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How metabolic status controls the fates of different types of leukemia cells remains elusive. Using a SoNar-
transgenic mouse line, we demonstrated that B cell acute lymphoblastic leukemia (B-ALL) cells had a preference
in using oxidative phosphorylation. B-ALL cells with a low SoNar ratio (SoNar-low) had enhanced mitochondrial
respiration capacity, mainly resided in the vascular niche, and were enriched with more functional leukemia-initiating
cells than that of SoNar-high cells in a murine B-ALL model. The SoNar-low cells were more resistant to cytosine
arabinoside (Ara-C) treatment. cyclic adenosine 3',5'-monophosphate response element-binding protein transac-
tivated pyruvate dehydrogenase complex component X and cytidine deaminase to maintain the oxidative phos-
phorylation level and Ara-C-induced resistance. SoNar-low human primary B-ALL cells also had a preference for
oxidative phosphorylation. Suppressing oxidative phosphorylation with several drugs sufficiently attenuated
Ara-C-induced resistance. Our study provides a unique angle for understanding the potential connections between

metabolism and B-ALL cell fates.

INTRODUCTION

B cell acute lymphoblastic leukemia (B-ALL) is a severe malignant
hematopoietic disorder that gives rise to the clonal expansion of hema-
topoietic stem/progenitor cells, which commonly occurs in children/
youth. Several therapeutic regimens have been shown to achieve de-
sirable effects in the treatment of B-ALL, including chemotherapy,
bone marrow (BM) transplantation, chimeric antigen receptor T cell
(CAR-T) therapy, or combinations of these treatments (1-4). However,
the effectiveness of current strategies is hindered by drug resistance,
lack of major histocompatibility complex-matched donor hematopoietic
stem cell (HSC) sources, patient nonresponsiveness, or induced toxicity
in the case of CAR-T therapy (5). Although chemotherapy has been
considered one of the most effective methods of B-ALL treatment,
20% of patients relapse upon treatment with cytosine arabinoside
(Ara-C), anthracycline antibiotics, or other chemotherapeutic drugs
(6). Increasing evidence shows that a small population of leukemia
cells, termed leukemia-initiating cells (LICs), may contribute to drug
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resistance or leukemia relapse (7). For example, immunophenotypic
CD34"CD19" LICs may be closely connected with leukemia progres-
sion and drug resistance in human B-ALL (8). However, specific mark-
ers showing B-ALL-LIC enrichment and the mechanisms by which
chemotherapies lead to drug resistance remain largely unknown.
Recently, metabolic status has been found to play a pivotal role
in the development of many different cancer types, including both
hematological and solid cancers. For example, mutations in isocitrate
dehydrogenase 1/2 (IDH1/2) have been reported to efficiently initiate
several types of cancers, such as acute myeloid leukemia (AML), glio-
blastoma, and colon cancer (9-11). Acute/chronic myeloid LICs mainly
use glycolysis as their energy source (12); fructose metabolism enhances
the proliferation of Ph* (Philadelphia chromosome positive)-B-ALL
cells (13); fasting can effectively induce B-ALL differentiation at both
the early and later stages of disease (14). However, the precise metabolic
profiles of different nutrients in B-ALL are unclear, and whether meta-
bolic status is closely connected with drug resistance is unknown.
Currently, drug resistance in B-ALL cells is thought to result from
changes in many intrinsic factors (such as transcription factors or
epigenetic modifications) and extrinsic factors (such as niche com-
ponents). For example, mutations in the transcription factor IKZF1
(ikaros family zinc finger 1) lead to a notable reduction in sensitivity
to the treatment of tyrosine inhibitors in B-ALL cells (15); the down-
regulation of TWIST?2 (twist family BHLH transcription factor 2) also
results in resistance to the chemotherapeutic agents etoposide,
daunorubicin, and dexamethasone (16). In addition, BM niches have
been found to play key roles in leukemia development and chemo-
therapeutic resistance (7, 17). Remodeled leukemic niches may con-
tain different cell types (such as endothelial cells, osteoblast cells, and
mesenchymal stem cells), and their secreted proteins/cytokines/growth
factors [such as stromal cell-derived factor 1, interleukin-3 (IL-3),
IL-6, and hyaluronic acid] may differ from those secreted under
physiological conditions to enhance leukemia cell expansion or
chemotherapy resistance (17, 18). Although most of the recent
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studies have focused on niche components during AML development
(19) and drug resistance (20), several lines of evidence indicate that
niche factors also support the initiation and drug resistance of B-ALL. For
example, growth and differentiation factor 15 secreted from Nestin"
cells remodels the BM niche upon Ara-C treatment and leads to
chemotherapeutic resistance (21). However, how the unique metabo-
lism of different nutrients contributes to the drug resistance of B-ALL
cells awaits further investigation.

Although some chemical dyes including TMRM (tetramethyl-
rhodamine methyl ester), MitoTracker, and H,DCFDA (2’,7’-
dichlorodihydrofluorescein diacetate) have been used for the
evaluation of mitochondrial activity and reactive oxygen species
levels in different types of leukemia cells (22), they indirectly reflect
the metabolic states of leukemia cells. The determination of the
intermediate metabolites by commercial kits is another way to evaluate
metabolic status. Nevertheless, currently, only limited metabolites can
be routinely measured. Although metabolomic analysis offers a
large advantage in the determination of all potential metabolites
(23), it is still difficult to perform the necessary assays with the limited
number of LICs available because of their rare frequency. Current-
ly, sensitive and specific monitoring of the in vitro/in vivo dynamic
changes in the metabolism of certain nutrients in a single leukemia
cell or LIC in real time remains very challenging (24).

A highly responsive reduced form of nicotinamide adenine di-
nucleotide (NADH)/nicotinamide adenine dinucleotide (NAD™) sensor
(SoNar) has been reported recently to be used in live cell and in vivo
metabolic study (25, 26). SoNar is an intrinsically ratiometric sensor
with two excitation wavelengths (420 and 485 nm), and it responds
to NADH and NAD" with opposing changes in fluorescence ratio.
SoNar is strictly responsive to the NADH/NAD" ratio rather than
the absolute concentrations of either the two nucleotides. SoNar ex-
hibits a 1500% dynamic range under different NAD*/NADH ratios,
making it one of the most responsive genetically encoded sensors
currently available. Thus, it enables better real-time tracking of
the subtle changes of cellular metabolic states. Using SoNar, we
recently showed that AML-LICs have a unique preference for gly-
colytic metabolism, which is closely connected with AML-LIC fate,
including their capacity for self-renewal, homing, and localization
to an the endosteal niche (27). The SoNar sensor can be used to
sensitively and specifically monitor cytosolic NADH/NAD" levels
both in vitro and in vivo, which is intricately related to energy
metabolism of the AML-LICs. Here, we report on the SoNar-transgenic
mice that were established and the metabolic characteristics of B-ALL
cells that were evaluated, including their potential connection to cell
fate determinations and drug resistance.

RESULTS

SoNar can indicate the glycolysis or oxidative
phosphorylation states of B-ALL cells at the single-cell level
To determine whether SoNar is able to precisely indicate the level of
glycolysis or oxidative phosphorylation in lymphoid leukemia cells,
we used a human B-ALL cell line, Nalmé, for ectopically expressed
SoNar (hereafter termed SoNar-Nalmé6), followed by the measure-
ment of the ratio of fluorescence upon excitation at 405 and 488 nm.
An approximate fourfold increase in the ratio of SoNar fluorescence
was observed upon cell incubation with the lactate dehydrogenase
A inhibitor oxamate (fig. S1, A and B). In contrast, pyruvate reduced
the SoNar signal to 50% that of the control group (fig. S1, A and B).
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The pH-control SoNar sensor, iNapc, was also ectopically expressed
in Nalmé cells, and changes in the ratio of SoNar fluorescence were
negligible after treatment with either pyruvate or oxamate (fig. S1,
C and D). The SoNar-Nalmé6 cells, but not the iNapc-Nalmé6 cells,
responded to stimulation by several inhibitors of the mitochondrial
respiration (rotenone) or the malate-aspartate shuttle inhibitor
[aminooxyacetate (AOA)], as indicated by slightly increased
levels of SoNar fluorescence (especially upon rotenone treat-
ment; fig. S1, A to D). The flow cytometric analysis also revealed
that the ratio of SoNar fluorescence in the SoNar-Nalmé cells was
increased to 3.2-fold compared with that in the control cells upon
oxamate treatment and was reduced upon pyruvate stimulation
(fig. S1, E and F). In addition, SoNar fluorescence was also notably
increased after treatment with rotenone (1.57-fold) but not AOA
(fig. S1, E and F).

