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Abstract Chemotherapy is currently the mainstay of systemic management for triple-negative breast

cancer (TNBC), but chemoresistance significantly impacts patient outcomes. Our research indicates that

Doxorubicin (Dox)-resistant TNBC cells exhibit increased glycolysis and ATP generation compared to

their parental cells, with this metabolic shift contributing to chemoresistance. We discovered that

ALKBH3, an m1A demethylase enzyme, is crucial in regulating the enhanced glycolysis in Dox-

resistant TNBC cells. Knocking down ALKBH3 reduced ATP generation, glucose consumption, and

lactate production, implicating its involvement in mediating glycolysis. Further investigation revealed

that aldolase A (ALDOA), a key enzyme in glycolysis, is a downstream target of ALKBH3. ALKBH3

regulates ALDOA mRNA stability through m1A demethylation at the 30-untranslated region (30UTR).
This methylation negatively affects ALDOA mRNA stability by recruiting the YTHDF2/PAN2ePAN3

complex, leading to mRNA degradation. The ALKBH3/ALDOA axis promotes Dox resistance both

in vitro and in vivo. Clinical analysis demonstrated that ALKBH3 and ALDOA are upregulated in breast
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cancer tissues, and higher expression of these proteins is associated with reduced overall survival in

TNBC patients. Our study highlights the role of the ALKBH3/ALDOA axis in contributing to Dox resis-

tance in TNBC cells through regulation of ALDOA mRNA stability and glycolysis.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Triple-negative breast cancer (TNBC), which constitutes approx-
imately 15% of all invasive breast carcinomas, represents a het-
erogeneous consortium of breast malignancies, distinguished by
the absence of estrogen receptors (ERs), progesterone receptors
(PRs), and gene amplification of the human epidermal growth
factor receptor 2 (HER2)1. Consequently, TNBC remains imper-
vious to endocrine therapy and HER2-targeted interventions2.
Therefore, cytotoxic chemotherapy stands as the current corner-
stone of systemic therapy for both early and advanced TNBC3.
However, recurrence rates remain high, and TNBC lesions
frequently acquire resistance against chemotherapeutic agents3.
Once chemotherapy fails to overcome resistance in TNBC pa-
tients, treatment options are severely limited. Thus, chemo-
resistance represents a major contributor to mortality in patients
with TNBC.

The resistant TNBC cells manifest an augmented glycolytic
phenotype, wherein glucose uptake and lactate fermentation
surge4. It has been revealed that targeted silencing of the pivotal
enzymes involved in aerobic glycolysis pathway may potentiate
the anti-proliferative efficacy of chemotherapeutic agents. For
example, metabolic adaptation towards glycolysis supports resis-
tance to neoadjuvant chemotherapy in early TNBCs5. Increased
expression of lactate dehydrogenase A (LDHA) is identified in
paclitaxel-resistant TNBC cells, and the attenuation of LDHA or
the employment of LDH inhibitor oxamate both re-sensitize
paclitaxel-resistant TNBC cells to paclitaxel6. Further, a recent
study has revealed that up-regulated aldolase A (ALDOA)
expression promotes the proliferation, sphere formation, and
radio-resistance of cancer cells7. Targeting glucose metabolism
can overcome chemoresistance to anticancer chemotherapy in
TNBC8. Therefore, targeted inhibition of glycolytic enzymes or
their regulators might be potential approaches to re-sensitize
TNBC cells to chemotherapy.

Epigenetic reprogramming plays a key role in the acquisition
of chemoresistant potential of cancer cells9. Post-transcriptional
RNA modification, known as the epitranscriptome, has garnered
considerable attention due to its extensive involvement in tumor
progression10. It has been reported that alteration of the m6A
modification, the most common epigenetic RNA modification,
affected drug efficacy by restructuring multidrug efflux trans-
porters, drug-metabolizing enzymes, and anticancer drug tar-
gets11. For example, METTL3 m6A-dependently enhanced
translation of ABCD1, leading to migration and spheroid forma-
tion in clear cell renal cell carcinoma (ccRCC)12. N1-methyl-
adenosine (m1A) represents a methylation modification of RNA.
Although m1A is less abundant than m6A, its impact on RNA
structure and function exceeds that of m6A due to the additional
positive charge introduced at the modified nitrogen13. Previous
study discovered correlations between various m1A methyl-
transferase, demethylases, and cancer prognosis14. However,

limited information exists concerning the functional roles of m1A
modification in TNBC progression and chemoresistance.

In the present study, we revealed that the significant elevation
of glycolysis of doxorubicin (Dox)-resistance of TNBC cells.
Further, there is decrease of m1A levels in Dox-resistant cells,
while ALKBH3-deleted cells were more Dox sensitive. Mecha-
nistical investigations showed that ALKBH3 increased the mRNA
stability of ALDOA to trigger glycolysis and chemoresistance of
TNBC cells.

2. Materials and methods

2.1. Cell line and cell culture

The triple-negative breast cancer cell line MDA-MB-231 and BT-
549 were purchased from the American Type Culture Collection
(ATCC, VA, USA). These cell lines underwent regular authenti-
cation through STR analysis and were checked for mycoplasma
contamination. The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen Life Technologies) sup-
plemented with 10% fetal bovine serum (FBS, Gibco, Carlsbad,
CA, USA) and 1% penicillin/streptomycin (Gibco, USA). The
cultures were maintained in a 37 �C incubator with 5% CO2.
Doxorubicin-resistant TNBC cells were generated by treating the
cells with increasing concentrations of doxorubicin for approxi-
mately 6 months according to the previous study15. The resulting
resistant cells were named MDA-MB-231/Dox and BT-549/Dox,
respectively. To maintain the resistance, the cells were rese-
lected with doxorubicin every 3 months or 5e7 passages. Before
experiments, the doxorubicin-resistant cells were cultured in full
medium without doxorubicin for three days.

2.2. Plasmid, siRNA, and transfection

To construct the ALKBH3 overexpression vector, the full-length
sequence of human ALKDH3 was inserted into the pcDNA3.1
vector (Geenseed Biotech, Guangzhou, China). The pcDNA-
ALKBH3 R122A and L177A mutations were generated accord-
ing to the previous study16. The primers used for the R122A
mutation were as follows: forward 50-GAG GAC CGG CAT CGC
AGA GGA TA-30 and reverse 50-AAG TTA TAT CCT CTG CGA
TGC CG-30. The primers for the L177A mutation were as follows:
forward 50-CAA CTC CTT AGC ATG CAA T-30 and reverse
50-TTG CGA TAA AGA TTG CAT GCT AA-30. The lentiviral
vector carrying sh-ALKBH3 or sh-NC, along with two assistant
vectors, was transiently transfected into HEK293T cells. After
48 h, the viral supernatants were collected, clarified, and
concentrated for animal studies. The TNBC cells were stably
transfected or infected with puromycin selection. The pcDNA3.1-
YTHDF2 and pcDNA3.1-ALDOA vectors were purchased from
Sangon Biotech (Shanghai, China) and verified by sequencing. All
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transfections were performed using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA) following the manufacturer’s
instructions.

2.3. Cell viability

Cell viability was assessed using the Cell Counting Kit-8 (CCK8)
assay (Abcam, MA, USA) according to the manufacturer’s in-
structions. Cells (1 � 103 per well) were seeded in 96-well plates
and allowed to adhere for 12 h. Different concentrations of doxo-
rubicin were added to each well for 24 h. At the end of the experi-
ment, CCK-8 solution (10 mL)was added to each well and incubated
with cells for 4 h at 37 �C in the dark. The absorbance of each well
was measured at 450 nm using the Multiskan FC microplate
photometer (Thermo Scientific, CA, USA). The cell proliferation
rate was presented as the relative percentage change in absorbance.

