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INTRODUCTION

Being in use in the clinics for more than three decades, all-
trans retinoic acid (ATRA)-based treatment (in combination
with chemotherapy or arsenic trioxide, ATO) represents the
first-line therapy for standard-risk acute promyelocytic leu-
kaemia (APL). Consequently, APL remains the most curable
subtype of acute myeloid leukaemia (AML) to date. In addi-
tion to the degradation of the PML/RARA fusion protein,'
ATRA modulates the mitochondria-mediated cellular me-
tabolism and promotes a metabolic shift from glycolysis to
oxidative phosphorylation.? Considering that mitochondrial
alterations potentially represent a metabolic vulnerability in
leukaemic cells,” metabolic changes driven by ATRA could
be clinically relevant.

Being an important part of the metabolic machinery, the
biosynthesis of mitochondrial DNA (mtDNA) has been asso-
ciated with increased mitochondrial biogenesis and depen-
dence on oxidative phosphorylation.* In addition, studies in
solid tumours suggested that alterations in mtDNA content
(mtDNAC) could have clinical implications.™® Yet, whether
altered mtDNAc has an impact on clinical outcomes of
patients with haematological malignancies (in particular
APL and non-APL AML) remains largely unknown. Here,
we hypothesize that APL patients with high mtDNAc, and
consequently a high oxidative phosphorylation-driven me-
tabolism, would be better responder to ATRA-based thera-
pies.” To test this hypothesis, we determined the mtDNAc in
bone marrow (BM) samples of patients treated with ATRA
and anthracycline-based chemotherapy as well as patients
treated with the state-of-the-art combination ATRA+ATO.

METHODS

Overall, we enrolled 156 patients treated with ATRA and
chemotherapy. Details of treatment protocols are published
elsewhere.® A second cohort was composed of 22 patients
treated according to the APL 0406 protocol.” All samples

Although a growing body of evidence demonstrates that altered mtDNA content
(mtDNAC) has clinical implications in several types of solid tumours, its prognostic
relevance in acute promyelocytic leukaemia (APL) patients remains largely unknown.
Here, we show that patients with higher-than-normal mtDNAc had better outcomes
regardless of tumour burden. These results were more evident in patients with low-
risk of relapse. The multivariate Cox proportional hazard model demonstrated that
high mtDNAc was independently associated with a decreased cumulative incidence
of relapse. Altogether, our data highlights the possible role of mitochondrial metabo-
lism in APL patients treated with ATRA.

anthracycline-based chemotherapy, ATRA, mtDNA content, oxidative phosphorylation

were obtained at diagnosis. For comparison purposes, we
included peripheral blood (PB) samples from 293 age- and
sex-adjusted healthy volunteers with no history of haema-
tological disorders. Additionally, we analysed CD34" cells
isolated from BM (n = 3), cord blood (n = 9), and apheresis
(n = 4) samples from healthy donors. The study adhered to
the tenets of the Declaration of Helsinki and informed con-
sent was obtained from all patients or their relatives. The
local Research Ethics Board of each participating centre
approved the study. mtDNAc was quantified using quanti-
tative real-time polymerase chain reaction and the results
were normalized and expressed as fold-change relative to a
reference DNA. Details can be found in the Supplemental
data. Descriptive analyses (frequency and central tendency
and dispersion measurements) were performed for patients'
characteristics at baseline. Details of the statistical analysis
and clinical endpoints are described in the supplemental
data.

RESULTS AND DISCUSSION

First, we compared the mtDNAc between healthy (CD34"
and PB cells) and APL samples. Figure 1A shows that pa-
tients with APL had a higher-than-normal mtDNAc.
Multiple comparison tests indicated no difference between
healthy CD34" and PB cells (p = 0.956), while the relative
mtDNACc was significantly lower in CD34" cells compared to
APL (p = 0.005). Table S1 summarizes the central tendency
and dispersion of mtDNAc measurements of all the enrolled
subjects. Restricting our analyses to APL, we noticed that
the relative mtDNAc of APL patients ranged between 0.1
and 39. To evaluate the impact of mtDNAc on clinical out-
comes without seeking an optimal cut-point, we used val-
ues of mtDNA higher than the 95th percentile of healthy PB
samples (i.e., 21.63; Figure 1A, dashed line) to define APL
patients with high mtDNAc. Consequently, patients that
presented values within the range of normal control sam-
ples (<1.63) were classified as normal mtDNAc. To account
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FIGURE 1 Relative quantification of mtDNAc in CD34" and peripheral blood cells from healthy donors and bone marrow cells from patients with

acute promyelocytic leukaemia (APL) treated with ATRA +ATO (A +A) and ATRA + chemotherapy (A +C) (A). The relative quantification of mtDNAc
was performed by quantitative real-time polymerase chain reaction relative to a single-copy nuclear gene (PKLR and HBB). The horizontal bars represent
the median value of mtDNAc (fold-change). Patient survival. The probability of disease-free survival (B) and cumulative incidence of relapse (C) in APL
patients treated with A + C according to the mtDNAc (entire cohort). Cumulative incidence of relapse in APL patients with low-risk of relapse (D) treated
with A +C according to the mtDNAc. Survival curves were estimated using the Kaplan-Meier method, and the log-rank test was used for comparison.
Cumulative incidence curves for non-relapse death and relapse with or without death were constructed to reflect time to relapse and time to non-relapse
death as competing risks. Time to relapse and time to non-relapse death was measured from the date of complete remission. Forest plot representing the
multivariate Cox proportional hazard model for the cumulative incidence of relapse in APL patients treated with A + C according to the mtDNAc (entire
cohort) (E) and in low-risk patients (F). Confounding variables included in the model were mtDNAc (high mass versus normal mass), risk of relapse
(high-risk versus low-risk),'® and white blood cells counts (continuous variable).