To further characterize the SoNar pattern in murine B-ALL cells,
we generated a transgenic mouse strain expressing SoNar driven by
the cytomegalovirus early enhancer/chicken B-actin promoter. Briefly,
the pCAG vector containing SoNar DNA was linearized, purified,
and microinjected into fertilized eggs of FVB mice. SoNar DNA was
randomly incorporated into the genome, which may result in either
single- or multiple-copy transgenes. In the current study, transgenic
SoNar heterozygote mice were used for all the experiments. SoNar
mice were further verified at the DNA and mRNA levels by poly-
merase chain reaction (PCR) and quantitative reverse transcription
PCR (RT-PCR) (fig. S1, G and H), respectively. Fluorescence imag-
ing also showed that SoNar was expressed in most tissues, such as
BM, liver, spleen, skeletal muscle, myocardium, and kidney (fig. S1I).
Furthermore, mononuclear cells isolated from peripheral blood or
total BM cells expressed different ratios of SoNar fluorescence, as
revealed by microscopy (fig. S1J). The SoNar-transgenic mice were
then used for the subsequent establishment of the N-myc-induced
leukemia model (28). N-myc overexpression in HSCs and committed
progenitor B cells can lead to the initiation of the precursor B-ALL/
lymphoma (pre-B-ALL/LBL). N-myc-induced B-ALL cells are posi-
tive to negative for the precursor B cell marker CD43 and negative
for the mature B cell marker immunoglobulin M (IgM). Consistently,
the murine B-ALL cells mainly expressed markers for B lymphoid
cells (B220") but not myeloid cells (Mac-17/Gr-1*; fig. S1K), and these
leukemia cells were mainly undifferentiated B220*CD43" B progen-
itor cells, not differentiated B220" IgM " cells (fig. S1K).

We thus analyzed the SoNar fluorescence in the BM B-ALL cells
(SoNar-ALL) and found that three cell fractions had distinct fluo-
rescent ratios: SoNar-low (16.2%; SoNar ratio, 0 to 0.5), SoNar-middle/
mid (72.1%; SoNar ratio, 0.5 to 1.5), and SoNar-high (11.7%; SoNar
ratio, >1.5) (Fig. 1, A and B). Supplementation with exogenous
oxamate and pyruvate in vitro sensitively and specifically enhanced
and decreased the SoNar fluorescence ratio in the SoNar-ALL cells,
respectively (Fig. 1, C and E). Moreover, treatment with the oxida-
tive phosphorylation inhibitor rotenone and the malate-aspartate
shuttle inhibitor AOA also led to a moderate increase in SoNar
fluorescence (Fig. 1, C and E). Furthermore, the pH-control sensor,
iNapc (29), was used to produce the retrovirus for the infection
in murine primary BM B-ALL cells. The results showed that the
iNapc-expressing cells had no response to any of the four metabolic
inhibitors used (Fig. 1, D and F), excluding the possibility of inter-
ference by pH variations. Sequential treatment with pyruvate and
oxamate, and vice versa, led to dynamic changes in SoNar ratios, indi-
cating that SoNar sensitively and specifically reflects the NADH/NAD"
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Fig. 1. SoNar can indicate the glycolysis or oxidative phosphorylation states of B-ALL cells at the single-cell level. (A and B) Representative images of the ratio of
SoNar fluorescence (F405/F488 nm) in murine SoNar B-ALL cells by confocal microscopy (A) and quantitative data are shown (B). A total of 204 SoNar B-ALL cells were
calculated (n=3). (C and D) Representative images of the ratio of SoNar fluorescence (C) and the control iNapc (D) fluorescence with excitation wavelengths at 405 and
488 nm in SoNar B-ALL cells at indicated time points upon treatments of phosphate-buffered saline (PBS), oxamate, pyruvate, rotenone, and AOA, respectively. (E and
F) Quantification of the ratio of SoNar (E) and iNapc (F) in (C) and (D) is shown. A total of 25 to 30 SoNar B-ALL cells (E) and 25 to 30 iNapc-B-ALL cells (F) were measured
(n=3).(G and I) Shown are the representative images of the ratio of SoNar fluorescence in SoNar B-ALL cells upon the sequential treatments with pyruvate and oxamate
(G) or vice versa (I). A total of 49 (H) or 58 (I) SoNar B-ALL cells were counted (n = 3). (J and K) Representative dot plots of the ratio of SoNar fluorescence in SoNar B-ALL
cells upon treatments with PBS, oxamate, pyruvate, rotenone, and AOA (J). Quantification data in (J) are shown (K) (n = 3). This experiment was repeated independently
three times. Scale bar, 10 um. Data are represented as means + SEM. Two-way analysis of variance (ANOVA) with Sidak’s multiple comparison test was used for the com-
parison of statistical significance (K). ***P < 0.001.
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levels in a single live cell in the B-ALL model (Fig. 1, G to I, and
movie S1). Consistently, the alteration of SoNar fluorescence in the
primary B-ALL cells upon treatment with oxamate, pyruvate, rotenone,
or AOA was sensitively detected by flow cytometry (Fig. 1, ] to K).
These results prompted us to evaluate the metabolic heterogeneity
of B-ALL cells using the SoNar sensor.

SoNar-low B-ALL cells prefer using oxidative
phosphorylation as the main energy source

To characterize the metabolic profiles of different cell fractions in
B-ALL cells with distinct SoNar fluorescence, we fluorescence-activated
cell sorting (FACS)-purified SoNar-low and SoNar-high cells and
evaluated the fluorescence ratios (Fig. 2A). The SoNar-high cells
had an approximately 3.4-fold higher ratio of fluorescence than did
SoNar-low cells, as indicated by either flow cytometric analysis (Fig. 2B)
or confocal microscopy (Fig. 2C). As the control, the iNapc-low and
iNapc-high cells had similar fluorescence ratios (fig. S2, A and B).
The SoNar-low cells had a much lower fluorescence ratio changes
than did SoNar-high cells upon oxamate or pyruvate stimulation
(Fig. 2, D and E). In contrast, rotenone (but not AOA) treatment
resulted in a greater fluorescence ratio changes in the SoNar-low
cells than that in the SoNar-high cells (Fig. 2, F and G). Considering
that the pyruvate treatment led to a minor response (Fig. 2E) and
that the mitochondrial NADH oxidase inhibitor rotenone was much
more efficient than the malate-aspartate shuttle inhibitor (AOA) in
enhancing the SoNar ratio (Fig. 2, F and G), we speculated that the
SoNar-low cells had a unique oxidative phosphorylation utilization
profile while maintaining a glycolytic level similar to that of the
SoNar-high cells. Flow cytometric analysis also showed a ~3.2-fold
increase in the SoNar ratio upon rotenone treatment in the SoNar-low
cells but showed minor or similar changes in these cells upon oxamate,
pyruvate, or AOA stimulation (fig. S2, C and D).

