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Abstract

Fanconi anemia (FA) is an inherited bone marrow (BM) failure syndrome, presumably resulting 

from defects in hematopoietic stem cells (HSCs). Normal HSCs depend more on glycolysis than 

on oxidative phosphorylation (OXPHOS) for energy production. Here we show that FA HSCs are 

more sensitive to the respiration inhibitor NaN3 treatment than to glycolytic inhibitor 2-DG, 

indicating more dependence on OXPHOS. FA HSCs undergo glycolysis-to-OXPHOS switch in 

response to oxidative stress through a p53-dependent mechanism. Metabolic stresses induce 

upregulation of p53 metabolic targets in FA HSCs. Inactivation of p53 in FA HSCs prevents 

glycolysis-to-OXPHOS switch. Furthermore, p53-deficient FA HSCs are more sensitive to 2-DG-

mediated metabolic stress. Finally, oxidative stress-induced glycolysis-to-OXPHOS switch is 

mediated by SCO2. These findings demonstrate p53-mediated OXPHOS function as a 

compensatory alteration in FA HSCs to ensure a functional but mildly impaired energy 

metabolism and suggest a cautious approach to manipulating p53 signaling in FA.
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Introduction

Hematopoietic stem cells (HSCs) are a distinct population of pluripotent cells that can self-

renew and differentiate into various types of cells of the blood lineage [1]. Under steady 

physiological conditions, the most primitive HSCs are in a quiescent state and reside in the 

bone marrow (BM) niche where they preserve the capacity to self-renew and to continue to 

produce all types of blood cells throughout a prolonged life span without depleting the 
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regenerative cell pool [2, 3]. In response to stress or stimulation, the HSCs can move out of 

the BM niche, enter the cell cycle and undergo division. In addition, the cycling HSCs may 

return to the BM niche and regain their quiescent state [4]. Disruption of HSC quiescence 

prematurely exhausts the stem cell pool and causes hematological failure under various 

stressors, such as oxidative stress, cell cycling, and aging [5, 6]. Like stem cells in other 

tissues, HSC employs two main modes of energy production: glycolysis and oxidative 

phosphorylation (OXPHOS). It has recently been demonstrated that HSCs possess a distinct 

metabolic profile with a preference for glycolysis rather than OXPHOS [7, 8]. However, how 

HSCs reprogram their metabolism to maintain functions in response to stressors is not well 

understood.

The tumor suppressor p53 is a master regulator of cell-cycle arrest, apoptosis, senescence, 

and differentiation, and thus plays a pivotal role in tumorogenesis, cell-death and survival [9, 

10]. In addition, p53 is also a central regulator of energy metabolism [11, 12]. p53 regulates 

energy metabolism at the glycolytic and OXPHOS steps via transcriptional regulation of its 

downstream genes TP53- induced glycolysis regulator (TIGAR) and synthesis of 

cytochrome c oxidase (SCO2) [13, 14]. On one hand, p53 negatively regulates glycolysis 

through activation of TIGAR (an inhibitor of the fructose-2,6-bisphosphate). On the other 

hand, p53 positively regulates OXPHOS through upregulation of SCO2, a member of the 

COX-2 assembly involved in the electron-transport chain. Recently, it has also been shown 

that p53 has important functions in hematopoiesis regulating HSC quiescence and self-

renewal [15, 16]. Interestingly, how p53 can antagonistically regulate two crucial steps of the 

energy metabolism and the relation of this regulation with the role of p53 in HSC 

homeostasis remains to be elucidated.

The ability of HSCs to produce the complete hematopoietic lineages is a major interest in 

the research of hematopoiesis, and clinically, at the center of stem cell therapy in 

hematologic diseases including BM failure and leukemia [1, 17]. One of the best studied 

hematologic disease models is Fanconi anemia (FA), a genetic disorder associated with BM 

failure, clonal proliferation of hematopoietic stem and progenitor cells, and progression to 

myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) [18, 23]. FA is 

caused by a deficiency in any of the seventeen FA genes (FANCA-Q) [24, 26], which 

cooperate in a DNA repair pathway for resolving DNA interstrand cross-link (ICL) 

encountered during replication or generated by DNA-damaging agents [27, 28]. The effect 

of FA deficiency on energy metabolism in HSC function has yet to be exploited. In this 

study, we have demonstrated that FA HSCs are more dependent on OXPHOS and undergo 

the glycolysis to OXPHOS switch in response to oxidative stress to meet the increased 

demand for energy through a p53-dependent mechanism. We have also identified SCO2 as a 

critical effector of p53 in mediating the oxidative stress-induced glycolysis to OXPHOS 

switch. These findings provide novel insights into not only the mechanistic connection 

between energy deficit and FA HSC defect, but also the beneficial effect of p53 on FA HSC 

maintenance.
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Materials and Methods

Animals

Fanca+/− and Fancc+/− mice (C57BL/6: B6, CD45.2+) were provided by Dr. Madeleine 

Carreau (Laval University) and Dr. Manuel Buchwald (Hospital for Sick Children, 

University of Toronto), respectively [29, 30]. p53−/−Fanca−/− mice were generated by 

interbreeding the heterozygous Fanca+/− with p53+/− mice (C57BL/6: B6, CD45.2+; Jackson 

Laboratories) [31]. All the animals including BoyJ (C57BL/6: B6, CD45.1+) recipient mice 

were maintained in the animal barrier facility at Cincinnati Children’s Hospital Medical 

Center. All the animals used for the experiments were 8–12 week-old. All experimental 

procedures conducted in this study were approved by the Institutional Animal Care and Use 

Committee of Cincinnati Children’s Hospital Medical Center.

