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Abstract: Background: Mitochondrial bioenergetic alterations are commonly observed metabolic adaptation in
malignancies including acute myeloid leukemia (AML). Mitochondrial DNA alterations are well known in pediatric AML with possible prognostic significance; however, mitochondrial complex activity and its impact on disease
outcome have not been previously explored. The aim of this study was to evaluate the mitochondrial complex II
and complex V activity and its prognostic significance in pediatric AML patients. Methods: Consecutive 82 de novo
pediatric (≤18 years) patients with AML were included in the study along with age and sex matched controls. Bone
marrow mononuclear cells were isolated from baseline bone marrow samples from all patients and controls. DNA,
RNA and proteins were extracted and relative expression of mitochondrial biogenesis genes TFAM, POLG, POLRMT
were estimated along with mitochondrial DNA copy number. The mitochondrial complex II and V enzymes were
immunocaptured and their activity was measured by substrate specific absorbance change by kinetic ELISA. The
mitochondrial complex II and V activity was compared with controls and their association with clinico-pathological
features and survival outcome were analysed. Complex activity was also correlated with relative expression of biogenesis genes. Results: The activity of mitochondrial complex II and V were found to be significantly enhanced (P =
0.010 and P = 0.0013 respectively) in pediatric AML patients compared to controls. The activity of mitochondrial
complex II and V showed significant positive correlation with relative gene expression of mitochondrial biogenesis
genes TFAM (P = 0.001 and P = 0.016 respectively) and POLG (P = 0.005 and P = 0.006 respectively). Neither of
the two complex activities showed any significant association with baseline disease demographics or any clinicopathological feature. Furthermore, the complex II and V activity did not show any impact on event free survival (P =
0.25 and P = 0.24 respectively) and overall survival (P = 0.14 and P = 0.17 respectively) in our cohort. Conclusion:
The activity of both mitochondrial complex II and V are significantly elevated in bone marrow mononuclear cells of
children with AML compared to controls. The enhanced activity may be related to upregulation of mitochondrial
biogenesis genes TFAM and POLG. The enhanced activity of either of the complexes did not impact disease biology
or survival outcomes in pediatric AML.
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Introduction
Acute myeloid leukemia (AML) is a genetically
heterogenous hematological malignancy where
the impact of mitochondrial alterations in disease pathogenesis and outcomes are increasingly being recognised [1]. Mitochondrial alterations significantly affect cellular bioenergetics,
which is exploited by tumor cells for energy
needs and proliferation [2]. Mitochondrial energy production is predominantly dependent on

