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Abstract

Background T-cell acute lymphoblastic leukemia (T-ALL) is a relatively rare hematological malignancy, characterized
by the uncontrolled proliferation of immature T lymphoblasts and associated with a generally unfavorable prognosis.
Our previous research has demonstrated that decreased mitochondrial activity is associated with the aggressiveness

of T-ALL tumors. However, the mechanisms underlying this phenomenon and its contribution to treatment resistance
remain largely elusive.

Methods We have built up the largest known T-ALL tumor bank, with a median follow-up of 32 months, includ-
ing our transcriptomic data from 79 newly sequenced tumors that adds to the 54 publicly accessible samples.
Computational analyses and a series of functional assays were performed to investigate the molecular links
between altered mitochondrial activity and drug resistance.

Results The transcriptomic analysis revealed that down-regulation of mitochondrial activity is a potent driver

of ABCBT activation, a gene strongly associated with multidrug resistance. In tumors with low mitochondrial activ-

ity, the impaired fatty acids 3-oxidation leads to intracellular lipid accumulation, which is directly involved in ABCB1
activation. Indeed, our data show that lipid neo-synthesis and accumulation promotes the activation of lipogenic
transcription factors, liver X receptors (LXRs), which act as drivers of ABCBT expression. Tumor data analyses confirmed
that high ABCBT expression in tumour samples is indeed associated with reduced mitochondrial gene expression,
lipid droplet enrichment, increased tumour aggressiveness, and significantly shorter patient survival.

Conclusions Our study demonstrates that reduced mitochondrial activity drives multidrug resistance in adult
T-ALL via lipid-mediated activation of ABCB1. These findings enhance our understanding of the biology of aggressive
T-ALL and provide insight into mechanisms of resistance to conventional chemotherapy. Consequently, we propose
that targeting de novo lipogenesis and restricting dietary fats, such as caprylic acid, may help overcome treatment
resistance in patients with T-ALL exhibiting low mitochondrial activity.

Trial registration The clinical trial was registered under the identifiers ChiCTR-ONRC-14004968
and ChiCTR2000031553 at ClinicalTrials.gov.
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Background

T-cell acute lymphoblastic leukemia (T-ALL) rep-
resents a relatively rare and heterogeneous group of
hematologic malignancies that account for 20-25% of
ALL in adults, with an incidence rate of less than 10
individuals per million [1-4]. This type of disease origi-
nates from T cell precursors halted at specific stages of
differentiation [1]. The proliferation and accumulation
of leukemic blasts in the bone marrow can suppress
normal hematopoiesis, resulting in anemia, thrombo-
cytopenia and neutropenia, along with corresponding
clinical symptoms [5]. Additionally, primitive T-lym-
phocytes may also accumulate in various extramedul-
lary sites, especially in the cerebrospinal fluid, gonad,
thymus, liver, spleen and lymph nodes. Research on
adult T-ALL has been comparatively less extensive than
that on its more common pediatric counterparts [6]. In
recent years, although complete remission (CR) can be
achieved in most patients with ALL (especially in chil-
dren), adult patients with T-ALL frequently encounter
difficulties such as resistance to primary chemother-
apy and early relapse, resulting in a dismal prognosis
[3]. Despite the high rate of induction failure in adult
T-ALL, little is known about the factors that predict
resistance and affect outcomes. This is primarily due
to the small cohort sizes in clinical studies, variations
in patient ethnicity, differences in treatment protocols
across trials, and a limited understanding of pathogen-
esis, among other factors.

The establishment of statistically significant cohorts
of adult T-ALL was urgently needed to enhance our
understanding of the molecular basis of this deadly
pathology. Therefore, we concentrated our efforts on
adult T-ALL because of its unique biological character-
istics, treatment responses, and clinical outcomes com-
pared to pediatric cases. These differences necessitate
a specialized approach to effectively understand and
manage the disease in adult patients.

Previously, by considering aberrant tissue-specific
gene activation, using published adult and pediat-
ric T-ALL transcriptomic data [7], we defined a 5
gene expression classifier (GEC) capable of identify-
ing aggressive, treatment resistant adult and children
T-ALL tumours [8]. By studying the biological charac-
teristics of these aggressive tumours on the basis of this
GEC signature, we were able to demonstrate that the
tumours of patients with a shorter survival time (GEC
positive) are depleted in genes encoding mitochondrial

proteins. We also found that this biological characteris-
tic was also true for patients presenting “minimal resid-
ual disease” (MRD positive), most of which are GEC
positive [8]. These data, indicated that the impairment
of mitochondrial activity in these cancers is one of the
characteristics of aggressive tumours. However, these
studies did not allow to determine the molecular basis
of tumour aggressivity associated with mitochondria
depletion. To this aim, we first significantly increased
our adult T-ALL tumour whole RNA sequencing to
include additional 79 tumours from patients with well-
annotated clinical data to reach a total of 133 samples
including the previously reported transcriptome of 54
samples [7].

Using this large series of adult T-ALL samples tran-
scriptomic data, we investigated the biological impact
of mitochondrial activity impairment and the molecu-
lar basis of tumour resistance to induction chemother-
apy. Our data pointed to lipid-mediated activation of
ABCBI gene, encoding the multidrug resistant protein
P-gp (MDR1). Low mitochondrial activity systematically
induced ABCBI due to lipid accumulation and the acti-
vation of LXR transcription factors. Additionally, we also
found that in mitochondria depleted cells, dietary lipids
also efficiently induced ABCBI gene expression. These
data not only uncover the prominent biological features
of aggressive T-ALL tumours, but also suggest that inhi-
bition of de novo lipogenesis and avoiding dietary lipids
for patients with lower mitochondrial activity could
impact tumour resistance to induction chemotherapy.

Materials and methods

T-ALL patients and samples collection

Bone marrow (BM) samples containing high percentages
of leukemic blasts from newly-diagnosed adult T-ALL
patients were collected at the Hematology Department
of Ruijin hospital, Shanghai Jiaotong university school
of medicine. Diagnoses were assigned based on the
World Health Organization Classification of Haemato-
lymphoid Tumours: Lymphoid Neoplasm and NCCN
Guidelines Version 2.2024-Acute Lymphoblastic Leuke-
mia [9]. This study recruited 133 adult T-ALL patients
(median age, 33 years) between February 2009 and Janu-
ary 2022 treated on the ChiCTR-ONRC-14004968 and
ChiCTR2000031553 trials. A signed written informed
consent for research use was obtained for each patient
in accordance with the Declaration of Helsinki, approved
by the Ethics Review Committee of Ruijin Hospital.
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Immunophenotype was ascertained by multiparameter
flow cytometric characterization from BM aspirates at
initial diagnosis using a FACScan instrument (Becton—
Dickinson, San Jose, California). Available characteristic
information including age at diagnosis, gender, cytoge-
netic abnormalities and flow cytometry-based charac-
terizations of these primary T-ALL samples are listed in
Table 1. BM samples from T-ALL patients were obtained
in heparin-coated vacutainers. Leukemia mononuclear
cells from BM samples were isolated after Ficoll (Axis-
Shield, AS1114546) gradient centrifugation, then stored
at —80 °C or were frozen in fetal bovine serum with 10%
dimethylsulfoxide (DMSO) and preserved in liquid nitro-
gen for further use.

