recent studies have implicated MCL-1 

in these homeostatic processes. A mitochondrial matrix-localized isoform of MCL-1 

(MCL-1Matrix) is required for maintenance of mitochondrial ultrastructure and cristae 

morphology and for the functional assembly of electron transport chain super-complexes 

and higher-order ATP synthase complexes (Huang and Yang-Yen, 2010; Perciavalle et al., 

2012). While pursuing proteomic analyses to identify potential targets of MCL-1 in the 

mitochondrial matrix, we discovered that the BH3 helix of MCL-1 directly interacts with 

very long-chain acylcoenzyme A (CoA) dehydrogenase (VLCAD), an enzyme that catalyzes 

the first step of the long-chain fatty acid oxidation (FAO) pathway (Escudero et al., 2018). 

Selective loss of MCL-1Matrix causes deregulation of FAO, as reflected by accumulation of 

long-chain acylcarnitines in mouse embryonic fibroblasts and murine liver (Escudero et al., 

2018).

Although we initially established a link between MCL-1 and fatty acid metabolism in 

normal cells and tissue, we subsequently explored the potential relevance to cancer, given 

that deregulation of cellular metabolism is a major hallmark of human cancer (Hanahan 

and Weinberg, 2011; Vander Heiden and DeBerardinis, 2017). Gene set enrichment analyses 

revealed a statistically significant correlation between elevated MCL-1 expression and an 

FAO signature across two independent datasets containing 524 and 294 cases of human 

acute myeloid leukemia (AML); no such correlation was observed for anti-apoptotic BCL-
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XL expression, for example (Escudero et al., 2018). Reliance on FAO for cancer cell 

survival, proliferation, and metastasis has emerged as a prominent outcome of metabolic 

reprogramming in cancer (Carracedo et al., 2013; Ma et al., 2018; Snaebjornsson et al., 

2020), including in the context of resistance to the selective BCL-2 inhibitor venetoclax 

(Stevens et al., 2020), where MCL-1 typically plays a role (Yecies et al., 2010). 

Understanding how MCL-1 may contribute to this FAO phenotype is not only essential 

for elucidating fundamental MCL-1 biology but also for developing safe and effective 

treatment strategies that target MCL-1-dependent cancers and overcome MCL-1-mediated 

chemoresistance.

RESULTS

MCL-1 regulates metabolism independent of its anti-apoptotic function

A key challenge in delineating non-canonical roles for MCL-1 in biology is the 

confounding effect of its established function as a suppressor of mitochondrial apoptosis. 

To definitively dissociate MCL-1’s anti-apoptotic activity from its potential role as a 

metabolic regulator, we took advantage of MCL-1-dependent murine p185+Arf−/− B-cell 

acute lymphoblastic leukemia (B-ALL) cells (Koss et al., 2013, 2016; Lee et al., 2019) 

lacking either BAX and BAK (p185+Arf−/−Bax−/−Bak−/−) or BAX, BAK, and MCL-1 

(p185+Arf−/−Bax−/−Bak−/−Mcl-1−/−), hereafter referred to as double knock-out (DKO) and 

triple knock-out (TKO) cells, respectively (Figure 1A). We first examined whether cells 

lacking MCL-1 could respond to metabolic stress, such as glucose deprivation, which 

typically triggers a switch from glucose to fatty acid utilization (Raulien et al., 2017). In the 

absence of BAX/BAK-mediated mitochondrial apoptosis, DKO cells remained fully viable 

in regular and low-glucose media; however, genetic deletion of Mcl-1 resulted in a dramatic 

loss of viability under low-glucose conditions (Figure 1B). This striking vulnerability of 

TKO cells was rescued by providing alternate sources of acetyl-CoA for the tricarboxylic 

acid cycle (TCA) cycle, such as pyruvate or acetate, indicative of a specific metabolic 

lesion (Figure 1C). The inability to compensate for glucose deprivation by switching to 

FAO as a fuel source could underlie the observed cell death, which notably occurred 

in the absence of BAX and BAK. Compared with the normal appearance of DKO cells 

cultured in regular and low-glucose media (Figures 1D and 1E), electron microscopy 

revealed prominent vacuolization and autophagocytosis of TKO cells when subjected to the 

low-glucose condition (Figures 1F–1I), consistent with non-apoptotic cell death in response 

to glucose deprivation.

Mcl-1 deletion shifts cellular fuel usage from lipids to glucose

To characterize the metabolic changes arising from loss of MCL-1, we measured the oxygen 

consumption rate (OCR) in DKO and TKO cells by Seahorse analysis, performed in the 

presence and absence of added palmitate. Although DKO cells demonstrated an increased 

OCR in response to added palmitate (Figure 1J), TKO cells showed no such effect (Figure 

1K), consistent with a defect in palmitate utilization. To further characterize this finding, 

we performed metabolite tracing experiments. For FAO analysis, DKO and TKO cells 

were grown in regular or low-glucose medium containing uniformly labeled 13C-palmitate 

(U13C-palmitate), and relative levels of citrate labeled on two carbons (M+2 citrate) were 
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measured as a readout of FAO (Caro et al., 2012; Figure 2A). In regular medium, the 

percentage of M+2 citrate detected in DKO cells was more than double that of TKO cells; in 

low-glucose medium, the difference between cell types was even more dramatic, with DKO 

cells demonstrating increased FAO compared with TKO cells, which exhibited a blunted 

response (Figure 2B). Thus, DKO cells adapt to a low-glucose environment by increasing 

palmitate utilization, whereas TKO cells demonstrate not only a baseline reduction in FAO 

but also an inability to adequately upregulate long-chain fatty acid utilization in response 

to the stress of glucose deprivation. These data provide a mechanistic explanation for the 

non-apoptotic cell death observed in TKO cells when cultured in low-glucose medium 

(Figure 1B). To determine whether the metabolic defect in TKO cells was selective for 

long-chain FAO, we repeated the analysis using 113C-hexanoate in regular medium and 

likewise observed a statistically significant difference in short-chain FAO between DKO and 

TKO cells (Figure S1). Although less dramatic of a defect than observed for long-chain FAO 

in TKO cells, these data suggest that MCL-1 regulation of FAO may extend beyond focal 

modulation of VLCAD by MCL-1Matrix (Escudero et al., 2018).

Given the difference in response of DKO and TKO cells to glucose deprivation, we next 

conducted U13C-glucose tracing studies to measure glucose utilization (Figure 2C). No 

statistically significant difference was observed in glucose uptake between DKO and TKO 

cells (Figure 2D). However, TKO cells demonstrated markedly increased 13C incorporation 

into glycolytic and TCA cycle intermediates compared with DKO cells (Figure 2D). Our 

combined metabolic tracing and nutrient withdrawal studies indicate that MCL-1-dependent 

cells effectively utilize fatty acids as a fuel source but are defective in FAO upon Mcl-1 
deletion, resulting in dependence on glucose metabolism for cell survival.

Selective deficiency of fatty acid utilization upon Mcl-1 deletion

To expand our investigation of altered fatty acid metabolism in the absence of MCL-1, 

we measured free fatty acid (FFA) levels in DKO and TKO B-ALL cells cultured in 

regular or low-glucose medium. In regular medium, DKO cells exhibited elevated FFA 

levels compared with TKO cells, potentially reflecting increased mobilization of FFAs 

to sustain their use in FAO (Figure 3A). In low-glucose medium, FFA levels sharply 

decreased in DKO cells, perhaps suggestive of increased consumption because of heightened 

metabolic demand. In contrast, FFA levels increased slightly in TKO cells subjected to 

glucose deprivation, which would be consistent with an inability to efficiently mobilize 

and consume FFAs despite the metabolic demand. In agreement with this scenario, the 

ratio of FFAs in regular versus low-glucose medium is predominantly greater than 1 for 

DKO cells but uniformly lower than 1 for TKO cells (Figure 3B). Overall, these data 

are consistent with the metabolic tracing studies that revealed (1) elevated FAO in DKO 

versus TKO cells at baseline and upon glucose deprivation (Figure 2B) and (2) increased 

glucose metabolism in TKO versus DKO cells (Figure 2D). In parallel studies, we also 

performed untargeted metabolomics analysis in cells cultured in regular medium to assess 

the broader spectrum of MCL-1-dependent changes in metabolite patterns. However, among 

921 metabolites identified in this analysis, few if any differences in steady-state levels of 

metabolites between DKO and TKO cells were observed (Figure S2). Our data point to 
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altered fatty acid metabolism as a predominant metabolic feature arising from a loss of 

MCL-1 function that is unrelated to mitochondrial apoptosis.

