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Abstract

Objective
Lung cancer may be accompanied by the abnormal activity of hematopoietic stem cells (HSCs), which
rapidly proliferate and are biased toward myeloid differentiation, leading to abnormal immune cell
development and consequently tumor immune disorders. However, the mechanism underlying the altered
behavioral function of HSCs in the tumor state remains unclear.

Methods
Meanwhile, glucose metabolism, which plays an important role in the self-renewal and differentiation of
HSCs, is remodeled in lung carcinogenesis. The goal of this study was to examine the relationship
between glucose metabolism and the abnormal activity of HSCs in a tumor environment. A LLC mouse
model of lung cancer was established. Metabolomics assays were used to analyze the differences of
metabolites and the metabolic pathways between HSCs of normal (N-HSCs) and tumor-bearing mice (T-
HSCs).

Results
Pyruvate metabolic changes were observed the most. T-HSCs exhibited up-regulated oxidative
phosphorylation, elevated mitochondrial number and activity, ATP and ROS levels. Injection of the
gluconeogenesis inhibitor 2-DG into tumor-bearing mice resulted in altered proliferation and apoptosis of
HSCs, reduced differentiation of myeloid cells, and decreased the myeloid-derived suppressor cells.

Conclusions
The present results suggest that glucose metabolic state in HSCs is altered during tumorigenesis.
Glucose metabolism remodeling in tumor HSCs could change their differentiation preferences.

Introduction
Lung cancer is the main cause of cancer-related deaths worldwide. Surgery is often the preferred
treatment for patients with lung cancer; some others are administered chemotherapy and targeted
therapy post-surgery(1). While there have been a few advances in lung cancer treatment, the prognosis
remains poor. As researchers gain a better understanding of the pathophysiology of lung cancer, several
new therapeutic strategies have been proposed, such as immune checkpoint modulation and vaccine
therapy(2). Clinical trials show that immunotherapy can afford better overall survival than previous
approaches in lung cancer patients(3). Myeloid-derived suppressor cells (MDSCs), a heterogeneous
population of cells, including myeloid progenitor cells, immature granulocytes, immature macrophages,
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and immature dendritic cells, play a key role in immunosuppression in tumor state(4, 5). Under
pathological conditions, such as tumor development, myeloid-derived precursor cells are unable to
mature and remain at various stages of differentiation, transforming into MDSCs with
immunosuppressive functions(6). MDSCs strongly inhibit the anti-tumor immune response by CD4+ T
cells, CD8+ T cells, and natural killer cells in tumor patients, thereby promoting tumor progression(7).
Currently, the proposed immunotherapeutic strategies for targeting lung cancer MDSCs include promoting
the differentiation of MDSCs, blocking their inhibitory effects, or elimination the cells by using some
chemical treatment and antibodies(5, 8). In addition, there is limited research focusing on the origin of
MDSCs to nip the increase in their numbers in the bud.

