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Acute myeloid leukemia (AML) is an aggressive hematological malignancy. Patients with wild-type FLT3 relapsed or refractory
(R/R) AML face significant therapeutic challenges due to the persistent lack of effective treatments. A comprehensive
understanding of the mechanisms underlying chemotherapy resistance is needed to the development of effective treatment
strategies. Therefore, we investigated the molecular mechanisms underlying cytarabine (Ara-C) resistance and daunorubicin
(DNR) tolerance in Ara-C-resistant RHI-1 cells derived from the wild-type FLT3 AML cell line SHI-1. Quantitative analysis of
intracellular drug concentrations, proteomics, and phosphoproteomics showed that DNR resistance in Ara-C-resistant RHI-1
cells is driven by metabolic remodeling toward mitochondrial metabolism, upregulation of DNA repair pathways, and
enhanced reactive oxygen species (ROS) detoxification rather than reduced drug uptake. Moreover, targeting these
compensatory mechanisms, particularly the OXPHOS complex I proteins, significantly improved the efficacy of both Ara-C and
DNR. Conclusively, these findings highlight mitochondrial metabolism and DNA repair as critical factors in chemotherapy
resistance and offer valuable insights into potential therapeutic targets for enhancing treatment outcomes in patients with
wild-type FLT3 R/R AML.

Cell Death and Disease          (2025) 16:331 ; https://doi.org/10.1038/s41419-025-07653-6

INTRODUCTION
Acute myeloid leukemia (AML) is an aggressive hematological
malignancy characterized by immature differentiation and
abnormal proliferation [1]. Since the discovery of the potent
cytotoxicity of cytarabine (Ara-C), the high-dose Ara-C regimen
(HiDAC) and the 7+ 3 regimen, which consists of Ara-C and
daunorubicin (DNR) (three once-daily injections of DNR with
continuous 7-day infusion of Ara-C), have been widely used as
standard treatments for AML [2]. However, ~10–40% of patients
with AML under the age of 60 and 40–60% of those over 60 years
experience refractory or relapsed AML (R/R AML) [1]. Targeted
therapies, such as the administration of FLT3 inhibitors, have
been used for patients with FLT3-ITD mutations [3]. Although
these targeted therapies improved response rates and survival
outcomes in FLT3-ITD mutated R/R AML, patients with wild-type
FLT3 R/R AML remain therapeutically challenged due to drug
resistance. Despite the failure of Ara-C- or DNR-based first-line
chemotherapy, it is still being used as a second-line therapy for
some patients with wild-type FLT3 R/R AML. For instance, ADE
(Ara-C, DNR, etoposide) [4], 5+ 2 regimen (Ara-C and DNR) [5],

and 7+ 3 regimen are used as second-line chemotherapy for
patients with wild-type FLT3. Expectedly, approximately 40–50%
of patients receiving Ara-C- or DNR-based second-line che-
motherapy fail to achieve complete remission. Therefore, better
insights are needed to enhance the treatment outcomes of
patients with wild-type FLT3 R/R AML.
A comprehensive understanding of differentially regulated

biological pathways and the mechanism of chemotherapy failure
is necessary to improve chemotherapy strategies for FLT3-ITD
wild-type R/R AML. However, current research has focused mainly
on risk classification and signatures for predicting treatment
responses from omics data.
Therefore, this study aimed to investigate the mechanisms

underlying chemotherapy failure in Ara-C-resistant RHI-1 cells
derived from the wild-type FLT3 AML cell line SHI-1. Moreover, we
identified the effective target to enhance the efficacy of Ara-C and
DNR in RHI-1 and patient-derived cells. This study offers critical
insights into the molecular basis of treatment failure in wild-type
FLT3 R/R AML and proposes novel strategies to overcome
resistance.
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RESULTS
Drug tolerance of Ara-C-resistant AML cells
SHI-1 cells have been characterized as a wild-type FLT3 AML cell
line in various studies [6–8]. Additionally, FLT3-ITD mutation
fragment analysis confirmed that SHI-1 and RHI-1 cells were wild-
type FLT3 AML cells (Fig. S1A, B). Ara-C resistance was induced via
long-term subculturing of SHI-1 cells under Ara-C treatment, as
previously described [8]. Cell viability assay was conducted to
elucidate the responses of SHI-1 and RHI-1 cells to Ara-C
(0–0.64 μM) and DNR (0–2 μM) either alone or as a combination
after 24 and 48 h of treatment (Tables S1, 2). The various drug
treatments and associated terms used in this study are listed in
Table 1.
Ara-C and DNR treatments significantly decreased the viability

of SHI-1 cells in a concentration-dependent manner within 48 h
(Fig. 1A, B). The cell viability results for the combination treatments
followed a similar pattern to that of the single treatments with
DNR. Although the combination treatment decreased cell viability
to the same extent as DNR monotherapy, no additional synergistic
effects were detected (Supplementary Discussion 1).
Compared to SHI-1 cells, RHI-1 cells exhibited resistance to Ara-

C and DNR (p < 0.01) treatments (Fig. 1A, B). Although DNR
treatment was cytotoxic to RHI-1 cells, its effect was 1.3–4 times
lower than that in SHI-1 cells. Despite the different mechanisms of
action of DNR and Ara-C, RHI-1 cells exhibited significant tolerance
to DNR, regardless of the presence or absence of Ara-C.
Collectively, RHI-1 cells were resistant to both Ara-C and DNR
and the combined treatments (Supplementary Discussion 1).