2.4. ATP measurement

Intracellular ATP levels were measured using the ATP Assay Kit
(S0026, Beyotime, China) following the manufacturer’s in-
structions. Cells were washed three times with cold PBS and
immediately lysed on ice. The cell lysates were then centrifuged at
12,000 � g and 4 �C for 5 min. Next, 20 mL of the supernatant and
100 mL of the detection working solution were added to each well
of a 96-well plate. The mixture was gently mixed and incubated
for 5 min. The intracellular ATP level was assessed using the
bioluminescence method with a multi-function microreader.

2.5. Glucose consumption and lactate production

Cells were cultured and treated under the indicated conditions. At
the end of the experiment, the culture medium was collected to
determine the glucose concentration and lactate levels. Glucose
and lactate were measured using the Glucose assay kit (Amplite™
Glucose Quantitation Assay kit, AAT Bioquest, Sunnyvale, USA)
and the Lactate Assay Kit II (Eton Bioscience Inc., San Diego,
CA, USA) according to the manufacturer’s instructions, respec-
tively. Glucose consumption was calculated as the difference in
glucose concentration between the fresh medium and cell super-
natant. Lactate production was determined as the difference in
lactate concentration between the cell supernatant and fresh me-
dium. Each level was normalized to the cell number.

2.6. Metabolites measurement

Intracellular glycolytic intermediates (2/3-PGs, PEP) were detec-
ted using a 7890 A GC system (Agilent Technologies) combined
with 5975C Inert MS system (Agilent Technologies) as described
previously17. The total cellular glyceraldehyde 3-phosphate (G3P)
concentration was detected according to the protocol of Glycerol-
3-Phosphate Assay Kit (ab174094, Abcam)18.

2.7. ECAR

The ECAR was measured using an XF96 extracellular analyzer
(Seahorse Bioscience). A total of 20,000 cells per well were
seeded prior to the experiment. The cells were incubated in a CO2-
free incubator at 37 �C, and the medium was changed to XF base
medium supplemented with 1 mmol/L pyruvate, 2 mmol/L
glutamine, and 10 mmol/L glucose for an hour before measure-
ment. The cells were then sequentially exposed to 2 mmol/L

oligomycin and 150 mmol/L 2-deoxyglucose (2-DG). After
measurement, the cells were washed with PBS, fixed with 3%
PFA, permeabilized with 0.2% triton, and counterstained with
Dapi (1:500) to determine the number of cells per well. Data were
analyzed using Seahorse XF24 Wave software.

2.8. LSeMS/MS

For the analysis of internal RNA modifications (m6A, m5C, and
m1A), polyadenylated RNA was purified from total RNA using
two rounds of poly(A) tail purification with the Dynabeads�

mRNA DIRECT™ kit (Thermofisher Scientific, #61006). Subse-
quently, 100 ng of poly(A) RNA was digested with 1 unit of
Nuclease P1 (Wako) in a 50 mL buffer containing 10 mmol/L
ammonium acetate (pH 5.3) at 42 �C for 5 h. After the addition of
5.5 mL of 1 mol/L fresh NH4HCO3 and 1 unit of alkaline phos-
phatase (SigmaeAldrich), the mixture was incubated at 37 �C for
an additional 5 h. The digested samples were filtered through
0.22-mm syringe filters before being injected into a C18 reverse-
phase column coupled online to an Agilent 6460 LCeMS/MS
spectrometer in positive electrospray ionization mode for
UPLCeMS/MS analysis. Nucleosides were quantified using the
nucleoside-to-base ion mass transitions of m/z 268.0 to 136.0 (A),
m/z 282.0 to 150.1 (m6A), m/z 282.0 to 150.0 (m1A), m/z 244.0 to
112.0 (C), m/z 258.0 to 126.0 (m5C), and m/z 284.0 to 152.0 (G).
Standard curves were generated by running a concentration series
of pure commercial nucleosides (SigmaeAldrich). The concen-
trations of nucleosides in the samples were calculated by fitting
the signal intensities to the standard curves. The m6A/A, m1A/A,
and m5C/C ratios were calculated accordingly.

2.9. qRT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
First-strand cDNA was synthesized using oligo(dT) primers and
moloney murine leukemia virus reverse transcriptase (Promega,
Madison, WI, USA). Subsequently, 1 mL of the first-strand cDNA
synthesis reaction mixture was used for PCR amplification in a
total volume of 50 mL. qPCR was performed in triplicate in a
20 mL reaction mixture containing 10 mL of SYBR Premix Ex Taq
Master Mix (2 �) (Takara, Osaka, Japan), 0.5 mmol/L of each
primer, and 10 ng cDNA on a Light Cycler� 480 Instrument II
(Roche Life Sciences, Meylan, France). The relative expression
was calculated using the comparative Ct method. The primer se-
quences used for amplification are as follows:
GAPDH: Forward: 50-GTCTCCTCTGACTTCAACAGCG-30,

Reverse: 50-ACCACCCTGTTGCTGTAGCCAA-30;
TRMT6: Forward: 50-GCAGGAGACATGTCCACTG-30,

Reverse: 50-AGGAGAGCTGATCCACTGGA-30;
TRMT61A: Forward: 50-GCGCGCAGACAGAACAGAG-30,

Reverse: 50-CACAGCCCGTGTAGAAGCAG-30;
TRMT61B: Forward: 50-GTCGACGGAACCTGGAGG-30,

Reverse: 50-GGGATCAGGGTGGAGGAGG-30;
TRMT10C: Forward: 50-ACAGTGATCCCTGCAGCAG-30,

Reverse: 50-CCACCTCCACCTGAAATGCT-30;
NML: Forward: 50-GGAGACCTGGAGAAGGAGGA-30,

Reverse: 50-GAGGCATGGCAGTGTTCTGT-30;
ALKBH1: Forward: 50-TGAGCTTGGTGGGAAGTTGA-30,

Reverse: 50-TCGTTGTCAGGTAGGCTGGA-30;
ALKBH3: Forward: 50-GCTGGAAGATGAGACGCTGA-30,

Reverse: 50-TCCTTTGGTCCAGGTTCTGG-30;
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ALKBH7: Forward: 50-AGACACAGTGGTGACGGGAA-30;
Reverse: 50-AGACGTGTGCAGTGACCTTG-30;

FTO: Forward: 50-GACGGAGAGGCTTTTGGAGT-30,
Reverse: 50-CCCTCAGGATCCATGGAGTA-30;

ALDOA: Forward: 50-TTACACAGGCCGCATCTCTC-30,
Reverse: 50-GGTTGTGCCTTTCCCTGTAG-30;

precursor ALDOA Forward: 50-TCCTTCTTAAAAAAACCA
GG-30,

Reverse: 50-CTGGGTCGCTAGGGCCCT
CC-30

Firefy-Luc Forward: 50- GGTACTGTTGGTAAAGCCAC-30,
Reverse: 50-CTCTTCATAGCCTTATGCAG-30

Renilla-Luc Forward: 50-CAATGGGCAGGTGTCCACTC-30,
Reverse: 50-GTTCTGGATCATAAACTTTC-30.