The SoNar-low (~10.9%) and SoNar-high (~11.1%) cells were then
purified by flow cytometry according to SoNar ratio (fig. S2E) and
subjected to several biochemical analyses of their respective metabolic
state. Consistently, the SoNar-low cells had much higher levels of ade-
nosine 5'-triphosphate (ATP) (Fig. 2H), greater mitochondrial po-
tential (Fig. 2, I to ), and a higher oxygen consumption rate (OCR), as
evidenced by the increase in basal respiration, ATP turnover, and max-
imum respiration (Fig. 2, K and M), but similar levels of extracellular
acidification rate (ECAR) compared to these measures in the SoNar-
high cells (Fig. 2, L and N). The SoNar-low cells also contained more
mitochondrial DNA (mtDNA) copy numbers than did the SoNar-
high cells (Fig. 20). These results suggest that SoNar-low cells pre-
ferred oxidative phosphorylation while sustaining a glycolytic level
similar to that of the SoNar-high cells. Consistently, the SoNar-low
cells produced similar amounts of extracellular lactate (Fig. 2P).

Moreover, the in vitro metabolic flux analysis with *C glucose
(30, 31) showed that the SoNar-low cells had markedly enhanced
trichloroacetic acid (TCA) cycle flux compared with that of the
SoNar-high cells (Fig. 2Q). We also performed in vivo 13C6—labeling
experiments (14) and demonstrated that many TCA intermediates
were markedly increased in SoNar-low cells (Fig. 2R). The SoNar-low
cells had a level of glycolysis similar to that of the SoNar-high cells as
evaluated by both in vitro and in vivo metabolic flux assay (Fig. 2, Q to R),
a finding that differs from the traditional notion that high oxidative
phosphorylation is usually accompanied by a relatively low glyco-
lytic level. In addition, SoNar-low cells had much higher level of
both fatty acyl carnitines and fatty acid oxidation than that of

Chen et al., Sci. Adv. 2021; 7 : eabd6280 10 March 2021

SoNar-high cells, indicating that SoNar-low cells may also use fatty
acid as an alternative resource of energy that depends on the TCA
pathway (fig. S2, F and G) (32). It also seemed that glucose metabo-
lism had the major contribution to the increase in oxidative phos-
phorylation level in SoNar-low cells as compared to the fatty acid or
glutamine metabolism (fig. S2G). Consistently, SoNar-low cells had
much higher levels of CD36, as a fatty acid translocase, than that of
SoNar-high cells (fig. S2, H and I).

The SoNar-low B-ALL cell population may be enriched
with more LICs with high leukemogenic activities than that
of SoNar-high ones and resides in the vascular
niche in the BM
To determine whether SoNar can serve as a functional metabolic
indicator for LICs, we costained SoNar-low and SoNar-high cells with
a potential LIC or leukemia precursor marker, CD43 (33), which
showed much a higher percentage of CD43" cells in the SoNar-low cells
than that in the SoNar-high cells (25.4% versus 43.5%; Fig. 3, A and B).
This finding is consistent with the observation of immunofluores-
cence staining showing an approximately threefold increase in the
percentage of SoNar-low cells in the CD43"* B-ALL cells compared
to that in their CD43" counterparts (30.1% versus 11.4%; Fig. 3, Cand D).
Notably, we demonstrated that the mice that received the SoNar-low
cells underwent much faster leukemogenesis than did their counter-
parts, as displayed by much higher mCherry" B-ALL cells in their
peripheral blood (14.4% versus 2.2%; Fig. 3, E and F, and fig. S3A)
and significantly reduced overall survival (26.0 days versus 43.5
days; Fig. 3G). Concomitantly, the percentage of B220*CD43" im-
munophenotypic LICs in the BM of the recipients of the SoNar-low
cells was much higher than that in the mice receiving SoNar-high
cells (fig. S3, B and C). In contrast, the B220"IgM" differentiated cells
were much less in SoNar-low cells (fig. S3, B and C). More extensive
infiltration was also observed in the recipients transplanted with
SoNar-low cells, as evidenced by the increase in the relative weights of
their spleens and livers (fig. S3, D and E) and the extent of hematoxylin
and eosin staining (fig. S3F). However, the difference in engraftment
may not have been due to changes in homing efficiency (fig. S3G).
To determine the exact LIC frequencies in SoNar-low and SoNar-
high cells, we transplanted 100, 300, and 1000 indicated leuke-
mia cells into the recipients for the measurement of the functional
LIC numbers according to the overall survival in each group
(Fig. 3, E to G). As shown in Fig. 3H, the LIC frequency was ~1 in
306 SoNar-low cells, which was ~4.5-fold greater than that of the
SoNar-high cells (1 in 1393). Furthermore, the SoNar-mid cells were
also isolated and evaluated for the percentage of functional LICs,
and the results showed that SoNar-mid cells had leukemogenic
activity levels similar to those of the SoNar-high cells but lower than
those of the SoNar-low cells, as evidenced by leukemia cell frequen-
cies and overall survival (Fig. 3, I to J). These results demonstrated
that SoNar-low cells may contain more LICs with high leukemo-
genic activities than that of SoNar-mid or SoNar-high cells and may
use oxidative phosphorylation as their main energy source. More-
over, SoNar-low immunophenotypic B220"CD43"IgM IgD~ LICs
also had much higher leukemogenic activities than that of the con-
trol ones as evidenced by the increased leukemia cell frequencies in
the peripheral blood and reduced overall survival (fig. S3, H to I).
To unravel the potential connections between the oxidative
phosphorylation status of B-ALL cells and their localization in the
BM niche, we analyzed the ratios of SoNar fluorescence of the
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Fig. 2. SoNar-low B-ALL cells prefer using oxidative phosphorylation as the main energy source. (A to C) FACS-purified SoNar-high and low B-ALL cells were evalu-
ated for the ratio of SoNar fluorescence by confocal microscopy (A). Quantitative data in (A) as determined by either flow cytometric analysis (B) (n = 3) or confocal micros-
copy (C) (n=3) are shown. Scale bar, 10 um. (D to G) SoNar fluorescence ratios were measured in SoNar-high and low B-ALL cells upon treatment with oxamate, pyruvate,
rotenone, and AOA. (H to J) ATP levels (H) and mitochondrial membrane potential (I) in SoNar-high and low B-ALL cells were measured by bioluminescence assay and
TMRM staining (n = 3). MFI, mean fluorescence intensity. (K and L) OCRs (K) and extracellular acidification rates (ECAR) (L) were measured in SoNar-high and low B-ALL
cells (n = 3). 2-DG, 2-deoxyglucose. mpH, mili potential of hydrogen. (M and N) basal respiration, ATP turnover, and maximum respiration in OCR (OCRyas, OCRatp, and max
resp, respectively) (K) as well as glycolysis and glycolysis capacity in ECAR (L) were analyzed (n = 3). (O) Mitochondrial DNA (mtDNA) copies were detected in SoNar-high
and low B-ALL cells (n = 3). (P) Extracellular lactate levels in SoNar-high and SoNar-low B-ALL cells (n =3). (Q) The intermediate metabolites derived from glycolysis and
TCA cycle were determined in SoNar-high and SoNar-low B-ALL cells after in vitro labeling with '*C-labeled glucose (n =5). (R) '*C-labeled glucose was used for the in vivo
labeling in SoNar B-ALL cells, followed by the measurement of intermediate metabolites derived from glycolysis and TCA cycle in SoNar-high and low leukemia cells
(n=3). Data are represented as means + SEM. Student’s two-tailed unpaired t test (B, C, H, J, and O) and two-way ANOVA with Sidak’s multiple comparison test (M, N, P, Q,
and R) were used for the comparison of statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 3. The SoNar-low B-ALL cell population is enriched with functional LICs and resides in the vascular niche in the BM. (A and B) The frequencies of B220*CD43*
cells evaluated by flow cytometry in SoNar-high and SoNar-low B-ALL cells are shown (B) (n = 3). This experiment was repeated independently three times. (C and D) The
SoNar fluorescence ratios in CD43*/~ B-ALL cells were determined by microscopy. A total of 94 to 95 SoNar B-ALL cells were counted (n = 3). Scale bars, 10 um. (E to G) The
mCherry+ B-ALL cell frequencies in the peripheral blood (PB) (E and F) (3 weeks) and overall survival (G) (log-rank test) of the recipient mice transplanted SoNar-high and
SoNar-low cells are shown (n=5). SSC, side scatter. (H) Functional LIC frequencies of primary B-ALL cells were determined by the limiting dilution assay using L-Calc software.
(Iand J) The frequencies of B-ALL cells in the peripheral blood (1) (3 weeks) and overall survival of the recipient mice (J) (log-rank test) receiving SoNar-high, SoNar-mid,
and SoNar-low cells were determined (n=5). (K and L) The B-ALL cell frequencies with indicated fluorescence ratios in the endosteal and vascular niches are shown. A
total of 110 SoNar B-ALL cells were counted (n = 3). VE-cad, vascular endothelial cadherin; DIC, differential interference contrast. (M and N) The changes of the SoNar
fluorescence ratio in B-ALL cells in the endosteal and vascular niche upon the oxamate stimulation are shown. A total of 46 to 47 SoNar B-ALL cells were counted (n = 3).
Data are represented as means + SEM. Student’s two-tailed unpaired t test (B, F, and L) and one-way ANOVA with Tukey’s multiple comparison test (I) were used for the
comparison of statistical significance. **P <0.01 and ***P < 0.001.
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B-ALL cells in the BM niche. Most of the B-ALL cells with a low
ratio of SoNar fluorescence were located close to the vascular niche,
as indicated by anti-vascular endothelial cadherin antibodies labels,
while the SoNar-high cells resided far from the vessels (Fig. 3, Kand L).
To directly monitor the dynamics of the metabolic status of B-ALL
cells in the BM niche, we developed a surrogate technique to reflect
the changes in SoNar fluorescence ratios: Scraping of the bony sub-
stance (see Materials and Methods) was followed by stimulation
with oxamate in vitro. As shown in Fig. 3 (M and N) and movie S2,
the SoNar-low cells were directly associated with vascular endothelial
cells, and the increase in SoNar fluorescence ratios was only ~50%
that of the SoNar-high cells over time. These findings indicate a po-
tential and powerful tool for determining the metabolic profiles of
B-ALL cells in the BM niche in vivo at the single-cell level with/
without exogenous stimulation.