Flow analysis and cell sorting

Femurs and tibias were flushed to dissociate the BM fraction. Cells were resuspended in 

5mL PBS/0.5% BSA and filtered through a 70-μm filter (BD Biosciences). The 

mononuclear cells were isolated by Ficoll (GE Healthcare) gradient centrifugation. The 

following antibodies were used for flow cytometry analyses: APC-Cy7-anti-cKit 

(Biolegend), PE-Cy7-anti-Sca-1 (BD Biosciences), Pacific blue-anti-CD150 (BioLegend), 

FITC-anti-CD48, FITC-anti-CD34, PE-anti-CD45.1, APC-anti-CD45.2 (all from BD 

Biosciences). For lineage labeling, the lineage antibody cocktail included the following 

biotin-conjugated anti-mouse antibodies: Mac1, Gr-1, Ter119, CD3e, and B220 (BD 

Biosciences). The secondary reagent used included streptavidin-PerCP-Cy5.5 (BD 

Biosciences). For LSK (Lineage−Sca-1+c-Kit+) staining, cells were labeled by the biotin-

conjugated anti-lineage antibody cocktail followed by staining with a secondary Percp-

cy5.5-anti Streptavidin antibody (BD Biosciences), PE-Cy7-anti-Sca-1 antibody (BD 

Biosciences), and APC-Cy7-anti-cKit antibody (BD Biosciences). To access long-term HSC 

subpopulation, cells were stained with LSK antibodies in addition to CD150-pacific blue 

(Biolegend), CD48-FITC (Biolegend) or Alexa fluor 647-anti-CD34 (eBioscience). Flow 

cytometry was performed on a FACS-LSR II (BD Biosciences) and analysis was done with 

FACSDiva Version 6.1.2 software (BD Biosciences). For the cell sorting, lineage negative 

cells were enriched using lineage depletion reagents (StemCell Technologies) according to 

the manufacturer’s instruction. The Lin+ or LSK (Lin−/ckit+/Sca-1+) fractions were acquired 

by using the FACSAria II sorter (BD Biosciences).

Cell culture

Sorted cells were cultured in StemSpan medium (StemCell Technologies) supplemented 

with 100 ng/ml stem cell factor (SCF), 100 ng/ml TPO (Both were from R&D Systems) and 

1% BSA at 37°C in normoxia (21% O2, 5% CO2). To investigate the mode of FA HSC 

energy metabolism under oxidative stress, cells were cultured with 125 μM BSO for 6h or 

100 μM of paraquat (Sigma-Aldrich) for 2 h. To test the effect of the glycolytic inhibitor 2-

deoxy-Dglucose (2-DG, Sigma-Aldrich) and the respiration inhibitor sodium azide (NaN3, 

Sigma-Aldrich) on FA HSCs, Low density bone marrow (LDBM) cells were cultured in the 

presence of indicated doses of 2-DG or NaN3 for 12 hours followed by FACS analysis.
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Measurements of glucose, lactate, PK, ATP and OCR

Glucose consumption, lactate production and pyruvate kinase (PK) activity were measured 

in the culture media using the Glucose Assay Kit, the Lactate Assay Kit and the Pyruvate 

Kinase Activity Assay Kit (All from Biovision), respectively, according to the 

manufacturer’s instructions. Intracellular ATP levels were determined in cell lysates using 

the ATP Bioluminescent Somatic Cell Assay Kit (Sigma-Aldrich), following the 

manufacturer’s instructions. Oxygen consumption rate (OCR) was measured in Seahorse 96-

well XF Cell Culture Microplates in conjunction with an XFe96 sensor cartridge (XFe96 

FluxPak mini; Part#102601-100) using XFe96 Extracellular Flux Analyzer (Seahorse 

bioscience).

Immunocytochemistry

Sorted CD34−LSK cells were cytospun onto glass slides, fixed with 4% paraformaldehyde. 

Slides were incubated with blocking solution (1ΧPBS / 0.25% Triton X-100 / 5% BSA), and 

subsequently processed for staining with p53 (Clone PAb240; Calbiochem) primary 

antibody and Alexa Fluor 488-conjugated Donkey anti-Mouse IgG secondary antibodies 

(Jackson ImmunoResearch). DNA was stained by using DAPI.

Western blotting

Equal numbers of Lin− cells isolated from Fanca−/−, Fancc−/−, or their WT littermates were 

washed with ice-old PBS, and resuspended in an ice-cold lysis buffer containing 50mM Tris-

HCL (pH7.4), 0.1% NP40, and 1M NaCl supplemented with protease and phosphatase 

inhibitors (10 μg/ml of aprotinin, 25 μg/ml of leupeptin, 10 μg/mlof pepstatin A, 2mM 

PMSF, 0.1M NaP2O4, 25mM NaF, and 2mM sodium orthovanadate) for 30 minutes on ice. 

Cell debris was removed from the lysate by centrifuging them at 16873g for 30 minutes at 

4°C. Protein lysate was resolved on SDS-PAGE and transferred onto nitrocellulose 

membranes. Immunoblots were then incubated with primary antibodies for total p53 (Clone 

PAb240; Calbiochem), p53-S18 (Clone ab1431; Abcam), and β-actin (Sigma-Aldrich) for 

12–16 hours at 4°C. Signals were visualized by incubation with anti-mouse secondary 

antibody, followed by ECL chemiluminescence (Amersham Biosciences).