All immune cells in the body, including MDSCs, develop from hematopoietic stem cells (HSCs) in the bone
marrow, and HSCs have the ability of long-term self-renewal and the potential to differentiate into various
types of mature immune cells. HSCs remain dormant as long-term HSC (LT-HSC), which helps increase
the resilience and viability of HSCs(9). In contrast, Wu et al. found that during tumorigenesis (e.g., lung,
liver, gastric, and cervical cancers), HSCs are abnormally activated; their ability to self-renew, mobilize,
and exhibit homing is altered; and the number of myeloid progenitor cells, GMPs, precursor cells of
MDSCs, in peripheral blood is dramatically increased (9–11). The relative abundance of HSCs and GMPs
in the peripheral blood of patients with solid tumors has increased dramatically, and their richness is
strongly correlated with tumor progression and patient prognosis(11–13). HSCs are located at the top of
the immune cell differentiation pyramid, generating numerous functionally distinct monopotent
progenitor cells and "terminally differentiated" cells through stepwise differentiation. During this process,
the differentiation potential of the cells gradually decreases. However, Faiyaz N. et al. expressed that the
differentiation of immune cells was not progressive and their fate may be determined in HSCs, without
going through an intermediate differentiation process. Molecules associated with differentiation are
already actively expressed in LT-HSCs(14). Naik et al. observed the differentiation of single lymphocyte
progenitors (LMPPs) downstream of HSCs and their sister cells and found that all these cells
differentiated into dendritic cells, as if they were imprinted with the same "brand"(15). Sanjuan et al.
found that thrombo poietin induces HSCs to produce a subpopulation biased towards differentiation into
platelets; this subpopulation induces platelet production(16). Therefore, HSCs may respond differently
when the environment is subjected to distinctive stimuli, leading to changes in the type of downstream
immune cell differentiation, further affecting the development of diseases. In an atherosclerosis mouse
model, an abnormally active nervous system reduces CXCL12 expression in the bone marrow, which
accelerates HSC proliferation and favors myeloid differentiation, producing more neutrophils and
monocytes. These cells, through circulation, reach the nervous system and promote plaque
in�ammation(17). The hypothesis is that HSCs are not only associated with immune cell development
but also participate directly in eliciting immune responses. HSCs, the origin of the immune system, may
be aberrantly activated during tumorigenesis and progression, leading to the abnormal differentiation of
downstream mature immune cells (e.g., MDSCs), promoting tumor progression.
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In recent years, a large number of studies have found that the metabolic reprogramming of HSCs affects
their proliferation, survival, and differentiation, and the level of glucose metabolism is closely connected
with HSC status(18). Among the many pathways of cellular metabolism, aerobic glycolysis promotes the
maintenance of dormant and primed HSCs, and oxidative phosphorylation (OXPHOS) increases
signi�cantly with cell differentiation(19). Interrupting or reducing the glycolysis process impairs the
stemness of LT-HSCs, leading to the loss of their self-renewal potential(20, 21). Altering the expression of
key enzymes of glucose metabolism can affect HSC functions such as dormancy, differentiation, and
bone marrow graft reconstruction(22, 23). Pyruvate dehydrogenase kinase (Pdk) is a downstream gene of
Hif-α and a key enzyme in the glucose metabolism pathway. Pdk helps HSCs maintain their resting state
and apoptotic functions by inhibiting mitochondrial metabolism and the cell cycle. In double knockout
Pdk2 and Pdk4 mice, the cell cycle in HSCs was activated and produced fewer erythrocytes. LT-HSCs from
Pdk2−/−:Pdk4−/− mice are defective in repopulation after transplantation(24). Tumor suppressor protein
kinase (Lkb1) regulates cell proliferation and energy metabolism. Lkb1knockdown induces anemia in
mice and causes a decrease in the proportion of myeloid cells(25, 26). On the other hand, alteration of
key genes associated with the function of HSCs can also alter their metabolism. Deletion of Cited2, an
important gene that regulates the resting and apoptotic functions of HSCs, increased the ROS and
mitochondrial activity of HSCs and decreased the expression of the key genes of metabolism, Pdk2 and
Pdk4(27). In addition, under pathological conditions, such as aging and tumor development, HSCs
change their cellular state to resist extrinsic stimuli through metabolic reprogramming(28–30). Ioannis M.
et al. found that β-glucan altered the level of glucose metabolism and cholesterol synthesis in mice,
inducing expansion of HSCs and generating more myeloid cells. Immune training of mice using β-glucan
allows them to better cope with secondary infections and protects them against chemotherapy-induced
bone marrow ablation(31). Thus, we hypothesized that there was an interactive relationship between the
function and metabolism of HSCs, and that modulating the metabolism of tumor-HSCs might alter their
function and downstream differentiation preferences.

Our study showed that glucose metabolism in HSCs was dramatically altered in the LLC lung cancer
mouse model, leading to up-regulation of OXPHOS, elevated mitochondrial number and activity, altered
expression of metabolic key enzyme genes, and increased ATP and reactive oxygen species (ROS) levels.
In addition, the modulation of glucose metabolic remodeling in HSCs of tumor-bearing mice affected their
cell differentiation, with a decrease in the number of MDSCs. Thus, it is possible to in�uence the type of
immune cell differentiation by altering glucose metabolism in HSCs. Our study will improve our
understanding of the metabolic change patterns and regulatory mechanisms of HSCs in tumor states
and lay the theoretical foundation for tumor immunotherapeutic approaches based on the metabolic
intervention of HSCs.

Materials And Methods

Animals
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Female 2–3-month-old C57BL/6J mice were purchased from Laboratory Animal Resources, Chinese
Academy of Sciences (Beijing, China) and housed in the Key Laboratory of Stem Cell and Pharmaceutical
biotechnology of Guangxi Normal University. All animal care and procedures were approved by the
Institutional Animal Care Committee.

Isolation and puri�cation of HSCs
Four weeks after LLC cell inoculation, mice were executed and bone marrow monocyte suspensions were
isolated and prepared. HSCs were analyzed or sorted by �ow cytometry (FACS) by adding speci�c
�uorescent labeling antibodies (Lin-eFluor450, CD150-PerCP-eFluor710, Sca-1-PE-Cy7, CD48-APC, CD117-
APC-eFluor780, (BD, USA) and incubated for 30 min at 4°C. HSCs were harvested using Flow tubes
containing 2 mL of DMEM complete medium.