Because human B-ALL samples are usually accompanied with a
BCR-ABL (Breakpoint Cluster Region-Tyrosine-Protein Kinase ABL1)
mutant, we then examined the metabolic features of B-ALL cells in a
BCR-ABL-induced murine B-ALL model, which showed that there
also existed SoNar-low, SoNar-mid, and SoNar-high three populations
(fig. S3, J and K). SoNar-low cells had much higher leukemogenic
activities compared to that of the SoNar-high ones as evidenced by
the increased leukemia cell frequencies in the peripheral blood, re-
duced overall survival (fig. S3, L and M), and the preference to re-
siding in the vascular niche (fig. S3, N and O). Similarly, SoNar-low
immunophenotypic B220"*CD43"IgM IgD™ LICs from BCR-ABL-
induced murine B-ALL model also had much higher leukemogenic
activities than that of the SoNar-high ones (fig. S3, P and Q). Therefore,
it is possible that some types of B-ALL driven by different gene
mutants share similar metabolic features.

Pyruvate dehydrogenase complex component X promotes
the oxidative phosphorylation of the SoNar-low B-ALL cells
and enhances leukemogenesis

To gain better understanding of the molecular mechanisms that
control the metabolic status and leukemogenic activity levels of the
SoNar-low cells, we performed a microarray analysis using SoNar-
low and SoNar-high cells and demonstrated that approximately
1497 and 3900 genes were up- and down-regulated, respectively
(fig. S4A). A Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis revealed that the genes of several metabolism-related pathways
[calcium signaling pathway, Wnt signaling pathway, ErbB (Erythro-
blastic Leukemia Viral Oncogene Homolog) signaling pathway, and
oxidative phosphorylation] were notably up-regulated in SoNar-low
cells (Fig. 4A). Regarding the distinct features of glycolysis and oxi-
dative phosphorylation between these two populations, we first an-
alyzed the changes in several genes related to glucose, fatty acid, and
glutamine metabolism (Fig. 4B). Quantitative RT-PCR revealed that
several genes related to oxidative phosphorylation (Pdk2, Pdhela,
Pdhx, Kgdh, Sdhb, Idh2, Mdh2, ND2, ND3, Cox6b1, Atp5l, and Atp6)
and fatty acid metabolism (Cptla, Cpt2, Gedh, Acatl, and Acadvl),
but not glycolysis- or glutamine-related genes (Ldha, Pfkl, Pkm2,
and Glutl for glycolysis and Gis, Gss, and Glud1 for glutamine
metabolism), were notably increased in the SoNar-low cells (Fig. 4B).
Consistent with the enhanced protein level in the reported leukemia
precursor marker CD43 (Fig. 3, A to C), the mRNA level of CD43
was also significantly increased in the SoNar-low cells than that of
SoNar-high ones (Fig. 4B). One of the candidates among all the tested
genes is important for oxidative phosphorylation, Pdhx, which was
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expressed at the highest level in the SoNar-low cells (Fig. 4B).
PDHX has been reported to be the key component of the pyruvate
dehydrogenase (PDH) complex to enhance PDH activity levels and
facilitate the entry of pyruvate into the TCA cycle (34). These hints
prompted us to ask whether PDHX is one of the main regulators that
enhance oxidative phosphorylation utilization in SoNar-low cells.

To evaluate the PDHX function in leukemogenesis, we con-
structed several short hairpin RNAs (shRNAs) and evaluated their
knockdown efficiency in L1210 cells, a mouse ALL cell line (fig. S4B).
As shown in Fig. 4 (C to F), the recipient mice receiving N-myc* Pdhx-
knockdown B-ALL cells exhibited notably reduced leukemia develop-
ment compared with that of the scrambled mice, as exhibited by the
much lower frequency of leukemia cells in the peripheral blood
(Fig. 4, Cand D, and fig. S4C) and markedly extended survival upon
transplantation (Fig. 4, E and F). Concomitantly, a much higher per-
centage of Pdhx-knockdown B-ALL cells than scrambled cells tended
to reside in the endosteal niche (Fig. 4, G and H). Pdhx-knockdown
B-ALL cells also had much lower levels of ATP and OCR but similar
levels of ECAR (fig. S4, D to F). We also examined the knockdown
efficiency in B-ALL cells and demonstrated that the PDHX protein
level was reduced to ~18.9% of the wild-type (WT) one upon Pdhx
knockdown (fig. S4G). These results indicate that PDHX may be
indispensable for the maintenance of oxidative phosphorylation
status, localization in the vascular niche, and leukemogenic activity
of the SoNar-low cells.

PDHX was also down-regulated in a human B-ALL cell line,
Nalmé, in which knocking down PDHX resulted in a significant
decrease in proliferation in vitro (fig. S4, H and I). PDHX-knockdown
Nalmé cells contributed to the much lower leukemia cell frequencies
in the peripheral blood and the markedly extended overall survival
of the recipient mice (fig. S4, ] to L). Consistently, the SoNar ratio
was significantly increased in the PDHX-knockdown leukemia cells
compared with that in the scrambled controls (fig. S4M). PDHX-
knockdown Nalmé cells responded more sensitively to oxamate treat-
ment but less sensitively to rotenone stimulation (fig. S4, N to Q).