2.10. Western blot analysis

Cells were lysed with lysis buffer containing RIPA buffer
(ThermoFisher Scientific), mini protease inhibitor cocktail com-
plete (Roche), and phosphatase inhibitor (Sigma). Total protein
was extracted using TPEB buffer (Invitrogen, Carlsbad, CA,
USA). The protein concentration was determined using a BCA
analysis kit (Beyotime Biotechnology, Shanghai, China). Typi-
cally, 20 mg of protein per lane was resolved by 12% SDS-
polyacrylamide gel electrophoresis (PAGE) gels and transferred to
a 0.25 mm PVDF membrane (Millipore, Bedford, MA, USA). The
membrane was then blocked in TBST containing 5% skimmed
milk powder for 1 h and incubated with the following primary
antibodies: ALKBH3 (CST, 14916S), ALDOA (Abcam,
ab155103), GAPDH (Abcam, ab8245), YTHDF2 (CST, 24744S),
PAN2 (CST, 13434S), PAN3 (Abcam, ab214018). The next day,
after incubation with HRP-conjugated secondary antibodies
(Promega) for 1 h, the membrane was washed with TBST. Finally,
the bands were visualized using an enhanced chemiluminescence
(ECL) kit (Biosharp, China).

2.11. m1A-RIP-PCR

Total RNAs were extracted using TRIzol reagent, followed by an
additional DNase I treatment to avoid DNA contamination. Then,
40 mg of total RNAwas incubated with 1 mg of anti-m1A antibody
in RIP buffer (150 mmol/L NaCl, 0.1% NP-40, 10 mmol/L Tris,
pH 7.4) at 4 �C overnight. After incubation, the RNAeantibody
complex was added to Protein A/G beads that had been pre-
washed with RIP buffer, and the mixture was gently rotated
overnight at 4 �C. Beads were washed five times with IPP buffer,
and the precipitated RNAs were further purified with TRIzol ac-
cording to the manufacturer’s instructions (Invitrogen, USA).
Then, glycogen and isopropanol were added to the supernatant
and incubated for 4 h at 4 �C. After washing with 75% ethanol, the
pellet was resuspended in RNase-free water for further use. The
precipitated RNAs and input RNAs were reverse-transcribed and
measured by qPCR. The relative enrichment of m1Aþ mRNAwas
calculated as the 2�DCt of m1A antibody precipitation relative to
the input sample19. The primer sequences used for amplification
of ALDOA are as follows:
50UTR: Forward: 50-GCTCCAGAGAATCAGAACAGCC-30,

Reverser: 50-CTGCGGCGCTGGCTTCTT-30;
CDS: Forward: 50-GGAGTCAAGGGAGGAGGGAG-30,

Reverse: 50-ACACGAGACGCCAGGAGG-30;
30UTR: Forward: 50-CGCCTTATAACCAGCCCGGGA-30,

Reverse: 50-CGCCGCGCTGCAGCGCG-30.

2.12. Luciferase assay

Luciferase reporter assays were performed according to the manu-
facturer’s instructions (Promega Inc., CA, USA). The 30UTR of
ALDOAwas cloned into the NheI and XbaI sites of the pmirGLO
luciferase vector. Cells were transfected with pmirGLO-ALDOA-
30UTR, negative control (NC), and pmirGLO using Lipofectamine
2000 (Invitrogen). After 48 h of culture, the luciferase activity of the
cells in different groups was measured using the Dual-Glo Lucif-
erase Assay System (Promega) on a multi-label microplate reader
(PerkinElmer EnSpire). The activity of Renilla luciferase, used as a
control reporter, was used to standardize the luciferase activity. The
experiment was repeated 6 times.

2.13. mRNA stability

The mRNA stability of mature and precursor mRNA was
measured by treating cells with actinomycin D (SigmaeAldrich)
at a concentration of 2 mg/mL, which inhibits transcription pro-
cesses induced by RNA polymerase by specifically binding to
DNA. RNA transcripts decay and decrease over time after acti-
nomycin D treatment. Total RNA was extracted at 0e4 h and
validated by qRT-PCR to check the expression of ALDOA. The
RNA degradation curves were plotted, and the mRNA half-life
and stability were compared. The mRNA decay rate was deter-
mined using a non-linear regression curve fitting (one-phase
decay) in GraphPad Prism V9.1 (GraphPad Software, Inc.)

2.14. RIP-PCR

RIP was used to confirm the direct binding of ALDOA mRNAwith
potential binding proteins at the endogenous level using the
EZMagna RIP kit (Millipore) according to the manufacturer’s
protocol in vitro. Cells were cross-linked with 1% formaldehyde
and lysed with protease and RNase inhibitors. Magnetic beads
preincubated with IgG or specific antibodies were incubated with
lysates at 4 �C overnight. The proteineRNA complex was then
eluted, and qRT-PCR was used to detect the expression of ALDOA
mRNA. Eluted RNAs were purified and detected with qPCR.
Equal quantities of RNA fragments that were not immunopre-
cipitated were used as the input control.

2.15. Co-immunoprecipitation (Co-IP)

Cells were cultured in a 10-cm dish overnight and lysed with co-IP
lysis buffer (Beyotime) at 4 �C for 30 min. After centrifugation at
13,400�g for 20 min at 4 �C, 100 mL of the supernatants were
aliquoted as “input” samples, and the remaining supernatants were
incubated with indicated antibodies overnight at 4 �C under gentle
rotation. Protein A þ G agarose beads (Beyotime) were added and
incubated at 4 �C for an additional 4 h under gentle rotation. The
agarose beads were washed five times with IP lysis buffer and
boiled with 1 � SDS-PAGE loading buffer. Binding proteins were
determined by Western blot analysis.

2.16. Animal study

Female BALB/c nude mice, 8 weeks old, were chosen for xeno-
graft experiments and maintained in specific pathogen-free con-
ditions. All procedures were approved by the First People’s
Hospital of Foshan Animal Care and Use Committee and followed
institutional regulations (C202307-7). The mice were
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subcutaneously inoculated with MDA-MB-231 cells (2.5 � 106,
200 mL) stably transfected with sh-control or sh-ALKBH3 vector
or infected with lentiviruses (Hanbio Co., Ltd., Shanghai, China)
carrying ALDOA (n Z 5 for each group). Each mouse then
received 3 mg/kg of DOX. After 24 days, the mice were sacrificed,
and the subcutaneous tumors were excised and weighed. The
tumor volume was calculated according to Eq. (1):

Tumor volume Z Length � Width2/2 (1)

and measured every three days, and the tumor weight was
determined.

2.17. Database analysis

The expression of ALKBH3 and ALDOA in cancers was analyzed
using data obtained from the Gene Expression database of Normal
and Tumor tissues 2 (GENT2, http://gent2.appex.kr)20, which in-
tegrates publicly available expression profile microarray data from
the GEO database to compare and analyze gene expression in
normal and cancer patient tissues. The expression profiles of
ALKBH3 andALDOA among the subtypes of breast cancer patients
were downloaded from LinkedOmics (http://www.linkedomics.
org), which is a publicly available portal that includes multi-omics
data from all 32 cancer types from The Cancer Genome Atlas
(TCGA) project. To assess the prognostic significance and patient
survival, KaplaneMeier Plots were generated by KaplaneMeier
Plotter (https://kmplot.com/analysis/) with the hazard ratio (HR)
and log-rank P values calculated on the server’s webpage21.