Metabolomic analysis
FACS-sorted HSCs were washed twice with pre-cooled PBS; cellular primary metabolites were determined
by GC-MS. Differences in the primary metabolites of HSCs from normal/tumor-bearing mice were
compared by principal component analysis (PCA), differential metabolite analysis, heat map analysis,
and pathway analysis, and their associated metabolic pathways were detected.

Analysis of ROS and membrane potential
For measurement of intracellular ROS levels, cells were incubated at 37°C in the dark for 20 min with 10
mM dichlorodihydro�uorescein diacetate (DCFDA; Invitrogen, USA) and analyzed using FACS.

HSCs were incubated with surface antibody for 30 min at 4°C and protected from light; 100 N
tetramethylrhodamine methyl ester (TMRM; Immuno Chemistry Technologies, USA) was added and
mixed by inverting several times. After incubation, the cells were centrifuged at 600 g for 4 min at 4°C.
The supernatant was removed, and the mitochondrial membrane potential was detected using FACS.

Analysis of mitochondrial mass
Bone marrow cells from mice were collected, made into single-cell suspensions, added with prepared
antibodies (Lin-FITC, CD150-PerCP-eFluor710, Sca-1-PE-Cy7, CD48-APC-eFluor780, CD117-PE-eFluor610),
mixed by gentle blowing, incubated at 4°C, and kept in the dark for 30 min. Then subjected to Mito
Tracker Deep Red (Cell signaling, Shanghai, China; 200 nM, pre-warmed at 37°C), incubated for 30 min at
37°C, protected from light, and analyzed using FACS.

Forimmuno�uorescence staining analysis of mitochondrial mass, the sorted HSCs were collected and
incubated with 5×104 cells/well in a 24-well plate. When the cells grew to the required density (80%
con�uent cultivation), the medium was aspirated, and Mito Tracker Deep Red (500 nM) pre-warmed at
37°C was added for staining. After staining, a �xative (methanol/glacial acetic acid, 3/1) was added for
10 min at -20°C. DAPI (100 µL, 15 µg/mL per well) solution was added and incubated for 15 min at 28°C,
protected from light. An anti�uorescence quenching blocker was added and the stained cells were
observed using an inverted microscope.
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Analysis of HSC lactate production
The sorted HSCs were collected and inoculated in 96-well plates at 1×104 cells/well, and the supernatants
of cultured cells were collected for 24 hours of in vitro culture recovery. Culture supernatants were then
analyzed using the Lactate Assay Kit (Abcam, UK) following the manufacturer’s instructions.

Determination of acetyl-coenzyme A
The sorted HSCs were collected, and the cell suspension was diluted with PBS to 1×106 cells/mL. The
cells were disrupted, and the intracellular components were released by repeat cycles of freeze-thaw. Cells
were centrifuged for 20 min at 1100 x g, and the supernatant was carefully collected. HSC acetyl
coenzyme A was detected using an acetyl coenzyme AKit (Abcam, UK).

Measurement of glucose uptake and intracellular ATP levels
The sorted HSCs were collected and cultured at 1×104 cells/well in 96-well plates. After pretreatment of
HSCs with glucose-free medium, 50 nM 2-NBDG (Invitrogen) was added and incubated for 30 min at
37°C. Antibodies to the surface markers of HSCs were added, and glucose uptake was measured by �ow
cytometry. Intracellular ATP level was measured using the Luciferase ATP Determination Kit (Sigma-
Aldrich, USA) following the manufacturer’s instructions.

Determination of NADH
The sorted HSCs were divided into two groups, and one group of cells was treated with 2 mM antimycin
(AMA; Sigma-Aldrich, UK) for 5 min at room temperature; NADH �uorescence was detected by FACS
(UV440/40 nm channel). The difference in NADH �uorescence obtained before and after AMA stimulation
was the NADH accumulated through mitochondrial OXPHOS, re�ecting the OXPHOS level.

Determination of mitochondrial DNA copy number
Total DNA of HSCs was extracted, and the mitochondrial DNA copy number was detected by qPCR. The
target gene was COXII (mtDNA), and β-tubulin (nuclear DNA) was the internal reference.

Cell viability
The sorted HSCs were inoculated in 96-well plates at 2×103 cells/well, and 10 µL CCK8 (Beyotime, China)
was added to each well. Cells were incubated at 37°C for 4 h, and absorbance was detected at 450 nm.