Intracellular drug concentrations in SHI-1/RHI-1 cells
Considering that the cytotoxicity of Ara-C and DNR is related to
the intracellular concentrations of the drugs, we determined the
concentrations of both drugs ([Drug]cell) in SHI-1 and RHI-1 cells.
For these analyses, we used 0.64 μM Ara-C and 0.61, 2 μM DNR
(Supplementary Discussion 2).
In SHI-1 cells, [Ara-C]cell levels steadily increased over 48 h in all

treatment groups, though the rate of increase was slightly
attenuated in the DNR-treated groups (Fig. 1C and Table S3). In
contrast, RHI-1 cells showed only modest changes over time in the
A0.64 group, while the addition of DNR led to a more pronounced,
time-dependent increase in [Ara-C]cell levels (Fig. 1F and
Supplementary Discussion 2). Although Ara-C uptake was higher
in RHI-1 cells than in SHI-1 cells under the combined treatments, it
did not induce additional cytotoxicity in RHI-1 cells, suggesting
that RHI-1 cells may have developed Ara-C resistance by inhibiting
the mechanism of action of Ara-C.
Furthermore, The [DNR]cell values of SHI-1 cells in the D0.61, D2,

C(A0.64+ D0.61), and C(A0.64+ D2) groups showed a similar
trend, ranging from 0.5 to 0.6 nmol/106 cells (Fig. 1D and
Supplementary Discussion 2). The [DNR]cell values of RHI-1 cells
in the D0.61, D2, C(A0.64+ D0.61), and C(A0.64+ D2) groups were

higher than those of SHI-1 cells by 1.8, 2.7, 1.8, and 2.7 times,
respectively (Fig. 1G). Conversely, RHI-1 cells demonstrated
tolerance to DNR, suggesting their ability to survive at higher
drug concentrations (Supplementary Discussion 2).
Using confocal fluorescence microscopy, we measured DNR

fluorescence intensity (Supplementary Discussion 2) and found
that RHI-1 cells consistently displayed stronger fluorescence than
SHI-1 cells (Fig. 1E, H). Overall, these results suggest that Ara-C
resistance in RHI-1 may reduce the cytotoxicity of DNR by
interrupting the cytotoxic mechanisms of DNR.

Quantitative proteomic/phosphoproteomic profiling
resistance-associated protein signature
Protein phosphorylation plays a pivotal role as a primary effector
in various cellular processes, and system-wide profiling of
phosphorylated effectors provides information on active signaling
pathways. To investigate the signaling pathways associated with
Ara-C resistance-induced DNR tolerance in RHI-1, we performed
quantitative global proteomics and phosphoproteomics using
highly multiplexed isobaric labeling and MS3-based accurate
quantification (Fig. S2A, B and Supplementary Data Files 1 and 2).
Protein expression and phosphorylation levels in all groups,

including untreated SHI-1, as well as in RHI-1 under untreated or
treated conditions (D0.61, D2, C(A0.64+ D0.61), or C(A0.64+ D2)),
are shown in each heatmap (Fig. S3A, B). The heatmaps of
untreated RHI-1 groups exhibited similar patterns as those of the
untreated SHI-1 group. In contrast, these were significantly
different from the other drug-treated conditions. Moreover, the
column correlation values for untreated SHI-1 and RHI-1 groups
were ~0.7 or higher, whereas they were markedly below –0.3
when compared with the other drug-treated groups (Fig. S3C, D).
These trends were also reflected in the principal component
analysis (PCA), wherein the PC1 and PC2 axes for protein
expression (Fig. S3E) and phosphorylation levels (Fig. S3F) of the
untreated SHI-1 group closely matched those of the RHI-1 group.
Similarly, the PCA values in these groups were notably different
from those in the other conditions. These results indicate that
although long-term sub-culturing of SHI-1 cells was required for
generating the RHI-1 cell line, this process did not significantly
affect the differences in protein expression between SHI-1 and
RHI-1 cells compared with the drug exposure, which exerted
pronounced effects.
Protein expression and phosphorylation levels in the D0.61- and

D2-treated RHI-1 groups, shown as heatmaps, closely matched
those of the C(A0.64+ D0.61) and C(A0.64+ D2) groups, respec-
tively. The values of column correlation for these two pairs were
approximately 0.5 or higher, and PC1 and PC2 were highly similar
to each other. It is suggested that the activation of Ara-C is
inhibited in RHI-1 cells (Supplementary Discussion 3), which results
in no observed additive or synergistic effect between Ara-C
and DNR.

Table 1. Comprehensive list of drug combinations and associated terms.

Ara-C Ara-C Ara-C Ara-C

μM 0 0.16 0.32 0.64

DNR 0 — A0.16 A0.32 A0.64

DNR 0.08 D0.08 C(A0.16+D0.08) C(A0.32+D0.08) C(A0.64+D0.08)

DNR 0.16 D0.16 C(A0.16+D0.16) C(A0.32+D0.16) C(A0.64+D0.16)

DNR 0.2 D0.2 C(A0.16+D0.2) C(A0.32+D0.2) C(A0.64+D0.2)

DNR 0.3 D0.3 C(A0.16+D0.3) C(A0.32+D0.3) C(A0.64+D0.3)

DNR 0.61 D0.61 C(A0.16+D0.61) C(A0.32+D0.61) C(A0.64+D0.61)

DNR 2 D2 C(A0.16+D2) C(A0.32+D2) C(A0.64+D2)