Global downregulation of the FAO pathway upon Mcl-1 deletion

To discern whether the defect in FAO upon Mcl-1 deletion in the absence of an intact 

apoptotic pathway is a focal or programmatic signaling phenomenon, we performed 

comparative proteomics analyses of DKO and TKO B-ALL cells cultured in regular or 

low-glucose medium. When examining 34 core members of the FAO pathway, we observed 

significantly higher enrichment of FAO proteins in DKO versus TKO cells when cultured 

in regular medium (Figures 3C and 3D). Glucose deprivation led to increased FAO protein 

levels in both contexts, with overall levels remaining higher in DKO versus TKO cells 

(Figures 3C and 3D). These proteomics data are remarkably consistent with the results 

of our U13C-palmitate tracing studies (Figure 2B). We next performed RNA sequencing 

(RNA-seq) on DKO and TKO cells under the identical experimental conditions and again 

observed downregulation of the majority of FAO-related transcripts upon Mcl-1 deletion in 

regular and low-glucose media (Figures 4A and 4B). To determine whether Mcl-1 deletion 

selectively affects FAO or downregulates mitochondrial metabolism in general, we examined 

changes in transcript levels of 79 oxidative phosphorylation (OXPHOS) and 23 TCA cycle 

genes. Few if any changes were observed in these gene sets when comparing DKO and 

TKO cells in regular medium (Figures 4C and 4D), consistent with Mcl-1 deletion exerting a 

selective effect on the FAO pathway.

Analogous disruption of FAO upon Mcl-1 deletion in the presence of BAX and BAK

To determine whether our observations in DKO and TKO B-ALL cells extend to a cellular 

context in which deletion of Mcl-1 is rescued by a mechanism other than co-deletion of Bax 
and Bak, we turned to p185+Arf−/− B-ALL cells in which human BCL-2 is overexpressed 

(p185+Arf−/−Mcl-1−/−hBCL-2OE) to enable cell survival upon Mcl-1 deletion (Koss et al., 

2013; Figure S3A). Although the MCL-1-dependent parental B-ALL cells are exquisitely 

sensitive to the selective MCL-1 inhibitor S63845 (Kotschy et al., 2016) but remain fully 

viable upon exposure to the selective BCL-2 inhibitor ABT-199 (Souers et al., 2013), the 

Mcl-1-deleted BCL-2-overexpressing cells demonstrate the opposite susceptibility profile 

(Figures S3B and S3C). In this system, metabolite tracing studies using 13C-palmitate again 

revealed that Mcl-1 deletion lowered the baseline percentage of M+2 citrate and blunted 

the response to the low-glucose condition (Figure S3D), confirming the adverse effect of 

Mcl-1 deletion on FAO regardless of the presence of BAX and BAK. These data predict 

that, in the presence of BAX and BAK, pharmacological blockade of FAO should render the 

MCL-1-dependent parental cells more vulnerable to cell death than the BCL-2-dependent 

cells. We find that treatment with the FAO inhibitor ranolazine (Fragasso et al., 2007; 

German et al., 2016; Samudio et al., 2010), which targets 3-ketoacyl CoA thiolase (3-KAT), 

the fourth and final enzyme of the FAO cascade, dose-responsively impairs cell viability of 

the MCL-1-dependent cells with a comparatively minimal effect on the BCL-2-dependent 

cells over the 0–500 μM dosing range (Figure S3E).

We next sought to determine whether the observed impairment of FAO upon Mcl-1 deletion 

could be rescued upon re-expression of MCL-1. For this experiment, we used p185+Arf−/− 
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B-ALL cells in which human MCL-1 is overexpressed (p185+Arf−/−Mcl-1−/−hMCL-1OE) to 

enable cell survival upon Mcl-1 deletion (Koss et al., 2013; Figure S3A). We observe that 

exogenous MCL-1 expression phenocopies the exquisite sensitivity of the cells to S63845 

and renders them resistant to ABT-199, rescuing anti-apoptotic activity (Figures S3B and 

S3C). In contrast, exogenous expression of MCL-1 does not restore the FAO pathway 

(Figures S3D and S3E), suggesting that the mechanism of metabolic regulation by MCL-1 

is distinct from that of apoptotic regulation, which relies on a direct interaction between 

the BH3-binding pocket of MCL-1 and the α-helical BH3 domain of pro-apoptotic BCL-2 

family proteins. To verify this finding, we also reconstituted TKO cells with MCL-1 (Figure 

S4A) and likewise observed no FAO rescue (Figure S4B). These data indicate that MCL-1 

regulation of FAO may depend on expression from the endogenous Mcl-1 genetic locus and 

sensing, feedback, or other circuitry embedded therein.

Finally, to determine whether our observations in the p185+Arf−/− B-ALL cells extend 

to a completely distinct physiologic context, we analyzed transcriptomics data from wild-

type versus Mcl-1−/− murine liver (Bax and Bak present). Mcl-1-deleted livers showed 

downregulation of the FAO gene set, with pathway analysis highlighting reductions in 

a series of defined FAO and peroxisome proliferator-activated receptor (PPAR) signaling 

networks (Figures 4E and 4F). The proteomics and transcriptomics data from the 

p185+Arf−/− B-ALL cells (Figures 3C, 3D, 4A, and 4B) and murine livers (Figures 4E 

and 4F) demonstrate that, in the absence of MCL-1, the entire FAO program is blunted, 

pointing to a programmatic role of MCL-1 in regulating FAO.

Therapeutic implications of MCL-1 regulation of FAO in cancer

To validate our findings across human cancers and examine the potential therapeutic 

applications, we analyzed a dataset of metabolite levels in 928 cell lines that represent 

more than 20 cancer types in the Cancer Cell Line Encyclopedia (CCLE) (Li et al., 

2019). Strikingly, a series of fatty acylcarnitines, the precursor substrates for FAO, ranked 

among the most negatively correlated metabolites with MCL-1 expression (Figure 5A). 

Palmitoylcarnitine, a long-chain acylcarnitine, was the single most negatively correlated 

metabolite, particularly in hematologic, colon, ovarian, and pancreatic cancers (Figure 

5B). Accumulation of fatty acylcarnitines in vivo typically indicates a block in FAO, as 

observed in inborn errors of fatty acid metabolism (Wanders et al., 1999). Conversely, the 

cancer cell findings suggest a link between elevated MCL-1 expression and consumption 

of fatty acylcarnitines. Because the most striking inverse correlation between MCL-1 

and palmitoylcarnitine levels occurred in hematologic malignancies, we interrogated 

comparative gene expression data from AML samples from affected individuals and normal 

bone marrow. We observed relative upregulation of MCL-1 and FAO genes, including 

CD36 and CPT1A, in addition to master transcriptional regulators of lipid metabolism, such 

as PPARα, PPARγ, and PPARγ coactivator 1α (PGC1α) Figure 5C). Other isoforms of 

these genes, including PPARβ/δ and PGC1β, as well as estrogen-related receptors (ERRα, 
ERRβ, and ERRγ), which constitute an additional transcription factor family capable of 

modulating FAO, were unchanged or downregulated in tumor samples (Figure 5D). Given 

the programmatic effects observed upon Mcl-1 deletion in cancer cells and liver (Figures 
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3, 4, 5A, and 5B), the correlation in human AML between MCL-1 and PPARα, a key 

transcriptional regulator of FAO, is particularly intriguing (Figure 5C).