Apoptosis
The cells were resuspended in 100 µL 1× binding buffer and incubated with 5 µL Annex in V for 15 min at
28°C and protected from light. Cells were incubated for 5 min at room temperature after adding 5 µL of
propidium iodide (PI) and were protected from light. Apoptosis was measured using FACS.

Analysis of cell abundance
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The bone marrow and spleen of mice were excised and prepared into single-cell suspensions, and the
bone marrow cells were incubated with surface antibodies to HSCs, surface antibodies to erythroid cells
(Ter119-FITC), surface antibodies to myeloid cells (Gr-1-APC, CD11b-PE-Cy7), and surface antibodies to
lymphocytes (CD3-APC, CD4-PE, CD8a-PE-Cy7, B220 - PerCP-Cy5.5). Spleen cells were incubated with
erythroid cell surface antibody, myeloid cell surface antibody, lymphocyte surface antibody, and
hematopoietic stem cell antibody. After incubation for 30 min at 4°C, protected from light, the cells were
analyzed using FACS.

Statistical analysis
SPSS18.0 statistical software was used for one-way ANOVA and two-way ANOVA. Statistical results are
presented as mean ± standard deviation (SD); *(p < 0.05) and **(p < 0.01) indicate signi�cant difference.

Results

Reprogramming of glucose metabolism in hematopoietic
stem cells in lung carcinogenesis
During tumorigenesis, the number of HSCs increases, proliferation is up-regulated, and more MDSCs are
differentiated compared with that in normal physiological conditions(32–34). Metabolism plays an
important role in the maintenance of the quiescence and activation and differentiation of HSCs. A
metabolome analyses was used to detect the metabolic pro�le of HSCs in lung cancer and to answer if
this metabolism regulates the function of HSCs. We established a mouse model of LLC lung cancer and
after four weeks we sorted HSPCs (T-HSPCs), including long-term HSCs (LT-HSCs), short-term HSCs (ST-
HSCs), and multilineage progenitors (MPPs), from their bone marrow for metabolomics assays. (Fig. 1A).
Compared to the control group (N-HSPCs), the most signi�cant changes in metabolites were associated
with glucose metabolism, such as pyruvate, lactate, α-ketoglutarate, and glucose levels. Metabolic
pathway enrichment analysis showed that the pyruvate metabolic pathway may be closely linked to the
functional changes of HSPCs (Fig. 1B-C).

Considering pyruvate has many destinations, the rate of glycolysis and OXPHOS in HSCs was analyzed.
The isolation of LT-HSCs from normal and tumor-bearing mice (N-HSCs, and T-HSCs), respectively,
revealed that the glucose uptake ability of T-HSCs changed (Fig. 2A). Lactate levels in T-HSCs increased
(Fig. 2B), suggesting glycolysis may be up-regulated. Both acetyl coenzyme A, which is the OXPHOS
substrate, and ATP levels were elevated in T-HSCs (Fig. 2C-D). To determine changes in the mitochondrial
OXPHOS in T-HSCs, antimycin A (AMA), a speci�c mitochondrial electron transport chain inhibitor, was
added to the sorted HSCs and analyzed NADH levels after incubating the cells for 5 min at 28°C. In the
presence of AMA, the accumulation of NADH in cells depends only on the mitochondrial OXPHOS.
Therefore, NADH levels can indicate the state of mitochondrial respiration. NADH accumulation in T-HSCs
increased after the addition of AMA, indicating up-regulated OXPHOS in T-HSCs (Fig. 2E-F).
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Changes in mitochondrial activity of HSCs in lung cancer
OXPHOS occurs in the mitochondria, and the activation of mitochondria is directly linked to the up-
regulated OXPHOS. As shown in Fig. 1, the number of molecules related to mitochondrial OXPHOS was
increased in T-HSCs. The assumption was that the mitochondrial activity of T-HSCs was up-regulated.
Mitochondrial �uorescent dyes were used to determine mitochondrial mass by FACS. The results revealed
a higher number of mitochondria in T-HSCs than N-HSCs (Fig. 3A-B). The same results were obtained
using immuno�uorescence (Fig. 3C).

MMP and ROS production re�ect the functional state of mitochondria. Changes in the MMP of HSCs
were studied using atetramethylrhodamine ethyl ester (TMRE) �uorescent dye (Fig. 4A), and the MMP of
T-HSCs was found to be elevated (p < 0.05); ROS production was likewise signi�cantly increased (p < 
0.01) (Fig. 4B). These results also indicate increased mitochondrial activity in T-HSCs. The changes in
mitochondrial DNA copy number using qPCR are shown in Fig. 4C. These results showed that the
mitochondrial DNA copy number was signi�cantly up-regulated (p < 0.01), consistent with the increase in
the number of intracellular mitochondria, indicating the number and activity of mitochondria in T-HSC
was elevated.