2.18. Tissue collection and IHC scoring

All patients’ samples were sourced from the hospital’s biological
sample repository. For this analysis, we utilized ten tissue sections
from breast cancer patients who exhibited sensitivity to Dox and ten
from those who did not. The research proposal underwent thorough
review and received approval from the Ethical Committee of The
First People’s Hospital of Foshan, adhering to the Chinese Ethical
Regulations and obtaining written consent from all participants
(No. FSYYY-EC-ZN-1.1-A02). Immunohistochemistry (IHC)
using ALKBH3 or ALDOA antibody was performed as previously
stated22. The staining intensity was rated on a scale of 0e3, with
0 representing negative, 1 representing weak, 2 representing me-
dium, and 3 representing strong staining. The staining extent was
scored on a scale of 0e4, reflecting the percentage of positive
staining areas within the entire tumor area (0% for 0, 1%e25% for
1, 26%e50% for 2, 51%e75% for 3, and 76%e100% for 4). An
overall protein expression score (ranging from 0 to 12) was
calculated by multiplying the intensity and positivity scores.

2.19. Statistical analysis

Statistical analyses were performed using GraphPad Prism V8.3.0.
The data are presented as the mean � standard deviation (SD). All
data represent the mean � SD of at least three independent experi-
ments. Unpaired two-tailed Student’s t-test was used to compare
differences in cell viability, gene expression, xenograft tumor vol-
ume, xenograft tumor weight, and gene expression between different
groups. The chi-square test was used to analyze the relationship be-
tween gene expression and the clinicopathological features of the
patients. KaplaneMeier curves and log-rank tests were applied to

compare the survival of patientswithhigh and lowgene expression. In
our study, P < 0.05 was considered statistically significant.

3. Results

3.1. Dox-resistant TNBC cells exhibited increased glycolysis

We first assessed the Dox sensitivity of both parental and resis-
tance TNBC cells. Our results demonstrated that the induced
resistant cells were significantly less sensitive to Dox than their
parental cells. The IC50 values of Dox for MDA-MB-231/Dox and
MDA-MB-231 were 11.9 and 0.85 mmol/L, respectively (Fig. 1A);
corresponding values for BT-549/Dox and BT-549 were 13.9 and
1.08 mmol/L (Fig. 1B). These findings confirmed the successful
establishment of Dox-resistant TNBC cells.

Chemoresistant cancer cells may show variation in metabolic
phenotypes including mitochondrial respiration, oxidative phos-
phorylation, and aerobic glycolysis23,24. Our data showed that
both MDA-MB-231/Dox and BT-549/Dox cells exhibited
increased ATP generation (Fig. 1C), glucose consumption
(Fig. 1D), and lactate production (Fig. 1E) compared to their
corresponding parental cells. In addition, Dox-resistant TNBC
cells also accumulated higher levels of downstream glycolytic
intermediates, including phosphoglycerates (2/3-PGs, Fig. 1F) and
phosphoenolpyruvate (PEP, Fig. 1G). Seahorse analysis revealed
that the basal and maximal extracellular acidification rate (ECAR)
were elevated in Dox-resistant TNBC cells (Fig. 1H and I)
compared to their parental cells. This indicated that Dox-resistant
TNBC cells showed increased levels of glycolysis and ECAR.

To investigate whether the enhanced glycolysis was involved in
Dox resistance of TNBC cells, we further treated cells with
glycolysis inhibitors 2-deoxy-D-glucose (2-DG) or oxamate (OX).
Our data showed that both 2-DG and OX can significantly restore
the Dox sensitivity of MDA-MB-231/Dox (Fig. 1J) and BT-549/
Dox (Fig. 1K) cells. Together, these findings indicated that the
increased glycolysis contributed to the chemoresistance of TNBC
cells.

3.2. ALKBH3-regulated glycolysis in Dox-resistant TNBC cells

Previous studies indicated that epigenetic reprogramming such as
RNA modification may act as key regulators of the acquired
chemoresistance. We first assessed the m6A, m1A and m5C levels
in mRNA from parental and Dox-resistant TNBC cells. Our data
showed that both MDA-MB-231/Dox (Fig. 2A) and BT-549/Dox
(Fig. 2B) cells exhibited lower m1A mRNA levels than their
parental counterparts. We then focused on the potential roles of
m1A in chemoresistance of TNBC cells.

Since m1A could be dynamically regulated by
methyltransferases called “writer” (TRMT6, TRMT61A,
TRMT61B, TRMT10C, and NML) and demethylases called
“eraser” (ALKBH1, ALKBH3, ALKBH7, and FTO)14. qRT-PCR
showed that mRNA levels of ALKBH3 and TRMT6 were increased
in both MDA-MB-231/Dox (Fig. 2C) and BT-549/Dox (Support-
ing Information Fig. S1A) cells. Since chemoresistant cells
showed decreased m1A levels, we then checked the expression and
potential roles of ALKBH3. Western blot analysis confirmed the
upregulation of ALKBH3 in both MDA-MB-231/Dox and BT-
549/Dox cells (Fig. 2D).

To investigate whether ALKBH3 was involved in enhancing
glycolysis and chemoresistance of TNBC cells, we knocked down
its expression in Dox-resistant TNBC cells using shRNA
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(Fig. S1B). Our data showed that sh-ALKBH3 significantly
decreased the ATP generation (Fig. 2E), glucose consumption
(Fig. 2F), and lactate production (Fig. 2G) of MDA-MB-231/Dox
and BT-549/Dox cells as compared with sh-control cells. Seahorse
analysis indicated that the basal and maximal ECAR were
decreased in sh-ALKBH3 MDA-MB-231/Dox (Fig. 2H) and BT-
549/Dox (Fig. S1C) cells as compared with that in sh-control
cells. In addition, the levels of 2/3-PGs (Fig. S1D) and PEP
(Fig. S1E) in sh-ALKBH3 MDA-MB-231/Dox and BT-549/Dox
cells were decreased as compared with those in sh-control cells.
Further, the levels of G3P in sh-ALKBH3 MDA-MB-231/Dox and
BT-549/Dox cells were decreased as compared with those in sh-
control cells (Fig. S1F). Collectively, these findings demonstrate
that ALKBH3 mediates glycolytic reprogramming in Dox-resis-
tant TNBC cells.

3.3. The m1A demethylase activity was essential for ALKBH3-
regulated glycolysis of TNBC cells

We further tested whether m1A demethylase activity is essential
for ALKBH3-regulated glycolysis and chemosensitivity of TNBC
cells. Both MDA-MB-231 and BT-549 cells were transfected with
ALKBH3 wild type (WT) or catalytically inactive ALKBH3

mutants (R122S and L177A)25 (Fig. 3A). LCeMS/MS analysis
confirmed that the m1A demethylase activity of ALKBH3 was
significantly impaired by the R122S and L177A mutations in both
cell lines(Fig. 3B and C).

As to the glycolysis of TNBC cells, our data showed that
ALKBH3-WT, but not R122S or L177A, could significantly in-
crease the ATP generation (Fig. 3D), glucose consumption
(Fig. 3E), and lactate production (Fig. 3F) of MDA-MB-231 cells.
Similarly, ALKBH3-WT, while not R122S or L177A, also
increased the ATP generation, glucose consumption, and lactate
production of BT-549 cells (Supporting Information
Fig. S2AeS2C). Further, overexpression of ALKBH3-WT, while
not R122S or L177A, obviously increased the ECAR of both
MDA-MB-231 (Fig. 3G) and BT-549 (Fig. S2D) cells. All these
data indicated that m1A demethylase activity of ALKBH3 is
essential for driving glycolytic reprogramming in TNBC cells.