To examine whether the link between MCL-1 and FAO dependencies can be exploited 

for therapeutic benefit in cancer, we first validated a series of hematologic cancer cells 

as susceptible or resistant to the selective MCL-1 inhibitor S63845. Although S63845 dose-

responsively impaired the viability of H929, MV4;11, OCI-AML2, 697, and OCI-AML3 

cells, little to no effect was observed in U937, KCL-22, or K562 cells (Figure 6A). K-means 

clustering analysis based on an FAO gene set partitioned the cells into the same distinct 

clusters, indicating a correlation between MCL-1 dependency and FAO gene expression 

(Figure 6B). These data suggest that MCL-1-dependent hematologic cancer cells may 

be especially susceptible to pharmacological inhibition of FAO but relatively resistant to 

glucose withdrawal. To test this hypothesis, we subjected the panel of hematologic cancer 

cells to ranolazine and observed that the S63845-sensitive cells were distinctly susceptible, 

whereas the S63845-resistant lines were also resistant to ranolazine, even at 500 μM 

dosing (Figure 6C). Next, we selected the H929 and K562 cell lines, which, respectively, 

exhibited the most and least susceptibility to pharmacological MCL-1 inhibition by S63845, 

to evaluate the effect of glucose reduction on cell survival and proliferation. H929 and 

K562 cells were cultured in regular or low-glucose medium, and cell count was monitored 

over a 96-h period. Although proliferation of H929 cells was unaffected by withholding 

glucose, proliferation of K562 cells was markedly suppressed (Figures 6D and 6E). Viability 

studies showed that K562 cells, which were resistant to ranolazine when cultured in regular 

medium, became notably susceptible to ranolazine in low-glucose medium (Figure 6F). 

In contrast, H929 cells showed a comparatively modest decrement in viability because 

these cells were already sensitive to ranolazine in the presence of glucose (Figure 6F). 

These data suggest that K562 cells undergo a shift toward FAO upon glucose reduction for 

proliferation and survival, whereas H929 cells are driven by FAO at baseline. Metabolite 

tracing using 13C-palmitate demonstrated an increased percentage of M+2 citrate in H929 

cells compared with K562 cells in regular medium, consistent with heightened baseline 

utilization of palmitate and FAO in the MCL-1-dependent hematologic cancer cell line 

(Figure S5). When cultured in low-glucose medium, H929 and K562 cells, both of which 

express MCL-1, showed markedly increased palmitate utilization (Figure S5), explaining 

why H929 cells become even more sensitive to ranolazine upon glucose deprivation and 

why K562 cells transform from being ranolazine resistant to strikingly ranolazine sensitive 

(Figure 6F).

Having demonstrated that inhibiting the final enzymatic step of the FAO pathway renders 

MCL-1-dependent hematologic cancer cells vulnerable to cell death, we next tested 

blockade of FAO at one of the most apical steps of the pathway by targeting PPARα. Gene 

knockdown (Figure 6G) or treatment with the PPARα inhibitor GW6471 (Abu Aboud et al., 

2013; Xu et al., 2002; Figure 6H) is selectively toxic to the MCL-1-dependent H929 cells. 

Glucose deprivation sensitized the MCL-1-independent K562 cells to PPARα inhibition 

(Figure 6H), paralleling the ranolazine results (Figure 6F) and indicating that a shift toward 

increased FAO utilization and dependency likely underlies this sensitization. Finally, the 

combination of GW6471 and the MCL-1 inhibitor S63845 was selectively cytotoxic in H929 

cells (Figures 6I and S6). These results reveal a critical role of PPARα in the context of 
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MCL-1 dependency and demonstrate the potential therapeutic benefit of disrupting FAO 

in MCL-1-dependent cancer cells alone or in combination with blocking the anti-apoptotic 

functionality of MCL-1.

DISCUSSION

The level, spectrum, and occupancy of anti-apoptotic proteins expressed in cancer cells 

dictate the extent of apoptotic blockade and, thus, the response to standard chemotherapy 

and to inhibitors that target BCL-2 family proteins (Ni Chonghaile et al., 2011). MCL-1 

is the most pervasively expressed anti-apoptotic protein in cancer and has been implicated 

in chemoresistance and relapsed disease (Akgul, 2009; Beroukhim et al., 2010). Although 

BCL-2 was the first BCL-2 family member to be successfully drugged (Souers et al., 2013), 

MCL-1 is next in line, with multiple selective inhibitors currently undergoing clinical testing 

in human cancers (Wang et al., 2021). Several MCL-1 inhibitor trials were halted because 

of concerning side effects, such as cardiotoxicity, which was first observed upon conditional 

deletion of Mcl-1 in mice (Wang et al., 2013). Genetic deletion of Mcl-1, whether global 

or conditional, causes striking phenotypes that, by definition, are not compensated for by 

anti-apoptotic homologs (Opferman et al., 2003, 2005; Perciavalle et al., 2012; Rinkenberger 

et al., 2000; Wang et al., 2013). These findings suggest that MCL-1 has additional, non-

apoptotic roles that may (1) underlie cancer pathogenesis, chemoresistance, and the toxicity 

of current MCL-1 inhibitors and (2) inform the development of novel therapeutic strategies.

A growing body of studies highlights the critical role of FAO in fueling human cancers 

(Carracedo et al., 2013; Ma et al., 2018). Metabolic reprogramming of cancer cells to rely 

on fatty acids is a formidable chemoresistance mechanism, and pharmacological inhibition 

of FAO can restore apoptosis (Caro et al., 2012; German et al., 2016; Pascual et al., 2017; 

Samudio et al., 2010). Fatty acid metabolism has been shown recently to account for 

resistance to combined venetoclax and azacytidine treatment in AML stem cells, and small-

molecule inhibition of MCL-1 decreased fatty acid metabolism (Stevens et al., 2020). The 

mechanism of action has been proposed to involve, at least in part, the MCL-1Matrix/VLCAD 

interaction (Escudero et al., 2018), with knockdown of Acadvl resensitizing primary AML 

specimens to the venetoclax/azacytidine combination (Stevens et al., 2020). In another AML 

study, gene knockdown or pharmacological inhibition of MCL-1 decreased OCR and ATP 

production in addition to adversely affecting the TCA cycle, glycolysis, and the pentose 

phosphate pathway (Carter et al., 2020). Because inhibiting MCL-1 with small molecules 

that target its BH3-binding groove effectively triggers mitochondrial apoptosis, particularly 

in combination with venetoclax (Hormi et al., 2020), delineating a separable role for MCL-1 

in metabolic regulation is confounded. To date, data that link MCL-1 to metabolism include 

the requirement of MCL-1Matrix for normal mitochondrial respiration, ATP production, and 

oligomeric ATP synthase assembly (Anilkumar et al., 2020; Perciavalle et al., 2012). This 

discrete isoform of MCL-1 has been shown to modulate long-chain FAO through direct 

MCL-1 BH3 interaction with VLCAD (Escudero et al., 2018). Despite mounting evidence 

that links MCL-1, FAO, cancer progression, and chemoresistance, whether and how MCL-1 

exerts a mechanistic function that is wholly distinct from anti-apoptotic activity remained 

unknown.
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Here we studied the influence of Mcl-1 deletion in the context of BAX/BAK deficiency 

to distinguish a non-canonical role of MCL-1 in regulating FAO in leukemia cells. In the 

absence of mitochondrial apoptosis, we observed that MCL-1 dictates a fuel dependency 

on lipids such that, upon Mcl-1 deletion, leukemia cells cannot survive glucose deprivation. 