All patients were treated with conventional intensive
induction, consolidation and maintenance chemotherapy.
For the assessment of clinical events and outcomes, CR
was characterized by bone marrow blasts <5% and com-
plete hematologic recovery [absolute neutrophil count
(ANC)>1x10°/L, platelet count>100x10°/L], and no
accompanying extramedullary disease. MRD was evalu-
ated by multicolor flow cytometry, with MRD considered
negative if fewer than 0.01% lymphoblasts were detected
(cutoff 107%) in BM samples. Relapse was defined as reap-
pearance of blasts in the blood or bone marrow exceed-
ing 5%, or in any extramedullary site after achieving CR.
Progression was defined as relapse or a minimum 25%
increase in the absolute number of circulating or BM
blasts or emergence of extramedullary disease or death.
Prespecified primary endpoints were objective remission
rate and survival probabilities.

Cell culture and materials

The human acute T lymphoblastic leukemia cell
lines CCRF-CEM  (ATCC#CCL-119), MOLT-4
(ATCC#CRL-1582), JURKAT (ATCC#TIB-152), LOUCY
(ATCC#CRL-2629) and SUP-T1 (ATCC#CRL-1942)
used in our study were originally purchased from ATCC
website. 6T-CEM cell line was obtained from Shanghai
Institute of Hematology (Shanghai, China). Each cell line
identity was verified by STR profiling (GENETIC TEST-
ING BIOTECHNOLOGY) before experiments. All of
these cell lines were maintained in RPMI-1640 medium
with GlutaMAXTM-I (Gibco, 6170-044) supplemented
with 10% fetal bovine serum (Gibco, 10270-106) and
1 x streptomycin/penicillin antibiotics (Gibco, 151140-
122) at 37 °C in a humidified 5% CO, atmosphere.
Routine testing ensured the absence of mycoplasma con-
tamination in the cells.

CCRF-CEM cells and MOLT-4 cells were continu-
ously exposed to 200ng/mL, 100ng/mL ethidium bro-
mide (EtBr), respectively, for 7 days to deplete mtDNA.
Culture medium was supplemented with uridine (50pg/
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Table 1 Baseline characteristics of adult T-ALL patients (n=133)

Characteristics Total (N=133)

Sex

Female 42 (31.58%)

Male 91 (68.42%)
Age (yr) 33 (22.5-47.5)
Ethnicity

Chinese 133 (100%)
Blasts% at diagnosis 88.1 (76-92.5)
WBC, x 10%/L 25.77 (6.2-94.245)

<100 101 (75.94%)

>100 32 (24.06%)
HB, g/dL 106 (80-133)
PLT, x 10°/L 91 (42-168)
Immunologic classification

Pro 50 (37.59%)

Pre 42 (31.58%)

Cortical 32 (24.06%)

Medullary 9 (6.77%)
ETP/non-ETP status

ETP 54 (40.60%)

Near-ETP 8 (6.02%)

Non-ETP 71 (53.38%)
Molecular subtypes

NOTCH1 86 (64.66%)

FBXW?7 31(23.31%)

RAS 31(23.31%)

PTEN 7 (5.26%)
Cytogenetics

0-2 abn 86 (64.66%)

CK=3 22 (16.54%)

NA 25 (18.80%)
CNS involvement 15 (11.28%)

Response to therapy

CR at any time point 101/119 (84.87%)

Relapse 29/101 (28.71%)
Progression 73 (54.89%)
Bridge to HSCT 62 (46.62%)

Results were expressed as number of cases (percentage, %) or median (IQR (P25,
P75))

WBC white blood cell count; HB hemoglobin; PLT platelet; ETP early T cell
precursor; abn abnormalities; CK complex karyotype; CNS central nervous
system; CR complete remission; HSCT hematopoietic stem cell transplantation;
IQR interquartile range; NA Not available

mL, Sigma, U3003) and sodium pyruvate (1mM, Sigma,
S8636) to maintain living cells with dysfunctional
mitochondria.

The following chemical reagents were used for in vitro
experiments: Ethidium bromide (Sigma, E1510), Chlo-
ramphenicol (Sigma, C0378), Vincristine sulfate (Selleck,
S1241), Cytarabine (Selleck, S1648), Octanoate (Sigma,
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C5038), Ranolazine (Sigma, R6152), ND-630 (Med-
ChemExpress, HY-16901), GSK2033 (MedChemExpress,
HY-108688), GW3965 (MedChemExpress, HY-10627A),
Tariquidar (Selleck, S8028). Drug concentration and
treatment time are indicated in respective figure legends.

mtDNA-qPCR detection of mtDNA levels

Relative mtDNA copy number was determined using
a quantitative real-time PCR method (mtDNA-qPCR).
This assay quantifies relative mtDNA levels by assessing
the ratio of mitochondrial copy number to single-copy
nuclear gene. Genomic DNA from T-ALL cell lines was
extracted by utilizing DNeasy Blood & Tissue Kit (QIA-
GEN, 6904) or AllPrep DNA/RNA/Protein Mini Kit
(QIAGEN, 80004). A total of 5ng DNA was added as tem-
plate for each reaction in a total volume of 10ul, qPCR
was completed using SYBR Green (TaKaRa, RR420A)
on the q-PCR ViiA 7 platform (Thermo Fisher, USA).
Primer sequences (Sangon Biotech; Eurogentec) used
in this study are as follows: mt-CO1, 5-ATACTACTA
ACAGACCGCAACCTC-3" and 5 -GAGATTATTCCG
AAGCCTGGT-3"; n-BACTG, 5-GAAGGATTCCTA
TGTGGGCGA-3" and 5'-CAGGGTGAGGATGCCTCT
CTT-3" [10]; mt-tRNAMY, 5"-CACCCAAGAACAGGG
TTTGT-3" and 5 -TGGCCATGGGTATGTTGTTA-3’;
n-B2M, 5 -TGCTGTCTCCATGTTTGATGTATCT-3’
and 5 -TCTCTGCTCCCCACCTCTAAGT-3" [11]. The
2 pairs of mtDNA primers (mt-CO1, mt-tRNA"Y) for
qPCR assays were specifically designed to amplify unique
regions of the mitochondrial genome, avoiding sequences
with high homology to NUMTs (nuclear mitochon-
drial DNA sequences) through BLAST analysis against
the nuclear genome [12]. Primer specificity was further
verified using mitochondrial DNA from purified mito-
chondria. Negative controls without template DNA were
included to exclude non-specific amplification. Amplifi-
cation efficiency and specificity were confirmed by melt
curve analysis with single peaks, ensuring the signals pri-
marily reflect mtDNA content. Finally, mtDNA genomic
copies were calculated using 2~AC method.