oxidative phosphorylation (OXPHOS) complex,
consisting of five protein complexes (complex I,
II, III, IV and V) which are translated by mitochondrial and nuclear DNA except for complex II
which is encoded exclusively by the nuclear
genome [3]. Alterations in mitochondrial metabolism and OXPHOS is a common phenomenon
in a multitude of malignancies [4].
There are only few studies which have explored
mitochondrial OXPHOS complex variations in
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AML; it has been observed that about 8% of
AML patients have mutations in one or more
mitochondrial OXPHOS genes, which also contributes to poor survival outcome [5]. Previously,
we have reported that the relative expression
of mitochondrial complex I associated gene
ND3 predicted worse survival [6].
Mitochondrial complex activity and its regulation have not been previously explored in AML.
In a previous study in primary AML cell lines,
mitochondrial complex II activity was observed
to be significantly enhanced [7]. Complex II
plays an important role in electron transport
chain along with TCA cycle, while ATP is produced in the complex V of OXPHOS by utilizing
protons of electron transport chain. Mitochondrial ATP is the main source of energy for all
type of intracellular metabolic pathways [2].
Biogenesis of mitochondrial OXPHOS complexes depends on various transcription regulators
especially mitochondrial biogenesis genes that
regulates the expression of OXPHOS genes and
hence mitochondrial bioenergetics [8, 9]. In
this study, we evaluated the activity of mitochondrial complex II and complex V in children
with AML as well as explored their correlation
with the relative expression of mitochondrial
biogenesis genes. We also assessed the impact
of these mitochondrial complex activities on
baseline disease characteristics and survival
outcome.
Methodology
Study design and patient recruitment
This study included consecutive de novo pediatric AML patients (≤18 years) who were registered at pediatric oncology clinic of our cancer
centre during the period of July 2016 to July
2018. Patients of granulocytic sarcoma without marrow involvement, acute promyelocytic
leukemia, and mixed phenotypic acute leukemia as well as those with insufficient samples
were excluded from the study. Along with this,
30 age-matched cases of solid malignancies
without any involvement of bone marrow were
also enrolled in the study as controls. The study
was approved from institute ethics committee
(IEC/NP-336/2012, IECPG-79/22.03.2017). Informed consent was obtained from parents/
legal guardians as well as assent was taken
from all study participants (≥8 years).
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Baseline clinical characteristics, cytogenetics
and molecular analysis
Baseline clinical details including demographic
features, hematological parameters including
complete blood count were recorded for all
patients. Diagnosis was made by bone marrow
aspiration morphology and immunophenotyping as per standard guidelines [10]. Cytogenetic
analysis of baseline bone marrow sample of all
the patients were evaluated by conventional
karyotyping. Along with this, RNA was extracted
from the bone marrow samples using TRIzol
(Thermo) method. cDNA was used to identify
translocation of RUNX1-RUNX1T1 (Runt-related
transcription factor 1-RUNX1 partner transcriptional co-repressor 1 fusion transcript) and
CBFB-MYH11 (Core binding factor beta-myosin
heavy chain 11 fusion transcript) by RT-PCR.
Furthermore, mutation of FLT3-ITD (Fms like
tyrosine kinase 3-internal tandem duplication),
and NPM1 (Nucleophosmin 1) gene were identified by DNA fragment length analysis [11, 12].
Mutations as well as cytogenetic status were
used for the risk stratification as per European
LeukemiaNet (ELN) guidelines [13].
Treatment protocol
The uniform treatment protocol of 3+7 regimen
including infusion of daunorubicin 60 mg/m2
day 1-3 and cytarabine 100 mg/m2 for 1-7
days, were used in all the patients for 7 days
[14]. Induction therapy was followed by three
cycles of high dose cytarabine at 18 g/m2 as
consolidation therapy after achieving complete
remission (CR) [15] whereas in refractory or
relapse cases, repeat induction with ADE regimen (cytarabine: 100 mg/m2 twice daily, day
1-10; daunorubicin: 50 mg/m2, day 1-3; and
etoposide: 100 mg/m2, day 1-5) was used [16].
Patients at CR2 underwent allogeneic hematopoietic stem cell transplantation with matched
sibling donor if available [17].
Isolation of bone marrow mononuclear cells,
protein extraction and estimation
Mononuclear cells were isolated from bone
marrow aspirate samples by Ficoll-Hypaque
(Sigma diagnostics, USA) density gradient centrifugation. Briefly, bone marrow sample (3 ml)
with anticoagulant was diluted with 0.15 M
NaCl in 1:1 ratio. Then the sample-NaCl mixture
was layered onto a Ficoll column and centri-
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fuged at 400 g for 30 minutes. The white interphase buffy layer was collected and washed
twice with phosphate buffer saline 2000 rpm
for 10 minutes at 25°C. The pellet was stored
at -80°C and used for DNA, RNA and protein
extraction.
For protein extraction, stored pellet of bone
marrow mononuclear cells was treated with
lysis buffer solution (200 μl per 2×106 cells)
provided with the Abcam kit (Abcam, ab109908)
and incubated on ice for 20 minutes for cell
lysis. Samples were then centrifuged at 12000
g for 20 minutes at 4°C, the pellet was discarded and total protein concentration of supernatant was measured by the Pierce BCA Protein
Assay (Thermo Fisher, Waltham, MA, USA).
Measurement of mitochondrial complex (II and
V) activities
The activity of mitochondrial oxidative phosphorylation system complexes (complex II and
complex V) was estimated by microplate coated ELISA based method as per manufacturer
protocol (Abcam, ab109908 and Abcam,
ab109714). Anti-Complex II monoclonal antibody (mAb) was immunocaptured into the 96
well plate which purifies the enzyme from a
complex. Succinate was used as a substrate
which was coupled with reduction of ubiquinol
into ubiquinone and subsequently reduction of
dye DCPIP (2,6-diclorophenolindophenol) and a
decrease in its absorbance at OD600 nm in
kinetics ELISA (BioTek, Gen5, Agilent). The rate
of decrease in absorbance at 600 nm was
monitored over time and calculated between
two time points for all the samples in which the
decrease in absorbance was the most linear.
Rate (milli OD/min) was calculated as
(Absorbance 1 - Absorbance 2)/Time (min), and
the activity of immunocaptured complex-II as
the mean of measurements obtained with
immunocaptured enzyme minus the rate
obtained without immunocaptured enzyme.
Similarly for complex V, the production of ADP is
coupled to the oxidation of NADH to NAD+,
which was measured by absorbance at 340 nm
(BioTek, Gen5, Agilent). The activity was calculated by expressing the enzymatic activity of
succinate dehydrogenase for complex II and
ATP synthase enzyme for complex V relative to
the quantity of enzymes captured in each well.
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Expression of mitochondrial biogenesis gene
and estimation of mitochondrial DNA copy
number
The relative mRNA expression of mitochondrial
biogenesis genes such as Transcription factor A
mitochondria (TFAM), DNA polymerase gamma
(POLG) and RNA polymerase mitochondria
(POLRMT) were estimated by quantitative real
time PCR in all the samples along with relative
mitochondrial DNA (mtDNA) copy number as
per previously reported protocol [18].
Statistical analysis
Mann Whitney U test was used to compare
median values of complex activities of patients
with that of controls as well as for comparing across baseline patient characteristics.
Spearman correlation was used for correlation
of complex activity with relative gene expression and mtDNA copy number. Survival outcome of the cohort was analysed by Kaplan
Meier statistics. Event free survival (EFS) was
defined as time period from enrolment to
relapse or death due to any cause, while time
period from enrolment to death due to any
cause was reported as overall survival (OS).
Survival data was censored till 31st April 2021.
Complex activity was categorized as high or low
based on median value. Cox regression analysis was used to assess impact of complex activity on survival outcome of the patients. All the
statistical analysis was carried out in Prism 6
(Graph Pad, La Jolla, CA, US) and SPSS software (version 23, IBM, NY, US) and P<0.05 was
considered as statistically significant.
Results
Baseline patient characteristics
A total of 115 patients were evaluated for inclusion, of which 33 patients were excluded (3
patients were acute promyelocytic leukemia, 5
had granulocytic sarcoma without marrow
involvement, and 25 patients had insufficient
samples) from the study. A total of 82 patients
and 30 controls were included for the final analysis. The baseline demographic and clinical
characteristics of these patients are summarized in Table 1. The median age of the cohort
was 12 years (range: 0.9-18 years) with slight
male preponderance (Male:Female (1.73:1).
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Table 1. Baseline characteristic features of pediatric AML
patients (n = 82)
Characteristics