3.4. ALDOA-mediated ALKBH3-regulated glycolysis of TNBC
cells

We next investigated potential targets involved in ALKBH3-
regulated glycolysis and chemoresistance of TNBC cells. Since
the methylation sites and numbers were varied among different

Figure 1 Dox resistant TNBC cells exhibited increased glycolysis. (A, B) Parental or chemoresistant MDA-MB-231 (A) and BT-549 (B) cells

were treated with increasing concentration of Dox for 24 h, the cell viability was measured by CCK-8 assay; (CeE) The relative levels of ATP

(C), glucose consumption (D), and lactate production (E) of MDA-MB-231/Dox and BT-549/Dox and their parental cells were checked; (F, G)

The relative levels of 2/3-FGs (F) and PEP (G) of MDA-MB-231/Dox and BT-549/Dox and their parental cells were checked; (H, I) The

extracellular acidification rate (ECAR) levels of MDA-MB-231/Dox (H) and BT-549/Dox (I) and their parental cells were checked; (J, K) MDA-

MB-231/Dox (J) and BT-549/Dox (K) cells were pre-treated with or without 2-DG (10 mmol/L) or OX (10 mmol/L) for 90 min and further treated

with increasing concentration of Dox for 24 h, the cell viability was measured by CCK-8 assay. Data are presented as mean � SD. **P < 0.01.
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studies, we analyzed the conserved m1A modified genes among
different studies. There were 1005 conserved m1A modified genes
in HeLa, HEK293T, and HepG2 identified by Dominissini et al.26

(Supporting Information Fig. S3A), 600 m1A modified genes in
HEK293T identified by Li et al.19, 2511 m1A modified genes
identified by Esteve-Puig et al.27, and 1026 genes in m1A-miCLIP
cluster in HEK293T cells identified by Grozhik et al.28 (Sup-
porting Information Table S1). Among these studies, overlap
analysis showed there were 23 conserved m1A modified genes
(Fig. 4A and Table S1). Further, ALDOA was the only candidate
gene simultaneously observed in four overlap analysis and 200
genes involved in glycolysis (Human Gene Set:
HALLMARK_GLYCOLYSIS, Fig. 4B, and Supporting Informa-
tion Table S2). ALDOA, a key glycolytic enzyme, catalyzes
fructose-1,6-bisphosphate (FBP) to G3P and dihydroxyacetone
phosphate. It has been implicated in the progression of multiple
cancers.29. We then investigated whether ALDOA mediates
ALKBH3-regulated glycolysis and chemosensitivity of TNBC
cells.

Firstly, m1A RIP-PCR showed that ALDOA mRNA was
significantly enriched by m1A antibody in MDA-MB-231 cells,
which was diminished in Dox-resistant counterparts (Fig. 4C).
Similar results were also observed in BT-549 and BT-549/Dox
cells (Fig. S3B). Further, sh-ALKBH3 significantly increased

the m1A enrichment of ALDOA mRNA in both MDA-MB-231/
Dox (Fig. 4D) and BT-549/Dox (Fig. 4E) cells. In addition,
RIP-PCR showed that ALDOA mRNAwere significantly enriched
by ALKBH3 antibody in MDA-MB-231 cells, while this enrich-
ment was increased in MDA-MB-231/Dox cells (Fig. 4F). Similar
results were also observed in BT-549/Dox cells (Fig. 4G). Western
blot analysis showed that the expression of ALDOAwas increased
in Dox-resistant breast cancer cells (Fig. 4H). Further, knockdown
of ALKBH3 markedly decreased the expression of ALDOA in
both MDA-MB-231/Dox and BT-549/Dox cells (Fig. 4I). Further,
overexpression of ALKBH3-WT, while not R122S or L177A, can
significantly increase the expression of ALDOA in both MDA-
MB-231 and BT-549 cells (Fig. 4J). It indicated that ALKBH3
can positively regulate the expression of ALDOA in TNBC cells.

To test whether ALDOA mediates ALKBH3’s effects, we
rescued ALDOA expression in sh-ALKBH3 cells (Fig. S3C).
ALDOA overexpression reversed the suppression of ATP gener-
ation, glucose consumption, lactate production caused by
ALKBH3 knockdown in MDA-MB-231/Dox cells (Fig. 4KeM).
Consistently, overexpression of ALDOA can reverse sh-ALKBH3-
suppressed ATP generation, glucose consumption, lactate pro-
duction in BT-549/Dox cells (Fig. S3DeS3F). Seahorse analysis
showed that overexpression of ALDOA can reverse the sh-
ALKBH3-suppressed ECAR of MDA-MB-231/Dox (Fig. 4N) and

Figure 2 ALKBH3 regulated glycolysis in Dox resistant TNBC cells. (A, B) The relative levels of m6A, m1A and m5C of mRNA collected

from MDA-MB-231 (A) and BT-549 (B) and their Dox resistant cells were checked by LCeMS/MS; (C) The relative mRNA levels of m1A

demethylases and methyltransferases in MDA-MB-231/Dox (Res) and MDA-MB-231 (Par) cells were checked by qRT-PCR; (D) The protein

levels of ALKBH3 in Dox resistant and parental cells were checked by Western blot analysis (left) and quantitatively analyzed (right); (EeG) The

relative levels of ATP (E), glucose consumption (F), and lactate production (G) of sh-control and sh-ALKBH3 MDA-MB-231/Dox and BT-549/

Dox cells were checked; (H) The extracellular acidification rate (ECAR) levels of sh-control and sh-ALKBH3 MDA-MB-231/Dox cells.

**P < 0.01 indicates significance for the sh-NC group compared with sh-A3-1 and sh-A3-2. Data are presented as mean � SD. **P < 0.01.
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BT-549/Dox (Fig. 4O) cells. All these data suggested that ALDOA
mediates ALKBH3-regulated glycolysis of TNBC chemoresistant
cells.

3.5. ALKBH3 regulated ALDOA mRNA stability via m1A
demethylation at 30UTR

We next investigated the mechanisms by which ALKBH3
regulates ALDOA expression in TNBC cells. The results
showed that sh-ALKBH3 significantly decreased the mRNA
expression of ALDOA in both MDA-MB-231/Dox and BT-549/
Dox cells (Fig. 5A). However, sh-ALKBH3 had no significant
effect on the precursor mRNA of ALDOA in either MDA-MB-
231/Dox or BT-549/Dox cells (Fig. 5B). It indicated that
ALKBH3 had no effect on the transcription of ALDOA in TNBC
chemoresistant cells. Further, overexpression of ALKBH3-WT,
but not the R122S or L177A mutants, significantly increased the
mature mRNA expression of ALDOA in both cell lines (Fig. 5C).
It indicated that ALKBH3 can positively regulate the mRNA
expression of ALDOA in TNBC cells via an m1A-dependent
manner. Further, our results showed that ALKBH3 knockdown did
not affect the translation efficiency of endogenous ALDOA
mRNA30 (Fig. 5D). We therefore focused on the mechanism for
ALKBH3/m1A regulated mRNA stability of ALDOA.

Our data showed that sh-ALKBH3 significantly decreased the
mRNA stability of ALDOA in both MDA-MB-231/Dox (Fig. 5E)
and BT-549/Dox (Fig. 5F) cells. In addition, sh-ALKBH3 had no
significant effect on the stability of precursor mRNA of ALDOA in
MDA-MB-231/Dox (Supporting Information Fig. S4A) or BT-
549/Dox (Fig. S4B) cells. In addition, overexpression of
ALKBH3-WT, while not R122S or L177A, can significantly

increase the mRNA stability of ALDOA in both MDA-MB-231
(Fig. 5G) and BT-549 (Fig. 5H) cells.