Ara-C, DNR, and combination treatment are denoted by “A,” “D,” and “C” respectively.
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For simplifying the analysis, we focused on the untreated and
C(A0.64+ D0.61)- and C(A0.64+ D2)-treated RHI-1 groups rather
than on the D0.61- and D2-treated RHI-1 groups for further
investigation.
To elucidate the mechanism of chemotherapy resistance, we

performed GO enrichment analysis of upregulated Differentially
expressed proteins (DEPs) and phospho-proteins (phos-DEPs) (Fig.
2B, Supplementary Discussion 3, and Supplementary Data File 5)
using DAVID [9]. Upregulated DEPs and phos-DEPs in the RHI-
1(untreated) group were mainly enriched in processes associated
with DNA repair, including DNA metabolic process, regulation of
cell cycle, and DSB repair. Additionally, upregulated DEPs and
phos-DEPs in the RHI-1(0.61 Comb) and RHI-1(2 Comb) groups

were enriched in biological processes associated with mitochon-
drial metabolism, including carboxylic acid metabolism, catabolic
processes, cellular respiration, aerobic respiration, mitochondrion
organization, and mitochondrial gene expression. Moreover,
upregulated DEPs and phos-DEPs in the RHI-1(2 Comb) group
were mainly enriched in DNA conformational changes and DNA
repair.
To understand the combined effects, we constructed a network

model based on GO enrichment analysis (Figs. 2C, and S4A–C,
Supplementary Discussion 4, Table S4), Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis [10], and previously
reported signaling pathways. As shown in Fig. 2C, DCK, a key
enzyme in the nucleotide salvage pathway, was downregulated in

Fig. 1 Impact of Ara-C and DNR combinations on cell viability and intracellular drug accumulation in SHI-1 and RHI-1 cell lines. A Box
plots showing the viabilities of SHI-1 and RHI-1 cells in the D0–D2, C(A0.16+D0–2), C(A0.32+D0–2), and C(A0.64+D0–2) groups at 48 h.
B Box plots showing the viabilities of SHI-1 and RHI-1 cells in the A0–A0.64, C(A0–A0.64+D0.08), C(A0–A0.64+D0.16), C(A0–A0.64+D0.2),
C(A0–A0.64+D0.3), C(A0–A0.64+D0.61), and C(A0–A0.64+D0.2) groups at 48 h. C, D, F, G Intracellular drug concentration in SHI-1 and RHI-1
cells. Bar charts with data points of intracellular Ara-C concentrations in SHI-1 (C) and RHI-1 (F) cells in the A0.64, C(A0.64+D0.61), and
C(A0.64+D2) groups. Bar charts with data points of intracellular DNR concentrations in SHI-1 (D) and RHI-1 (G) cells in the D0.61, D2,
C(A0.64+D0.61), and C(A0.64+D2) groups. E, H Confocal images of intracellular DNR in SHI-1 (E) and RHI-1 (H) cells in the D0.61, D2,
C(A0.64+D0.61), and C(A0.64+D2) groups. (n ≥ 9, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001).
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the RHI-1(untreated) group. DCK downregulation affects the
pyrimidine salvage pathway and inhibits Ara-C activation. To
maintain the nucleotide pools, de novo pyrimidine biosynthesis,
which synthesizes pyrimidine nucleotides from other nucleotide
precursors, is activated and upregulated in RHI-1 cells [11, 12] (Fig.

2C-a). This synthesis caused a shift in metabolic preference toward
mitochondrial metabolism over glycolysis in RHI-1 cells, as
indicated by the downregulation of glycolytic proteins and
upregulation of mitochondrial proteins (Fig. 2C-b). Additionally, a
network model showed that upregulation of the ATM-RAD54-
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mediated DNA repair pathway led to cell survival in the RHI-
1(untreated) group [13, 14].
DNR induces DNA damage, cell death, ferroptosis, and reactive

oxygen species (ROS) generation, leading to oxidative stress,
glycolysis inhibition, and mitochondrial dysfunction. Glycolysis
inhibition in synergy with mitochondrial dysfunction induces ATP
depletion and represses the synthesis of cellular building blocks
[15–22]. However, our network model indicated that drug
tolerance-related cell survival was driven by DNA repair, ROS
detoxification, and metabolic remodeling in the RHI-1(0.61 Comb)
and RHI-1(2 Comb) groups. As shown in Fig. 2C-c, the already
activated/upregulated ATM rapidly recognized damaged DNA and
subsequently activated/upregulated TP53 proteins to arrest the
cell cycle and upregulated RAD50, MRE11, RAD51, and RAD54
proteins for DNA repair. XPC, SIRT6, and NTHL1 further recognized
damaged DNA and activated/upregulated repair proteins, includ-
ing XPF, XPB, POLE, RFC, LIG1, DNA-PKcs, POLL, XRCC1, POLB, and
LIG3 [23, 24]. Additionally, the network model showed that ROS
detoxification proteins such as CAT, GPX7, and FTH1 were
activated/upregulated in the RHI-1(0.61 Comb) and RHI-1(2 Comb)
groups [21, 25–27]. These proteins inhibited ferroptosis and
mitochondrial dysfunction, leading to the upregulation of
mitochondrial metabolism in the RHI-1(0.61 Comb) and RHI-1(2
Comb) groups. Based on these results, it can be speculated that
RHI-1 cells received an adequate supply of ATP and dNTP due to
mitochondrial metabolism, which enhanced Ara-C resistance, DNR
tolerance, and cell survival.
To validate these findings, we performed immunoblotting for

three representative upregulated proteins (Fig. 2D–F): CAT for the
antioxidant process, SIRT6 for DNA repair and glycolysis, and phos-
DNAPKcs for DNA repair. Consistent with the network model, CAT,
SIRT6, and phos-DNAPKcs were upregulated in the RHI-1(0.61
Comb) and RHI-1(2 Comb) groups.
Furthermore, we conducted GO analysis using previously

reported global proteomic and phosphoproteomic data from
FLT3 wild-type R/R AML [28], pediatric/adult R/R AML [29], and
FLT3 wild-type [30] patient-derived samples (Supplementary Data
File 6 and Fig. S4D–G). Similar to our network model, upregulated
DEPs and phos-DEPs in these data were enriched in DNA repair,
ROS detoxification, and mitochondrial metabolism GOBP. Collec-
tively, these results suggest that ROS detoxification, mitochondrial
metabolism, and DNA repair contribute to DNR tolerance in RHI-1
cells and in previously reported FLT3 wild-type [28], pediatric/
adult [29], and FLT3 wild-type R/R AML patient cells.