SoNar-low B-ALL cells are resistant to Ara-C treatment

as regulated by cytidine deaminase pathways

To gain greater understanding of whether mitochondrial respira-
tion is connected to the drug resistance of B-ALL cells, we treated
SoNar-ALL cells with Ara-C in vivo for 2 days and found that the
Ara-C-treated SoNar-ALL cells had a substantially decreased SoNar
ratio (Fig. 5, A and B). The Ara-C-treated cells also had a ~3.6-fold
increase in SoNar fluorescence ratio upon 5 min of rotenone stimu-
lation, while there was only a 1.4-fold increase in SoNar fluorescence
upon oxamate treatment. The slight or no changes were observed
after pyruvate or AOA treatment (Fig. 5, C to F). Ara-C treatment
also led to a significant increase in the mitochondrial potential in
the B-ALL cells (Fig. 5G). These results indicate that mitochondrial
respiration plays key roles in Ara-C-treated B-ALL cells. Ara-C-
treated SoNar-expressing B-ALL cells mainly resided in the vascu-
lar niche (Fig. 5, H to J) and responded to a lesser extent to oxamate
supplementation in vivo (Fig. 5, K and L, and movies S3 and S4).
Treatment with Ara-C for 4 days also led to a marked reduction in
the ratio of SoNar fluorescence (fig. S5A) and induced increased
sensitivity in response to rotenone but not oxamate or pyruvate (fig.
S5, B to E). In vivo Ara-C treatment for 4 days also led to a notable
decrease in the SoNar ratio (fig. S5F) and an increase in the cell
frequency of B-ALL cells in the vascular niche (fig. S5, G to H).
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Fig. 4. PDHX promotes the oxidative phosphorylation of the SoNar-low B-ALL cells and enhances leukemogenesis. (A) KEGG analyses of pathways up-regulated in
the SoNar-low B-ALL cells according to the microarray data. The candidate pathway of oxidative phosphorylation is highlighted in red. (B) Quantitative RT-PCR analysis
of the expression levels of glycolysis, oxidative phosphorylation, fatty acid oxidation, and glutaminolysis related genes in SoNar-high and SoNar-low B-ALL cells (n = 3).
(Cto F) The GFP* (green fluorescent protein-positive) B-ALL cell frequencies in the peripheral blood (C and D) (3 weeks after transplantation) and overall survival (E) of the
recipients receiving the scrambled or Pdhx-knockdown (shPdhx#2) B-ALL cells (n =5 mice per group, log-rank test). Relative mRNA expression of Pdhx in the scrambled
and Pdhx-knockdown B-ALL cells is shown (F). (G and H) Representative images of the localization of the scrambled and Pdhx-knockdown B-ALL cells (mCherry*) in the
endosteal (dashed lines) and vascular niche (vascular endothelial cadherin, purple) (G). Quantitative data of the leukemia cell frequencies attached to the endosteum and
the vessel in (G) (H). Data are represented as means + SEM. Student’s two-tailed unpaired t test (D and F) and two-way ANOVA with Sidak’s multiple comparison test (B and
H) were used for the comparison of statistical significance. **P < 0.01 and ***P < 0.001.
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Fig. 5. SoNar-low B-ALL cells are resistant to Ara-C treatment as regulated by CDA pathways. (A and B) The quantitation of fluorescence ratio in the SoNar B-ALL
cells from the leukemia mice after 2-day Ara-C treatment. A total of 50 cells were counted (n = 3). Total BM leukemia cell numbers in each control or Ara-C-treated recip-
ient mouse were 4.40 x 107 or 2.03 x 10’, respectively. Scale bar, 10 um. (C to F) The SoNar fluorescence ratio in the SoNar B-ALL cells in (A) was analyzed upon the stim-
ulation with oxamate, pyruvate, rotenone, and AOA. (n = 3). (G) Mitochondrial membrane potential in Ara-C-treated SoNar B-ALL cells (n = 3). (H to J) The leukemia cell
frequencies (H and 1) and SoNar ratio (J) attached to the endosteum or vessel in the leukemic mice after 2-day Ara-C treatment. A total of 71 to 73 cells were counted
(land J) (n=3). (Kand L) The changes of SoNar ratio in SoNar B-ALL cells upon oxamate stimulation in (H) A total of 26 to 27 cells were counted (L) (n = 3). (M) The mRNA
levels in genes related to the Ara-C transportation (Slc29a1) and catabolism (Cda, Dck, Dctd, and Cmpk1) in SoNar-high/SoNar-low cells (n = 3). (N to P) Percentages of the
scrambled and Cda-knockdown TIB205 cells in the peripheral blood (N) and overall survival (O) of the recipient mice treated with/without Ara-C (n =5 mice per group,
log-rank test). Relative mRNA levels of Cda in (O) are shown (P) (n = 3). Data are represented as means + SEM. Student’s two-tailed unpaired t test (B, G, J, and P), one-way
ANOVA with Tukey’s multiple comparison test (N), and two-way ANOVA with Sidak’s multiple comparison test (I and M) were used for the comparison of statistical signif-
icance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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We then wondered about the underlying mechanisms that are
required for the drug resistance to Ara-C. Several potential candi-
dates related to the Ara-C transportation (Slc29al) and catabolism
(Cda, Dck, Dctd, and Cmpkl) were examined in SoNar-low and
SoNar-high cells. One of these genes, Cda, which can convert Ara-C
into uracil arabinoside (Ara-U) to decrease its leukemia cell killing
and lead to drug resistance (35), was highly up-regulated in the
SoNar-low cells (Fig. 5M). Moreover, SoNar-low cells had a much
lower sensitivity in the SoNar fluorescence ratio changes upon
Ara-C treatment in vitro than that in SoNar-high cells (fig. S5, Tand J),
indicating that SoNar-low cells may be more resistant to the Ara-C
treatment. We had further determined the proliferation changes in
SoNar-low and SoNar-high cells upon the Ara-C treatment in vitro
at indicated time points and found that there were much less viable
B-ALL cells in SoNar-high group compared to that of the SoNar-low
ones (fig. S5K), indicating that Ara-C could kill more SoNar-high
cells. Moreover, upon in vivo Ara-C treatment, the recipient mice
transplanted with SoNar-low cells had approximately 14-day extended
duration of survival normalized to that of the phosphate-buffered
saline (PBS) treatment, which is shorter than that from the recipient
mice transplanted with SoNar-high cells with 18-day extension in
overall survival (fig. S5, L and M).

Consistently, the 2- or 4-day Ara-C treatment in vivo also led to
anotable increase in Cda mRNA levels in the B-ALL cells, as deter-
mined by quantitative RT-PCR (fig. S5N). These data indicated that
cytidine deaminase (CDA) may be a potential target for Ara-C-
induced resistance in B-ALL cells. Cda was silenced in the TIB205
murine B-ALL cell line by shRNAs (fig. S50), and then the cells
were treated with Ara-C. Although knocking down Cda did not affect
the proliferation of the TIB205 cells (fig. S5P), there was a signifi-
cant increase in the ratio of SoNar fluorescence (fig. S5Q). After
Ara-C treatment, in recipients receiving Cda-knockdown TIB205 cells,
leukemia development was significantly slowed, as displayed by the
reduced leukemia cell frequencies in the peripheral blood (Fig. 5N)
and extended overall survival compared to their counterparts (Fig. 50).
The knockdown efficiency of Cda was further confirmed in the
TIB205 cells from recipients (Fig. 5P). These findings support our
notion that the sensitivities of Ara-C-induced drug resistance are
mediated via CDA pathways.