Alternative fuels that can provide sources of acetyl-CoA for the TCA cycle rescued this 

non-apoptotic cell death, suggesting that a specific energetic/metabolic defect underlies the 

inability of cells lacking MCL-1 to withstand glucose deprivation. We find that these data 

are relevant to therapeutic intervention in that MCL-1-dependent hematologic cancer cells 

are selectively sensitive to FAO inhibition, and MCL-1-independent cancer cells become 

sensitized to FAO inhibition upon glucose deprivation. Metabolic studies documented 

that MCL-1 is required to specifically maintain fatty acid levels and increased FAO at 

baseline and in response to glucose deprivation. Proteomics and transcriptomics analyses 

demonstrated that MCL-1 correspondingly sustains the transcription of FAO genes and 

expression of FAO proteins at a programmatic level. This global effect of MCL-1 on FAO 

gene expression was corroborated by analyses of wild-type versus Mcl-1−/− livers. The 

remarkable extent of MCL-1’s effect on the FAO pathway mirrors that of PPARα itself, with 

knockdown or molecular inhibition of PPARα selectively detrimental to MCL-1-dependent 

hematologic cancer cells.

The direct correlation we observed in human AML datasets between MCL-1 and FAO 

gene expression and the striking inverse correlation between MCL-1 expression and fatty 

acylcarnitine levels across more than 900 human cancers suggest that MCL-1’s role in FAO 

regulation includes but extends beyond the MCL-1Matrix interaction with VLCAD. What 

we uncovered here, by examining the influence of Mcl-1 deletion in the context of MCL-1 

dependency and in the absence of mitochondrial apoptosis, is unexpected and striking: in 

addition to its cardinal role in suppressing apoptosis, MCL-1 appears to function as a master 

regulator of the entire FAO program.

Limitations of the study

A major challenge in elucidating non-canonical roles of BCL-2 family proteins is their 

established functionalities in regulating the life-death decision of the cell in response to 

stress. Thus, is the death response upon genetic deletion of Mcl-1 in an experimental context 

such as glucose deprivation due to loss of anti-apoptotic function, a defect in a distinct 

MCL-1-regulated pathway, or some combination? Here, to examine a role of MCL-1 in 

regulating the FAO pathway, we used genetically defined murine leukemia cells that are 

exquisitely dependent on MCL-1 and would otherwise die in the absence of MCL-1 if not 

for co-deletion of Bax and Bak or overexpression of another anti-apoptotic gene such as 

BCL-2. Although this system represents a genetically engineered context, the phenotypic 

consequences for metabolism upon Mcl-1 deletion are the same whether cell survival 

is maintained by deletion of Bax/Bak or overexpression of BCL-2, which is reassuring 

in that potential collaborating roles of Bax/Bak deletion or BCL-2 overexpression are 

essentially ruled out. To test for rescue of the phenotype upon re-expression of MCL-1, we 

overexpressed the human form, which runs at a higher molecular weight, prior to deletion 

of the murine isoform to definitively select for cells expressing human rather than murine 

Mcl-1. Although this experimental strategy successfully rescues anti-apoptotic functionality, 
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we did not observe metabolic rescue. These data suggest that MCL-1 regulation of FAO 

is distinct from that of apoptosis and may require expression from the endogenous locus 

to maintain the signaling circuit, which appears to involve master regulation of an FAO 

transcriptional program. However, we cannot exclude, from the current experiments, that 

the human sequence is sufficiently distinct from that of the murine isoform to underlie 

the lack of rescue. To validate our findings, we turned to a series of orthogonal inquires, 

evaluating correlations between MCL-1 and FAO in wild-type versus murine liver, human 

AML datasets, and MCL-1-dependent versus independent human hematologic cancer cells. 

In each case, the same theme emerged: deletion of Mcl-1 results in a downregulated FAO 

pathway, whereas upregulated MCL-1 correlates with a reliance on FAO and, thus, a striking 

vulnerability to FAO inhibition.

Our finding that Mcl-1 expression underlies cancer dependency on FAO through a 

mechanism independent from apoptotic regulation raises a series of follow-up questions. 

(1) What is the explicit mechanism by which MCL-1 regulates FAO? (2) Does the MCL-1 

control point lie upstream or downstream of PPARα? (3) Can targeting the canonical 

BH3-binding pocket of MCL-1 influence its metabolic role, or is another protein interaction 

surface involved? (4) Do the toxicities associated with MCL-1 inhibitors in affected 

individuals derive from inducing apoptosis, disrupting FAO, or both? Future studies that 

address these questions will continue to expand our understanding of the uniquely complex 

biology of MCL-1 and facilitate the development of safe and effective MCL-1-targeted 

treatments. In the interim, however, based on comprehensive and multidisciplinary analyses, 

we provide a specific and compelling rationale for targeting FAO in MCL-1-dependent 

cancers to combat relapsed and refractory disease.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled or facilitated by the lead contact Loren Walensky 

(loren_walensky@dfci.harvard.edu).

Materials availability—Plasmids and cell lines generated in this study are available upon 

request to the lead contact. The B-ALL cell lines are available upon request to co-author 

Joseph Opferman (joseph.opferman@stjude.org).

Data and code availability

• The data supporting the findings of this study are available within the article and 

its supplemental information. Metabolomics, proteomics, and RNA-seq datasets 

were submitted to the following depositories, respectively: MetaboLights: 

MTBLS4225, ProteomeXchange via PRIDE: PXD031364, and NCBI GEO: 

GSE196136.

• This paper does not report original code.
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• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Murine parental, Bax−/−Bak−/− (DKO), Bax−/−Bak−/−Mcl-1−/− (TKO), 

Bax−/−Bak−/−Mcl-1−/−hMCL-1 (TKO + MCL-1), Mcl-1−/−hBCL-2OE (BCL-2OE), and 

Mcl-1−/−hMCL-1OE (MCL-1OE) p185+ Arf−/− B-ALL cell lines were provided by Joseph 

Opferman and were cultured in Roswell Park Memorial Institute (RPMI) 1640 (Thermo 

Fisher Scientific, catalog #21870-076) supplemented with 10% (v/v) fetal bovine serum, 100 

U/mL penicillin and streptomycin, 2 mM glutamine, 10 mM HEPES, 100 μM Minimum 

Essential Medium (MEM) non-essential amino acids, and 55 μM 2-mercaptoethanol. 

The parental, DKO, TKO, BCL-2OE, and MCL-1OE B-ALL cell lines were generated 

previously (Koss et al., 2013, 2016), and the TKO+MCL-1 B-ALL cell line was generated 

by transducing the TKO cells with MSCV-puro-hMCL-1 and selecting with 1 μg/mL 

puromycin. Human hematologic cancer cell lines (H929, MV4;11, OCI-AML2, 697, OCI-

AML3, U937, KCL-22, K562) were cultured in RPMI 1640 supplemented with 10% (v/v) 

fetal bovine serum, 100 U/mL penicillin and streptomycin, and 2 mM glutamine. All cell 

lines were maintained at 37°C with 5% CO2. Cells were verified as mycoplasma negative 

using the MycoAlert mycoplasma detection kit (Lonza Biologics, catalog #LT07-218) prior 

to experimental studies.

METHOD DETAILS

Western blot analysis—Parental, DKO, TKO, TKO+MCL-1, BCL-2OE, and MCL-1OE 

B-ALL cells were lysed in NP-40 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 

0.5% [v/v] NP-40, complete protease inhibitor tablet [Roche, catalog #05056489001]). 

Cell debris was pelleted at 13,000 rpm for 10 minutes at 4°C, and protein concentration 

of the supernatant was quantified using the BCA Protein Assay Kit (Thermo Fisher 

Scientific, catalog #23225). Lysates (30 μg) were subjected to gel electrophoresis and 

western blotting using the indicated antibodies at 1:1000 in 5% (w/v) BSA in TBS-T: 

MCL-1 (Rockland Immunochemicals, catalog #600-401-394, RRID AB_2266446), BAX 

(Cell Signaling Technology, catalog #14796S, RRID AB_2716251), BAK (Cell Signaling 

Technology, catalog #12105S, RRID AB_2716685), BCL-2 (Santa Cruz Biotechnology, 

catalog #sc-509 HRP, RRID AB_626733), and actin (Cell Signaling Technology, catalog # 

5125S, RRID AB_1903890).