Quantitative PCR

Total RNA was prepared with RNeasy kit (Qiagen, Valencia, CA) following the 

manufacturer’s procedure. Reverse transcription was performed with random hexamers and 

Superscript II RT (Invitrogen, Grand Island, NY) and was carried out at 42 °C for 60 min 

and stopped at 95 °C for 5 min. First-strand cDNA was used for real-time polymerase chain 

reaction (PCR) using primers listed in Table S2. Samples were normalized to the level of 

Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA.

Lentiviral vector construction, virus production and transduction

To generate shRNA vectors against Sco2 or Tigar, oligonucleotides (Table S3) were cloned 

into the SF-LV-shRNA-EGFP vector (provided by Dr. Lenhand Rudolph, Institute of 

Molecular Medicine and Max-Planck-Research, Germany) [32]. A nonsense scrambled 

shRNA sequence was used as a negative control. To generate a lentiviral expression vector 
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for SCO2, The Sco2 cDNA [33] was amplified from Transomic plasmid TCM1304 

(Transomic), and cloned into the pLVX-IRES-GFP vector (Clontech).

Lentivirus was produced in 293 T cells after transfection of 20 μg plasmid, 15 μg 

pCMVΔ8.91 helper plasmid and 6 μg pMD.G [34] using standard calcium phosphate 

transfection procedures. Medium was replaced with fresh medium 12 hours after 

transfection. To harvest viral particles, supernatants were collected 48 hours after 

transfection, filtered through 0.45 μm-pore-size filters, and concentrated at 25,000rpm for 

2.5 hours at 4°C. Virus pellet was resuspended in sterile PBS and stored at −80°C.

For lentivirus transduction, the sorted LSK cells from WT, p53−/−, Fanca−/−, and 

p53−/−Fanca−/− were maintained in StemSpan™ Serum-Free Expansion Media (Stemcell 

Technologies) with 50 ng/ml SCF and 50 ng/ml TPO (both from Peprotech, Rocky Hill, NJ) 

for 24 hours before transduction. A multiplicity of infection (MOI) of 10 was used in all 

shRNA experiments and a MOI of 5 for SCO2 overexpression. Cells were transduced 

overnight in the presence of 0.5 mg/ml polybrene and re-fed with fresh medium the next day. 

Transduced cells were used in further assays at least 3 to 4 days post transduction.

Bone Marrow Transplantation

For glycolysis- and OXPHOS-inhibition experiments, Fifty SLAM cells from WT, Fanca−/−, 

Fancc−/−, p53−/− or p53−/−Fanca−/− (DKO) mice (CD45.2) were treated with10mM 2-DG or 

5mM NaN3 for 12 h, mixed with 4×105 BM LDMCs from recipient mice (CD45.1), and 

transplanted into lethally irradiated BoyJ congenic mice (CD45.1). For NaN3-BSO 

treatment, fifty WT or FA SLAM cells from WT, Fanca−/− or Fancc−/− mice (CD45.2) were 

pre-treated with 5mM NaN3 for 30 min then with 125μM BSO for another 6h, and then 

transplanted together with 4×105 recipient cells into lethally irradiated BoyJ congenic mice. 

For Sco2- and Tigar-KD and Sco2 over-expression experiments, 1500 transduced LSK cells 

were treated with 125μM BSO for 6h, and transplanted together with 4×105 recipient cells 

into lethally irradiated BoyJ congenic mice. Six months after transplantation, peripheral 

blood was collected and examined to determine the percentage of donor-derived cells by 

FACS.

Statistics

Data was analyzed statistically using a standard t test (Prism v6.0). The level of the 

statistical significance stated in the text was based on the P values. P < 0.05 was considered 

statistically significant.

Results

FA HSCs are more dependent on OXPHOS for energy metabolism

The mammalian HSCs depend more on glycolysis for energy supply than on OXPHOS and 

show higher glycolytic capacity than other lineages of BM cells [7, 8]. To determine whether 

FA deficiency alters HSC energy metabolism, we measured the rates of glycolysis and 

OXPHOS in HSC-enriched Lin−Sca-1+c-Kit+ (LSK) cells and differentiated hematopoietic 

cells (Lin+) from the BM of WT or FA (Fanca−/− or Fancc−/−; note that the results with the 
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Fancc−/− mice are shown in the Supplementary figures) mice (Fig. S1A). Strikingly, deletion 

of Fanca or Fancc markedly reduced glucose consumption and lactate production in LSK 

cells compared to WT controls, while having little effect on Lin+ cells (Fig. 1A, B and Fig. 

S1B, C). Consistently, FA LSK cells produced lower ATP levels than WT cells (Fig. 1C and 

Fig. S1D). Surprisingly, FA LSK cells also exhibited decreased oxygen consumption levels 

(Fig. 1D and Fig. S1E). It should be noted that FA Lin+ cells also showed decreased ATP 

and oxygen consumption, albeit not statistically significant, compared to WT controls (Fig. 

1C, D and Fig. S1D, E).