for the potential variability in mtDNAc between different
sources, we measured the mtDNAc of 22 paired BM and PB
samples from APL patients collected at the time of diagnosis.
Our analysis showed a strong correlation between BM and
PB measured mtDNACc of the same patient (Pearson correla-
tion coefficient, r = 0.78, 95% confidence interval, CI: 0.54—
0.9; Figure S1), suggesting that mtDNAc detected in BM and
PB could be used interchangeably with little bias.

Analysis of baseline characteristics indicated signifi-
cantly lower mtDNAc in FLT3-ITD mutated (median:
1.62, 95%CI: 1.6-4.4) compared to FLT3- wild-type pa-
tients (median: 2.7, 95%CI: 3.7-6.9) (p = 0.03; Figure S1).
No other differences were found between patients with
normal and high mtDNAc (Table S2). Patient follow-up
was last updated in May 2022. All patients treated with the
combination ATRA+ATO achieved complete haematolog-
ical remission with no deaths or relapses until the last fol-
low-up. Consequently, univariate or multivariate regression

analyses were performed only for patients treated with
ATRA and chemotherapy. With a median follow-up of
40 months (95% CI: 34-47 months), the estimated 5-year
overall survival rate was 79% (95% CI: 72-84%). Overall,
129/156 (83%) patients achieved complete haematological
remission. mtDNAc had no impact on complete remission
(p = 0.518) or overall survival (p = 0.69). Yet, patients with
normal mtDNAc had significantly lower 5-year disease-
free survival (DFS) (61%, 95% CI: 46%-82%) compared
to patients with high mtDNAc (86%, 95% CI: 78%-95%)
(p = 0.035; Figure 1B). Considering non-relapse mortality
as a competing cause of failure, the 5-year cumulative in-
cidence of relapse (CIR) for patients with normal and high
mtDNAc was 35% (95%CIL: 16%-49%) and 10% (95%CI:
2%-17%), respectively (p = 0.0082; Figure 1C). After strat-
ifying patients into low- and high-risk of relapse,'” we
observed that the prognostic impact of mtDNAc on CIR
was applicable to the low-risk group (high mtDNAc: 3%,
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95%CI: 1%-7% versus normal mtDNAc: 26%, 95% CI:
5%-43%) (p = 0.0018; Figure 1D), but not to the high-risk
group (high mtDNAc: 34%, 95% CI: 12%-51% versus nor-
mal mtDNAc: 58%, 95% CI: 14%-80%) (p = 0.41). Finally,
the multivariate Cox proportional hazard model indicated
that high mtDNAc was independently associated with de-
creased CIR in the entire cohort (Figure 1F) and in pa-
tients assigned to the low-risk group (Figure 1F).

In summary, we show that patients with higher-than-
normal mtDNAc had better clinical outcomes (DFS and CIR)
regardless of tumour burden. In addition, mtDNAc was use-
ful to sub-stratify low-risk patients and identify those with
a higher probability of relapse. Despite our promising data,
these findings are only applicable to patients treated with
ATRA and chemotherapy due to the limited sample size of
patients treated with ATRA+ATO. Yet, it is conceivable that
the greater and more sustained antileukemic effect of the
combination ATRA+ATO'" may overcome characteristics
at diagnosis associated with an adverse outcome,'* abrogat-
ing the need and the use of mtDNAc as prognostic marker
in APL. Therefore, perhaps more important than providing
a new prognostic marker for APL, we are interested to de-
termine how to integrate the metabolic profile of leukaemic
blasts into clinical decision making. Unfortunately, most
studies of the mitochondrial genome in acute leukaemia
are related to mtDNA mutations,'>'* and very few studies
have explored these findings in a clinical context.'>'® Most
of our knowledge regarding mtDNAc in cancer comes from
studies conducted in solid tumours and, although altered
amounts of mtDNAc have been widely reported, there is
no consensus on how it affects tumour development. Both
high and low mtDNAc have been associated with tumour
progression and worse prognosis.S’6 These inconsistencies
may be a result of different types of tumours, tissue sites,
and treatments, whereby acute leukaemias are no exception.
Similarly in acute leukaemias, unpublished data from our
group indicate contrasting results in non-APL AML patients
treated with cytotoxic chemotherapy compared to the re-
sults presented herein (Pereira-Martins et al., manuscript in
progress). Altogether, it is possible that different types of tu-
mours (including APL and non-APL AML) present different
bioenergetic requirements. Particularly in non-APL AML,
it remains to be explored whether its genetic heterogeneity
dictate different metabolic requirements.
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