Cell viability assays—For glucose deprivation of B-ALL cells, 200,000 cells/well were 

plated in 12-well plates in regular or low glucose media for the indicated incubation 

times. Low glucose media consisted of RPMI lacking glucose (Thermo Fisher Scientific, 

catalog #11879-020) supplemented as described above for B-ALL cell lines. Regular and 

low glucose media contained 2.59 g/L and 0.05 g/L glucose, respectively, as determined 

by glucometer measurements. Cell survival was measured by staining cells with 1 μg/mL 

propidium iodide (Thermo Fisher Scientific) in 1x PBS and performing flow cytometry on 

a BD LSRFortessa. Metabolic rescue experiments were performed similarly, except with 

the addition of vehicle (H2O), sodium pyruvate, or sodium acetate at a final concentration 

of 10 mM to the low glucose media for 72 hours. For S63845 and ABT-199 treatments, 
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5,000 cells/well were plated in 96-well plates and incubated with vehicle (0.01% DMSO for 

S63845 and 0.001% DMSO for ABT-199) or drug (Selleck Chemicals) at the indicated 

doses for 48 hours. Viability was measured by CellTiter-Glo (Promega) following the 

manufacturer’s instructions and plotted as percent viable relative to vehicle. For ranolazine 

treatments of B-ALL cells, 200,000 cells/well were plated in 12-well plates and incubated 

with vehicle (H2O) or drug (Selleck Chemicals) at the indicated doses for 48 hours. 

Survival was measured by propidium iodide staining and flow cytometry. For ranolazine 

and GW6471 treatments of hematologic cancer cells, 100,000 cells/well were plated in 

12-well plates and treated with vehicle (H2O for ranolazine or 0.02% DMSO for GW6471) 

or drug (Selleck Chemicals) at the indicated doses. For ranolazine, fresh drug was added 

after 48 hours. Survival was measured 96 hours after the initial treatment by propidium 

iodide staining and flow cytometry. Ranolazine or GW6471 treatment in combination with 

glucose deprivation was performed similarly but with cells plated in regular or low glucose 

media, which consisted of RPMI lacking glucose supplementation, as described above for 

hematologic cancer cell lines. S63845 and GW6471 combination treatments were performed 

similarly with cells treated with vehicle (0.01% DMSO) or the indicated doses of drug(s). 

For gene knockdown studies, H929 and K562 cells were plated at 200,000 cells/mL in 

24-well plates in RPMI supplemented with 1% FBS, 100 U/mL penicillin and streptomycin, 

and 2 mM glutamine, and treated with vehicle (1x siRNA buffer diluted from 5x siRNA 

buffer [Horizon Discovery, catalog #B-002000-UB-100] using RNase-free H2O [Horizon 

Discovery, catalog #B-003000-WB-100]), 1 mM Accell non-targeting control siRNA pool 

(Horizon Discovery, catalog #D-001910-10-05), or 1 μM Accell human PPARα siRNA 

pool (Horizon Discovery, catalog #E-003434-00-0005) for 96 hours, followed by propidium 

iodide staining and flow cytometry. Percent cell survival was calculated and plotted relative 

to vehicle.

Electron microscopy—DKO and TKO B-ALL cells were plated at 200,000 cells/mL in 

regular or low glucose media, as defined above. After 48 hours, 3 million cells for each 

sample were centrifuged at 1,000 rpm for 5 minutes and resuspended in 250 μL media. 

Fixative was prepared by diluting glutaraldehyde (25%) to 5% in a 0.1 M sodium cacodylate 

pH 7.4 buffer containing 2.5% formaldehyde and 0.06% picric acid. The fixative was added 

at a ratio of 1:1 (250 μL) to the cells. After a 5-minute incubation at room temperature, 

samples were centrifuged and processed at the Electron Microscopy Facility of Harvard 

Medical School. The samples were embedded in Epon resin, cut into ultrathin sections, 

and imaged by transmission electron microscopy (TEM) using a JEOL 1200EX microscope 

equipped with an AMT 2k CCD camera.

Seahorse analysis—Oxygen consumption rate (OCR) was measured in real time using 

the XF24 extracellular flux analyzer instrument and the Seahorse Wave software (Agilent 

Technologies) as described previously (Caro et al., 2012). Briefly, DKO and TKO B-ALL 

cells were plated on XF24 V7 plates coated with 22.4 μg/mL Cell-Tak (Corning, catalog 

#354240) at 300,000 cells/well in 500 μL of sodium bicarbonate-free RPMI media (without 

glucose, glutamine, and sodium pyruvate) alone or supplemented with 200 μM palmitate and 

500 μM carnitine. OCR measurements were taken after 1 hour.
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Metabolite tracing studies—Cells were plated at 500,000 cells/mL in 6-well plates 

in the indicated media. After 24 hours, cells were labeled with 50 μM U13C-palmitate, 

200 μM 113C-hexanoate, or 10 mM U13C-glucose for 2 hours. Metabolites were extracted 

as previously described (Faubert et al., 2013). Briefly, cells were pelleted and washed 

twice with ice-cold 0.9% sodium chloride, followed by metabolite extraction using ice-cold 

80% methanol. The extracts were sonicated on an ice bath (Bioruptor, diagenode) at high 

intensity with a 30 second on/off cycle for 10 minutes. Subsequently, the samples were 

centrifuged at 16,400 rpm for 20 minutes at 4°C, and the supernatants dried overnight 

using a vacuum concentrator. On the following day, two step derivatizations were carried 

out as follows: samples were incubated with 30 μL of MOX solution from the stock of 

120 mM methoxyamine (Sigma-Aldrich, catalog #226904) dissolved in pyridine (Sigma-

Aldrich, catalog #270970) at 37°C for 30 minutes, followed by silylation with 70 μL of 

N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA, Sigma-Aldrich, catalog 

#394882) at 60°C for 1 hour. Metabolites were analyzed using GC-MS as described 

previously (Faubert et al., 2014; Fu et al., 2020; Mamer et al., 2013; McGuirk et al., 2013). 

Briefly, samples were run on an Agilent 7890B gas chromatograph with a DB-5MS+DG 

capillary column (30 m plus 10 m Duraguard® by Agilent Technologies) coupled to a 

5977B mass selective detector (Fu et al., 2020). Data were collected in full scan mode 

(1–600 m/z). All the metabolites measured were previously validated standards with mass 

spectra and retention times (Mamer et al., 2013). Peak area integration was carried out using 

MassHunter Quantitative Analysis (Agilent Technologies). 13C enrichment was calculated 

using previously developed algorithms, including natural isotope enrichment correction and 

mass isotope distributions (MIDs) (Fu et al., 2020; McGuirk et al., 2013; Nanchen et al., 

2007).

Measurement of free fatty acid levels—DKO and TKO B-ALL cells were plated at 

500,000 cells/mL in regular or low glucose media. After 24 hours, 3 million cells per sample 

were centrifuged at 1,000 rpm for 5 minutes and washed once with 1x PBS. Supernatants 

were removed and cell pellets were shipped on dry ice to the Metabolomics Facility at 

Washington University (P30 DK020579) for analysis. Cell suspensions (1 × 107 cells/mL) 

were prepared by vortexing cell pellets with H2O. Protein precipitation was performed to 

extract free fatty acids (FFA) from 50 μL of cell suspension. The d4-FFA (16:0) was used 

as an internal standard, which was added to the samples before extraction. Analysis of 

FFAs was performed in positive MRM mode on a 4000QTRAP mass spectrometer coupled 

to a Shimadzu 20A HPLC system. Data processing was conducted with Analyst 1.6.3. 

Quality control (QC) samples were prepared by pooling aliquots of the samples and were 

used to monitor instrument performance. The QC samples were injected between every five 

experimental samples. Only the lipid species with coefficient of variance less than 15% in 

QC injections were reported. The relative quantification of lipids was provided as the peak 

area ratios of the analytes to the corresponding internal standards.