The observation described above suggests that the FA HSCs might be unable to turn to 

OXPHOS for energy provision on deficient glycolysis. To test this notion, we evaluated the 

effect of the glycolytic inhibitor 2-deoxy-Dglucose (2-DG) and the respiration inhibitor 

sodium azide (NaN3) on FA HSCs. The presence of 2-DG significantly reduced the absolute 

number of WT phenotypic HSCs (CD150+ CD48− LSK; SLAM) [35, 36] starting at 5 mM 

compared to an untreated control (Fig. 1E and Fig. S1F). However, FA HSCs appeared to be 

resistant to the cytotoxicity of 2-DG even up to 40 mM (Fig. 1E and Fig. S1F). Surprisingly, 

FA HSCs showed hypersensitivity to the cytotoxicity of the respiration inhibitor NaN3, even 

at a very low concentration (1 mM) (Fig. 1F and Fig. S1G). These results indicate that FA 

HSCs are more sensitive to the treatment of the respiration inhibitor NaN3 than to that of 

glycolytic inhibitor 2-DG, and suggest that these FA HSCs are less dependent on glucose 

metabolism than WT HSCs.

We next performed a competitive repopulation assay to determine the effect of inhibition of 

glycolysis or OXPHOS on the function of FA HSCs in vivo. Fifty WT or FA SLAM cells 

(CD45.2) treated ex vivo with 10 mM 2-DG or 5 mM NaN3, along with 4×105 recipient BM 

cells (CD45.1), were transplanted into lethally irradiated recipient mice (CD45.1). Six 

months later, the repopulating ability of donor HSCs was assessed by measuring the 

percentage of donor-derived cells in the peripheral blood of the transplant recipients. WT 

HSCs showed more sensitivity to the inhibitory effect of 2-DG than to that of NaN3 on 

hematopoietic repopulation (Fig. 1G and S1H). In contrast, the repopulating ability of 

Fanca−/− or Fancc−/− SLAM cells was relatively resistant to the glycolytic inhibitor, but 

sensitive to OXPHOS inhibition by NaN3 (Fig. 1G and S1H). Taken together, this in vivo 
data further corroborates the notion that FA HSCs are less dependent on glucose metabolism 

than WT HSCs.

FA HSCs undergo glycolysis to OXPHOS switch in response to oxidative stress

Normal HSCs predominantly use aerobic glycolysis for ATP production, which shuts down 

OXPHOS even under a high oxygen level, thus preventing ROS generation [7, 8]. To 

investigate the mode of FA HSC energy metabolism under oxidative stress, we treated WT 

and Fanca−/− or Fancc−/− LSK cells with buthionine sulfoximine (BSO), an inhibitor of 

glutathione synthetase previously shown to experimentally increase intracellular reactive 

oxygen species (ROS) levels in HSCs [37] or paraquat, a chemical that can induce 

accumulation of ROS [38] (Fig. 2A). We tested different doses of these two agents for the 

production of intracellular ROS, and found that BSO at 125 μM for 6h or paraquat at 100 

μM for 2 h generated similar levels of ROS not only in WT LSK cells but also in Fanca−/− 

Du et al. Page 6

Stem Cells. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Fancc−/− cells, which showed higher levels of ROS induced by both chemicals than WT 

cells (Fig 2A). Therefore, we chose these conditions for the experiments described below. 

Interestingly, we observed an increased glucose consumption (Fig. 2B) and lactate 

production (Fig. 2C) in BSO- or paraquat-treated WT LSK cells compared to untreated 

control cells. In contrast, there was a significant reduction of glucose consumption and 

lactate production in Fanca−/− and Fancc−/− LSK cells upon BSO or paraquat treatment (Fig. 

2B and 2C). Consistently, the activity of pyruvate kinase (PK), which catalyzes an ATP-

generating step in glycolysis, was increased in WT LSK cells, but decreased in Fanca−/− or 

Fancc−/− LSK cells under oxidative stress (Fig. 2D). Thus, it is possible that a decreased 

level of PK activity may be responsible for the observed reduction in glucose consumption 

and lactate production in Fanca−/− and Fancc−/− LSK cells. Surprisingly, BSO or paraquat 

treatment significantly increased ATP production in Fanca−/− and Fancc−/− LSK cells, 

although the levels of intracellular ATP in these FA LSK cells were still significantly lower 

than WT cells at both basal and stressed conditions (Fig. 2E). Significantly, we observed FA 

LSK cells displayed increased mitochondria oxygen consumption under oxidative stress 

compared to untreated conditions (Fig. 2F).

The observation that BSO treatment decreased glycolysis, but increased oxygen 

consumption and ATP production in FA HSCs suggests that these FA HSCs might be more 

dependent on OXPHOS for energy demand in response to oxidative stress. To test this 

hypothesis, we examined the effect of OXPHOS inhibition on energy metabolism of FA 

HSCs under oxidative stress. Addition of the OXPHOS inhibitor, NaN3, completely 

abrogated the elevated ATP synthesis induced by BSO (Left) or paraquat (Right) in FA LSK 

cells (Fig. 2G and S2A), indicative of the contribution of mitochondria OXPHOS to the total 

ATP production. Moreover, NaN3 caused no significant change in BSO- or paraquat-treated 

WT LSK cells (Fig. 2F and S2A); further confirming that ATP production in WT LSK cells 

came primarily from glycolysis under both basal and stressed conditions. Consistently, 

NaN3 further decreased the frequency and repopulating capacity of FA, but not WT HSCs 

(Fig. 2H, I and S2B, C). Taken together, these results suggest that in response to oxidative 

stress, FA HSC/progenitor cells switch their energy metabolism from aerobic glycolysis to 

OXPHOS.

