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Abstract

There is mounting molecular evidence to suggest mitochondrial malfunctions as a key element in turning-on the
vicious circle of oncogenesis in the human body. Cytochrome c oxidase II (MT-CO2) encoded by mitochondrial
DNA, and implicated in a number of tumors, has been shown to bind directly to cytochrome c and is speculated to
regulate apoptosis through this affinity for cytochrome c. In an attempt to understand the effect of MT-CO2 depletion
on the cell function we employ RNA interference and low density arrays encompassing six cancer pathways to gain
insights on the potential effect on gene expression caused by siRNA specific to MT-CO2. The results show that MT-
CO2 knock- down initiated differential expression in eleven genes involved in different pathways including cell cycle,
signaling, apoptosis and Angiogenesis, indicating that mtDNA and sMT-CO2 in particular may be key players in the
stability of the genome and its functions during tumoregensis.
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Abbreviations
ERBB2: Human Epidermal growth factor Receptor 2; APAF:

Apoptotic Protease Activating Factor 1; BRCA2: Breast Cancer Gene
2; CASP8: Caspase 8; CASP9: Caspase 9; HIF1α: Hypoxia Inducible
Factor-1α; MYC: Avian Myelocytomatosis Viral Oncogene Homolog;
NFKB1A: nuclear factor kappa light polypeptide; PIK3CB:
Phosphatidylinositol-4,5-bisphosphate 3-kinase Catalytic subunit Beta
isoform; RB: Retinoblastoma Protein; S100A4: S100 calcium binding
protein A4; TGFBR1: Transforming Growth Factor, Beta Receptor I;
SOD2: Superoxide Dismutase 2; RAF1: RAF proto-oncogene serine-
threonine/protein kinase

Introduction
As the enzyme at the crossroads of oxidative metabolism,

cytochrome c oxidase is expected to s play a role in the Warburg effect
[1]. Modulation, particularly depletion of mitochondria manifested in
cytochrome c oxidase (MT-CO2) and other key enzymes has been
implicated in tumorigenic transformation [2-4]. Low expression of
MT-CO2 was suggested to be a marker of cancer risk in familial colon
cancer [5]. Moreover, poorly differentiated colon carcinomas
expresses low levels of MT-CO1 and MT-CO3, and MT-CO1 and MT-
CO3 mRNAs return to higher levels when tumor cells were induced to
differentiate [6]. These various qualities qualify the mitochondria and
MT-CO2 to become one of the potential drug targets in cancer and
other related biological dysfunctions [7]. To determine whether
mtDNA depletion could be associated with malfunctions of essential
genes like those involved in apoptosis or DNA repair we set an vitro

system to evaluate such an effect by generating siRNA specific to the
MT-CO2 knock-down.

MT-CO2 was amplified using the primer (CO2-F 5′
TAGGTCTACAAG ACGCTACTT3′ and (CO2
5′CTAAATCTAGGACGATGGGC 3′), BLOCK-iTTM Dicer RNAi
kits (Invitrogen, catalog nos. K3600-01 and K3650-01) were used for
the generation, purification, and subsequent transfection of MT-CO2-
specific d-siRNA. THP-1 cell line was grown in RPMI medium
supplemented with 10% fetal bovine serum in 5% CO2 and 37˚C
atmosphere. RNA extracted from both experimental and control
THP-1 cells was treated with DNAse (Invitrogen) according to
manufactures condition and then used to generate cDNA by reverse
transcription (Invitrogen). Real-time quantitative PCR (qPCR) was
then used to assess transfection efficiency. The difference between test
and control was defined as DCt (sCt –Ct). The larger the DCt the
lesser COXII expression the sample had. Each analysis was done in
duplicate. The mean value of DCt was calculated for test and control
and was an indicator of the level of MT-CO2 expression. The 2–ΔΔCT
method was used to calculate a normalized expression change between
the means of control and test samples. For low density arrays, probe
was prepared using 2 μg of RNA extracted from experimental and
control THP-1 cells. Hybridization was conducted using manufactures
conditions (cDNA GEArray Q Series kit). The signal was visualized
using Chemiluminescent detection kit (Phototope-Star detection Kit,
BioLabs, Cat. #7020S) according to manufactures instructions. The
membrane plotted with 95 genes (Table 1) was then subjected to X-
ray, film was developed and scanned. Both test and control cells
expression values were normalized with the house keeping gene. Spot
intensities were measured and compared using ImageJ (1.42q) in both
experimental and control array. Spots were then normalized according
to the positive control`s signal and background was subtracted using
negative control area intensities as mean.
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Apoptosis and cell senescence APAF1, BAD, BAX, BCL2, BCL2L1 (bcl-X), BIRC5 (Survivin),