Apoptosis assay

To distinguish apoptotic or necrotic cells, we harvested
1x10°% T-ALL cells per condition 48 h after treatment
with vehicle (DMSO), VCR, Ara-C. FITC-Annexin V
and propidium iodide (BD, 556547) were added to stain
cells for 10 min at room temperature prior to acquisition
on the flow cytometer (the LSR Fortessa TM X-20 flow
cytometer, BD). FlowJo v10 was used for analyzing data.
Proportion of drug-induced apoptosis was estimated by
comparing T-ALL cells treated with DMSO alone.
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Western blot analysis

Approximately 5x10° cells were collected and washed
twice with cold 1XPBS, total cell lysates were extracted
by RIPA lysis buffer (Thermo Scientific, Cat#8901) in the
presence of 1XPhosphatase Inhibitor [Complete Mini
EDTA-free medium; Roche, Cat#4693132001], 1 x PMSF
(CST, Cat#8553S) on ice and sonicated using a Biorupter
(Advanced-High mode, 30s ON/30s OFF, 10 cycles).
After collecting the lysates supernatant by centrifuga-
tion (12,000 X g, 10min, 4 °C), protein concentration was
determined using a BCA Protein Assay Kit (Thermo
Scientific, Cat#23227). Equal amounts of protein were
loaded per lane on 4-12% SDS-PAGE gels to perform
the migration step. Note that samples were not boiled
prior to SDS-PAGE when analysing membrane proteins
and mitochondrial-encoded proteins. Subsequently pro-
teins were transferred to 0.2pm or 0.45um nitrocellulose
membranes (Cytiva, Cat#10600015 or Cat#10600023).
Ponceau S staining (Sigma, P7170) for total protein was
commonly used for detecting transfer efficiency. After
blocking with 5% (w/v) fat-free milk in Tris-buffered
saline with 0.1% Tween 20 detergent (TBST) for 1h at
room temperature (RT), membranes were immediately
incubated with corresponding primary antibodies over-
night at 4 °C to probe their respective targets. The next
day, the membranes were incubated with horseradish
peroxidase-conjugated secondary rabbit or mouse anti-
body (Bio-RAD, Cat#170-6515, Cat#170-6516) at RT for
1 h. After adding ECL substrates (Bio-RAD, Cat#170—
5061), the blots were then visualized on LAS-4000 (FU]JI-
FILM) or Vilber Chemiluminescence system (Vilber).
Protein expression levels were quantified by densitomet-
ric analysis with Image ] software (NIH).

The following antibodies and corresponding dilution
ratios for Immunoblotting used in this study: Anti-p-
actin (Sigma, A5441, 1:5000); Anti-Cleaved-Caspase3
(CST, Cat#9662, 1:1000); Anti-Phospho-Histone H2A.X
(CST, Cat#9718T, 1:1000); Anti-Cleaved-PARP (CST,
Cat#9546S, 1:1000); Anti-COX2 or MT-CO2 (abcam,
ab110258, 1:1000); Anti-MDR1 or P-Glycoprotein or
ABCBI (abcam, ab170904, 1:2000); Goat Anti-Rabbit IgG
(H+L)-HRP (Bio-Rad, Cat#1706515, 1:5000); Goat Anti-
Mouse IgG (H+L)-HRP (Bio-Rad, Cat#1706516, 1:5000).

Measurement of intracellular lipid droplets (LDs) content

Bodipy 493/503 fluorescent dye (Invitrogen, D3922),
which binds intracellular neutral lipids, was utilized to
evaluate LDs content in vitro. Cells were washed with
1XxPBS once and spun onto glass slides by using Cyto-
spin-4 (Epredia ', A78300003), followed by fixation with
4% Paraformaldehyde (EMS, Cat#157-4) for 20min at RT
and two washing steps with 1XPBS. Stained cells with
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Bodipy 493/503 working solution (1uM) for 30 min at
37 °C in dark. After washing twice with 1 X PBS, labeled
cells were proceeded to nuclear counterstain with Hoe-
chst (2ug/mL, Invitrogen, H3570) for 20 min. Subse-
quently, the cells were washed three times with 1xPBS
before final mounting of the coverslips on a glass slide
using Fluorescence Mounting Medium (Dako, S3023).
The fluorescence images were captured using a fluores-
cence microscope (Axio Imager 2_apotome; ZEISS) with
63X objective (oil-immersion).

For FACS test, experiment setup and data acquisition
were using Attune” NxT Flow Cytometer and Attune
NxT Software rev 3.1.2. Fluorochrome was excited with
a488nm laser (BL1 signal). Bodipy 493/503 signal of each
sample was displayed as a histogram.

RNA-seq data processing

Total RNA was isolated and purified using AllPrep DNA/
RNA/Protein Mini Kit (QIAGEN, 80004). The quan-
tity and integrity of RNA was assessed using the Agi-
lent 2100 bioanalyzer. Total RNA-seq libraries were
prepared using the KAPA RNA HyperPrep kit (Roche,
07962312001) and subsequently sequenced on the
NovaSeq 6000 platform (Illumina) following the manu-
facturer’s protocol. Reads were aligned using the STAR
software [13] and counted using HTSeq framework [14].
From the read counts RPKM (Reads Per Kilobase Mil-
lion) values were calculated and then log-transformed by
taking log2 (1+RPKM). Due to potentially high and cell-
type-specific copy numbers of mtDNA, the RPKM data
normalization was performed using nuclear DNA cov-
erage to ensure accurate mitochondrial gene expression
estimation.

Batch effect correction and sensitivity analyses in RNA-seq
data

The batch effect between two original RNA-seq datasets
of T-ALL patients was corrected using the Python pack-
age “pyComBat 0.3.3” [15]. To assess the impact of this
correction, we performed several sensitivity analyses,
presented in Suppl. Fig. S1 and S9. First, we conducted
Principal Component Analysis (PCA) before and after
batch correction using the total transcriptome from the
initial T-ALL datasets. Prior to pyComBat correction, the
two datasets formed distinct clusters due to batch effects.
After correction, this separation disappeared (Supp. Fig.
S1A).