The role of mitochondrial metabolism: Inhibition of OXPHOS
and DNA repair
To verify the inhibition of ATP depletion, we measured the cellular
ATP levels in SHI-1 and RHI-1 cells in the control (untreated), A0.64,
C(A0.64+ D0.61), and C(A0.64+ D2) groups at 48 h (Fig. S5). ATP
levels were higher in RHI-cells than in SHI-1 cells by 1.13-, 2.04-,
1.45-, and 3.38-fold in the untreated-, A0.64, C(A0.64+ D0.61), and
C(A0.64+ D2) groups, respectively, suggesting that ATP produc-
tion was not suppressed in drug-treated RHI-1 cells.
SIRT6 inhibits glycolysis, enhances mitochondrial metabolism

[31–33], and mainly regulates DNA-PKC-mediated DNA repair
(Fig. 2C) [31, 32, 34]. To investigate the role of mitochondrial

metabolism and DNA repair in DNR tolerance, drug treated-RHI-1
cells were treated with 0 (without), 15, 20, and 25 μM of SIRT6
inhibitor (Fig. 3A). SIRT6 inhibitor did not significantly affect the
viabilities of RHI-1 cells in the A0.64 group (Fig. 3A, i). In contrast,
the viabilities of RHI-1 cells in the C(A0.64+ D0.61) and
C(A0.64+ D2) groups decreased with increasing concentrations
of SIRT6 inhibitor (Fig. 3A, ii-iii).
Similar to the treatment with a SIRT6 inhibitor, siRNA-mediated

knockdown of Sirt6 in RHI-1 (SIRT6 KD-RHI-1) cells resulted in a
significant decrease in the viability of drug-treated cells compared
with that of wild-type RHI-1 cells. SIRT6 knockdown was achieved
by transfecting RHI-1 cells with a SIRT6-specific siRNA using a lipid-
based transfection reagent. The efficacy of SIRT6 transfection was
validated using immunoblotting (Fig. 3B), confirming the knock-
down of SIRT6. The values for viability of SIRT6 KD-RHI-1 cells were
89, 34, and 10 under A0.64-, C(A0.64+ D0.61)-, and C(A0.64+ D2)-
treated conditions, respectively (Fig. 3A; “SIRT6 KD”).
Overall, these findings suggest that inhibition of DNA repair, as

well as the plasticity of cell metabolism through SIRT6 inhibition,
can reduce the survival rate of DNR-treated RHI-1 cells.
Furthermore, mitochondrial metabolism was inhibited by

targeting OXPHOS proteins. We initially suppressed glycerol-3-
phosphate dehydrogenase (GPD2), which is upstream of the
OXPHOS complex III, using iGP-1 (Fig. 3C). Drug-treated-RHI-1 cells
were treated with 0, 15, 20, and 25 μM of iGP-1, followed by cell
viability assessment after 48 h. iGP-1 treatment was ineffective in
RHI-1 cells in the A0.64 group (Fig. 3C, i). This is because GPD2
inhibition does not affect DHODH function—an enzyme important
for Ara-C resistance. Moreover, RHI-1 cells in the A0.64-treated
group did not mainly depend on mitochondrial metabolism for
ATP generation. In contrast, cells in the C(A0.64+ D0.61) and
C(A0.64+ D2) groups were dependent on mitochondrial metabo-
lism. Hence, iGP-1 treatment effectively reduced the viability of
RHI-1 cells in the C(A0.64+ D0.61)- and C(A0.64+ D2) groups.
Additionally, OXPHOS complex I was suppressed using rote-

none [35] (Fig. 3D). Rotenone treatment decreased the viabilities
of RHI-1 cells in the A0.64 group in a concentration-dependent
manner (Fig. 3D, i). Also, rotenone treatment (0–25 μM) reduced
the viabilities of RHI-1 cells in the C(A0.64+ D0.61) and
C(A0.64+ D2) from 67–31% to 19–15%, respectively (Fig. 3C, ii
and iii). Treatment with 25 μM of rotenone reduced the viability of
RHI-1 cells to values observed for SHI-1 cells in the A0.64,
C(A0.64+ D0.61), and C(A0.64+ D2) groups. Inhibition of OXPHOS
complex I causes broad suppression of the entire OXPHOS
pathway, impairing the function of DHODH, a key protein involved
in Ara-C resistance. Conclusively, these results indicate that
inhibiting OXPHOS complex 1 is the most effective for treating
RHI-1 cells.

Inhibition of OXPHOS and DNA repair in AML patients
We conducted in vitro drug sensitivity tests using six patient
samples—three from the treatment-responsive AML group (AML-
P1, P2, and P3) and three from the relapsed/refractory (R/R) AML
group (R/R-P1, P2, and P3) (Table S5). Maximum plasma
concentrations of Ara-C and DNR, calculated using MWpharm+
+, were determined to be 0.6 μM for Ara-C and 0.061 μM for DNR.
Patient-derived cells, categorized into the A0.6, C(A0.6+ D0.061),

Fig. 2 Proteomic and phosphoproteomic analysis of cellular pathways involved in Ara-C and DNR resistance in RHI-1 cells. A Venn
diagram showing relationships between upregulated proteins and upregulated phosphoproteins. B Bar-charts showing the overlap between
significantly enriched gene ontology biological processes (GOBPs) by differentially expressed proteins (DEPs) and phosphor-DEPs. C Network
model describing the cellular pathways of upregulated/downregulated proteins or phosphorylation in RHI-1 cells. The diagram shows the
regulation and phosphorylation status of protein under three conditions: RHI-1(untreated), RHI-1(0.61 Comb), and RHI-1(2 Comb). The large
triangles represent protein expression levels, and the small triangles represent phosphorylation levels. (Red-colored large triangles indicate
up-regulation, and red-colored small triangles indicate up-phosphorylation. Blue-colored one is down-regulation. Ara-C and DNR are denoted
by “A” and “D”, respectively. D–F Quantification of the levels of SIRT6 (D), phosphor-DNAPKcs (E) and CAT (F) using immunoblotting. Bar charts
represent mean ± standard deviation (S.D.) of values derived from three independent experiments.
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and C(A0.6+ D0.2) groups, were treated with 0 (vehicle), 1, or
5 μM of either the SIRT6 inhibitor or rotenone, and cell viability
was assessed after 48 h (Fig. 3E, F).
The AML group cells were relatively more sensitive to Ara-C and

DNR than the R/R AML group cells (Fig. 3E, panels i–iii). However,
these cells did not exhibit a significant response to SIRT6 inhibition.