Changes in HSCs of lung cancer under the effect of 2-DG
As the rate of OXPHOS was increased due to upregulation of glucose metabolism in T-HSCs, inhibition of
glucose metabolism could affect its cellular function. 2-DG was injected into the mice via tail vein and
HSCs were sorted from the bone marrow one week later using �ow cytometry. The glucose metabolism
inhibitor 2-DG had little effect on the number of N-HSCs but was able to considerably reduce the
proportion of T-HSCs (Fig. 5A-B). In vitro viability results showed that 2-DG led to less proliferation
(Fig. 5C) and decreased the apoptosis of T-HSCs (Fig. 5D-E). These results suggest that the regulation of
glucose metabolism by 2-DG can affect the status and function of HSCs and reduce their activity. The
mitochondrial mass of T-HSCs was reduced in the presence of 2-DG, indicating that 2-DG can reduce the
mitochondrial activity of T-HSCs (Fig. 5F-G). Existing studies suggest that the type of terminally
differentiated cells have been determined in HSCs, and the expansion and differentiation of HSCs are
derived from speci�c subpopulations(35–37). CD150 was used to distinguish the subpopulations of
HSCs biased towards lymphoid differentiation/homeostasis/myeloid differentiation (Ly-bi/Bala/My-bi
HSCs) characterized as Lin−Sca-1+c−Kit+CD34−CD135−CD150−, Lin−Sca-1+c-Kit+CD34−CD135−CD150low,
and Lin−Sca-1+c-Kit+CD34−CD135−CD150+, respectively (Fig. 5H-I). The results showed that the
proportion of subpopulations biased toward myeloid cells was higher in T-HSCs than in N-HSCs. In lung
carcinogenesis, HSCs differentiated to produce myeloid cells. The proportion of subpopulations of HSCs
biased toward myeloid cells in T-HSCs was reduced after the addition of 2-DG, suggesting 2-DG may
inhibit the differentiation of HSCs toward myeloid cells.
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Changes in the abundance of immune cells in the bone
marrow of mice with lung cancer after 2-DG stimulation.
Lung carcinogenesis was associated with a signi�cant increase in the number of MDSCs in the bone
marrow, a decrease in the number of erythrocytes and CD8+ T cells, and insigni�cant changes in the
number of CD4+ T cells and B cells. The number of erythrocytes increased on adding 2-DG (Fig. 6A); the
trend was reversed for MDSCs, as 2-DG reduced the number of MDSCs in the bone marrow of mice with
lung cancer (Fig. 6B). On treatment with 2-DG, the number of erythrocytes and MDSCs shifted to that
observed in the normal group. There were no signi�cant changes in the ratio of CD4+ T cells, CD8+ T cells,
or B cells (Fig. 6C-E).

Changes in the abundance of immune cells in the spleen of
lung cancer mice after 2-DG stimulation.
Treatment with 2-DG had a weak effect on spleen size (Fig. 7A). In the spleen, 2-DG had little effect on the
erythrocyteratio in tumor mice (Fig. 7B), but it signi�cantly abrogated the proportion of MDSCs (Fig. 7C-
D), consistent with the results obtained from bone marrow. There was little effect on the ratio of CD4+ T
cells, CD8+ T cells, and B cells (Fig. 7E-G). From these results, it is clear that 2-DG can alter the abundance
of immune cells, especially the number of MDSCs, in lung cancer mice. The effect of 2-DG on MDSCs
may arise from its ability to prevent the differentiation of T-HSCs into myeloid cells. However, further
studies are needed to con�rm this hypothesis.

Gene expression pattern of T-HSCs.
To further elucidate the effect of T-HSCs, the gene expression pattern of T-HSCs was compared with that
of N-HSCs. The expression heat map showed 199 differentially expressed genes between the two cell
subsets, including 44 up-regulated genes, such as Rcvrn, Vldlr,Gpr65, Car5b, and 155 down-regulated
genes, such as Ccl6, Jchain, Mpo, Prss34, Mcpt8 (Fig. 8A). These genes were associated with the cell
cycle, RNA degradation, and ribosome biogenesis (Fig. 8B-8C). The genes with the most signi�cant
changes in expression are listed in Fig. 8D. The microarray results were validated using qPCR (Fig. 8E).
qPCR validation provides a concrete proof of concept of our microarray analysis. The expression of
genes related to glucose metabolism, such as Ldhd, Pdk2, Lkb1, and Sirt7, were examined. The results
were consistent with previous data, suggesting both glycolysis and OXPHOS may be up-regulated.