We further investigated the potential m1A methylation site of
ALDOA in TNBC cells. Fragmented RNA m1A-RIP-PCR revealed
that the ALDOA 30UTRdbut not the coding sequence (CDS) or
50UTRdwas enriched in parental MDA-MB-231 cells, with
reduced enrichment in Dox-resistant cells (Fig. 5I). Further, sh-
ALKBH3 also increased the m1A enrichment of ALDOA 30UTR in
both MDA-MB-231/Dox or BT-549/Dox cells (Fig. 5J). To
investigate whether the m1A methylated 30UTR was involved in
ALKBH3-regulated mRNA stability of ALDOA, we subcloned
the 30UTR behind the F-Luc of pmiR-GLO reporter (Fig. 5K). Our
data showed that the expression of pmiR-GLO-ALDOA 30UTR in
MDA-MB-231/Dox cells were significantly greater than that of
their parental cells (Fig. 5L). Further, sh-ALKBH3 significantly
decreased the expression of pmiR-GLO-ALDOA 30UTR in both
MDA-MB-231/Dox and BT-549/Dox cells (Fig. 5M). It was due
to that sh-ALKBH3 can significantly decrease the stability of
F-Luc and ALDOA 30UTR fusion mRNA in both MDA-MB-231/
Dox (Fig. 5N) and BT-549/Dox (Fig. 5O) cells. All these data
confirmed that ALKBH3 positively regulated ALDOA mRNA
stability via m1A methylation at 30UTR.

3.6. m1A negatively regulated mRNA stability of ALDOA via
recruitment of YTHDF2/PAN2ePAN3 complex

We next investigated the potential mechanisms for ALKBH3-
regulated mRNA stability of ALDOA. It has been reported that
YTHDF1, YTHDF2, YTHDF3, YTHDC1 are m1A-binding pro-
teins called “readers”25,31-34. RIP analysis showed that YTHDF2
significantly bound with ALDOA mRNA in both MDA-MB-231

Figure 3 The m1A demethylase activity was essential for ALKBH3-regulated glycolysis of TNBC cells. (A) The protein levels of ALKBH3 in

MDA-MB-231 and BT-549 cells transfected with vector control, ALKBH3-WT, R122S or L177A for 24 h; (B, C) The relative m1A levels in

mRNA of MDA-MB-231 (B) or BT-549 (C) cells transfected with vector control, ALKBH3-WT, R122S or L177A for 24 h were checked by were

checked by LCeMS/MS; (DeF) The relative levels of ATP (D), glucose consumption (E), and lactate production (F) of MDA-MB-231 cells

transfected with vector control, ALKBH3-WT, R122S or L177A for 24 h; (G) The extracellular acidification rate (ECAR) levels of MDA-MB-

231 cells transfected with vector control, ALKBH3-WT, R122S or L177A for 24 h **P < 0.01 indicates significance for the WT group compared

with other groups. Data are presented as mean � SD. **P < 0.01; NS, no significant.
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(Fig. 6A) and BT-549 (Fig. 6B) cells. YTHDF2 binding to ALDOA
mRNA was reduced in TNBC Dox-resistant cells compared to
parental cells (Fig. 6C and D). Further, fragmented RNA RIP-PCR
showed significant enrichment of ALDOA 30UTR, rather than CDS
or 50UTR, with YTHDF2 in TNBC Dox-resistant cells (Fig. 6E).
All these data indicated that YTHDF2 can bind with the m1A
methylated 30UTR of ALDOA.

Further, overexpression of YTHDF2 can significantly decrease
the mRNA (Fig. 6F) and protein expression (Fig. 6G) of ALDOA
in MDA-MB-231 and BT-549 cells. The sh-control and sh-
ALKBH3 MDA-MB-231/Dox cells were further transfected with
si-YTHDF2. The results showed that sh-ALKBH3 induced
downregulation of ALDOAwas obviously attenuated (Fig. 6H). In
addition, overexpression of YTHDF2 can also significantly

Figure 4 ALDOA mediated ALKBH3-regulated glycolysis of TNBC cells. (A) Venn diagram shows substantial and significant overlap among

m1A modified genes HeLa, HEK293T, and HepG2 identified by Dominissini et al.26, m1A enriched genes in HEK293T identified by Li et al.19,

transcripts containing an m1A-miCLIP cluster in HEK293T cells identified by Grozhik et al.27, and m1A modified genes identified by Esteve-Puig

et al.28; (B) Venn diagram shows mRNAs overlap among the glycolysis genes and m1A conserved modified genes in (A); (C) m1A RIP-qPCR

analysis of ALDOA mRNA m1A enrichment in parental and Dox resistant MDA-MB-231 cells; (D, E) m1A RIP-qPCR analysis of ALDOA

mRNA m1A enrichment in sh-NC and sh-ALKBH3 MDA-MB-231/Dox (D) and BT-549/Dox (E) cells; (F, G) RIP-qPCR analysis of ALDOA

mRNA in parental and Dox resistant MDA-MB-231 (F) and BT-549 (G) cells by use of ALKBH3 antibody; (H) The protein expression of

ALDOA in parental and Dox resistant MDA-MB-231 and BT-549 cells were checked by Western blot analysis; (I) The protein levels of ALDOA

in sh-control and sh-ALKBH3 Dox resistant cells were checked by Western blot analysis (left) and quantitatively analyzed (right); (J) The protein

levels of ALDOA in TNBC cells transfected with vector control, ALKBH3-WT, R122S or L177A for 24 h were checked by Western blot analysis

(left) and quantitatively analyzed (right); (KeM) The relative levels of ATP (K), glucose consumption (L), and lactate production (M) of sh-

control and sh-ALKBH3 MDA-MB-231/Dox cells transfected with vector control or ALDOA for 24 h; (N, O) The extracellular acidification

rate (ECAR) levels of sh-control and sh-ALKBH3 MDA-MB-231/Dox (N) or BT-549/Dox (O) cells transfected with vector control or ALDOA for

24 h **P < 0.01 indicates significance for the sh-A3-1þALDOA group compared with other groups. Data are presented as mean � SD.

**P < 0.01.
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decrease the expression of pmiR-GLO-ALDOA 30UTR in MDA-
MB-231 and BT-549 cells (Fig. 6I). It was because overexpression
of YTHDF2 can significantly decrease the mRNA stability of
ALDOA in both MDA-MB-231 and BT-549 cells (Fig. 6J and K).
Further, our data showed that the sh-ALKBH3-decreased mRNA
stability was attenuated by si-YTHDF2 in MDA-MB-231/Dox
cells (Supporting Information Fig. S5A). It indicated that

YTHDF2 was responsible for m1A induced degradation of
ALDOA mRNA in cancer cells.