Under rotenone treatment, most of the AML group cells showed
increased viability under the C(A0.6+ D0.061) and C(A0.6+D0.2)
conditions (Fig. 3F, panels i–ii) or no significant change (Fig. 3F,
panel iii). Because one of the cytotoxic mechanisms of DNR
involves the production of mitochondrial ROS and activation of
intrinsic apoptosis, inhibition of mitochondrial function may

Fig. 3 Inhibition of SIRT6, GPD2, and mitochondrial complex I reduces AML cell and patient sample viability under Ara C and DNR
treatment. A Box plots of cell viability of under (i) 0.64 μM Ara-C, (ii) 0.61 μM, and (iii) 2 μM DNR with SIRT6 inhibitor. B Western blot analysis
confirming siRNA-mediated knockdown of SIRT6 in RHI-1 cells. Cellular ATP levels in SHI-1 and RHI-1 cells under drug treatment. C Box plots of
cell viability under (i) 0.64 μM Ara-C, (ii) 0.61 μM, and (iii)) 2 μM DNR with GPD2 inhibitor and D rotenone. E Box plots of cell viability of patient
samples under (i) 0.64 μM Ara-C, (ii) 0.61 μM, and (iii) 2 μM DNR with SIRT6 inhibitor and F rotenone. Box plots represent mean ± standard
deviation (S.D.) of values derived from over six independent experiments.
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impede this pathway, thereby partially reducing the death of
cancer cells. The R/R AML group cells exhibited lower sensitivity to
Ara-C and DNR than those in the AML group. In contrast, these cells
exhibited a significant, dose-dependent decrease in viability in
response to the SIRT6 inhibitor (Fig. 3E, panels iv–vi). Notably, two
of these cells showed a dose-dependent decrease in viability
following rotenone treatment (Fig. 3F, panels iv–v).
These findings, together with results for RHI-1 cells, indicated

that the inhibition of DNA repair and OXPHOS enhanced the
efficacy of Ara-C and DNR in the R/R AML group.

DISCUSSION
In addition to AML, most cancer cells predominantly metabolize
carbohydrates and energy through glycolysis, followed by lactate
fermentation, even in the presence of oxygen [36]. In contrast,
aerobic respiration is predominant in cells derived from patients
with R/R AML and in Ara-C-resistant cells [29, 37–39].
The findings of this study contribute to our understanding of

the mechanisms of chemotherapy resistance in R/R AML,
identifying mitochondrial metabolism, DNA repair, and ROS
detoxification as the key pathways driving drug resistance. A
comprehensive understanding of these pathways has significant
clinical implications for the development of effective targeted
therapies for patients with wild-type FLT3 R/R AML. Additionally,
our results highlighted the critical role of mitochondrial metabo-
lism in promoting chemotherapeutic resistance in Ara-C-resistant
AML cells. Similarly, evidence from clinical studies suggests that
disrupting mitochondrial pathways could be a potential strategy
to improve treatment outcomes. For example, Pollyea et al. [40]
demonstrated that the combination of venetoclax, a BCL-2
inhibitor, and azacitidine disrupted mitochondrial metabolism
and effectively targeted leukemia stem cells, leading to better
clinical outcomes in patients with AML. These findings highlight
the therapeutic potential of targeting mitochondrial metabolism
as a strategy to overcome resistance and improve the efficacy of
existing chemotherapies such as Ara-C and DNR. Clinical trials on
the effects of inhibiting mitochondrial metabolic pathways,
especially OXPHOS complex I, could provide new therapeutic
options for patients with resistant AML. Our study further
highlights that RHI-1 cells rely on mitochondrial adaptations and
enhanced DNA repair pathways to resist chemotherapy, confirm-
ing clinical evidence that combination therapies targeting these
pathways can significantly improve patient outcomes. DiNardo
et al. reported that combination treatment with venetoclax and
hypomethylating agents, such as decitabine and azacytidine,
improved the outcome of elderly patients with AML [41]. This
combination exploits the metabolic weaknesses of leukemia cells,
demonstrating the potential of integrated therapeutic approaches
that inhibit mitochondrial metabolism. Additionally, our results
revealed that ROS detoxification pathways play a significant role in
chemotherapy resistance in RHI-1 cells, mirroring previous studies
research that have shown the critical importance of ROS
management in cancer cell survival. Herst and Berridge [42]
showed that enhanced ROS detoxification affects cellular oxygen
consumption and contributes to chemoresistance. Therefore,
addressing ROS detoxification could represent a valuable
approach to reduce resistance and enhance the efficacy of
chemotherapy in patients with AML. Overall, these clinical
implications underscore the need for further research on
metabolic adaptations in leukemia cells, including mitochondrial
metabolism and ROS detoxification, to develop effective che-
motherapeutic regimens. Additionally, strategically targeting
these resistance pathways may improve patient outcomes,
particularly in patients with limited treatment options.
Conclusively, our study provides valuable insights into the

mechanisms underlying chemotherapy failure in FLT3-ITD wild-
type R/R AML. Disrupting mitochondrial metabolic proteins in

FLT3-ITD wild-type R/R AML cells can improve the efficacy of the
Ara-C and DNR regimens.