Discussion
Existing studies suggest that LT-HSCs rely more on glycolysis than OXPHOS for energy production. As
cells continue to differentiate, the proportion of metabolism through OXPHOS gradually increases(21,
38).When subjected to stressful conditions, HSCs overcome the resting state and respond to the energy
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demands of speci�c conditions through metabolic reprogramming(39, 40). In tumorigenesis, LT-HSCs
undergo imbalanced differentiation, generating more PMN-MDSCs, thus promoting tumor progression
and poor prognosis(11, 13).Whether the differentiated bias of HSCs is associated with metabolic
reprogramming is still unknown. Our observations indicate that the metabolic preferences of LT-HSCs
change during tumorigenesis from being more dependent on glycolysis to being metabolized by both
OXPHOS and glycolysis. The effect of abnormal glucose metabolism, owing to tumorigenesis on the
differentiation of LT-HSCs has also been demonstrated. By inhibiting glucose metabolism, the imbalance
in the differentiation of LT-HSCs can be reversed, resulting in a decrease in the production of MDSCs.

The metabolomics analysis of puri�ed LSKs indicated their metabolism in the tumor state was altered,
with a substantial increase in pyruvate metabolism (Fig. 1). The pyruvate and lactate levels were
increased in Tumor-LSK (T-LSKs), indicating that the glycolysis metabolism in T-HSCs was not
diminished. However, there was an increase in acetyl-coenzyme A and NADH levels, an increment in
mitochondrial mass and DNA copy, and an up-regulation of ROS and ATP levels (Fig. 2–3) in T-HSCs,
suggesting that the rate of OXPHOS is also elevated in T-HSCs. Glycolysis and OXPHOS have a reciprocal
relationship(41, 42). For example, AML cells are usually OXPHOS-dependent, with limited glycolysis
capacity, and exhibit high mitochondrial potential(43, 44). However, our results show an increase in
glycolysis and OXPHOS in T-HSCs. From the immuno�uorescence results (Fig. 3), the number of cells
labeled by Mito Tracker red in N-HSCs and T-HSCs was approximately the same. However, the
mitochondrial mass was particularly increased in T-HSCs, indicating that only a fraction of T-HSCs had a
marked change in mitochondrial potentials, and the metabolism of these cells switched from glycolysis
to OXPHOS.OXPHOS could produce greater than 18-fold ATP than glycolysis(45), and T-HSCs showed a
limited ability to produce ATP, proving that only a fraction of the cells underwent metabolic transition. The
cell population that undergoes metabolic transformation in T-HSCs may also be functionally altered,
leading to imbalanced differentiation.

Mitochondrial activity in HSCs is lower than that inmitochondria-directed progenitor cells(21, 46–48).
Reduction in the mitochondrial mass is accompanied by a decrease in mitochondrial OXPHOS activity
and membrane potential(49). The metabolic capacity of mitochondria is closely monitored by the
mitochondrial unfolded protein response (UPRmt)(50, 51), which is one of the major quality control
mechanisms for mitochondrial self-renewal. In homeostatic conditions, approximately 90% of
hematopoietic stem cells exist in a resting state(52). When stimulated with cytokines, hematopoietic stem
cells transitioned from a quiescent to proliferative state, with an increased mitochondrial mass of HSCs
and up-regulated expression of mitochondrial chaperones and proteases, suggesting the activation of
UPRmt(50).SIRT7, one of the key elements of UPRmt, protects the stress-challenged HSC pool by inhibiting
mitochondrial biosynthesis(51).Sirt7 acts as an inhibitor of mitochondrial biosynthesis, and its low
expression in T-HSCs may lead to a decline in UPRmt thus increasing mitochondrial number. The UPRmt

may be reduced in T-HSCs, and thus an increased number of mitochondria and extent of OXPHOS may be
observed in T-HSCs. Sirt7 was up-regulated in aged HSCs. Mitochondrial dysfunction and abnormal ROS
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levels have been reported to be relevant to aging HSCs. Aged HSCs show some similarities to tumor
HSCs. Further experiments are needed to test this hypothesis.