Previous studies indicated that RNA binding proteins can re-
cruit PAN2ePAN3 deadenylase complex to decay target mRNA35.
Co-IP analysis showed that YTHDF2 can bind with PAN2 and
PAN3 in MDA-MB-231/Dox cells (Fig. 6L). Further, RIP-PCR
assay showed that both PAN2 (Fig. 6M) and PAN3 (Fig. 6N)

Figure 5 ALKBH3 positively regulated ALDOA mRNA stability via m1A methylation at 30UTR. (A, B) The relative levels of mature (A) or

precursor (B) ALDOA mRNA in sh-control and sh-ALKBH3 parental and Dox resistant TNBC cells were checked by qRT-PCR; (C) The mRNA

levels of ALDOA in TNBC cells transfected with vector control, ALKBH3-WT, R122S or L177A for 24 h were checked by qRT-PCR; (D) The

translation efficiency of endogenous ALDOA in sh-control and sh-ALKBH3 parental and Dox resistant TNBC cells were checked by normalization

of protein levels to the relative mRNA abundance; (E, F) sh-control and sh-ALKBH3 MDA-MB-231/Dox (E) or BT-549/Dox (F) cells were pre-

treated with Act-D for 90 min, then mature mRNA of ALDOA was analyzed at indicated times, **P < 0.01 indicates significance for the sh-NC

group compared with other groups; (G, H) MDA-MB-231 (G) and BT-549 (H) cells pre-transfected with vector control, ALKBH3-WT, R122S or

L177A for 24 h were further treated with Act-D for 90 min, then mature mRNA of ALDOAwas analyzed at indicated times, **P < 0.01 indicates

significance for the WT group compared with other groups; (I) m1A RIP-qPCR analysis of fragmented ALDOA mRNA in parental and Dox resistant

MDA-MB-231 cells; (J) m1A RIP-qPCR analysis of ALDOA mRNA 30UTR in sh-NC or sh-ALKBH3 TNBC Dox resistant cells; (K) Schematic

representation of ALDOA 30UTR of pmirGLO vector to investigate the roles of m1A in ALDOA mRNA stability; (L) The relative F-Luc/R-Luc of

pmiR-GLO-ALDOA 30UTR in parental and Dox resistant TNBC cells; (M) The relative F-Luc/R-Luc of pmiR-GLO-ALDOA 30UTR in sh-NC or

sh-ALKBH3 TNBC Dox resistant cells; (N, O) sh-control and sh-ALKBH3 MDA-MB-231/Dox (N) or BT-549/Dox (O) cells were pre-treated with

Act-D for 90 min, then levels of F-Luc-ALDOA 30UTR fusion RNAwas analyzed at indicated times using primers for F-Luc, **P < 0.01 indicates

significance for the sh-NC group compared with other groups. Data are presented as mean � SD. **P < 0.01.
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can directly bind with mRNA of ALDOA in MDA-MB-231/Dox
cells, while the binding was increased in sh-ALKBH3 knock-
down cells. In addition, RIP-PCR assay showed that both sh-
ALKBH3 can increase the binding between mRNA of ALDOA
with PAN2 and PAN3 in BT-549/Dox cells (Fig. S5B and S5C).
We further investigate whether YTHDF2 was essential for
PAN2ePAN3 induced degradation of ALDOA. The results
showed that overexpression of YTHDF2 can significantly increase
the binding between PAN2 and ALDOA mRNA (Fig. 6O) and
binding between PAN3 and ALDOA mRNA (Fig. 6P) in MDA-
MB-231 cells. The data suggested that YTHDF2 can recruit
PAN2ePAN3 to induce the decay of m1A methylated ALDOA
mRNA in TNBC chemoresistant cells.

3.7. ALKBH3/ALDOA axis promoted the in vitro and in vivo
Dox resistance

We further checked the effect of ALKBH3/ALDOA on Dox
sensitivity of TNBC cells. ALKBH3 knockdown resensitized both
MDA-MB-231/Dox (Fig. 7A) and BT-549/Dox (Fig. 7B) to Dox
treatment. Our data showed that overexpression of ALKBH3-WT,
while not R122S or L177A, can significantly decrease the Dox
sensitivity of MDA-MB-231 cells (Fig. 7C). Consistently,
ALKBH3-WT, while not R122S or L177A, can also significantly
decrease the Dox sensitivity of BT-549 cells (Fig. 7D). These data
demonstrate that ALKBH3 promotes chemoresistance in TNBC
cells through its m1A demethylase activity.

Figure 6 m1A negatively regulated mRNA stability of ALDOA via recruitment of YTHDF2/PAN2ePAN3 complex. (A, B) The relative binding

between ALDOA mRNAwith potential m1A binding proteins YTHDF1/2/3 and YTHDC in MDA-MB-231 (A) and BT-549 (B) cells; (C, D) The

relative enrichment of ALDOA mRNA levels with YTHDF2 in parental and Dox resistant MDA-MB-231 (C) and BT-549 (D) cells; (E) RIP-qPCR

analysis of fragmented ALDOA mRNA in Dox resistant TNBC cells by use of anti-YTHDF2; (F, G) Cells were transfected with vector control or

YTHDF2 constructs for 24 h, the mRNA (F) and protein (G) levels of ALDOA were checked; (H) The sh-Control and sh-ALKBH3 MDA-MB-

231/Dox cells were further transfected with si-YTHDF2 for 24 h, the protein expression of ALDOAwas checked; (I) The relative F-Luc/R-Luc of

pmiR-GLO-ALDOA 30UTR in cells pre-transfected with vector control or YTHDF2 constructs for 24 h; (J, K) MDA-MB-231 (J) or BT-549

(K) cells pre-transfected with vector control or YTHDF2 constructs for 24 h were further treated with Act-D for 90 min, then precursor

mRNA of ALDOAwas analyzed at indicated times; (L) Binding between YTHDF2 with PAN2 or PAN3 were checked by immunoprecipitation by

pull-down of YTHDF2 in MDA-MB-231/Dox cells; (M, N) The RIP-qPCR analysis of ALDOA mRNA in sh-control and sh-ALKBH3 MDA-MB-

231/Dox cells by use of anti-PAN2 (M) or PAN3 (N); (O, P) The RIP-qPCR analysis of ALDOA mRNA by use of anti-PAN2 (O) or PAN3 (P) in

MDA-MB-231 cells pre-transfected with vector control or YTHDF2 constructs for 24 h. Data are presented as mean � SD. **P < 0.01.
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We further checked whether ALDOA was involved in
ALKBH3-regulated Dox sensitivity. Our data showed that over-
expression of ALDOA can reverse sh-ALKBH3 increased Dox
sensitivity of both MDA-MB-231/Dox (Fig. 7E) and BT-549/Dox
cells (Fig. 7F). This result suggested that ALKBH3/ALDOA axis
regulated Dox resistance of TNBC cells. To verify the in vivo
effects, mice were implanted with sh-control, sh-ALKBH3, sh-
ALKBH3þALDOA MDA-MB-231/Dox cells and then further
treated with Dox. Our data showed that sh-ALKBH3 can increase
the in vivo Dox sensitivity, while overexpression of ALDOA can
reverse sh-ALKBH3 increased Dox sensitivity (Fig. 7G). Further,
tumor volume and weight in sh-ALKBH3þALDOA were signif-
icantly greater than those in sh-ALKBH3 group (Fig. 7H and I).
IHC analysis showed that the expression of ALDOA was
decreased after knockdown of ALKBH3 in the xenografts (Sup-
porting Information Fig. S6). This result suggested that ALKBH3/
ALDOA axis regulated Dox resistance of TNBC cells.