Next, we evaluated expression level distributions before
and after batch correction for key genes in our analysis:
ACTB (beta-actin) as a control and ABCBI as the pri-
mary gene of interest. We observed a strong correlation
(Pearson correlation coefficient >0.9) between pre- and
post-correction expression levels in both cases (Supp.
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Fig. S1B). Additionally, we computed Pearson correlation
coefficients across the entire transcriptome before and
after batch correction. The results showed a strong cor-
relation for nearly all genes (Supp. Fig. S1C), indicating
that the pyComBat correction did not alter the biological
findings.

To further validate the robustness of our results, we
compared key findings with and without batch correc-
tion. Specifically, we analyzed ABCBI expression levels
separately in the initial uncorrected datasets and in the
pooled dataset after batch correction (Supp. Fig. S1D).
We also generated survival curves for the ABCB1-and
ABCB1+groups (Supp. Fig. S1E). In both cases, the
trends observed in the original datasets remained con-
sistent with those in the final pooled dataset after cor-
rection. While p-values in the original datasets were
sometimes significant and sometimes not due to smaller
sample sizes, pooling the datasets substantially increased
statistical power, leading to consistently significant
p-values.

Furthermore, we successfully reproduced the key
results from our Gene Set Enrichment Analysis (GSEA)
both in the individual uncorrected datasets and in the
pooled dataset after pyComBat correction (Supp. Fig.
S9). In all cases, the results remained highly similar and
statistically significant, confirming that the pyComBat
correction did not distort the underlying biological sig-
nals in our transcriptomic data.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
version 8, R version v4.2.3 and Python version 3.11. Two-
tailed unpaired Student’s t test was utilized to compare
between two groups. Statistical difference was noted as
significant if p<0.05. *p<0.05; **p<0.01; ***p<0.001;
*#*p <0.0001; ns, no significant. For survival outcomes,
overall survival (OS) was calculated as the time from
the date of diagnosis to the date of death or last follow-
up (censored). Survival analysis was performed using the
log-rank statistical test.

Gene set enrichment analysis (GSEA)

The Gene Set Enrichment Analysis (GSEA) was carried
out on a selection of gene sets related to mitochondria
function and lipid metabolism from two public databases
made available by the Broad Institute: MSigDB (https://
www.gsea-msigdb.org/gsea/msigdb/) and  MitoPath-
ways3.0 [16] (https://www.broadinstitute.org/mitocarta/
mitocarta30-inventory-mammalian-mitochondrial-prote
ins-and-pathways) [17-19]. The GSEA analysis was per-
formed using the Python package “gseapy” [20].
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Identification of the groups having high (MT+) or low (MT-)
mitochondrial electron transport chain (ETC) activities

in RNA-seq data

To identify the groups of high (MT+) and low (MT-) of
mitochondrial ETC activity, we used the transcriptomic
data of 161 genes, identified in the gene set “GOBP
ELECTRON TRANSPORT CHAIN” of the database
MSigDB and available in our pooled adult T-ALL data-
set. First, we calculated z-scores for these genes based
on their normalized expression levels by subtracting
the mean expression value and dividing the result by
the standard deviation. We then averaged the z-scores
for each T-ALL sample. Finally, we selected the 20% of
samples (n=26) with the lowest average z-scores as the
MT- group and the 20% with the highest average z-scores
as the MT+group (Fig. 1A).

Resources

The sources of all the cell lines, antibodies and reagents
used in this study can be found in the supplementary file:
key resource tables.

Results

Characterization of the impact of the mitochondrial
activity on the biology of adult T-ALL

In order to increase our statistical power in the transcrip-
tomic analysis of adult T-ALL, we have generated bulk
transcriptomic data of 79 additional samples from Ruijin
hospital adult T-ALL patients. Data from this new cohort
added to the previously published 54 tumour samples [7],
allows us to dispose of the largest known T-ALL cohort
transcriptomic data, encompassing 133 tumours with
median follow-up of 32 (95% confidence interval [CI],
25.348-38.652) months. The summarized clinical char-
acteristics of these patients are detailed in the follow-
ing Table 1. Among this Chinese ethnic population with
T-ALL, 91 cases were male and 42 cases were female,
male (M): female (F)=2.17: 1. The median age was 33
years (IQR, 22.5-47.5), median percentage of leukemia
cell blasts in bone marrow at the initial presentation
(blasts %) was 88.1% (IQR, 76-92.5%), median first-epi-
sode white blood cell (WBC) count was 25.77 (IQR, 6.2—
94.245) x 10°/L, median hemoglobin (HB) concentration
was 106 (IQR, 80-133) g/dL, median platelet (PLT) count
was 91 (IQR, 42-168)x10°/L. The results of classifica-
tion based on immunophenotype were Pro-50 (37.59%),
Pre-42 (31.58%), Cortical-32 (24.06%), and Medullary-9
(6.77%) cases; and 54 (40.60%), 8 (6.02%) and 71 (53.38%)
cases were categorized as ETP, near-ETP and non-ETP
subtype, respectively. The NOTCHI mutation rate in this
cohort was 64.66%. Of the 108 patients for whom kary-
otype analysis data were available, 22 patients carried
more than 3 cytogenetic abnormalities (abn). 15 (11.28%)
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patients had central nervous system (CNS) involvement,
i.e., meningeal leukemia, at the time of initial diagnosis or
during the course of treatment (Table 1).

All patients underwent induction chemotherapy with
the VDPCP regimen, and 62 (46.62%) patients success-
fully bridged to hematopoietic stem cell transplantation
(HSCT) procedure. Initial clinical outcome analysis of
the above 133 adult T-ALL patients showed a complete
remission (CR) rate of 84.87% at any time point in evalu-
able patients (n=119), with morphologic relapse present
in 29 (28.71%) patients at a later stage. Additionally, 73
(54.89%) patients experienced progression during the
course of treatment (Table 1).

First, we fused the two datasets and removed the batch
effect with the “pyComBat” software (Python package
“pyComBat” version 0.3.3). Principal Component Analy-
sis (PCA) analysis of the pooled population showed an
effective merging of the two populations and the creation
of a homogenous sets of transcriptomic data (Fig. S1A).

We then used the transcriptome signature “GOBP
ELECTRON TRANSPORT CHAIN” from the MSigDB
database, encompassing all nuclear genes encoding com-
ponents of electron transport chain (ETC) complexes
[21], to identify samples with high (MT+) and low (MT-)
mitochondrial ETC activities (Fig. 1A), as described in
the Materials and Methods section.

We then specifically focussed on genes differentially
expressed between the two selected populations “MT+"
versus “MT-" (Fig. 1B, C), and performed the Gene Set
Enrichment Analysis (GSEA) to characterise the most
affected cellular processes in tumours with lower mito-
chondrial activity. The detailed results of the differential
analysis are available in Supp. Table 1.