There is an imbalance in the differentiation of immune cells in patients with tumors, thus producing more
MDSCs owing to metabolic and functional changes in HSCs. Tumor-bearing mice produced fewer MDSCs
and more erythrocytes on being treated with 2-DG.However, MDSCs are also regulated by 2-DG. In triple-
negative breast cancer, aerobic glycolysis controls the expression of tumor granulocyte colony-
stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) and
regulates the differentiation of MDSC, thus in�uencing tumor progression and prognosis(53). The
decrease in the number of MDSCs in tumor-bearing mice after 2-DG stimulation was due to the changes
in the differentiation of HSCs or as a direct result of treatment with 2-DG. CD150 was used to distinguish
subpopulations of HSCs capable of distinguishing myeloid-bias from that capable of distinguishing
lymphocyte-bias subpopulations of HSCs(37). After treatment with 2-DG, there was a decrease in
myeloid-preferring HSCs, suggesting that the decrease in the number of downstream myeloid cells was a
result of the change in HSCs differentiation preference. Leal Oburogluet al. found that 2-DG could
improve erythroid lineage commitment and decrease myeloid lineage of HSCs in vitro(54), which is
consistent with the results of this study—2-DG increased erythroid cells both in the bone marrow and
spleen. In addition, in some diseases, 2-DG can in�uence the disease state by altering the metabolism of
HSCs. Wei Du et al. suggested that metabolic reprogramming from glycolysis to OXPHOS is performed in
Fanconi anemia (FA) HSCs through a p53-dependent mechanism in response to oxidative stress(40). 2-
DG prominently reduced the number of HSCs in the bone marrow and reduced the repopulating ability of
FA HSCs. Furrer et al. suggested that tumor-associated anemia is caused by a decrease in the viability of
erythrocytes(55). Although our data showed that 2-DG restored erythrocytes in tumor-bearing mice, it is
unclear whether 2-DG altered erythropoiesis or affected erythrocyte viability, for example, by inhibiting
apoptosis. Thus, further studies are required to address this issue.

Conclusions
Together, our results demonstrate that T-HSCs undergo metabolic reprogramming from being solely
glycolysis-dependent to becoming glycolysis- and OXPHOS-dependent. The differentiation preferences of
HSCs changed during tumorigenesis, producing more MDSCs, thus promoting tumor progression and
metastasis. Treatment with 2-DG alters glycolysis metabolism, cellular function, and differentiation
preferences of T-HSCs, leading to a decrease in the number of MDSCs. Metabolic reprogramming of
HSCs, which may alter the differentiation preferences of HSCs and decrease the production of cancer-
promoting immune cells, might serve as a possible means to treat tumors in the future.
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Figure 1
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Metabolomic pro�ling of LSKs in Lung cancer. (A) Heat map of distinct metabolites. N-LSKs: LSKs
isolated from bone marrow of normal mice, T-LSKs: LSKs isolated from bone marrow of tumor-bearing
mice. (B) Metabolic pathway enrichment analysis. The larger the vertical coordinate, the more relevant the
pathway is to the classi�cation. (C) Overview of metabolites that were enriched in T-LSKs compared to N-
LSKs.

Figure 2
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Changes in Glucose related metabolites in HSCs of Lung Cancer. (A) Representative plot of 2-NBDG
�uorescence on N-HSCs and T-HSCs (mean-SD, n=3). (B) Lactate production in N-HSCs and T-HSCs per
one thousand cells (mean ± SD, n=3; **p < 0.01). (C)Acetyl-CoA levels in N-HSCs and T-HSCs (mean ± SD,
n=3; *p < 0.05). (D) Intracellular ATP concentration in N-HSCs and T-HSCs (mean ± SD, n=3; *p < 0.05). (E)
Representative plot of cellular NADH: �ow cytometry pro�les ofcells before and after treatment with
antimycin A (AMA). (mean ± SD, n=3; *p< 0.05).

Figure 3
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Changes in mitochondrial mass in HSCs by lung cancer. (A) Representative plot of Mito Tracker Deep Red
staining on N-HSCs and T-HSCs analyzed by �ow cytometry. (B) Quantitative analysis of Mito Tracker
Deep Red median �uorescence intensity (MFI). (mean ± SD, n=5; *p < 0.05). (C) Immunocytochemical
staining for mitochondrial dye Mito tracker Deep Red (red), and DAPI (blue) in N-HSCs and T-HSCs.