MATERIALS AND METHODS
Cell cultures and cell viability test
The SHI-1 (CVCL_2191), an acute myeloid leukemia cell line, was obtained
from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ, Braunschweig, Germany). DSMZ confirmed the authentication of
the SHI-1 cell line. Cytarabine (Ara-C) resistant SHI-1 cells (RHI-1) were
provided as a kind gift by Molecular Medicine Finland, University of
Helsinki. Cells were maintained in RPMI 1640 medium (Catalog No. LM-011-
03; Welgene, Seoul, Korea) supplemented with L-glutamine (2 mM; Catalog
No. 25030-081; Thermo Fisher Scientific, Waltham, MA, USA), 10% fetal
bovine serum (FBS; Catalog No. F2442; Sigma-Aldrich, St. Louis, MO, USA),
and 1% antibiotic-antimycotic solution (100×; Catalog No. 15240-062;
Thermo Fisher Scientific). Patient samples were collected from six
individuals with AML, divided into two groups: three treatment-
responsive cases (AML-P1, AML-P2, AML-P3) and three relapsed/refractory
(R/R) cases (R/R-P1, R/R-P2, R/R-P3). Clinical details are provided in Table S5.
All samples were obtained in accordance with the ethical guidelines
prescribed in the Declaration of Helsinki. The study protocol was approved
by the Institutional Review Board of Korea University Anam Hospital (IRB
No. 2020AN0415), and informed consent was obtained from all
participants before sample collection. Cells from patient samples were
counted and resuspended in MCM (MCM; Catalog No. C-28030; PromoCell)
with 0.5 μg/mL gentamicin (50mg/mL; Catalog No. 15750-060; Thermo
Fisher Scientific) and 2.5 μg/mL amphotericin (250 µg/mL; Catalog No.
15290-018; Thermo Fisher Scientific). Cells were cultured at 37 °C in a
humidified atmosphere containing 5% CO2 and were passaged every two
to three days. For cell viability assays, SHI-1 and RHI-1 cells were seeded at
a density of 15,000 cells per 100 μL of culture medium into each well of a
96-well microplate (Corning Costar, Catalog No. 3595) and incubated for
24 h. Following incubation, cells were treated with drugs either as single
doses or in combination, as depicted in Figs 1, 3. Cell viability was assessed
at 0, 24, and 48 h post-treatment using the Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Absorbance was
measured at 450 nm using a microplate reader (e.g., BioTek Synergy HT).
Each treatment condition was performed in triplicate wells, and the entire
assay was independently repeated three times to ensure reproducibility
[43].

FLT3-ITD mutation fragment analysis
DNA from SHI-1 cells and RHI-1 cells was harvested using DNA extraction kit
(TaKaRa MiniBEST Universal Genomic DNA Extraction Kit Ver.5.0; Takara Bio).
FLT3-ITD mutations were analyzed in extracted DNA by fragment analysis
through PCR. PCR was performed for both the DNA of SHI-1 cells and the DNA
of RHI-1 cells using specific primers (FLT3 forward primer: 5′-FAM-AGCAATT
TAGGTATGAAAGCCAGCTA-3′ and reverse primer-5′-CTTTCAGCATTTTGACGG
CAACC-3′. Beta474 forward primer-5′-PET-CCAGAAGAGCCAAGGACAGGTACG-
3′ and reverse primer-5′- AGATCCCCAAAGGACTCAAAGAACC-3′) under the
following conditions: 1 cycle at 95 °C for 5min, 35 cycles at 95 °C for 20 s, 58 °C
for 40 s, 72 °C for 30 s, and 1 cycle for 72 °C for 5min using a Veriti™ 96-Well
Fast Thermal Cycler (Thermo Fisher, Waltham, MA, USA). Capillary electro-
phoresis and Fragment analysis were performed in an 3500 Genetic Analyzer
(Thermo Fisher, Waltham, MA, USA).

Quantitative analysis of Ara-C and DNR uptake
SHI-1 cells and RHI-1 cells were seeded in cell culture flasks (SPL Life
Science, Seoul, Korea) and then treated with 0.64 μM Ara-C alone, 0.61 or
2 μM DNR alone, or DNR combined with 0.64 μM Ara-C, respectively. After
1, 24, and 48 h, live and dead cells were separated using Histopaque-10771
(Sigma-Aldrich, Catalog No. H10771), and each harvested cells was washed
with PBS (PBS; Thermo Fisher Scientific, Catalog No. 10010023). Cells were
resuspended with water, lysed by freeze-thaw method (alternating
between −80 °C and room temperature), and centrifuged at 14,000 × g,
4 °C for 10min. The supernatants were taken, and ACN (ACN; J.T. Baker,
Catalog No. 270942) was added at a 1:1 ratio to precipitate proteins, and
precipitated proteins were removed by centrifugation at 7500 × g, 4 °C for
5 min. The protein-free supernatants were desalted by Oasis HLB cartridge
(Waters Corporation, Catalog No. WAT053933), and the buffer was
removed using Concentrator Plus (Eppendorf, Catalog No. 5632). Samples
were reconstituted with mobile phase (0.1% formic acid in water), and the
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amount of cellular-uptaken cytarabine and daunorubicin was quantitated.
Quantitative analysis was performed using TQMS with LCMS-8050
spectrometer (Shimadzu, Kyoto, Japan) in both positive and negative ion
modes. The source parameters were 200 (interface), 250 (DL), and 200 °C
(heating gas temperatures). The flow rates of nebulizing, heating, and
drying gases were 3, 10, and 10 L/min, respectively. ACQUITY BEH C18
1.7 μm VANGUARD Pre-co (Waters, Catalog No. 186003890) and Shimadzu-
pack C18 3 μm (Shimadzu, Catalog No. 80348-8054) were used for L.C.
separation. The temperature setting of L.C. was 40 °C, and the injection
volume of the sample was 10 μL. Water containing 0.1% formic acid (A)
and ACN containing 0.1% formic acid (B) were used as solvents, and the
flow rate was 0.1 mL/min. L.C. time program was scheduled as follows:
0–5min, 0% B; 5–50min, the concentration of B increased 0–80%;
50–60min, sharp reduction to 0% B. m/z= 244.10 represented the
protonated cytarabine ion that fragmented to m/z= 112.05, 95.00, and
69.05. m/z= 528.80 represented the protonated daunorubicin ion that
fragmented to m/z= 322.10, 364.10, and 307.00.
The amount of Ara-C in A0.64, C(A0.64+D0.61), and C(A0.64+ D2)-