Number (%)/
Median (Range)
12 (0.9-18)

Median age (years)
Sex
Male
52 (63.4)
Female
30 (36.58)
Haematological parameters
Median haemoglobin, (g/dL)
7.63 (2.3-14.6)
Median total leucocyte count, (×103/μL) 25.30 (0.76-314.3)
Hyperleukocytosis (>50×103/μL)
29 (35.37)
3
Median platelet count (×10 /μL)
40.0 (4.5-205)
Platelet count (<50×103/μL)
48 (58.53)
Platelet count (≥50×103/μL)
34 (41.46)
Clinical features at presentation
Fever
60 (73.17)
Chloroma
18 (21.95)
Cytogenetics (n = 62)#
Normal
16 (25.81)
t(8;21) & inv (16)*
34 (54.83)
Complex karyotype
3 (4.84)
Other
9 (14.52)
Failed cytogenetics
12 (19.35)
Molecular analysis (n = 68)
FLT3 ITD
12 (17.64)
RUNX1-RUNX1T1
34 (50)
CBFB-MYH11
2 (2.94)
NPM1
1 (1.47)
Negative
21 (30.88)
ELN risk stratification (n = 77)**
Good
41 (53.25)
Intermediate & poor
36 (46.75)
*t(8;21) = t(8;21)(q22;q22) RUNX1-RUNX1T1; inv(16) = inv(16)
(p13.1;q22) CBFB-MYH11; Median values were reported with range.
#Cytogenetic analysis by conventional karyotyping was not available for
remaining 20 patients. **ELN risk stratification was done using both
cytogenetics and molecular markers in 61 patients. However, 9 patients
risk stratification was done with only cytogenetics and in 7 patients, it
was done by only molecular analysis. n: number of patients; AML: Acute
Myeloid Leukemia; Normal cytogenetics: 46,XX/46,XY; Failed cytogenetics: metaphases could not be isolated; FLT3 ITD: FMS-like tyrosine
kinase internal tandem duplication; RUNX1-RUNX1T1: runt-related
transcription factor 1-RUNX1 partner transcriptional co-repressor 1
fusion transcript; CBFB-MYH11: core binding factor beta-myosin heavy
chain 11 fusion transcript; NPM1: nucleophosmin 1; ELN: European
LeukemiaNet.