3.8. Clinical characteristics of ALKBH3/ALDOA axis on TNBC
progression

We further evaluated the clinical relevance of ALKBH3/ALDOA
axis on TNBC progression. Data from GNET2 indicated that the
expression of ALKBH3 (Fig. 8A) and ALDOA (Fig. 8B) in breast

cancer tissues was significantly (P < 0.01) higher than those in
normal tissues20. In addition, the expression levels of ALKBH3 in
ERe (Fig. 8C), HER2e (Fig. 8D), and PRe (Fig. 8E) breast cancer
tissues were significantly greater than those in ERþ, HERþ, and
PRþ breast cancer tissues. Similarly, the xpression levels of
ALDOA in ERe (Fig. 8F), HER2e (Fig. 8G), and PRe (Fig. 8H)
breast cancer tissues were significantly greater than those in ERþ,
HERþ, and PRþ breast cancer tissues. Further, ALDOA expres-
sion positively correlated with ALKBH3 (Fig. 8I) but inversely
correlated with YTHDF2 (Fig. 8J), PAN2 (Fig. 8K), and PAN3
(Fig. 8L) in breast cancer patients. Using the online bioinformatics
tool KaplaneMeier plotter21, we found that TNBC patients with
high expression of ALKBH3 (Fig. 8M) and ALDOA (Fig. 8N) had
significantly reduced overall survival (OS) than those with their
corresponding low expression patients.

Furthermore, we collected tissues from breast cancer patients,
stratified into drug-sensitive (n Z 10) and drug-resistant (n Z 10)
cohorts, to assess the expression levels of ALKBH3 and ALDOA.
The IHC results demonstrated a significant increase in the
expression of both ALKBH3 and ALDOA in tissues derived from
drug-resistant patients compared to those from sensitive patients
(Fig. 8O). The results indicated that ALKBH3/ALDOA axis drives
oncogenic progression in the clinical progression of TNBC
patients.

Figure 7 ALKBH3/ALDOA axis promotes the in vitro and in vivo Dox resistance. (A, B) The sh-control and sh-ALKBH3 MDA-MB-231/Dox

(A) and BT-549/Dox (B) cells were treated with increasing concentration of Dox for 24 h; (C, D) MDA-MB-231 (C) or BT-549 (D) cells pre-

transfected with vector control, ALKBH3-WT, R122S or L177A for 24 h and further treated with increasing concentration of Dox for 24 h; (E, F)

The sh-control and sh-ALKBH3 MDA-MB-231/Dox (E) and BT-549/Dox (F) cells with or without ALDOA constructs for 24 h and then further

were treated with increasing concentration of Dox for 24 h; (GeI) Xenografts of sh-control and sh-ALKBH3 MDA-MB-231/Dox cells with or

without ALDOA constructs were treated with Dox. (G) The tumor growth curves were recorded every three days; tumor volume (H) and weight

(I) of xenografts for each group at the end of experiments. Data are presented as mean � SD. **P < 0.01.
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4. Discussion

Due to the lack of corresponding therapeutic targets, TNBC
cannot benefit from endocrine therapy or targeted therapy; thus,
chemotherapy is currently the primary systemic treatment for
TNBC. Adriamycin, a cytotoxic drug inhibiting RNA and DNA
synthesis, is widely used in the treatment of TNBC due to its high
efficacy. Unfortunately, the development of chemoresistance re-
mains a major hurdle to its use and limits its effectiveness36.

Therefore, elucidating the mechanisms underlying TNBC che-
moresistance is critical. Our data indicated that Dox-resistant
TNBC cells showed enhanced glycolysis. Moreover, glycolysis
inhibition restored Dox sensitivity. This was consistent with recent
studies that chemoresistant cells can reprogram metabolic profiles
such as glycolysis and glutamine metabolism to suppress
chemotherapy efficiency37 and targeting glycolysis might be a
novel strategy to overcome drug resistance in cancer cells38,39.

Figure 8 Clinical characteristics of ALKBH3/ALDOA axis on TNBC progression. (A, B) The expression of ALKBH3 (A) and ALDOA (B) in

breast cancer and normal tissues with the data from GNET229; (CeE) The expression of ALKBH3 in ER (C), HER2 (D), and PR (E) positive or

negative breast cancer tissues; (FeH) The expression of ALDOA in ER (F), HER2 (G), and PR (H) positive or negative breast cancer tissues;

(IeL) Correlation between ALDOA and ALKBH3 (I), YTHDF2 (J), PAN2 (K), and PAN3 (L) in breast cancer patients from TCGA database; (M,

N) The KaplaneMeier survival curves of OS based on ALKBH3 (M) and ALDOA (N) expression in breast cancer patients from TCGA data base;

(O) IHC (ALKBH3 and ALDOA)-stained paraffin-embedded sections obtained from tumor tissues of sensitive and drug resistant breast cancer

patients. The scale bar is 100 mm. (P) Proposed model to illustrate the mechanisms of m1A-regulated mRNA stability of ALDOA in Dox resistant

TNBC cells. *P < 0.05, **P < 0.01.
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Our data revealed that targeting glycolysis might be a potential
therapeutic target to overcome Dox resistance of TNBC cells.

Our data showed that ALKBH3 regulates the glycolysis and
chemoresistance of TNBC cells via m1A demethylase activity.
The biological functions and roles of m1A in cancer remain poorly
understood. ALKBH3 has been found to promote the proliferation
of cancer cells from gastrointestinal cancer40,41, hepatocellular
carcinoma42, glioma43, prostate cancer44,45, and colorectal can-
cer46. Further, ALKBH3 can also promote cancer cell invasion via
destabilizing tRNAs25. Recently, ALKBH3 promotes the glycol-
ysis of cancer cells by modulating the expression of m1A-modified
ATP5D mRNA16. Our data showed that ALKBH3 was increased
in TNBC chemoresistant cells, while knockdown of ALKBH3 can
re-sensitize cells to Dox treatment. Further, overexpression of
wild-type ALKBH3, while not m1A catalytically inactive
ALKBH3 mutants, can decrease Dox sensitivity of TNBC cells.
To our knowledge, this is the first study to link ALKBH3 and m1A
mRNA methylation to cancer drug resistance.

Our data indicated that ALDOA mediates ALKBH3-regulated
glycolysis and Dox resistance of TNBC cells. Mechanistically, we
found that the increased ALKBH3 in Dox-resistant cells can de-
methylate m1A at 30UTR of ALDOA mRNA, resulting in the
decreased binding with reader protein YTHDF2, which finally
leads to the upregulation of ALDOA mRNA stability and
enhancing glycolysis in resistant cells. It has been revealed that
m1A is associated with the mRNA destabilization mediated by
reader proteins YTHDF2 and YTHDF347-49. Our present study
further revealed that the m1A reader protein YTHDF2 can recruit
PAN2ePAN3 complex to decay ALDOA mRNA in TNBC cells,
while the upregulation of ALKBH3 in Dox-resistant cells sup-
presses this degradation. Recent study also indicated that m1A of
ATP5D mRNA can recruit m1A reader YTHDF1, which forms a
complex with eRF1, to facilitate translation termination and
decrease translation efficiency16. It indicated that important roles
and diversity functions of m1A in mRNA.

Collectively, our data present study indicated that ALKBH3
upregulation reduces m1A methylation on ALDOA mRNA,
enhancing its stability and glycolytic activity in Dox-resistant
TNBC cells (Fig. 8P). Mechanistically, ALKBH3 can demethylate
the 30UTR of ALDOA mRNA to increase its mRNA stability via
impairing the binding with YTHDF2 and recruiting PAN2ePAN3
complex. Our study provided that ALKBH3/ALDOA axis-induced
glycolysis should be a potential therapy target to overcome Dox
resistance in TNBC cells.
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