GSEA results pointed to significant depletion of genes
encoding factors involved in mitochondrial lipid metabo-
lism, more specially B-oxidation in the MT- population
(Fig. 2A).

Additionally, we examined the expression of gly-
colytic genes in MT- tumours. Surprisingly, our analysis
revealed that most tumours with dysfunctional mito-
chondria also exhibit a depleted glycolytic gene expres-
sion signature (Fig. 2B). The metabolic profile of these
tumours reminded us of the work by Herranz D and col-
leagues, which described a metabolic shutdown in a spe-
cific subset of T-ALL tumours [22]. This study reported
that autophagy was activated as a salvage pathway to
support leukemia cell metabolism. Interestingly, we also
found that MT- tumours exhibit an enriched autophagy
gene signature (Fig. 2C). These findings suggest that
MT- tumours share key metabolic characteristics with
the previously described aggressive T-ALL tumours [22].

Since our previous research pointed that low mito-
chondrial activity was associated with MRD+ patients
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A Pooled adult T-ALL dataset
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Fig. 1 Identification of the mitochondrial depleted adult T-ALL tumours. A: Heatmap of normalized expression levels in our pooled adult T-ALL
dataset, for 161 genes available in the human gene set “GOBP ELECTRON TRANSPORT CHAIN" (database MSigDB, collection C5:"Ontology/Gene
Ontology/Biological Process”). The T-ALL samples are ordered accordingly to the average normalized expression level across the 161 genes. The
group “MT-", shown in blue, corresponds to 20% of T-ALL samples (n=26) with low expression levels of these genes. The group “MT+", shown in red,
corresponds to 20% of T-ALL samples (n=26) with high expression levels. The expression levels were normalized using the z-scores. B: Volcano plot
showing the results of the differential analysis performed in the group “MT+"versus the group “MT-". The x-axis represents the log2 value of the fold
change calculated between the average expression levels in the groups “MT+"and “MT-".The y-axis shows the -log10 of the adjusted p-value
obtained with the two-sided t-test between the distributions of expression levels in the groups “MT+"and “MT-". Significantly down-regulated
genes in the group “MT+"versus the group “MT-"are plotted in blue dots. Significantly up-regulated genes are shown in red dots. We considered
that the expression levels between the groups “MT+"and “MT-"were significantly different if the adjusted p-value < 0.05 and the absolute value

of the fold change > 2. The detailed results of the differential analysis are available in Supp. Table S1. C: Heatmap of the differential expression
profiles of the “MT+"group versus the “MT-"group in the pooled adult T-ALL dataset, with the differentially expressed genes presented in Fig. 1B. The
hierarchical clustering was performed using Euclidian-based distance with Ward’s linkage for samples and Pearson correlation for genes
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[8], we analyzed our GSEA results to understand why
these cells resist treatment. Given that ABCBI is a well-
known drug resistance gene, we focused on the ABC
transporter gene set—particularly the ABCBI member.
Indeed, our GSEA data revealed a significant enrich-
ment of ABC transporters encoding genes expression in
the MT- tumours (Fig. 2D). Among the ABC transporters
gene family, ABCBI, known also as multidrug resistance
factor 1 (MDR1), encoding P-glycoprotein (P-gp) stands
out. Indeed, this protein mediating the efflux of drugs
out of the cells, could significantly impact tumour cells’
drug responses and resistance to treatment [23]. We spe-
cifically considered the differential expression of ABCBI
between the MT+and MT- populations and found that
the gene is significantly upregulated in the MT- tumours
(Fig. 2E).

Down-regulation of mitochondrial activity mediates

the activation of ABCB1

Taking into account the inverse relationship between
mitochondrial activity and ABCBI gene activation,
we decided to use T-ALL model cell lines and consider
ABCBI1 mRNA accumulation following the depletion of
their mitochondria. First, using a qPCR screening for
mitochondrial DNA, of several model T-ALL cell lines,
we showed that except the SUP-T1 cells, all the consid-
ered cell lines bear a relatively comparable number of
mitochondrial genomes per cell (Fig. S2). We then choose
CCEF-CEM and MOLT-4 cell lines for further inves-
tigations. Treatment of cells with low dose of Ethidium
Bromide (EtBr) for several days is known to specifically
interfere with mitochondrial DNA replication, leading to
a decrease in mitochondria number following successive
cell division cycles [24]. In our case, a significant deple-
tion in mitochondria was observed after about 7 days
treatment in both cell lines (Fig. S3A), accompanied by
a decrease in the amount of COX2 (Cytochrome C Oxi-
dase subunit 2), which is encoded by the mitochondrial
genome (Fig. S3B).

(See figure on next page.)
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The critical question was then to know if the induced
decrease in cell mitochondria would induce in turn the
activation of ABCBI gene.

Immunoblotting revealed a considerable accumulation
of P-gp in EtBr-treated MOLT-4 cells and CCRF-CEM
cells (Fig. 3A). To make sure that mitochondrial activity,
and not an indirect effect of EtBr treatment, was involved
in the induction of ABCBI expression, we have also
treated these cells with an unrelated molecule, Chloram-
phenicol (CAP), inhibiting the synthesis of mitochondrial
proteins [24]. CAP treatment also significantly induced
P-gp in CCRF-CEM, cells but not in MOLT-4 cells (Figs.
S4A and S4B). Interestingly, the inability of MOLT-4 cells
to induce ABCBI gene was correlated with the inability
of CAP to mediate a decrease in COX2 (Fig. S4B), show-
ing that in these cells, CAP is not an effective drug for
inhibiting mitochondrial protein translation. We also
tested another cell line JURKAT, which also presented
an increased P-gp protein accumulation upon CAP treat-
ment and a decrease in mitochondrial protein synthesis
(Fig. S4C). These data show that mitochondrial DNA
depletion or the inhibition of mitochondrial translation
are directly linked to the induced expression of ABCBI.

Taking into account the more effective cell response to
EtBr treatment, we used this treatment for our following
functional experiments.

The GSEA analysis revealed that tumour cells with
reduced mitochondria ETC activity also present a
reduced mitochondria fat lipid metabolism and more
specifically, an impaired p-oxidation (Fig. 2A). We rea-
soned that cells with low mitochondrial activity, which
maintain continuous de novo lipid synthesis (DNL),
should also accumulate neosynthesized fat molecules in
the form of lipid droplets [25].

To test this hypothesis, we directly measured lipid
accumulation in our two model cell lines using lipid-spe-
cific dye, Bodipy. Figure 3B shows that in both cell lines,
mitochondria depletion led to a significant accumula-
tion of lipid droplets, visible both by microscopy and by
FACS.