Ara-C-resistant human B-ALL cell line has a higher level

of oxidative phosphorylation

To test whether Ara-C-resistant human and murine B-ALL cell
lines have similar metabolic properties, we analyzed the ratio change
of SoNar fluorescence in the Nalmé cells, which have been used for
drug resistance in a previous study (36). As shown in fig. S6 (A to D),
a 4- or 30-day treatment of Nalmé6 cells with Ara-C led to a ~50%
decrease in the SoNar ratio compared to that of the untreated con-
trols. After 4 days of treatment with Ara-C in vivo, the SoNar-low
Nalm6 cells resided more closely to the vascular endothelial cells in
the BM niche compared to the control cells (fig. S6, E and F), which
had a much lower ratio of SoNar fluorescence (fig. S6G), and were
less sensitive to oxamate stimulation in the BM niche (fig. S6, H to I,
and movies S5 and S6). Consistently, CDA expression was notably
up-regulated in the Nalmé cells after Ara-C treatment both in vitro
and in vivo (fig. S6, ] and K). Knocking down CDA (fig. S6, L and
M) in the Nalmé cells also resulted in a 1.3-fold increase in the SoNar
ratio (fig. S6N), but had no effect on their survival (fig. S60). Mean-
while, CDA was knocked down in two other B-ALL cell lines,
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Sup-B15 (with a BCR-ABL fusion gene) and REH (ETS Variant
Transcription Factor 6-RUNX Family Transcription Factor 1)
(with an ETV6-RUNXI1 fusion gene). Consistently, the SoNar ratios
were notably increased in both cell lines upon CDA knockdown but
with no difference in overall survival (fig. S6, P and U). These results
indicate that CDA also plays a role in the Ara-C resistance in human
B-ALL cells.

Cyclic adenosine 3’,5'-monophosphate response element-
binding protein transactivates the expression of PDHX

and CDA to sustain leukemogenic activity

and chemotherapeutic resistance

To gain a better understanding of PDHX and CDA fine-tuning in
SoNar-low cells, we screened several signaling pathways that were
up-regulated in SoNar-low cells according to the microarray data,
such as the calcium signaling pathway and Wnt signaling pathway
(Fig. 4A). We found that the phosphorylation level of cyclic adenosine
3’,5-monophosphate response element-binding protein (CREB)
was significantly up-regulated to ~1.7- to 3.8-fold (Fig. 6A). Consist-
ently, calcium flux (both constitutive and ionomycin induced) was
significantly increased in the SoNar-low cells compared with that in
the SoNar-high cells (fig. S7, A and B). WT CREB efficiently transac-
tivated Pdhx and Cda in a dose-dependent manner (Fig. 6, Band C),
but the Creb mutant (S133A) did not enhance the transcription levels
of Pdhx or Cda. Consistent with the luciferase assay results, using a
chromatin immunoprecipitation (ChIP) assay, we confirmed that
CREB could bind to the promoters of both Pdhx and Cda upon
overexpression of the WT or mutant CREB in 293T cells (Fig. 6,D and E).
We have further performed the ChIP assay on the endogenous CREB
and found that it also bound to these two promoters (fig. S7, C and D).
Knocking down Creb in B-ALL cells led to a marked delay in leuke-
mia development, as evidenced by a decrease in leukemia cell
frequencies in the peripheral blood and extended survival (Fig. 6, F
and G). The knockdown efficiency in the primary B-ALL cells was
evaluated by Western blotting (Fig. 6H). Consistently, the PDHX
and CDA levels were also notably decreased in CREB knockdown
(Fig. 6H). Creb-knockdown B-ALL cells tended to localize in the
endosteal niche but not the vascular niche (Fig. 6, I and ]), indicating
that metabolic status is critical for the localization of B-ALL cells.

To test the function of CREB in drug resistance, we used a potent
and selective CREB inhibitor (666-15) to inhibit CREB-mediated
gene transcription activity, which has been reported to be able to
efficiently suppress the phosphorylation of CREB at S133 site
(fig. S7E) (37, 38) and demonstrated that 666-15 could efficiently
suppress the transcriptional activities of both Pdhx and Cda in a
dose-dependent manner (fig. S7, F and G). Specifically, the 666-15
treatment efficiently inhibited both nondrug-resistant and drug-
resistant Nalmé cell growth in vitro and had a synergistic effect with
Ara-C treatment (Fig. 6, Kand L). In contrast, the 666-15 treatment
had no effect on the cell proliferation of human cord blood CD34"
cells (fig. S7H). Ara-C treatment also resulted in an up-regulation of
p-CREB in either Nalmé cells or murine primary B-ALL cells (fig.
S7, 1 and ]), indicating that there is a positive feedback loop to
enhance Ara-C-induced resistance.

To test whether directly targeting oxidative phosphorylation was
efficient to overcome Ara-C-induced drug resistance, we treated the
B-ALL cells with several mitochondrial metabolism inhibiting drugs,
including venetoclax, metformin, and berberine, which have been
shown to efficiently suppress mitochondrial respiratory function
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Fig. 6. CREB transactivates the expression of PDHX and CDA to sustain leukemogenic activity and chemotherapeutic resistance. (A) CREB and p-CREB protein
levels were measured in SoNar-high/SoNar-low B-ALL cells. (B and C) The luciferase activities were measured in 293T cells coexpressing with Pdhx (B) and Cda (C) lucifer-
ase reporter and WT or inactive form of Creb (Creb-S133A; n=3). EV, empty vector. (D and E) ChIP assays were analyzed with 293T cells expressing WT or mutant Creb.
The ampilification of the CREB-binding sequence of Pdhx (D) and Cda (E) was presented as a percentage of input DNA (n = 3). (F and G) The mCherry*GFP* cell frequencies
in the peripheral blood (F) and overall survival (G) were determined in the recipient mice transplanted with the scrambled and Cda-knockdown B-ALL cells (n=5 per
group). (H) CREB protein levels of the scrambled and Creb-knockdown B-ALL cells in (G) were measured. Ratios of CREB/actin, PDHX/actin, and CDA/actin were normalized
against the scrambled #1. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (1 and J) The frequencies of the scrambled and Creb-knockdown B-ALL cells in the endosteal
and vascular niches are shown. (K to M, P, and Q) The proliferation rates were evaluated with Nalmé cells (K) or Ara-C-resistant Nalmé6 cells (L, M, P, and Q) upon the Ara-C
treatment with/without CREB inhibitor (666-15) (L), venetoclax (M), metformin (P), and berberine (Q) (n = 3). DMSO, dimethyl sulfoxide. (N, O, R, and S) The B-ALL cell
frequencies (N and R) and overall survival (O and S) were determined in the leukemia mice upon the Ara-C treatment with/without venetoclax (O), metformin (S), and
berberine (S) (n =5 mice per group). Data are represented as means + SEM. Student’s two-tailed unpaired t test (F), one-way ANOVA with Tukey’s multiple comparison test
(B, C, D, E, N, and R), and two-way ANOVA with Sidak’s multiple comparison test (J) were used for the comparison of statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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and have been used in clinical trials (venetoclax) or in the clinic
(metformin and berberine) (39-41). We first treated Nalmé cells with
these three drugs and found that the ATP levels (fig. S7K), mito-
chondrial potential values (fig. S7L), and OCRs (fig. S7, M to O) were
indeed significantly reduced upon treatment. Although venetoclax
alone had some effect on the proliferation of the Ara-C-resistant
Nalmé cells in vitro at high doses (Fig. 6M), only the in vivo combi-
nation treatment of Ara-C with venetoclax (but not venetoclax
alone) in the N-myc-induced murine B-ALL model led to a notable
reduction in the proliferation of the Ara-C-resistant B-ALL cells
(Fig. 6, N and O). Moreover, in vitro treatment with metformin or
berberine alone also markedly suppressed the proliferation of the
Ara-C-resistant Nalmé6 cells (Fig. 6, P and Q). Notably, the combi-
nation treatment of Ara-C with metformin or berberine also efficiently
inhibited the proliferation of Ara-C-resistant B-ALL cells and reduced
the overall survival of the recipient mice (Fig. 6, R and S), which
may open a unique avenue for targeting chemotherapeutic resistance.