p53 is upregulated in FA HSCs in response to metabolic stress

The observation that FA HSCs undergo a glycolysis to OXPHOS switch in response to 

oxidative stress prompted us to investigate the underlying molecular mechanism. Q-PCR 

analysis of the major regulators of glycolysis and OXPHOS revealed that deletion of Fanca 
or Fancc in SLAM cells upregulated basal and BSO-induced expression of the p53 target 

genes synthesis of cytochrome c oxidase 2 (Sco2), a component of COX, the main cellular 

site of oxygen utilization [13, 14], and TP53-induced glycolysis and apoptosis regulator 

(Tigar), a negative regulator of glycolysis (Fig. 3A and Table S1) [13]. In contrast, several 

p53-repressed genes involved in glycolysis, including those encoding the glucose 

transporters Glut1, Glut3 and Glut4 [39–41], and the glycolytic enzyme phosphoglycerate 

mutase 2 (Pgam2) [42], were downregulated (Fig. 3A and Table. S1). Two other p53 

metabolic targets, guanidinoacetate methyl transferase (Gamt) [43], and glutaminase 2 

(Gls2) [44], were unaffected (Fig. 3A and Table. S1).
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Because p53 is a major regulator of energy metabolism [11, 12] and because the p53 

pathway plays important roles in FA BM failure and tumorigenesis [45–48], we investigated 

the engagement of p53 in a metabolic stress response in FA Lin− cells, a population enriched 

for hematopoietic stem and progenitor cells (HSPCs). We observed a dose-dependent 

increase in the expression of total and phosphorylated p53 in both WT and Fanca−/− or 

Fancc−/− HSPCs upon BSO or NaN3 treatment (Fig. 3B, C). However, it appeared that 

Fanca−/− or Fancc−/− cells displayed much higher and prolonged p53 upregulation compared 

to WT cells (Fig. 3B, C). Similar results were obtained from p53 immunofluorescence 

staining of CD34−LSK cells, a population consisting mostly of phenotypic HSCs isolated 

from the BM of WT and Fanca−/− mice (Fig. 3D, E). These results indicate that p53 is 

upregulated in FA HSPCs in response to metabolic stress and suggest that p53 may be a 

crucial regulator in the bioenergetic pathway controlling adaptation to metabolic stress in FA 

HSPCs.

Oxidative stress mediates glycolysis to OXPHOS switch in FA HSCs via p53 signaling

To further define the role of p53 in FA HSC energy metabolism, we deleted the p53 gene in 

Fanca−/− mice. p53 deficiency significantly increased glucose consumption and lactate 

production in both WT (p53−/− group) or Fanca−/− (DKO group) LSK cells treated with or 

without BSO (Fig. 4A, B), consistent with the regulatory role of p53 on glucose metabolism. 

p53-deficient Fanca−/− (DKO) LSK cells also exhibited increased ATP production and 

decreased oxygen consumption, compared to p53-suficient Fanca−/− LSK cells, under both 

steady and oxidative stress conditions (Fig. 4C, D). These results indicate that the p53 

signaling prevents Fanca−/− HSPCs from reprogramming to aerobic glycolysis.

We next assessed the functional consequence of p53 deficiency on FA HSC energy 

metabolism by determining the ability of p53-deficient Fanca−/− HSCs to turn to OXPHOS 

for energy provision on glycolytic inhibition. First, we evaluated the effect of p53 deficiency 

on the glycolytic inhibitory effect of 2-DG by measuring the frequencies of SLAM cells in 

cultured LSK cells after 10 mM 2-DG treatment. Remarkably, 2-DG treatment induced 

severe depletion of p53-deficient Fanca−/− SLAM cells (Fig. 4E). In contrast, the frequency 

of p53-suficient Fanca−/− SLAM cells was virtually unaffected (Fig. 4E). We next 

determined the in vivo effect of p53 deficiency on the glycolytic inhibitory effect of 2-DG 

by analyzing the competitive repopulation of LSK cells in lethally irradiated transplant 

recipients after ex vivo treatment with 10 mM 2-DG. Six months after BM transplantation, 

12 h of 2-DG exposure decreased repopulation of p53-deficient Fanca−/− (DKO) LSK cells 

significantly more than that of p53−/− or WT LSK cells (96.1% decrease in DKO vs 68.2% 

and 21.3% decrease in p53−/− and WT groups, respectively; Fig. 4F). The ability of 

repopulation in 2-DG-treated p53-suficient Fanca−/− LSK cells, however, did not show a 

significant decrease compared to that of the untreated cells at 6 months after transplantation 

(Fig. 4F). This data indicates that p53 deficiency in FA HSCs results in an increase in 

dependence on glycolysis for energy provision with a consequently higher sensitivity to 2-

DG.
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Oxidative stress-induced glycolysis to OXPHOS switch is mediated by SCO2

We then made effort to identify the effector of p53 signaling in controlling the oxidative 

stress-induced glycolysis to OXPHOS switch in FA HSCs. Because BSO treatment 

upregulated SCO2, which stimulates OXPHOS [14] and TIGAR that functions to suppress 

glycolysis [13], in Fanca−/− and Fancc−/− SLAM cells (Fig. 3A and Table. S1), we focused 

on these two p53 metabolic targets. We first used lentivirally expressed shRNAs to 

knockdown murine Sco2 and Tigar in WT and Fanca−/− BM LSK cells and sorted for GFP+ 

cells. We achieved a greater than 70% reduction in mRNA expression for both Sco2 and 

Tigar genes (Fig. S3A). The sorted GFP+LSK cells were subjected to further analysis for 

oxidative stress-mediated OXPHOS and in vivo hematopoietic repopulation. Knocking down 