Fig. 2 Biological features of mitochondria are depleted in adult T-ALL tumours. A: Results of the GSEA analysis for the gene set of fatty acid
-oxidation from the database MSigDB and for the gene set of lipid metabolism from the database MitoPathways, calculated in the T-ALL group
“MT+"versus the group "MT-"of our pooled adult T-ALL dataset. The GSEA results were considered significant if the calculated p-values <0.05

and false discovery rates (FDR) < 0.25. Mitochondria-depleted T-ALL tumours “MT-"are significantly depleted for lipid metabolism and 3-oxidation.
B: Results of the GSEA analysis for three gene sets of glycolysis from the database MSigDB. These gene sets are significantly enriched in the group
“MT+"compared to the group “MT-". C: Results of the GSEA analysis for the gene set “GOBP POSITIVE REGULATION OF AUTOPHAGY" which

is significantly depleted in the in the group “MT+"versus the group “MT-". D: Results of the GSEA analysis for the gene set of ABC transporters,
calculated in the T-ALL group “MT+"versus the group “MT-". Mitochondria-depleted T-ALL tumours “MT-"are significantly enriched for genes
expressing the ABC transporter family. E: Comparative expression levels of the gene ABCBT in the groups “MT+"and "MT-". The expression levels

of ABCBI are significantly higher in mitochondria-depleted T-ALL tumours. The p-value corresponds to the two-sided statistical t-test. Additionally,
the figure indicates the corresponding effect size (Cohen’s d) and 95% confidence interval
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De novo lipid synthesis and accumulation mediate ABCB1
activation

Since B-oxidation impairment in tumours with low mito-
chondrial activity and in mitochondria depleted T-ALL
cell lines could favour lipid accumulation, we wondered
whether lipid accumulation and the DNL—fed interme-
diary lipid products could be at the origin of ABCBI gene
activation. To answer this question, after mitochondrial
depletion and the activation of ABCBI gene, cells were
treated with ND-630, a specific inhibitor of acetyl-CoA
carboxylase 1 (ACC1), the first enzyme of DNL. Inter-
estingly, treatment of cells with either 100nM or 1M of
ND-630 completely abolished the ABCBI gene activation
in mitochondria-depleted cells (Fig. 4A). We also tested
whether de novo synthesized fatty acids products, dietary
medium chain saturated fatty acid, octanoate, could also
induce ABCBI gene activation. In control CCRF-CEM,
as well as in MOLT-4 cells, octanoate treatment had no
effect on ABCBI gene expression, but could remark-
ably enhance ABCBI gene expression in mitochondria-
depleted cells (Fig. 4B).

Since octanoate was effective in activating the ABCBI
gene only after mitochondrial depletion, we wondered
whether octanoate degradation via p-oxidation would
be the reason why octanoate did not induce ABCBI gene
expression in our control EtBr-untreated T-ALL cells.

To test this hypothesis, we treated control CCRF-CEM
and MOLT-4 cells with the FDA approved partial inhibi-
tor of B-oxidation, Ranolazine. Interestingly, in both cell
lines, the treatment of control cells with active mitochon-
dria with both octanoate and Ranolazine, significantly
induced ABCBI gene expression, without a need for
mitochondrial depletion (Fig. 4C). These data highlighted
one of the important mechanisms involved in ABCBI
gene activation that depends on the down regulation of
fatty acids p-oxidation. Octanoate is mostly degraded
by B-oxidation [26] and the inhibition of p-oxidation
even partially, makes it available to induce ABCBI gene
activity.

These data clearly show that in the absence of mito-
chondria and lipid p-oxidation, lipid neo synthesis and
accumulating lipids are the major drivers of ABCBI gene
activation (Fig. 4D).

(See figure on next page.)
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Lipogenic transcription factors, LXRs, are the major drivers
of ABCB1 gene activation

Since DNL and more specifically the DNL intermediary
product and a dietary fat, octanoate efficiently induce
ABCBI gene expression, we wondered if octanoate itself
could be an activator of a specific transcription factors
inducing ABCBI gene expression. A search of the litera-
ture for transcription factors that could be activated by
octanoate pointed to the work of Bedi and colleagues
who demonstrated that medium-chain saturated fatty
acids, namely octanoate, in contrast to longer-chain fatty
acids, binds to LXRa with an affinity in the nanomolar
range and activates this transcription factor [27]. These
data prompted us to consider LXR factors as prime can-
didates in mediating the lipid-dependent activation of
ABCBI. Luckily, specific and efficient agonist and antag-
onist of LXR are available, which enabled us to test our
hypothesis on the role of LXR in the lipid-mediated acti-
vation of ABCBI. Interestingly, in control CCRF-CEM
and MOLT-4 cells, LXR agonist GW3965 efficiently
induced ABCBI gene activation, even in the presence
of mitochondria (Fig. 5A, left panels). In mitochondria-
depleted cells, GW3965 also further enhanced ABCBI1
activation (Fig. 5A, right panels). These data clearly show
that the lipogenic transcription factors LXRs are major
player in ABCBI gene transcription activation. To con-
firm the involvement of LXR transcription factors in the
mitochondria depletion-dependent activation of ABCBI,
CCRF-CEM and MOLT-4 were treated with EtBr to
deplete mitochondria and then treated with the LXR
antagonist GSK2033. Figure 5B shows that in both cell
lines, the activated ABCBI gene expression was down-
regulated by treatment of cells with the LXR antagonist,
GSK2033.

Finally, to further confirm the activation of LXR tran-
scription factors in MT- tumours, we analyzed our
adult T-ALL transcriptomic data to assess the expres-
sion of well-characterized LXR target genes. A review
of the literature identified ABCAI, ABCGI, ABCGS5,
and ABCGS8 as key targets of LXR transcription fac-
tors [28, 29]. We performed a t-test to compare the
expression levels of these genes between MT+and
MT- tumours. Notably, ABCG5 and ABCGS8 were not