Human primary B-ALL cells have higher levels of oxidative
phosphorylation and reside in the vascular niche

To evaluate the metabolic status of human leukemia cells, we ecto-
pically expressed SoNar in human primary B-ALL cells and trans-
planted the cells into recipient mice. About 10.4 and 17.7% of the
human B-ALL cells were in the SoNar-low and high cell populations,
respectively (Fig. 7, A and B). SoNar-low cells were less sensitive to
oxamate treatment but highly responsive to rotenone treatment
(Fig. 7, C to F). Similar to the results in mouse B-ALL cells, the slight
or no ratio changes in SoNar fluorescence were observed in the
SoNar-low cells upon pyruvate or AOA stimulation (Fig. 7, D and F).
The SoNar-low cells had much higher ATP levels and OCRs but
similar levels of ECARs compared to the SoNar-high cells (fig. S8, A
and C). CD34"CD19" leukemia precursor cells had much lower
SoNar ratio than did the more differentiated CD34 CD19" cells
(Fig. 7, G and H). The SoNar-low cells had much greater leuke-
mogenic activity than did the SoNar-high cells, as exhibited by higher
leukemia cell frequencies in the peripheral blood and reduced over-
all survival (Fig. 7, I to M, and fig. S8, D and E). The SoNar-low cells
tended to reside in the vascular niche and had low SoNar fluores-
cence ratio (Fig. 7, N-P). The treatment with Ara-C in vivo also
resulted in a decrease in the SoNar ratio (Fig. 7Q) and less respon-
siveness to oxamate treatment (Fig. 7, R and S, and movies S7 and
$8), findings consistent with the high expression level of CDA upon
Ara-C treatment (fig. S8F). In vivo Ara-C treatment led to an in-
crease in the frequency of the B-ALL cells residing in the vascular
endothelial niche (fig. S8, G and H). In summary, a working model
(Fig. 7T) was depicted and showed that the SoNar-low B-ALL cells
had a much higher level of oxidative phosphorylation and tended to
localize in the vascular niche, which may be enriched with LICs with
high leukemogenic activities, and resistant to Ara-C treatment. CREB
transactivated PDHX and CDA to maintain the metabolic status of
the B-ALL cells, which was tightly connected with their prolifera-
tion capacity and chemotherapeutic resistance.

DISCUSSION

Currently, the Warburg effect has been found in many types of solid
cancers and some hematological disorders (such as AML) (27, 42, 43).
However, increasing evidence also shows that mitochondrial
respiration seems to be required or even critical for AML development
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(22, 44). These seemingly contradictory results suggest the possi-
bility that leukemia cells may need both glycolysis and oxidative
phosphorylation to sustain growth. We speculate that bulk leuke-
mia cells are very heterogeneous and that they may be enriched with
different cell subpopulations with different metabolic preferences.
In addition, it is also possible that different leukemia cell types have
different metabolic profiles (45). Consistently, here, we show that
B-ALL cells heavily depended on oxidative phosphorylation to main-
tain their cell fate commitments, although the mechanisms by which
the different leukemia cell types exhibit their unique metabolic fea-
tures require further exploration. One potential way to solve this
puzzle is to delineate the metabolic map by single-cell sequencing at
various levels of mRNA, DNA, and/or epigenetic modification. It
will be definitely helpful when proteomics or metabonomics analy-
sis can be conducted at the single-cell level, although these technol-
ogies are still not fully available or are currently under development
(46, 47). Although some studies have also reported that human
B-ALL-LICs are enriched with CD34"CD38*CD19" cells (48), it is
still debatable whether B-ALL-LICs exist due to the lack of suitable
immunophenotypic surface markers or other signatures that can be
used to functionally determine leukemogenic activity (49). Here,
our data reveal that functional B-ALL-LICs may be highly enriched
in the SoNar-low cells (with 4.6-fold greater frequency than the
SoNar-high cells). Moreover, we noticed that even in the same cell
cycle phase, there still existed three distinct SoNar-low, SoNar-mid,
and SoNar-high cell populations (fig. S9, A to C) and SoNar-low cells
had much higher leukemogenic activities than that of the SoNar-
high ones (fig. S9, D and E). These data support the notion that
metabolic signatures may serve as unique markers for determining
the level to which the LICs may be enriched in a cell population.

Increasing evidence has shown that abnormal metabolic signal-
ing can also serve as the main triggers for leukemia initiation and
progression. For example, IDH1/2 mutations can lead to the occur-
rence of AML or glioma (50, 51). However, how metabolic status
determines a cancer cell fate remains controversial (52). Our studies
may provide intriguing evidence showing that the oxidative phos-
phorylation level determines the fate of B-ALL cells. This supposi-
tion is consistent with previous studies from other groups, showing
that intrinsic metabolic states are critical for leukemogenesis (51I).
In addition, although many reports demonstrate that different types
of LICs reside in specific BM niches (53, 54), very rare studies have
shown the precise niche of B-ALL-LICs (21, 55). Previous work has
reported that B-ALL cells may reside in the vascular niche (56).
Consistently, we, herein, also provide the data showing that SoNar-low
cells are mainly located in the vascular niche, a finding that differs
from that of AML-LICs and CML (chronic myeloid leukemia)-LICs,
which preferentially reside in the endosteal niche.

In addition, we noticed that metabolic status was important for
Ara-C resistance, as indicated by residual B-ALL cells having much
higher levels of oxidative phosphorylation. The high levels of oxida-
tive phosphorylation of B-ALL cells may fueled by both glucose
metabolism and an alternative metabolic pathway of fatty acid
oxidation upon chemotherapy as evidenced by increased level of
fatty acyl carnitines (fig. S10A), enhanced OCR resulting from fatty
acid oxidation (fig. S10B). It also seemed that glucose metabolism
had the major contribution to the increase in oxidative phosphoryl-
ation level in Ara-C-resistant cells as compared to the fatty acid or
glutamine metabolisms (fig. S10B). Consistently, several critical genes
related to fatty acid oxidation, but not glutamine metabolism, were
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marked up-regulated in Ara-C-resistant cells (fig. S10C). Suppressing
oxidative phosphorylation with several drugs (such as metformin,
venetoclax, and berberine) enabled a markedly reversal of Ara-C-
induced drug resistance both in vitro and in vivo.

Currently, the precise depiction of the metabolic dynamics of
leukemia cells or LICs both in vitro and in vivo remains challeng-
ing. Most current studies mainly use certain types of dyes or chemical
derivatives to evaluate the metabolic status of bulk leukemia cells or
LICs (57), strategies with many drawbacks, such as insufficient per-
meabilization, limited retention time in cells, and severe cytotoxicity.
In a previous study, we used a genetically encoded SoNar to show
that AML-LICs mainly use glycolysis as the energy source (27).
We herein further developed SoNar transgenic mice to deter-
mine the metabolic dynamics of B-ALL cells or LICs both in vitro
and in vivo at the single-cell level using real-time imaging. Leuke-
mia cells established with hematopoietic cells from transgenic mice
had a much greater range of SoNar level than did that with plasmid-
based SoNar. Moreover, it may be more physiologically relevant to
use SoNar-transgenic mice than to use strategies based on artificial
overexpression in certain types of cells, which may further pro-
mote the development of other metabolic sensors for the study of
LIC metabolisms.

In summary, using a SoNar-transgenic mouse line, we revealed
an unexpected metabolic feature of the B-ALL cells, which showed
a preference for oxidative phosphorylation as the main energy source
and localization in the BM vascular niche. B-ALL-LICs may be rel-
atively more enriched in the SoNar-low cells, which were more
resistant to Ara-C treatment. CREB-mediated PDHX and CDA
pathways fine-tune the metabolic properties and drug resistance of
B-ALL cells. Combination treatments of Ara-C with one of several
oxidative phosphorylation inhibiting drugs sufficiently reversed
drug resistance in both the mouse and human B-ALL models. Our
studies open a unique avenue to study the metabolism of different
types of leukemia cells or LICs. It also provides a unique angle for
the development of potential strategies to overcome chemothera-
peutic resistance.