Untargeted metabolomics—DKO and TKO B-ALL cells were plated at 500,000 

cells/mL in regular media in 6-well plates. After 24 hours, cells were centrifuged at 1,000 

rpm for 5 minutes and washed with 3 mL freshly prepared 75 mM ammonium carbonate 

in HPLC grade water (pH adjusted to 7.4 with HPLC grade formic acid). Cells were 
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centrifuged, supernatants were removed, and 700 μL of 70% ethanol pre-heated to 70°C was 

added, followed by a 3-minute incubation. The extracts were transferred to microcentrifuge 

tubes on dry ice and then centrifuged at 14,000 rpm for 10 minutes at 4°C. Extract 

supernatants were transferred to new microcentrifuge tubes and subjected to high-throughput 

non-targeted metabolomics. These analyses were performed using the services of General 

Metabolics, LLC on a platform consisting of an Agilent 1260 Infinity II LC pump coupled 

to a Gerstel MPS autosampler (CTC Analytics) and an Agilent 6550 Series Quadrupole TOF 

mass spectrometer with Dual AJS ESI source operating in negative ion mode as described 

previously (Fuhrer et al., 2011). All steps of mass spectrometry data processing and analysis 

were performed with MATLAB using functions embedded in the Bioinformatics, Statistics, 

Database, and Parallel Computing toolboxes as described previously (Fuhrer et al., 2011).

Global proteomics

Sample preparation: DKO and TKO B-ALL cells were plated at 500,000 cells/mL in 

6-well plates in regular or low glucose media, as defined above. After 24 hours, cells were 

harvested and lysed in CHAPS buffer. The resulting lysates were quantified by the BCA 

Protein Assay Kit (Thermo Fisher Scientific, catalog #23225) and subsequently reduced, 

alkylated, and subjected to chloroform/methanol precipitation (Navarrete-Perea et al., 2018). 

Protein precipitates were then resuspended in 100 μL of 200 mM EPPS buffer, pH 8.5 

before proteolytic digestion by LysC (overnight) and trypsin (6 hours). Tryptic peptides were 

subsequently processed in highly parallel fashion using isobaric tagging (TMTpro16-plex) 

(Li et al., 2020), followed by 1:1 mixing across all channels. Samples were then desalted 

using a 100 mg Sep-Pak solid-phase extraction column. We fractionated the pooled, labeled 

peptide sample using BPRP HPLC (Wang et al., 2011). We used an Agilent 1200 pump 

equipped with a degasser and a detector set at 220 and 280 nm wavelength. Peptides were 

subjected to a 50-min linear gradient from 5% to 35% acetonitrile in 10 mM ammonium 

bicarbonate pH 8 at a flow rate of 0.6 mL/min over an Agilent 300Extend C18 column 

(3.5 μm particles, 4.6 mm ID and 220 mm in length). The peptide mixture was fractionated 

into a total of 96 fractions, which were consolidated into 24 super-fractions (Paulo et al., 

2016). Samples were subsequently acidified with 1% formic acid and vacuum centrifuged 

to near dryness. Each consolidated fraction was desalted via StageTip, dried again via 

vacuum centrifugation, and reconstituted in 5% acetonitrile, 5% formic acid for LC-MS/MS 

processing.

Liquid chromatography and tandem mass spectrometry: Mass spectrometric data were 

collected on an Orbitrap Fusion Lumos mass spectrometer with the FAIMS Pro interface 

(Thermo Fisher Scientific) coupled to a Proxeon EASY-nLC 1200 liquid chromatograph 

(LC) (Thermo Fisher Scientific). Peptides were separated on a 100 μm inner diameter 

microcapillary column packed with ~35 cm of Accucore150 resin (2.6 μm, 150 Å, Thermo 

Fisher Scientific). For each analysis, we loaded 1 to 2 μg of peptide onto the column and 

fractionated over a 90 min gradient of 4 to 27% acetonitrile in 0.125% formic acid at a flow 

rate of ~450 nL/min. Mass spectrometric data were collected using an RTS-MS3 (Schweppe 

et al., 2020) method with High-field asymmetric-waveform ion mobility spectrometry 

(FAIMS). The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution, 

60,000; mass range, 400–1600 Th; automatic gain control (AGC) target 100%; maximum 
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injection time, auto). Precursors were then selected for MS2/MS3 analysis (Ting et al., 

2011). MS2 analysis consisted of collision-induced dissociation (CID) with quadrupole ion 

trap analysis, using the following parameters: scan speed, turbo; AGC target, 100%; NCE, 

35; q-value, 0.25; maximum injection time, 35 ms; and isolation window, 0.5 Th. MS3 

precursors were fragmented by HCD and analyzed using the Orbitrap with the following 

parameters: resolution, 50,000; NCE, 55; AGC, 200,000; maximum injection time, 250 ms; 

maximum synchronous precursor selection (SPS) ions, 10; and isolation window, 1.2 Th. 

Data were collected with the “close-out” parameter set to 2.

Data analysis: Mass spectra were processed using a Comet-based software pipeline (Eng 

et al., 2013, 2015). Database searching included all entries from the mouse UniProt 

database (March 20, 2020). This database was concatenated with one composed of all 

protein sequences in the reversed order. Searches were performed using a 50-ppm precursor 

ion tolerance and the product ion tolerance was set to 0.9 Da for SPS-MS3. Enzyme 

specificity was assigned as trypsin. TMTpro labels on lysine residues and peptide N termini 

(+304.207) and carbamidomethylation of cysteine residues (+57.021 Da) were set as static 

modifications, while oxidation of methionine residues (+15.995 Da) was set as a variable 

modification. Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery 

rate (FDR) (Elias and Gygi, 2007, 2010). PSM filtering was performed using a linear 

discriminant analysis, as described previously (Huttlin et al., 2010), while considering the 

following parameters: XCorr, peptide length, ΔCn, charge state, missed cleavages, and 

mass accuracy of the precursor. For TMT-based reporter ion quantitation, we extracted the 

signal-to-noise (S:N) ratio for each TMT channel and found the closest matching centroid to 

the expected mass of the TMT reporter ion. PSMs were identified, quantified, and collapsed 

to a 1% peptide FDR and then collapsed further to a final protein-level FDR of 1%. Peptide 

intensities were quantified by summing reporter ion counts across all matching PSMs so as 

to give greater weight to more intense ions (McAlister et al., 2012, 2014).

RNA-seq—DKO and TKO B-ALL cells were plated at 500,000 cells/mL in regular or 

low glucose media, as defined above. After 24 hours, 10 million cells per sample were 

centrifuged and washed once with 1x PBS. Supernatants were removed and total RNA was 

extracted using the Qiagen RNeasy Mini Kit following the manufacturer’s instructions. RNA 

samples were submitted to the Molecular Biology Core Facility at the Dana-Farber Cancer 

Institute for library construction and sequencing. Libraries were prepared using the Roche 

Kapa mRNA HyperPrep strand specific sample preparation kit from 200 ng of purified 

total RNA according to the manufacturer’s protocol on a Beckman Coulter Biomek i7. The 

finished dsDNA libraries were quantified by Qubit fluorometer and Agilent TapeStation 

4200. Uniquely dual indexed libraries were pooled in equimolar ratios and shallowly 

sequenced on an Illumina MiSeq to further evaluate library quantity and pool balance. 

The final pool was sequenced on an Illumina NovaSeq6000 targeting 40 million 100 bp 

read pairs per library. Sequenced reads were then aligned to the UCSC mm10 reference 

genome assembly and gene counts were quantified using STAR v2.7.3a (Dobin et al., 2013). 

Differential gene expression testing was performed by DESeq2 v1.22.1 (Love et al., 2014). 