Fig. 3 Mitochondria depletion induces P-gp protein accumulation with a concomitant lipid accumulation. A: CCRF-CEM and MOLT-4 cells

were treated with 200ng/mL and 100ng/mL Ethidum Bromide (EtBr), respectively, for 7 days, proteins were extracted and P-gp accumulation

was visualized by immunoblotting. Immunodetection of -actin demonstrated the state of protein loading (left panel). The quantitative analysis

of P-gp protein expression levels was visualized as histograms (right panel) (n =3, mean + SEM,; difference compared to the control group were
calculated by two-tailed unpaired Student’s t test). ***p <0.001; ****p < 0.0001. B: CCRF-CEM and MOLT-4 cells were treated with 200ng/mL

and 100ng/mL Ethidium Bromide (EtBr) for 7 days, respectively, as described in (A) and cells were stained by Bodipy 493/503 and examined by FACS
(upper panels) and by fluorescence microscopy (lower panels, scale bar=10um). The fluorescence intensity of unstained and stained non-treated
and treaded cells measured by FACS are indicated (X axis) (middle panels). Error bars indicate SEM. *p <0.05; **p <0.01
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Fig. 4 De novo lipogenesis and octanoate mediate the activation of ABCBT gene. A: Control or Ethidium Bromide treated (200ng/mL and 100ng/
mL, respectively) CCRF-CEM and MOLT-4 cells were treated with the ACC1 inhibitor, ND-630, with the indicated concentration for 7 days and P-gp
and B-actin accumulation visualized by immunoblotting. B: Control or Ethidium Bromide treated (200ng/mL and 100ng/mlL, respectively, for 7
days) CCRF-CEM and MOLT-4 cells were treated with the indicated concentrations of octanoate for 24 h and the accumulation of P-gp and 3-actin
accumulation was visualized as above. C: Control CCRF-CEM and MOLT-4 cells were treated concomitantly with the indicated concentration

of octanoate and the partial 3-oxidation inhibitor, Ranolazine, and the accumulation of P-gp and 3-actin accumulation was visualized as above.

D: The scheme illustrates the following hypothesis: In cells with normal mitochondrial activity, DNL products and octanoate are degraded

by the mitochondrial 3-oxidation and therefore they would not be available to induce ABCBT gene expression (left). In mitochondria-depleted cells,
DNL products and octanoate are available and mediate the induction of ABCBT gene
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Fig. 5 Lipogenic transcription factors LXR mediate the lipid-dependent activation of ABCBT gene. A: Control (left panels) or Ethidium Bromide
treated (200ng/mL and 100ng/mL, respectively, for 7 days) (right panels) CCRF-CEM and MOLT-4 cells (indicted), were treated with the indicated
concentrations of LXR agonist, GW3965, for 24 h and the accumulation of P-gp and -actin was visualized as above. B: The same experiment

as above was carried out expect that cells were treated with LXR antagonist GSK2033, with the indicated concentration for 24 h

detected in our tumour transcriptome. The most strik-
ing findings were for ABCA1, a well-established LXR
target, and potentially ABCGI, which showed near-sig-
nificant results (Fig. S5A). Furthermore, we also tested

the relationship between p-oxidation shutdown and
LXR gene activity in our T-ALL transcriptome as fol-
lows. We first considered the 27 leading-edge genes out
of 76 genes in the “GOBP FATTY ACID BETA OXIDA-
TION” gene set signature (Fig. S5B).
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Then, we went back to our adult T-ALL transcriptome
and considered samples with “Fatty-Acid-Beta-Oxi-
dation positive” and “negative” To avoid the confusion
with the previous groups (MT- and MT+), we named
the “Fatty-Acid-Beta-Oxidation positive” and “negative”
groups LEG-FABO+and LEG-FABO- (Fig. S5C). Finally,
we calculated the distributions of expression levels in
these groups for ABCAI, which is a well-characterized
target of LXRs. This analysis revealed that the deple-
tion of key genes encoding -oxidation enzymes triggers
the activation of ABCAI, providing clear evidence of
LXR activation in “Fatty-Acid-Beta-Oxidation negative”
tumors (Fig. S5D).

These data strongly support the model where de novo
lipogenesis or dietary fats such as octanoate and the
absence of fatty acids degradation by [B-oxidation, acti-
vate LXR transcription factors that in turn activate
ABCBI gene expression.

Lipid accumulation, down-regulation of OXPHOS

and B-oxidation drive ABCB1 gene activation in adult T-ALL
tumour samples

In order to confirm our findings on the driver role of
mitochondria depletion in ABCBI gene activation, we
decided to follow an unbiased approach considering the
differential gene expression in adult T-ALL tumour sam-
ples expressing the highest levels of ABCB1 (ABCB1+)
versus tumours expressing low levels of this gene
(ABCB1-). The groups ABCB1+and ABCBI1- were sep-
arated using the median expression level of ABCBI as a
threshold. The detailed results of the differential analysis
are available in Supp. Table S2.

We found that tumours expressing high levels of
ABCBI also activate and down-regulate 139 and 89 genes
respectively (Fig. 6A). Interestingly, GSEA confirmed that
high expression of ABCBI is associated with a considera-
ble depletion of mitochondrial gene module and electron
transport chain-encoding genes (Fig. 6B, Fig. S6). More
interestingly, as expected from our experiments, the high
ABCBI-expressing tumours are also enriched for lipid
droplet function (Fig. 6C).

These data therefore strongly support the molecu-
lar mechanisms underlying tumour aggressivity and

(See figure on next page.)
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resistance to induction treatment associated with defi-
cient mitochondrial activity.

Impaired mitochondrial activity and the absence of
B-oxidation favours the accumulation of neosynthesized
fat through DNL and the accumulation of intermediary
fatty acids, which activate the lipogenic LXR transcrip-
tion factors, which in turn activate ABCBI gene confer-
ring resistance to induction chemotherapy.

To confirm and highlight the impact of high ABCBI
expression on tumour aggressivity, we could demon-
strate a significantly shorter survival of patients with high
expression of ABCBI (Fig. 7). Additionally, using our
model cell lines we could also show that the depletion of
mitochondria is associated with a significantly increased
resistance to drug used in first-line chemotherapy (Fig.
§7). To further show that mitochondria depletion and the
subsequent LXR transcription factor activation is driv-
ing this observed resistance, we repeated the experiment
described above also in the presence of LXR antago-
nist, GSK2033. Figure S8A, B clearly shows that in both
model cell lines inhibition of LXR activity leads to an
increased sensibility to the drug used in conventional
chemotherapy. Since LXR transcription factors induce
the expression of several ABC transporters, we repeated
this experiment in the presence of the MDRI1 inhibitor,
Tariquidar [30], to assess the significant contribution of
ABCBI to the observed resistance to conventional chem-
otherapy. Notably, inhibiting MDR1 activity significantly
increased the sensitivity of our model cells to the applied
chemotherapy (Fig. S8C, D).

Discussions
Previously, we found that the mitochondrial gene module
is globally depleted in MRD-positive T-ALL tumours, as
well as in aggressive tumours (irrespective of their MRD
status), identified using our gene expression classifier sig-
nature [8]. Thanks to the increased statistical power pro-
vided by the addition of the whole transcriptome of 79
new adult T-ALL samples, we were able to highlight the
main biological characteristics of adult T-ALL tumours
with depleted mitochondria.