(KD) Sco2 significantly reduced both basal and BSO-induced oxygen consumption in 

Fanca−/− GFP+LSK cells (Fig. 5A), suggesting that upregulation of Sco2 by p53 may be one 

mechanism for the switch from glycolysis to OXPHOS in FA HSCs. In contrast, depletion of 

Tigar resulted in no significant decrease in oxygen consumption in both untreated and BSO-

treated Fanca−/− GFP+LSK cells (Fig. S3B), indicating that upregulation of this p53 

metabolic target cannot account for the OXPHOS switch in these cells. Similar results were 

obtained with competitive repopulation assays, in which Sco2-KD decreased repopulation of 

Fanca−/− LSK cells significantly more than that of Sco2-depleted WT LSK cells 6 months 

after BM transplantation (78.4% decrease in Fanca−/− Sco2-KD vs 35.2% decrease in WT 

Sco2-KD; Fig. 5B). In contrast, the ability of repopulation of Tigar-depleted Fanca−/− LSK 

cells, as well as Tigar-depleted WT LSK cells, did not show any significant decrease 

compared to that of the control shRNA-transduced LSK cells at 6 months after 

transplantation (Fig. S3C). Furthermore, ectopic expression of Sco2 (Fig. S3D) almost 

completely restored BSO-induced oxygen consumption (Fig. 5C) and long-term 

hematopoietic repopulation (Fig. 5D) of p53−/− or p53-deficient Fanca−/− (DKO) LSK cells. 

Taken together, this data indicates that SCO2 is at least one of the p53 effectors mediating 

the oxidative stress-induced glycolysis to OXPHOS switch in FA HSCs.

Discussion

Emerging evidence has revealed that resting quiescent HSCs use primarily anaerobic 

glycolysis for energy production and this metabolic program is required to maintain HSC 

function [7, 8, 49]. However, HSCs may undergo metabolic reprogramming when they exit 

the quiescent state in response to a rising energy demand under conditions of stressors or 

even differentiation. The current study provides evidence that reprogramming from a 

glycolytic to oxidative metabolism occurs during an HSC’s response to oxidative stress. We 

have utilized the FA model, in which BM failure or leukemia develops as a consequence of 

HSC defects [18, 21, 23], to demonstrate that this reprogramming is essential for HSC 

maintenance, and that the p53/SCO2-dependent metabolic pathway regulates this critical 

metabolic transition.

Surprisingly, FA HSCs are more dependent on OXPHOS in their resting state and undergo a 

glycolysis to OXPHOS switch in response to oxidative stress. We proposed that these effects 

were mediated by p53. This was supported by the observations that metabolic stressors, in 

the forms of ROS induced by BSO or OXPHOS inhibition by NaN3 treatment, induced 
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upregulation of p53 and its metabolic targets in FA HSCs. Genetically, we defined 

unambiguously, the role of p53 in metabolic reprogramming by showing that inactivation of 

p53 in FA HSCs prevented the glycolysis to OXPHOS switch. Moreover, we showed 

functionally, that p53-deficient FA HSCs turn to glycolysis for energy provision. Because 

p53 deficiency renders FA HSCs more sensitive to 2-DG treatment than p53-sufficient FA 

HSCs, the observed decrease in the repopulating capacity of 2-DG-treated DKO LSKs is 

most likely due to an impaired HSC potential of these cells or to a loss of the SLAM 

population (Fig. 4E and 4F). This data is consistent with the well-established role of p53 in 

metabolism; that is, it increases aerobic metabolism and inhibits glycolysis [11, 12].

Several recent studies using mouse models suggest a critical role for p53 in HSC self-

renewal and quiescence [50–54] and precise regulation of p53 activity is likely to be 

important in determining the response of HSCs to not only genotoxic and oncogenic stress, 

but also to metabolic stress. In the context of FA, emerging evidence suggests that p53 

deficiency may increase cancer development in patients with FA and FA mice [45–47]. 

Conversely, recent studies show that overactive p53 could cause HSPC depletion in the BM 

of FA patients [48]. Our findings described here add another facet to the function of this 

tumor suppresser: p53-mediated OXPHOS function as a compensatory alteration in FA 

HSCs to ensure a functional, but suboptimal energy metabolism.

We identified SCO2 as the effector mediating the p53-dependent oxidative stress-induced 

glycolysis to OXPHOS switch. Knocking down Sco2 significantly reduced both oxygen 

consumption and hematopoietic repopulation of Fanca−/− GFP+LSK cells treated with the 

ROS producer BSO. Conversely, ectopic expression of SCO2 restored BSO-induced oxygen 

consumption and long-term hematopoietic repopulation of BSO-treated p53-deficient 

Fanca−/− LSK cells. Since Sco2 is a p53 target gene, it is conceivable that the deletion of p53 

in FA HSCs depletes Sco2, which positively regulates OXPHOS [54]. Because FA HSCs 

tend to turn to OXPHOS for energy provision, knockdown of Sco2 would inhibit the 

repopulating activity of FA HSCs. On the other hand, overexpression of Sco2 in DKO HSCs 

would enhance their repopulating capacity. It is also known that p53 regulates glycolysis 

through transactivation of TIGAR [55]. Our gene expression analysis showed that BSO 

treatment also upregulated TIGAR, which can conceivably mediate the switch by 

suppressing glycolysis, thereby shifting the balance towards OXPHOS. However, our knock-

down experiments showed that depletion of TIGAR did not lead to a decrease in oxygen 

consumption or long-term hematopoietic repopulation of BSO-treated Fanca−/− GFP+LSK 

cells, indicating that upregulation of this p53 metabolic target was not responsible for the 

OXPHOS switch in these cells. Thus, these findings support a model whereby oxidative 

stress upregulates p53, which induces the glycolysis to OXPHOS switch in part by 

orchestrating a SCO2-mediated mechanism for HSC maintenance. How p53 can 

antagonistically regulate two crucial steps of energy metabolism and the relevance of this 

regulation to its well-defined tumor suppressor role remains to be elucidated.