RNA-seq analysis was performed using the VIPER snakemake pipeline (Cornwell et al., 

2018).
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Analysis of murine liver transcriptomic data—Differential gene expression analysis 

of a publicly available GEO dataset (GSE75730) comparing Mcl-1 deleted murine livers 

(AlbCre+Mcl-1fl/fl) to wild-type controls (Boege et al., 2017) was performed using the NCBI 

online tool GEO2R (Barrett et al., 2013). Genes downregulated upon Mcl-1 deletion were 

subjected to pathway enrichment analysis and queried against the WikiPathways Mouse 

(2019) database using the integrative web-based application Enrichr (Chen et al., 2013; 

Kuleshov et al., 2016).

Analysis of cancer metabolomic data—Gene expression data for MCL-1 (Expression 

19Q2 Public) and metabolite profiling data (Metabolomics 19Q2) (Li et al., 2019) for 

human cancer cell lines from 20 major cancer types in the Cancer Cell Line Encyclopedia 

(CCLE) were downloaded from the Dependency Map (DepMap) Portal (Broad Institute). 

For correlation analysis, the dataset was first filtered for polar metabolites, and Pearson 

correlation with MCL-1 expression computed and plotted as a ranked list. For cancer type 

specific analysis, cancer cell lines were binned into quartiles based on MCL-1 expression 

levels (High, Medium/High, Low/Medium, Low) and the mean log10 transformed intensity 

values for palmitoylcarnitine within each quartile were plotted.

Differential gene expression analysis—Gene expression datasets from human AML 

and bone marrow were analyzed using GEPIA2 (Tang et al., 2019) based on RNA-seq 

data from The Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) 

projects, respectively.

K-means clustering analysis—The panel of hematologic cancer cell lines (H929, 

MV4;11, OCI-AML2, 697, OCI-AML3, U937, KCL-22, K562) was subjected to 

unsupervised clustering (k-means, k = 2) based on expression levels of an FAO gene set.

Cell proliferation assays—H929 and K562 cells were plated at 400,000 cells/mL in 

regular or low glucose media, as defined above. Cell counts were determined by trypan blue 

staining at baseline and 24-hour intervals through 96 hours.

QUANTIFICATION AND STATISTICAL ANALYSIS

Replicate information for each experiment can be found in the figure legends. An unpaired 

two-tailed Student’s t test using GraphPad Prism software was used to determine significant 

difference between two variables. Statistical significance for RNA-seq data was calculated 

using the Wald test, with correction for multiple hypothesis testing using the Benjamini-

Hochberg method. Statistical significance for untargeted metabolomics was calculated using 

the z-test, with correction for multiple hypothesis testing by the Benjamini-Hochberg 

method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• MCL-1 controls fatty acid oxidation independent of its anti-apoptotic function

• Genetic deletion of Mcl-1 induces global downregulation of the FAO pathway

• MCL-1-driven hematologic cancer cells are dependent on FAO as a fuel 

source

• MCL-1-dependent cancer cells are selectively susceptible to FAO inhibitors
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Figure 1. Genetic deletion of Mcl-1 in the absence of BAX/BAK confers sensitivity to glucose 
deprivation
(A) Western blot of MCL-1, BAX, BAK, and actin in parental, DKO, and TKO B-ALL cells.

(B) Comparative survival of DKO and TKO cells in regular medium and upon glucose 

deprivation, as assessed by propidium iodide staining and flow cytometry at 48 and 72 h. 

Data are mean ± SEM of three biological replicates. Statistical significance was calculated 

using two-tailed Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(C) Comparative survival of TKO cells in regular medium and upon glucose deprivation 

with addition of vehicle, sodium pyruvate, or sodium acetate to the medium, as assessed 

by propidium iodide staining and flow cytometry at 72 h. Data are mean ± SEM of three 

biological replicates. Statistical significance was calculated using two-tailed Student’s t test; 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(D and E) Representative electron microscopy (EM) images of DKO cells in regular medium 

(D) and upon glucose deprivation (E) for 48 h.

(F–I) Representative EM images of TKO cells in regular medium (F) and upon glucose 

deprivation (G–I) for 48 h.

(J and K) OCR of DKO (J) and TKO (K) cells in the presence and absence of added 

palmitate, as measured by Seahorse analysis. NS, no substrate. Data are mean ± SEM for 
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experiments performed in technical quadruplicate and repeated twice with similar results. 

Statistical significance was calculated using two-tailed Student’s t test; *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001.
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Figure 2. B-ALL cells lacking BAX/BAK undergo metabolic rewiring from lipid to glucose 
utilization upon genetic deletion of Mcl-1
(A) Schematic of U13C-palmitate tracing analysis, depicting the number of citrate carbons 

derived from palmitate in the first round of the TCA cycle (M+2 citrate).

(B) Percentage of M+2 citrate in response to U13C-palmitate tracing in DKO and TKO cells 

cultured in regular (Reg) or low-glucose (LG) medium for 24 h. Data are mean ± SEM 

for experiments performed in technical triplicate and repeated twice with similar results. 

Statistical significance was calculated using two-tailed Student’s t test; *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001.
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(C) Schematic of U13C-glucose tracing analysis, depicting the number of carbons labeled in 

glycolytic and TCA cycle metabolites.

(D) Percentage of 13C-labeled metabolites in response to U13C-glucose tracing for DKO and 

TKO cells cultured in regular medium for 24 h. Data are mean ± SEM for experiments 

performed in technical triplicate and repeated twice with similar results. Statistical 

significance was calculated using the two-tailed Student’s t test; *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001.

See also Figure S1.
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Figure 3. Comparative levels of fatty acids and FAO proteins in DKO and TKO cells cultured in 
regular and low-glucose media
(A) Heatmap depiction of FFA levels in DKO and TKO cells cultured in regular medium and 

upon glucose deprivation for 24 h. Reg, regular medium; LG, low-glucose medium. Data are 

the mean of two (DKO/Reg) or three (DKO/LG, TKO/Reg, TKO/LG) technical replicates.

(B) Ratio of the relative abundance of FFAs in DKO and TKO cells cultured in regular 

versus low-glucose medium for 24 h. Data are the mean of two (DKO/Reg) or three 

(DKO/LG, TKO/Reg, TKO/LG) technical replicates.
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(C) Heatmap depiction of FAO protein levels in DKO and TKO cells cultured in regular 

medium and upon glucose deprivation for 24 h. Data are the mean of two (DKO/Reg, TKO/

Reg) or three (DKO/LG, TKO/LG) technical replicates.

(D) Ratio of the normalized abundance of the indicated FAO proteins in DKO versus TKO 

cells cultured in regular medium and upon glucose deprivation for 24 h. Data are the mean 

of two (DKO/Reg, TKO/Reg) or three (DKO/LG, TKO/LG) technical replicates.

See also Figure S2.

Prew et al. Page 30

Cell Rep. Author manuscript; available in PMC 2023 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Selective downregulation of FAO gene sets upon genetic deletion of Mcl-1 in murine 
B-ALL cells and liver tissue
(A and B) Volcano plot depictions of comparative FAO gene expression in DKO and TKO 

cells cultured in regular (A) and low-glucose (B) media for 24 h. Data are the mean of three 

technical replicates. Genes with statistically significant changes based on the Wald test, with 

correction for multiple hypothesis testing using the Benjamini-Hochberg method, are shown 

in dark gray.

(C and D) Volcano plot depictions of comparative expression changes of OXPHOS (C) and 

TCA cycle (D) gene sets in DKO and TKO cells cultured in regular medium. Data are the 
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mean of three technical replicates. Genes with statistically significant changes based on the 

Wald test, with correction for multiple hypothesis testing using the Benjamini-Hochberg 

method, are shown in dark gray.

(E) Volcano plot depiction of comparative gene expression changes in wild-type (WT) 

versus Mcl-1−/− murine livers, as determined by RNA-seq. Mcl-1 and FAO-related genes are 

shown in black and teal, respectively.

(F) Downregulation of FAO and PPAR signaling pathway gene sets (teal) upon deletion of 

Mcl-1 in murine liver.