As a result of this analysis, we noticed that, in addition
to the expected depletion of mitochondrial functions

Fig. 6 Biological features of adult T-ALL tumours expressing high levels of ABCBI. A: Results of the differential analysis between two groups of T-ALL
patients with low expression of the gene ABCBT (group "ABCB1-, n=67) and high expression of the gene ABCB1 (group “ABCB1+, n=66). The
groups of low and high expression were identified with respect to the median expression level of ABCBT in the total pooled adult T-ALL dataset.
The volcano plot (left) and heatmap (right) were calculated similarly to Fig. 1B. The detailed results of the differential analysis are available in Supp.
Table S2. B, C: Results of the GSEA analysis in the group “ABCB1+" versus the group “ABCB1-" T-ALL tumours expressing high levels of ABCBT are
significantly depleted for gene expression involved in mitochondria function (B) and significantly enriched for gene expression involved in lipid
droplet formation (C). The GSEA results were considered significant if the calculated p-values < 0.05 and false discovery rates (FDR) <0.25
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Pooled adult T-ALL dataset
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Fig. 7 Poor prognosis of T-ALL tumours expressing high levels

of ABCBI1. Kaplan-Meier survival curves in the groups of patients
with low level of ABCBT expression (group “ABCB1-"), shown in blue
line, and high level of ABCBT expression (group "“ABCB1+"), shown
in red line, in the pooled adult T-ALL dataset. ABCBT expression
groups were determined using the median expression level

as a threshold. The p-value and hazard ratio were calculated using
the log-rank test

such as lipid B-oxidation, there was a significant up-
regulation of genes encoding the ABC transporters. This
observation provided an obvious explanation as to why
the impairment of mitochondrial activity could be associ-
ated with overt resistance to drug treatment. Indeed, sev-
eral members of the ABC transporter, in particular the
well-known drug resistance factor, MDR1 (P-gp protein),
encoded by the ABCBI gene, are highly active in efflux-
ion of drugs out of cells in a lipid-dependent manner [31].

The question then arose as to why the down-regulation
of mitochondrial activity specifically induces ABCBI
gene expression. A search of the literature pointed to
at least five articles reporting ABCBI gene induction in
response to mitochondrial activity down-regulation [32—
36]. In conjunction with our results, this literature sug-
gests that there is a direct inverse relationship between
mitochondrial activity, ABCB1 gene expression and
tumour resistance to chemotherapy.

However, none of these published studies allude to
the molecular mechanism linking altered mitochondrial
activity to ABCBI gene activation.

To answer this question, one obvious avenue was
that shutting down mitochondrial activity, means
also a down-regulating lipid p-oxidation, which takes
place in the mitochondrial matrix. The impairment
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of p-oxidation should therefore in turn promote lipid
accumulation in cells due to the persistence of DNL and
the import of dietary lipids. To test this hypothesis, we
inhibited DNL with ACCl1-specific inhibitor, ND-630,
which is the first DNL enzyme. Remarkably, DNL
inhibition completely abolished ABCBI activation in
cells lacking mitochondria, indicating that some DNL
products could be used to signal ABCBI activation to
a transcription factor. To reinforce this hypothesis, we
also tested octanoate, a medium-chain saturated fatty
acid, which is also a dietary fat, freely entering cells and
mitochondria and feeding the -oxidation.

Interestingly, in our T-ALL cell models, octanoate
treatment induced no cellular response in terms of
ABCBI gene activation, but concomitant inhibition
of B-oxidation and octanoate treatment effectively
induced this gene, even in the presence of active, func-
tional mitochondria. This observation suggests that
octanoate itself can induce the ABCBI gene response,
and that its degradation by B-oxidation competitively
prevents its ability to mediate the ABCBI gene response
by eliminating the available octanoate pool. A search of
the literature for transcription factors capable of being
activated by octanoate highlighted the lipogenic tran-
scription factors, LXRa [27].

To test the hypothesis that LXRs are involved in
ABCBI gene activation, we used the well-character-
ized LXR agonist GW3965, which effectively activated
ABCBI, without the need for mitochondrial depletion.
These data confirm that, in the absence of significant
mitochondrial activity and hence lipid [B-oxidation,
accumulating lipids, particularly medium-chain satu-
rated fatty acids, are able to activate LXR transcription
factors, which in turn activate the ABCBI gene, leading
to the establishment of effective acquired resistance to
induction chemotherapy.

Our results also indicate that LXR transcription fac-
tors are activated by medium-chain saturated fatty acids,
a previously overlooked property. It is well known that
LXRs control the cellular cholesterol pool. LXR tran-
scription factors are activated by physiological ligands
such as oxysterols and cholesterol synthesis intermedi-
ates [28] and activate a series of ABC transporter genes
such as ABCAI, which plays a determinant role in
reverse cholesterol transport [37]. Interestingly, in agree-
ment with our data, it has been shown that in early T-cell
acute lymphoblastic leukemia (ETP-ALL), increased lipid
synthesis and intracellular cholesterol pool, which are
strong activators of LXRa transcription factor, are impor-
tant pro-oncogenic events [38]. Although these investiga-
tions did not consider the LXRa-dependent oncogenic
mechanisms, our data strongly suggest that the activation
of ABCBI could be one of them.
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We therefore propose that in the pathological context
of T-ALL, in the absence of active lipid B-oxidation, the
initial modest activation of LXR factors by the limited
intermediate products of DNL, encompassing medium
chain acyl-CoAs, could establish a vicious circle of lipo-
genic events since LXR activation could in turn activate
genes encoding other lipogenic transcription factors such
as SREBP1C and lipogenic enzymes such as FAS and
ACC1 [28], leading to significant accumulation of fat in
the form of lipid droplets in T-ALL cells with low mito-
chondrial activity.

Consequently, our work suggests that inhibiting DNL
in MRD-positive patients, who predominantly harbor
mitochondria-depleted T-ALL, could be a therapeuti-
cally attractive option. In addition, these patients should
avoid diets and dietary supplements containing inter-
mediate-chain saturated fatty acids such as caprylic acid
(octanoate).

Conclusion

Our work demonstrated that in adult T-ALL, diminished
mitochondrial function conferred chemoresistance to
the cells by upregulating the expression of ABCBI, a key
member of the ATP-binding cassette (ABC) transporter
family. This regulation is mediated through enhanced
lipid accumulation, reduced B-oxidation, and the subse-
quent activation of lipogenic transcription factors LXRs.
These insights reveal a critical metabolic vulnerability in
aggressive T-ALL. Based on these findings, we propose
that therapeutic strategies targeting de novo lipogenesis
and restricting dietary fats, such as caprylic acid, may
mitigate treatment resistance and improve outcomes for
patients with low mitochondrial activity in T-ALL.
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