treated live cells was measured at 1, 24, and 48 h after treatment. Similarly,
we quantified DNR in D0.61, D2, C(A0.64+ D0.61), and C(A0.64+D2)-
treated cells at the same time points. [Drug] cells were calculated by
dividing the drug amounts by the number of cells used for lysis.

Cell lysis and peptide digestion
Cells were washed once with PBS and lysed for 30min in ice-cold lysis urea
buffer 8 M urea; 75 mM NaCl, 50 mM Tris HCl pH 8.0, 1 mM EDTA, 2 μg/mL
aprotinin (Sigma, A6103), 10 μg/mL leupeptin (Roche, #11017101001),
1 mM PMSF (Sigma, 78830), 10 mM NaF, 5 mM sodium butyrate, 5 mM
iodoacetamide (Sigma, A3221), Phosphatase Inhibitor Cocktail 2 (1:100,
Sigma, P5726), Phosphatase Inhibitor Cocktail 3 (1:100, Sigma, P0044).
Lysates were centrifuged at 20,000 × g for 10 min, and protein concentra-
tions of the clarified lysates were measured via BCA assay. After BCA assay,
lysates were reduced for 60min with 5mM dithiothreitol (Thermo
Scientific, 20291) and alkylated for 60min with 10mM iodoacetamide.
Samples were then diluted 1:4(v/v) with 50mM Tris HCl, pH 8.0, to reduce
the urea concentration to 2 M. Finally lysates were digested overnight at
37 °C with trypsin in a 1:30 enzyme-to-substrate ratio on a shaker. After
digestion, Samples were acidified to quench the trypsin activation
(v/v= 1%) and centrifuged at 2000 × g for 5 min. Peptide mixtures were
desalted on tC18 SepPak columns (Waters, 500mg WAT036790). Columns
were conditioned with 2 × 5ml 100% acetonitrile and 2 × 5ml 50%
acetonitrile/0.1% formic acid washes, and equilibrated with 4 × 5ml 0.1%
trifluoroacetic acid. After loading the sample onto the column, samples
were desalted with 3 × 5ml 0.1% trifluoroacetic acid washes and 1 × 5ml
1% formic acid wash. Peptides were eluted with 2 × 3ml 50% acetonitrile/
0.1% formic acid. Eluted peptide samples were placed in a vacuum
evaporator to evaporate the solvent. After evaporation, 18 samples peptide
concentrations were measured via BCA assay.

Overall method for Quantitative proteomic/
phosphoproteomic profiling
For these analyses, SHI-1 and RHI-1 cells in the control (untreated), D0.61,
D2, C(A0.64+D0.61), and C(A0.64+ D2) groups were harvested after 48 h
(n= 3 samples/group, making a total of 18 samples) to obtain cell lysates.
Cell lysates were digested with trypsin, followed by 18 plex-tandem mass
tag labeling (18 plex-TMTpro) (Fig. S2A). All individually TMT-labeled
samples were pooled into one tube, and 5% of the pooled TMT-labeled
proteome was used for global proteome profiling, whereas 95% of the
pooled proteome was used for phosphoproteome profiling via specific
enrichment of phosphopeptides using ferric nitrilotriacetate immobilized
metal affinity chromatography [44]. Both the TMT-labeled proteome and
the enriched phosphoproteome were subjected to concatenated fractio-
nation into 30 fractions using an offline mid-pH reversed-phase fractiona-
tion system. All fractionated samples were analyzed via Orbitrap Eclipse
using the synchronous precursor selection-MS3 (SPS-MS3) method,
resulting in the profiling of 5816 quantifiable global proteins and 2557
phosphoproteins.

TMTpro 18plex labeling and IMAC
Total 5.4 mg of 18 samples, corresponding to 0.3 mg from each sample,
were labeled with 0.5 mg TMTpro reagents in 20% ACN, 50mM HEPES for
2 h. TMT 126/127 N/128 N, 131 N/129 N/130 N, 130 C/131 C/132 C, 132 N/
133 N/134 C, 127 C/128 C/129 C, and 135 N/133 C/134 N were utilised to

peptides labeling from drug-untreated SHI-1, drug-untreated RHI-1, D0.61-,
D2-, C(A0.64+D0.61)-, and C(A0.64+D2)-treated RHI-1 cells, respectively.
The TMT labeling reaction was quenched by adding 4 µL of 5%
hydroxylamine for 15min at room temperature. Samples were combined
and placed in a vacuum evaporator to evaporate the solvent. Phopsho-
peptides were enriched by using Fe-NTA phosphopeptide enrichment kit
(Thermo Fisher Scientific, A32992). Eluents were combined, and combined
sample was placed in a vacuum evaporator to evaporate the solvent.
Peptide concentrations were measured via BCA assay.