See also Figures S3 and S4.
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Figure 5. Correlation of MCL-1 expression with changes in metabolites and FAO gene expression 
in human cancer
(A) Ranked list of metabolites that negatively correlate with MCL-1 expression across the 

CCLE. The most negatively correlated species are located at the bottom of the plot, with 

carnitine species highlighted in bold.

(B) Inverse correlation of palmitoylcarnitine levels with MCL-1 expression across four 

exemplary classes of human cancer.

(C and D) Comparative gene expression analysis of MCL-1 and key FAO-related genes 

in human AML (TCGA) versus normal bone marrow (GTEx), revealing relative co-
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upregulation of MCL-1, CD36, CPT1A, PPARα, PPARγ, and PGC1α in AML(C) and no 

change (PGC1β and ERRγ) or relative downregulation (PPARβ/δ, ERRα, and ERRβ) (D).
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Figure 6. Selective sensitivity of MCL-1-dependent cancer cells to FAO inhibition
(A) Cell viability of hematologic cancer cell lines in response to treatment with the 

indicated doses of S63845 for 48 h, as assessed by CellTiter-Glo. Data are mean ± SEM 

for experiments performed in technical triplicate and repeated twice with similar results.

(B) Clustering analysis of hematologic cancer cells using the k-means algorithm based on 

expression of an FAO gene set.

(C) Hematologic cancer cell survival in response to treatment with the indicated doses of 

ranolazine for 96 h, as assessed by propidium iodide staining and flow cytometry. Data are 

mean ± SEM of three biological replicates.
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(D and E) Proliferation of H929 (D) and K562 (E) cells cultured in regular or low-glucose 

medium, as measured every 24 h for 96 h. Data are mean ± SEM for experiments performed 

in technical triplicate and repeated twice with similar results.

(F) Survival of H929 and K562 cells cultured in regular or low-glucose medium and treated 

with the indicated doses of ranolazine for 96 h, as assessed by propidium iodide staining and 

flow cytometry. Data are mean ± SEM of three biological replicates.

(G) Survival of H929 and K562 cells cultured in regular medium and treated with a PPARα 
small interfering RNA (siRNA) pool or non-targeting control for 96 h, as determined by 

propidium iodide staining and flow cytometry. Data are mean ± SEM of three biological 

replicates. Statistical significance was calculated using two-tailed Student’s t test; *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001.

(H) Survival of H929 and K562 cells in response to treatment with the indicated doses 

of GW6471 in regular and low-glucose media for 96 h, as assessed by propidium iodide 

staining and flow cytometry. Data are mean ± SEM of three biological replicates.

(I) Survival of H929 and K562 cells in response to treatment with S63845 (5 nM), GW6471 

(8 μM), or the combination for 96 h, as assessed by propidium iodide staining and flow 

cytometry. Data are mean ± SEM of three biological replicates.

See also Figures S5 and S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-MCL-1 Rockland Immunochemicals Cat #600-401-394, RRID: AB_2266446

Rabbit monoclonal anti-BAX Cell Signaling Technology Cat #14796, RRID: AB_2716251

Rabbit monoclonal anti-BAK Cell Signaling Technology Cat #12105, RRID: AB_2716685

Mouse monoclonal anti-BCL-2 (HRP) Santa Cruz Biotechnology Cat #sc-509 HRP, RRID: AB_626733

Rabbit monoclonal anti-actin (HRP) Cell Signaling Technology Cat #5125, RRID: AB_1903890

Chemicals, peptides, and recombinant proteins

Complete protease inhibitor cocktail tablets Sigma-Aldrich Cat #05056489001

Propidium iodide Thermo Fisher Scientific Cat #P3566

Sodium pyruvate Thermo Fisher Scientific Cat #11360070

Sodium acetate Thermo Fisher Scientific Cat #R1181

Cell-Tak Corning Cat #354240

U13C-palmitate Cambridge Isotope Laboratories Cat #CLM-409

113C-hexanoate Cambridge Isotope Laboratories Cat #CLM-3519

U13C-glucose Cambridge Isotope Laboratories Cat #CLM-481

Methoxyamine Sigma-Aldrich Cat #226904

Pyridine Sigma-Aldrich Cat #270970

MTBSTFA Sigma-Aldrich Cat #394882

S63845 Selleck Chemicals Cat #S8383

ABT-199 Selleck Chemicals Cat #S8048

Ranolazine dihydrochloride Selleck Chemicals Cat #S1425

GW6471 Selleck Chemicals Cat #S2798

Critical commercial assays

MycoAlert Mycoplasma Detection Kit Lonza Biologics Cat #LT07-218

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat #23225

RNeasy Mini Kit Qiagen Cat #74124

Kapa mRNA HyperPrep Strand Specific Sample 
Preparation Kit

Roche Cat # KK8580

CellTiter-Glo© Luminescent Cell Viability Assay Promega Cat #G7571

Deposited data

Metabolomic Data This paper MetaboLights: MTBLS4225

Proteomic Data This paper ProteomeXchange via PRIDE: PXD031364

RNA-seq Data This paper NCBI GEO: GSE196136

Experimental models: Cell lines

Parental p185+Arf−/− B-ALL Koss et al., 2013 N/A

Bax−/−Bak−/− (DKO) p185+Arf−/− B-ALL Koss et al., 2013 N/A

Bax−/−Bak−/−Mcl-1−/− (TKO) p185+Arf−/− B-ALL Koss et al., 2013 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bax−/−Bak−/−Mcl-1−/−hMCL-1 (TKO + MCL-1) 
p185+Arf−/− B-ALL

This paper N/A

Mcl-1−/−hBCL-2OE (BCL-2OE) p185+Arf−/− B-ALL Koss et al., 2013 N/A

Mcl-1−/−hMCL-1OE (MCL-1OE) p185+Arf−/− B-ALL Koss et al., 2013 N/A

H929 ATCC Cat #CRL-9068

MV4;11 ATCC Cat #CRL-9591

OCI-AML2 DSMZ Cat #ACC 99

697 DSMZ Cat #ACC 42

OCI-AML3 DSMZ Cat #ACC 582

U937 ATCC Cat #CRL-1593.2

KCL-22 DSMZ Cat #ACC 519

K562 ATCC Cat #CCL-243

Oligonucleotides

Accell non-targeting control siRNA pool Horizon Discovery Cat #D-001910-10-05

Accell human PPARα siRNA pool Horizon Discovery Cat #E-003434-00-0005

Software and algorithms

Prism v9 GraphPad Software https://www.graphpad.com/scientific-software/
prism/

Seahorse Wave Software Agilent Technologies https://www.agilent.com/en/product/cell-analysis/
real-time-cell-metabolic-analysis/xf-software/
seahorse-wave-desktop-software-740897

MassHunter Quantitative Analysis Agilent Technologies https://www.agilent.com/en/product/software-
informatics/mass-spectrometry-software/data-
analysis/quantitative-analysis

Analyst 1.6.3 Sciex https://sciex.com/products/software/analyst-
software

Bioinformatics, Statistics, Database, and Parallel 
Computing Toolboxes

MATLAB https://www.mathworks.com/products/
matlab.html?s_tid=hp_products_matlab

Comet Eng et al., 2013 https://uwpr.github.io/Comet/

STAR v2.7.3a Dobin et al., 2013 https://github.com/alexdobin/STAR

DESeq2 v1.22.1 Love et al., 2014 https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

VIPER Cornwell et al., 2018 https://github.com/hanfeisun/viper-rnaseq

GEO2R Barrett_et_al_2013 https://www.ncbi.nlm.nih.gov/geo/geo2r/

Enrichr Chen et al., 2013 https://maayanlab.cloud/Enrichr/

GEPIA2 Tang et al., 2019 http://gepia2.cancer-pku.cn/#index

Other

RPMI 1640 Thermo Fisher Scientific Cat #21870-076

RPMI 1640, no glucose Thermo Fisher Scientific Cat #11879-020

Fetal Bovine Serum GeminiBio Cat #100-106, Lot #A33H00L
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