MATERIALS AND METHODS
Generation, genotyping, mRNA level, and histology of SoNar
transgenic mice
SoNar DNA consists of the sequence of cpYFP (circularly permuted
yellow fluorescent protein), truncated T-Rex (78-211), and the linkers
between them. To generate SoNar transgenic mice, SoNar DNA was
constructed into pCAG vector with chicken B-actin promoter. The
targeting construct was linearized, purified, and microinjected into
FVB blastocysts. SoNar DNA was randomly incorporated into the
genome and determined by the PCR assay. SoNar protein expres-
sion was measured by fluorescence microscopy or flow cytometry in
the different tissues of SoNar mice. The FVB mice were eventually
backcrossed with a C57BL/6 background. Heterozygote transgenic
SoNar mice were used for all the experiments in the current study.
For the genotyping analysis of SoNar mice, the DNA of periph-
eral blood cells was extracted and determined by the PCR assay with
specific primers for SoNar genomic DNA (table S1). For the mRNA
analysis of SoNar mice, the RNAs of different tissues, including the
skeletal muscle, myocardium, liver, spleen, lung, kidney, BM, brain,
intestine, testis, and ovary, were extracted and verified by RT-PCR
(table S1). For the histology analysis, SoNar mice were sequentially
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perfused with 4% paraformaldehyde. Different tissues were separated,
fixed in 4% paraformaldehyde for 24 hours, and then dehydrated by
incubation in 30% sucrose. The fixed tissues were embedded, frozen
with liquid nitrogen, and then sliced into sections (50 pm) using a
Leica CM1950 clinical cryostat. Fluorescence images were recorded
using a Leica TCS SP8 SMD confocal microscope. C57BL/6 CD45.2
mice or nonobese diabetic-severe combined immunodeficient
(NOD-SCID) mice at age of 6 to 8 weeks were ordered from the
Shanghai Laboratory Animals Center (SLAC). All animal experi-
ments were performed according to the Guidelines for Animal Care
at Shanghai Jiao Tong University School of Medicine.

Establishment and analysis of the murine B-ALL model

To establish an N-myc-induced model (28) or BCR-ABL-p190-
induced murine B-ALL, the MSCV-N-myc-Internal Ribosome Entry
Site-mCherry or murine stem cell virus-BCR-ABL-p190-IRES-
mCherry encoding plasmid and the packaging plasmid pCL-ECO
(2:1) were used for the generation of retroviruses in 293T cells.
Collected murine SoNar" fetal liver Lin~ cells were subsequently
infected with collected MSCV-N-myc-IRES-mCherry or MSCV-
BCR-ABL-p190-IRES-mCherry retrovirus. Two hundred thousand
infected cells were injected into each lethally irradiated C57BL/6
recipient mouse by retroorbital injection. Leukemia development
was evaluated by the frequency of mCherry” cells in the peripheral
blood of the recipient mice by flow cytometric analysis at indicated
time points after transplantation. SoNar-low and SoNar-high B-ALL
cells or immunophenotypic B220*CD43*IgM IgD~ LICs from pri-
mary leukemic mice were further purified for the metabolic analysis
or transplantation experiments.

For the limiting dilution analysis, the indicated SoNar-low and
SoNar-high B-ALL cells were collected from primary BM B-ALL
cells and cotransplanted with 200,000 competitor cells into the
lethally irradiated recipient mice by retroorbital injection. In some
cases, SoNar B-ALL cells were treated with colchicine (30 nM) in vitro
for 24 hours, followed by the isolation of SoNar-low and SoNar-high
cells and transplantation into the recipient mice. In some drug re-
sistance experiments, SoNar-expressing B-ALL cells were treated with
1 uM Ara-C for 24 hours, followed by the measurement of SoNar
ratio changes. To determine LIC frequency of Ara-C-resistant
B-ALL cells, SoNar-low and SoNar-high B-ALL cells were transplanted
into the recipient mice after in vitro treatment with Ara-C. The
overall survival of leukemic mice was recorded for the calculation of
LIC frequency using L-Calc software from STEMCELL Technologies.

For the identification of the potential metabolic targets in
SoNar-low or SoNar-high cells, lentiviral vector pLKO.1 was used
to knock down the expression of murine Pdhx/Cda/Creb or human
PDHX/CDA/CREB, followed by the evaluation of their functions
in leukemogenesis. Briefly, the pLKO.1 and packaging plasmids of
pSPAX2 and pMD2G were cotransfected into 293T cells to produce
lentiviruses, which were further used for the subsequent infection
in murine N-myc-mCherry” BM leukemia cells, TIB205 cells
[a murine B-ALL cell line, American Type Culture Collection
(ATCQ)], Nalmé cells/Sup-B15 cells/REH cells (three human B-ALL
cell lines, ATCC), or human primary B-ALL cells. A total of 1 x 10*
infected N-myc* BM leukemia cells, 5 x 10° TIB205 cells, 2 x 10°
Nalmé6 cells, or 5 x 10° human primary B-ALL cells were used
for the transplantation into C57BL/6, BALB/C, or NOD-SCID
mice, respectively, followed by the evaluation of the leukemia de-
velopment as indicated by the leukemia cell frequencies in the
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peripheral blood at different time points and overall survival of the
leukemic mice.

Live cell metabolic imaging

A 35-mm glass-bottom dish (Cellvis) was pretreated with poly-p-
lysine hydrobromide (Sigma-Aldrich) and laminin (5 pg/ml) (Gibco)
at 4°t for 2 days before imaging. SoNar-expressing leukemia cells
were maintained in IMDM (Iscove’s Modified Dulbecco’s Media)
(Gibco) supplemented with 2% fetal bovine serum and transferred
to a pretreated dish. SoNar signaling was measured using a Nikon
A1 confocal microscope with the excitation wavelengths at both 405
and 488 nm and the emission wavelength at 520 nm. To monitor
the dynamic ratio changes of SoNar fluorescence upon the metabolic
manipulation with different agonists or antagonists, 5 mM oxamate,
1 mM pyruvate, 5 uM rotenone, 0.4 mM AOA, and PBS control were
individually added into the culture medium after the first image was
acquired. In some cases, SoNar-expressing leukemia cells were sequen-
tially treated with PBS, pyruvate, and oxamate, and vice versa, and SoNar
signaling was recorded every minute for a total of 15 to 50 min. To
determine the SoNar ratio changes within certain cell cycle phase,
SoNar B-ALL cells were treated with colchicine (30 nM) in vitro for
24 hours, followed by the measurement of the ratios of SoNar fluo-
rescence. The SoNar fluorescence ratios and pseudo-color images of
SoNar signaling were evaluated by Image] software, and videos were
exported as well. Usually, the dynamic changes of SoNar fluorescence
ratios at indicated time points were normalized to that in the first image.

Study approval

Human primary B-ALL cells were collected from BM aspiration from
the B-ALL patients in the Department of Hematology at the First
People’s Hospital, Sixth People’s Hospital, or Tongren Hospital, Shanghai
Jiao Tong University School of Medicine. Human sample informa-
tion was listed in table S2. Written informed consent was notified and
obtained from all the patients, and the standard procedures were approved
by the Ethics Committee for Medical Research (Institutional Review
Board) at Shanghai Jiao Tong University School of Medicine.

Statistics analysis

Statistical analysis was performed using GraphPad and SPSS software
program, version 19.0. Data are represented as means + SEM. All
the experiments are performed independently at least three times.
Data were analyzed with a Student’s ¢ test (two-tailed), one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison
test, or two-way ANOVA with Sidak’s multiple comparison test ac-
cording to the experimental design, and statistical significance was
setat P < 0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001). Other infor-
mation related to Materials and Methods is included in the Supple-
mentary Materials in the current version.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabd6280/DC1

View/request a protocol for this paper from Bio-protocol.
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