Out of all, 21.95% patient had chloroma at presentation and more than half (53.25%) were
good risk as per ELN risk stratification.
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Mitochondrial OXPHOS complex activity in AML patients: comparison with
controls and correlation with baseline
demographics
The complex II activity was measured in
61 pediatric AML patients while complex V was evaluated in 71 patients. The
median activity of mitochondrial OXPHOS complex II and complex V was
significantly higher (P = 0.010 and P =
0.0013 respectively) in the bone marrow mononuclear cells of pediatric AML
patients in comparison to age and sex
matched controls (Figure 1).
Furthermore, there was no significant
association of mitochondrial complex II
and V activity with any of the clinicopathological parameters in pediatric
AML patients (Table 2).
Correlation of mitochondrial complex
activity with mitochondrial biogenesis
genes and mtDNA copy number
Mitochondrial complex II activity was
found to have significant positive correlation with the relative expression of
mitochondrial biogenesis genes TFAM
(P = 0.001) and POLG (P = 0.005). Similarly, the activity of mitochondrial
complex V also had significant positive
correlation with relative expression of
TFAM (P = 0.016) and POLG (P = 0.006).
The relative mtDNA copy number as
well as relative expression of POLRMT
did not show any significant correlation
with either mitochondrial complex II or
complex V activity (Table 3).
Impact of mitochondrial complex activity on survival outcome of pediatric
AML patients

At a median follow-up of 47.07 months
(38.44 months-55.69 months), the
median EFS of the cohort was 10.17
months (5.85 months-14.49 months),
while the median OS of the cohort was
24.03 months (9.38 months-31.22
months). The activity of mitochondrial complex
II and complex V did not show any impact on OS
(P = 0.14 and P = 0.17 respectively) (Figure 2A,
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Figure 1. Comparison of mitochondrial complex II (A) and complex V (B) in pediatric AML patients compared to
controls.

Table 2. Association of clinico-pathological features with mitochondrial complex II and complex V
activity in pediatric acute myeloid leukemia patients
Variables
Age (years)
<10 (n1 = 23; n2 = 29)
≥10 (n1 = 23; n2 = 45)
Gender
Male (n1 = 41; n2 = 45)
Female (n1 = 20; n2 = 26)
Chloroma
Present (n1 = 12; n2 = 15)
Absent (n1 = 49; n2 = 56)
Total leukocyte count (mm3)
<50000 (n1 = 35; n2 = 44)
≥50000 (n1 = 26; n2 = 27)
Platelets
<50000 (n1 = 58; n2 = 45)
≥50000 (n1 = 23; n2 = 27)
Haemoglobin (g/dl)
<8 (n1 = 39; n2 = 45)
≥8 (n1 = 22; n2 = 26)
Cytogenetics
Good (n1 = 20; n2 = 29)
Others (n1 = 22; n2 = 23)
**ELN Risk group
Good (n1 = 25; n2 = 33)
Others (n1 = 30; n2 = 32)

p
value
0.86

Complex II Activity* (n = 61)

p
value
0.26

1.70E-03 (7.00E-04-4.60E-03)
1.90E-03 (6.00E-04-4.20E-03)
0.92

Complex V Activity* (n = 71)
2.30E-03 (1.80E-03-2.90E-03)
1.90E-03 (1.30E-03-2.80E-03)

0.88
1.90E-03 (6.00E-04-3.50E-03)
1.60E-03 (6.70E-04-6.30E-03)