Together, the current study suggests that a metabolic transition that suppresses glycolysis 

and favors OXPHOS is an essential component of metabolic reprogramming that HSCs, 

particularly FA HSCs, employ to meet an increase in energy demand under oxidative stress. 

In addition, our data provides novel information on the function of p53, previously shown as 
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over activated in FA HSCs, representing a new paradigm in HSC energy metabolism and 

cautioning that targeting p53 in FA, while potentially eliciting temporary growth 

improvement, might have the unanticipated detrimental consequence of increasing the long-

term risk of HSC defect.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. FA HSCs are more dependent on OXPHOS for energy metabolism
(A–B) Deletion of Fanca reduces glucose consumption and lactate production. LSK (Lin− 

Sca-1+ c-Kit+) and Lin+ cells from the bone marrow (BM) of wild-type (WT) or Fanca−/− 

mice were isolated by FACS and determined for glucose consumption (A) and lactate 

production (B). Results are means ± standard deviation (SD) of three independent 

experiments. (C) FA-deficient HSPCs produce lower ATP levels. Relative intracellular ATP 

concentrations were measured in LSK and Lin+ cells. Results are means ± SD of three 

independent experiments. (D) FA HSPCs exhibit decreased oxygen consumption levels. 

Oxygen consumption rate (OCR) was measured in LSK and Lin+ cells. Results are means ± 

SD of three independent experiments. (E) FA HSCs are resistant to the cytotoxicity of 2-DG. 

Low density bone marrow (LDBM) cells from WT and Fanca−/− mice were cultured in the 

presence of increasing concentrations of 2-DG for 12h and analyzed for the number of 

SLAM (CD150+CD48−LSK) cells. Shown are representative flow plots (left) for cells 

treated with 0 and 10mM 2-DG and quantification (right; number of SLAM cells per 106 

LDBM cells) for cells treated with 0, 5, 10, 20 and 40mM 2-DG. Results are means ± SD of 
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3 independent experiments. (F) FA HSCs are hypersensitive to the cytotoxicity of the 

respiration inhibitor NaN3. LDBM cells from WT and Fanca−/− mice were cultured in the 

presence of increasing concentrations of NaN3 for 12h and analyzed for the number of 

SLAM cells. Shown are representative flow plots (left) for cells treated with 0 and 5mM 

NaN3 and quantification (right; number of SLAM cells per 106 LDBM cells) for cells 

treated with 0, 1, 5, 10, and 20mM NaN3. Results are means ± SD of 3 independent 

experiments. (G) Fifty SLAM cells from WT and Fanca−/− mice were treated with 0 and 

10mM 2-DG or 0 and 5mM NaN3 for 12 h, mixed with 4×105 LDBM cells from recipient 

mice (CD45.2), and transplanted into lethally irradiated BoyJ congenic mice (CD45.2). Six 

months after transplantation, peripheral blood was collected and examined to determine the 

percentage of donor-derived cells by FACS. Representative flow plots (left) and 

quantification (right) are shown. Results are means ± SD of 3 independent experiments 

(n=12 per group). *p < 0.05.
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Fig 2. FA HSCs undergo glycolysis to OXPHOS switch in response to oxidative stress
(A) BSO and paraquat induce higher levels of ROS in Fanca−/− and Fancc−/− LSK cells than 

in WT LSK. WT, Fanca−/− and Fancc−/− LSK cells were treated with buthionine sulfoximine 

(BSO; 125μM) for 6 h or paraquat (100 μM) for 2 h, and labeled with CM-H2DCFDA for 
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Flow Cytometry analysis of ROS. Representative images are shown. (B–D) Decreased 

glucose consumption, lactate production and pyruvate kinase (PK) activity in oxidative 

stressed Fanca−/− LSK cells. WT and Fanca−/− LSK cells were treated with BSO (125μM) 

for 6 h or paraquat (100 μM) for 2 h, and determined for glucose consumption (B), lactate 

production (C), and PK activity (D). (E–F) Increased ATP production and mitochondria 

oxygen consumption in oxidative stressed Fanca−/− LSK cells. WT and Fanca−/− LSK cells 

were treated with 125μM BSO for 6 h or paraquat (100 μM) for 2 h, and determined for 

intracellular ATP levels (E) and oxygen consumption rate (F). (G) Inhibition of OXPHOS 

abrogates the elevated ATP synthesis induced by BSO in FA LSK cells. WT and Fanca−/− 

LSK cells were pre-treated with 5mM NaN3 for 30 min then with 125μM BSO for 

additional 6h or paraquat (100 μM) for additional 2 h, and determined for intracellular ATP 

levels. (H) OXPHOS inhibition further increases the sensitivity of Fanca−/− HSCs to 

oxidative stress. WT and Fanca−/− LDBM cells were pre-treated with 5mM NaN3 for 30 

min then with 125μM BSO for additional 6h or paraquat (100 μM) for additional 2 h, and 

analyzed for the frequency of SLAM cells. Representative flow plots (left) and 

quantification (right) are shown. (I) OXPHOS inhibition further decreases the repopulating 

capacity of oxidative stressed Fanca−/− HSCs. Fifty SLAM cells from WT or Fanca−/− mice 