High-pH off-line fraction
To increase the analytical depth, offline mid-pH reversed-phase fractiona-
tion was performed. Combined 54 μg of peptide sample was separated
using the nanoACQUITY UPLC system (Waters) with an in-house-packed
column (320 μm i.d. x 55 cm) using 3 μm Jupyter C18 particles
(Phenomenex). The LC flow rate was 7 μl/min with a 92min linear gradient
ranging from 98% solvent A (10mM ABC, pH 8) to 40% solvent B (90%
acetonitrile with 10mM ABC). Each fraction was collected every 1 min and
automatically concatenated into final 30 pools using TriVersa NanoMate
robot (Advion). All the fractions were dried and resuspended in 10 μl of
25mM ABC for LC-MS3 analysis.

LC-MS3 analysis
Synchronous precursor selection-MS3 analysis was carried out for each
fraction using Orbitrap Eclipse Tribrid MS (Thermo Fisher Scientific)
coupled with a NanoAcquity UPLC equipped with an in-house packed
trap (150 μm i.d. x 3 cm) and analytical column (75 μm i.d. x 100 cm) using
3 μm Jupiter C18 particles. A linear gradient of solvent A (0.1% formic acid)
and solvent B (100% ACN, 0.1% formic acid) was applied at a flow rate
300 nl/min as follows: 0–5min, 2–5% solvent B; 5–15min, 5–10% solvent B;
15–190min, 10–30% solvent B; 190–195min, 30–80% solvent B;
195–200min 80% solvent B isocratic, followed by 35min re-equilibration
of the column. Full MS scans (m/z 375-1575) were acquired at a resolution
of 120k (at m/z 200). Higher-energy collisional dissociation (HCD)
fragmentation of precursor ions with charge 2–7 was performed under
30% of normalized collision energy (NCE) via precursor isolation within 0.7
Th window. Dynamic exclusion value was set to 60 s. The MS2 scans were
acquired at a resolution of 15k (maximum precursor ion injection time
(ITmax) of 60ms and automatic gain control (AGC) of 5E4). The 10 most
intense MS2 fragment ions were first isolated at 0.4 Th of precursor
isolation width and then synchronously isolated for HCD MS3 (ITmax of
54ms, AGC of 2.5E5, and NCE of 65%) at 3 Th of isolation width. Raw data
were analyzed with Proteome Discoverer 2.2 (Thermo Fisher Scientific;
RRID:SCR_014477) with the TMTpro reporter ion quantification workflows
using the standard (Thermo Fisher Scientific (RRID:SCR_008452)). Spectra
were searched using the Sequest search engine using the homo sapiens
database obtained from Uniprot with trypsin set as enzyme
(RRID:SCR_002380). Carbamidomethylation of cysteine residues
(+57.021 Da), TMT of peptide N termini and lysine residues
(+229.163 Da) were set as static modifications, while the oxidation of
methionine residues (+15.995 Da) was set as a variable modification.
Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery
rate (FDR). To assign DE proteins, all channels’ intensities were normalized,
and log2FC and corrected p-value via the Benjamini–Hochberg were used
for further analysis.

Identification of DEPs and differentially expressed
phosphopeptides
We computed the log2-fold-change in TMT intensity between drug-
untreated or treated with D0.61, D2, C(A0.64+D0.61), or C(A0.64+D2) RHI-1
cells and drug-untreated SHI-1 cells. Then, we identified the differentially
expressed proteins (DEPs) with p-value<0.05 and absolute log2-fold-
changes > 1 (2-fold) (Table 2). The differentially expressed phospho-
proteins (phos-DEPs) were identified in the same way with the DEPs.

Protein extraction and immunoblotting
Cell lysates were prepared by lysing cells in RIPA buffer containing
phosphatase and protease inhibitors. Bradford and bicinchoninic acid
protein assay kits (Thermo Fisher Scientific) were used to determine the
protein concentration in whole lysates. A total of 20 μg of each cell lysate
was loaded on 12% gels for SDS-PAGE and transferred to a polyvinylidene
fluoride membrane (Bio-Rad Laboratories, Inc., California, USA). The
following antibodies were used at a dilution of 1:1000, rabbit anti-Sirtuin
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6 (SIRT6) antibody (cell signaling technology, Beverly, MA, USA;
RRID:AB_2188926), rabbit anti-catalase (CAT) antibody (cell signaling
technology, Beverly, MA, USA; RRID:AB_2798079), rabbit anti-
phosphoDNA-dependent protein kinase (phos-DNA-PK) antibody (cell
signaling technology, Beverly, MA, USA; RRID:AB_2939025), and β-actin
(Invitrogen). After probing with the appropriate species-specific horse-
radish peroxidase (HRP)-linked secondary antibodies (1:10000), the
proteins were detected using EZ-Western and EZ-Western Lumi Femto
kits (DoGenBio, Seoul, Korea) and a LAS mini 4000 (GE Healthcare,
Amersham, UK). Data were analyzed using the ImageJ software (NIH,
Bethesda, MD, USA; RRID:SCR_003070).

SIRT6 knockdown using siRNA transfection
SIRT6 knockdown was performed using AccuTarget™ Genome-wide
Predesigned siRNA (BioRP, 100 nmole, siRNA No: 51548-1, Human SIRT6;
Bioneer, Daejeon, Korea) and Lipofectamine™ RNAiMAX Transfection
Reagent (Catalog No. 13778150; Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol.

Statistical analysis
We assessed the homogeneity of variances among the groups using an F-
test, and evaluated the normality of the data by generating Q-Q plots. The
results confirmed that the variances across groups were similar and that
the data were approximately normally distributed. Trend analysis was
performed using simple linear regression, and the resulting trend p value is
reported. For comparisons between two groups, p-values were determined
using an unpaired t-test (two-tailed). Center values are defined as the
mean, and error bars represent the standard error of the mean (SEM). All
details regarding the number of cells, experimental replicates, and
significance level are described in each method section and the figure
captions. Significance of comparisons is indicated in figures and
supplemental data as ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information files. The mass spectrometry proteomics data
generated during this study are available at the ProteomeXchange Consortium via
the PRIDE partner repository, with the dataset identifier [PXD054797].
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