0.26

2.00E-03 (1.20E-03-3.10E-03)
2.20E-03 (1.80E-03-2.60E-03)
0.38

2.10E-03 (6.00E-04-6.30E-03)
1.60E-03 (4.00E-04-2.90E-03)
0.20

2.00E-03 (1.30E-03-2.40E-03)
2.20E-03 (1.20E-03-2.70E-03)
0.46

1.70E-03 (5.00E-04-3.00E-03)
2.10E-03 (8.00E-04-7.20E-03)
0.096

2.20E-03 (1.70E-03-2.90E-03)
1.90E-03 (1.30E-03-2.60E-03)
0.69

1.43E-03 (5.33E-04-2.40E-03)
2.67E-03 (7.94E-04-8.66E-03)
0.81

2.10E-03 (1.28E-03-2.90E-03)
2.90E-03 (1.80E-03-2.80E-03)
0.51

1.80E-03 (7.00E-04-4.70E-03)
2.10E-03 (5.00E-04-5.10E-03)
0.059

2.70E-03 (1.70E-03-2.70E-03)
1.90E-03 (1.00E-03-3.90E-03)
0.29

2.40E-03 (1.40E-03-7.50E-03)
8.00E-04 (5.00E-04-2.80E-03)
0.075

2.60E-03 (1.70E-03-3.10E-03)
1.90E-03 (1.30E-03-3.30E-03)
0.067

2.40E-03 (1.30E-03-5.10E-03)
8.33E-04 (5.00E-04-2.80E-03)

2.60E-03 (1.90E-03-3.20E-03)
1.90E-03 (1.30E-03-2.60E-03)

n1 = number of patients in complex II cohort; n2 = number of patients in complex V cohort. *The unit of complex II and complex V activity is nm/mg/min; **ELN = European LeukemiaNet.
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Table 3. Correlation of mitochondrial complex activity with mitochondrial biogenesis gene expression
and mitochondrial DNA copy number
Complex II Activity (n = 61)
Correlation coefficient (r)
p value
TFAM
0.42
0.001
POLG
0.36
0.005
POLRMT
-0.16
0.21
mtDNA copy number
-0.01
0.94
mtDNA: Mitochondrial DNA. r = Spearman correlation coefficient.
Gene name

Complex V activity (n = 71)
Correlation coefficient (r)
p value
0.28
0.016
0.32
0.006
-0.17
0.16
0.04
0.78

Figure 2. Impact of complex II and complex V on overall survival (A, B) and event free survival (C, D).

2B; Table 4) as well as on EFS (P = 0.25 and P
= 0.24 respectively) (Figure 2C, 2D; Table 4).
Discussion
It is postulated as per Warburg hypothesis that
cancer cells predominantly depend on glycolytic pathways for their energy needs. However, it
is now becoming increasingly evident that mitochondrial energy metabolism plays a key role in
tumor initiation and progression [19-21]. A
meta-analysis suggested that ATP production
by OXPHOS is significantly higher in cancerous
cells as compared to normal cells [22].
Furthermore, expression of OXPHOS proteins
are also known to be upregulated in multiple
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malignancies including leukemias [21, 23-25].
In our study, we observed that mitochondrial
complex II and complex V activity were significantly upregulated in the bone marrow mononuclear cells of children with AML compared to
controls, suggesting their putative role in tumor
biology and energy metabolism. A previous
study by Sriskanthadevan et al, which evaluated the activity of OXPHOS complexes in AML
primary culture and cell lines, suggested that
there was an increase in complex I and complex
II activity in AML cells compared to normal cells.
Another study reported enriched expression of
OXPHOS proteins in AML leukemic stem cells
(LSCs) in comparison to normal hematopoietic
stem cells suggesting heterogeneity in meta-
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Table 4. Impact of mitochondrial complex activity on event free survival and overall survival of pediatric AML patients
Event Free Survival
Complex activity
Complex II Activity (n = 61)
Complex V Activity (n = 71)

Overall survival

Median
(Months)

Hazard Ratio
(95% CI)

p value

Low (n = 30)

9.87

0.71 (0.39-1.28)

0.25

High (n = 31)

11.80

Low (n = 35)

9.97

High (n = 36)

14.07

Median
(Months)

Hazard ratio
(95% CI)

p value

15.07

0.61 (0.31-1.18)