Figure 4

Impact of mitochondrial activity in lung cancer-conditioned HSCs. (A) (Left) Representative plot of
tetramethylrhodamine methyl ester (TMRM) staining on N-HSCs and T-HSCs analyzed by �ow cytometry.
(Right) Quantitative analysis of cells that exhibit high levels of TMRM stain in N-HSCs and T-HSCs (mean
± SD, n=3 independent experiments; *p<0.05). (B) (Left) Representative plot of dichlorodihydro �uoresce
in diacetate (DCFDA) staining on N-HSCs and T-HSCs analyzed by �ow cytometry. (Right) Quantitative
analysis of fold changes in DCFDA staining (mean ± SD, n=5 independent experiments; **p<0.01). (C)
Quantitative analysis of mitochondrial DNA copy number relative to genomic DNA. (mean ± SD, n = 5;
**p< 0.01)
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Figure 5

Changes in the function of T-HSCs after 2-DG stimulation. (A) Quantitative data on the percentages of N-
HSCs and T-HSCs before and after treatment with 2-DG (mean ± SD, n = 3 independent experiments; *p <
0.05, **p< 0.01, ***p< 0.001). (B) Cell viability CCK8 of N-HSCs and T-HSCs before and after treatment
with 2-DG assay (mean ± SD, n = 3 independent experiments; *p < 0.05, **p< 0.01). (C) Analysis on the
apoptosis ratio of N-HSCs and T-HSCs before and after treatment with 2-DG (mean ± SD, n = 3
independent experiments; *p < 0.05, **p< 0.01). (D) Representative plot of Mito Tracker Deep Red staining
on N-HSCs and T-HSCs before and after treatment with 2-DG analyzed by �ow cytometry. (E) Quantitative
analysis of Mito Tracker Deep Red median �uorescence intensity (MFI). (mean ± SD, n = 3 independent
experiments; *p < 0.05, **p< 0.01). (F) Analysis of hematopoietic stem cell subtypes. Analysis of
hematopoietic stem cell subtypes during tumorigenesis, and changes in hematopoietic stem cell
subtypes before and after 2-DG stimulation. Myeloid biased HSCs (My-bi HSCs): Lin-Sca-1+c-Kit+CD34-

CD135-CD150+; Balanced HSCs (Bala HSCs): Lin-Sca-1+c-Kit+CD34-CD135-CD150low; Lymphoid-biased
HSCs (Ly-bi HSCs): Lin-Sca-1+c-Kit+CD34-CD135-CD150-.
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Figure 6

Changes in the content of immune cells in bone marrow after 2-DG stimulation. (A) Representative plot of
the relative abundance of Ter119+ cell in bone marrow before and after treatment with 2-DG analyzed by
�ow cytometry (Left). Quantitative data was shown on the right. (n = 3 independent experiments; ***p<
0.001, **p< 0.01, *p< 0.05). (B) Representative plot of the relative abundance of Gr1+CD11b+ cell in bone
marrow before and after treatment with 2-DG analyzed by �ow cytometry (Left). Quantitative data was
shown on the right. (n = 3; ***p< 0.001, **p< 0.01, *p< 0.05). (C)  Representative plot of the relative
abundance of CD4+ T cell and CD8+ T cell in bone marrow before and after treatment with 2-DG analyzed
by �ow cytometry (Up). Quantitative data was shown below the plot. (n = 3 independent experiments ;
***p< 0.001, **p< 0.01, *p< 0.05).
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Figure 7

Changes in the content of immune cells in spleen after 2-DG stimulation. (A) Spleen size (Right) and
weight (Left) of mice after 2-DG treatment. (B) Representative plot of the relative abundance of Ter119+

cell in spleen before and after treatment with 2-DG analyzed by �ow cytometry (Left). Quantitative data
was shown on the right. (n=3; ***p< 0.001, **p< 0.01, *p< 0.05). (C) Representative plot of the relative
abundance of CD11b+ cell in bone marrow before and after treatment with 2-DG analyzed by �ow
cytometry (Left). Quantitative data was shown on the right. (n=3 independent experiments; ***p< 0.001,
**p< 0.01, *p< 0.05). (D) Representative plot of the relative abundance of Gr1+ cell in bone marrow before
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and after treatment with 2-DG analyzed by �ow cytometry (Left). Quantitative data was shown on the
right. (n=3 independent experiments; ***p< 0.001, **p< 0.01, *p< 0.05). (E) Representative plot of the
relative abundance of CD4+ T cell and CD8+ T cell in bone marrow before and after treatment with 2-DG
analyzed by �ow cytometry (Up). Quantitative data was shown below the plot. (n=3; *** p< 0.001, **p<
0.01, *p< 0.05).

Figure 8
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Identi�cation of differentially expressed genes in N-HSCs and T-HSCs. (A) Heat map of gene expression
changes of T-HSCs compared to N-HSCs (n=3). (B) GO functional analysis of differentially expressed
genes. (C) KEGG pathway analysis of differentially expressed genes. (D) The top 20 differentially
expressed genes in T-HSCs. (E) qPCR validation of glycolysis and OXPHOS-related genes.