(CD45.2) were pre-treated with 5mM NaN3 for 30 min then with 125μM BSO for additional 

6h, and transplanted together with 4×105 recipient cells into lethally irradiated BoyJ 

congenic mice. Representative flow plots (left) and quantification (right) are shown. (n=12 

per group). *p < 0.05.
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Fig 3. p53 is upregulated in FA HSCs in response to metabolic stress
(A) Deletion of Fanca−/− or Fancc−/− in SLAM cells upregulates basal and BSO-induced 

expression of p53 metabolic target genes. RNA were extracted from SLAM cells isolated 

from the BM of WT, Fanca−/−, and Fancc−/− mice was used for real-time PCR analysis using 

primers specific for the indicated p53 target genes. Samples were normalized to the level of 

GAPDH mRNA. (B–C) Fanca−/− HSPCs display higher and prolonged p53 upregulation 

compared to WT cells in response to oxidative stress and OXPHOS inhibition. Lin− cells 

isolated from WT and Fanca−/− mice were treated with increasing concentrations of BSO 

(B) or NaN3 (C) for 6 h, and cell lysates were subjected to immunoblot analysis using 

antibodies specific for the total p53, phosphorylated p53 (p53-S18) or β-actin. Each lane 

contains proteins from ~40,000 Lin− cells. (D–E) p53 is overactivated in Fanca−/− HSCs in 

response to metabolic stress. Freshly isolated CD34−LSK cells from WT and Fanca−/− BM 

were treated with 100μM BSO (D) or 10mM NaN3 (E) for 6h, and immunostained to detect 

p53 (green). Nuclei were visualized using 4′,6′-diamidino-2-phenylindole (DAPI; blue). 

Original magnification: ×60.
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Fig 4. Oxidative stress mediates glycolysis to OXPHOS switch via p53 signaling
(A–B) Deletion of p53 increases glucose consumption and lactate production in HSCs. LSK 

cells isolated from WT, p53−/−, Fanca−/− and p53−/−Fanca−/− (DKO) were treated with 

125μM BSO for 6 h, and determined for glucose consumption (A) and lactate production 

(B). (C) Deletion of p53 leads to increased ATP production in oxidative stressed Fanca−/− 

LSK cells. LSK cells isolated from WT, p53−/−, Fanca−/− and p53−/−Fanca−/− (DKO) were 

treated with 125μM BSO for 6 h, and determined for intracellular ATP production. (D) 

Oxidative stress decreases oxygen consumption in p53-deficient Fanca−/− LSK cells. LSK 

cells isolated from WT, p53−/−, Fanca−/− and p53−/−Fanca−/− (DKO) were treated with 

125μM BSO for 6 h, and determined for oxygen consumption rate. (E) p53-deficient 

Fanca−/− HSCs are hypersensitive to glycolytic inhibition. LDBM cells from WT, p53−/−, 
Fanca−/− and p53−/−Fanca−/− (DKO) were treated with 10mM 2-DG for 12 h, and analyzed 

for the frequency of SLAM cells. Representative flow plots (left) and quantification (right) 

are shown. (F) Glycolytic inhibition further decreases the repopulating capacity of oxidative 

stressed Fanca−/− HSCs. 50 SLAM cells from WT, p53−/−, Fanca−/− and p53−/−Fanca−/− 

(DKO) were treated with 10mM 2-DG for 12 h, and then transplanted together with 4×105 

recipient cells into lethally irradiated BoyJ congenic mice. Representative flow plots (left) 

and quantification (right) are shown. (n=9 per group). *p < 0.05.
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Fig 5. Oxidative stress-induced glycolysis to OXPHOS switch is mediated by SCO2
(A) Knocking down Sco2 reduces oxygen consumption in Fanca−/− LSK cells. BM LSK 

cells from WT and Fanca−/− mice were transduced with lentivirus encoding a control shRNA 

(shCTL) or a Sco2 shRNA (shSco2), treated with 125μM BSO for 6 h, and determined for 

oxygen consumption rate. (B) Knocking down Sco2 decreased repopulation of FA HSCs. 

1,500 transduced WT or Fanca−/− LSK cells were treated with 125μM BSO for 6h, and then 

transplanted together with 4×105 recipient cells into lethally irradiated BoyJ congenic mice. 

Representative flow plots (left) and quantification (right) are shown. (n=6 per group). (C) 

Ectopic expression of SCO2 restores BSO-induced oxygen consumption of p53−/− or p53-

deficient Fanca−/− LSK cells. BM LSK cells from WT, p53−/−, Fanca−/− and p53−/−Fanca−/− 

(DKO) were transduced with lentivirus expressing eGFP only (eGFP) or eGFP plus SCO2 

(SCO2), treated with 125μM BSO for 6 h, and determined for oxygen consumption rate. (D) 

Ectopic expression of Sco2 rescues long-term hematopoietic repopulation of p53−/− or p53-

deficient Fanca−/− LSK cells. 1,500 transduced WT, p53−/−, Fanca−/− or p53−/−Fanca−/− 

(DKO) LSK cells were treated with 125μM BSO for 6h, and then transplanted together with 

4×105 recipient cells into lethally irradiated BoyJ congenic mice. Representative flow plots 

(left) and quantification (right) are shown. (n=6 per group). *p < 0.05.
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