0.14

0.65 (0.35-1.21)

0.17

Not reached
0.71 (0.40-1.25)

0.24

18.37
Not reached

Categorisation of mitochondrial complex activity into low and high is based on the median values of complex activity. CI = Confidence interval;
AML: Acute myeloid leukemia.

bolic phenotype of AML cells [26]. These corroborative findings suggest that enhanced
mitochondrial complex activity is a common
metabolic adaptation in AML blasts.
In this study, we observed that the altered
OXPHOS complex activity had no association
with disease phenotype or demographics. This
is in contrast to previous studies in various
malignancies which observed that mitochondrial OXPHOS alterations have an impact on
tumor biology [27]. In solid tumors like pancreatic cancer, it has been observed that cancer
stem cells, which are more dependent on
OXPHOS, had high metastatic and tumorigenic
potential [28]. Cancers like melanoma and diffuse large B-cell lymphoma have also shown to
have distinct metabolic fingerprints and associated survival mechanisms based on OXPHOS
activity [5, 24]. This suggests that there is significant heterogeneity in metabolic adaptations
across different malignancies, wherein the role
of mitochondrial OXPHOS alterations may be
variable.
Studies which have evaluated mutations in
OXPHOS complexes have shown mutations in
mitochondrial OXPHOS complex I and IV to be
associated with TP53 mutation and also predictive of inferior OS in AML patients [5]. In vivo
studies on AML cell line also reported that
increased expression of OXPHOS is a protective
mechanism for AML blasts during chemotherapy and may contribute to chemoresistance [29,
30]. A study by Lagadinou et al suggested that
LSCs are sensitive to OXPHOS inhibition and
targeting OXPHOS may promote selective eradication of AML LSCs [31]. We have also previously observed that elevated expression of
OXPHOS complex I gene ND3 was associated
with ELN poor risk group in pediatric cohort of
AMLL as well as its inferior EFS and OS [6].
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However, none of the above studies have
explored mitochondrial complex activity in AML
patient samples. Our current study did not
observe any impact of mitochondrial complex
activity on survival outcome in the cohort of
children with AML. This suggests that while
enhanced mitochondrial complex activity is a
metabolic adaptation of AML blast cells for
energy needs for survival, this enhanced activity may not necessarily predict disease aggressiveness or survival outcomes. Also, alterations
in gene expression or mutations may not
equate to enhanced functionality of the complexes [24].
Altered expression of mitochondrial biogenesis
and subsequent change in OXPHOS has been
reported in lung cancer, breast cancer, lymphomas and cholangiocarcinoma [32-34]. Furthermore, studies have reported that AML blast
cells rely on mitochondria for energy production driven by upregulation of mitochondrial
biogenesis genes [35-37]. We have previously
reported upregulation of mitochondrial biogenesis genes in pediatric AML patients [18]. In the
current study, we observed a significant positive correlation of mRNA expression of mitochondrial biogenesis genes i.e., TFAM and
POLG with mitochondrial complex II and V activity, suggesting that enhanced biogenesis of
mitochondria may result in increased mitochondrial OXPHOS activity. The finding of our
current study in patient samples supports the
previous finding in AML cell line wherein inhibition of mitochondrial biogenesis gene POLG led
to selective decrease in OXPHOS activity with
targeting of leukemia cells [38]. This metabolic
adaptation may be crucial for supporting higher
energy requirement of rapidly proliferating cancer cells and can be a potential therapeutic target in future [39].
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The limitations of our study are lack of evaluation of relative expression of various mitochondrial complex related genes, which could have
helped in correlating complex activity with upregulation at genetic level. Additionally, the
overall functionality of mitochondria was also
not assessed.
In conclusion, our study suggests that pediatric
AML patients had significantly elevated mitochondrial complex II and V activity in their bone
marrow mononuclear cells which is possibly
driven by enhanced mitochondrial biogenesis,
as part of metabolic adaptation of blasts for
survival. This adaptation does not impact disease phenotype or survival outcome in our
cohort, but this needs to be validated in further
studies. Furthermore, targeting mitochondrial
OXPHOS complex by selectively inhibiting regulators of OXPHOS and exploiting this vulnerable
metabolic alteration is an exciting area for
developing targeted therapeutics for AML.
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