CASP8, CASP9, CFLAR, TERT, TNFRSF1A, TNFRSF6 (Fas), TNFRSF10B (DR5), TNFRSF12 (DR3)

Cell cycle control and DNA Damage Repair: ATM, BRCA1, BRCA2, CCND1 (cyclin D1), CCNE1

(cyclin E1), CDC25A, CDK4, CDKN1A (p21Waf1), CDKN1B (p27Kip1), CDKN2A (p16Ink4),

CHEK2 (chk2/Rad53), MDM2, PRKDC (DNA-PK), RB1, TP53 (p53)

Signal transduction molecules and transcription factors AKT1, CTNNB1 (b-catenin), ERBB2, ETS2, FOS, JUN, MAPK14 (p38 MAPK), MAP2K1 (MEK), MYC,
NFKB1 (NFkB), NFKBIA (IkBa), PIK3CB (PI3K p110b), PIK3R1 (PI3K p85a), RAF1, RASA1, SRC

Adhesion CD44, CDH1 (E-cadherin), ICAM1, ITGA1 (integrin a1), ITGA2 (integrin a2), ITGA3 (integrin a3), ITGA4
(integrin a4), ITGA5 (integrin a5), ITGA6 (integrin a6), ITGAV (integrin aV), ITGB1 (integrin b1), ITGB3
(integrin b3), ITGB5 (integrin b5), MICA (MUC18), NCAM1

Invasion and metastasis KISS1, KAI1, MMP1 (collagenase-1), MMP2 (gelatinase A), MMP9 (gelatinase B), MTA1, NME4 (Nm23),
PLAU, PLAUR, SERPINB2 (PAI2), SERPINB5 (maspin), SERPINE1 (PAI1), TIMP1

Angiogenesis ANGPT1 (angiopoietin-1), ANGPT2 (angiopoietin-2), COL18A1 (endostatin), EGF, EGFR, FGF2 (bFGF),
FGFR2, FLT1 (VEGFR), HGF, IFNA1 (IFNa), IFNB1 (IFNb), IGF1, IL8, PDGFA, PDGFB, TEK (tie-2),
TGFB1, TGFBR1 (ALK-5), THBS1 (thrombospondin-1), THBS2 (thrombospondin-2), TNF, VEGF.

Table 1: Genes and pathways included in the array.

The Analysis revealed a 33.9 fold decrease in the expression of MT-
CO2 after 24 hours of transfection and 88% of the inhibitory effect of
MT-CO2 siRNA complexes after 48 hours of transfection consistent
with significant reduction in expression resulting from mitochondrial
depletion (Figure 1). THP-1 cells cDNA microarray analysis revealed
differential expression of eleven genes, nine genes up-regulated
(BRCA2, RB1, PIK3, APAF, MYC, S100A4, NFKB1A, CASP8,
TGFBR1) and two down-regulated (RAF1 and ERBB2) (Figure 2).

Figure 1: Shows decrease of expression of MT-CO2 in Thp-1 cell
line 24 h and 48 h post transfection with MT-CO2 specific siRNA.

MT-CO2 induced down regulation in this study appears to affect
the mitochondrial apopotic pathways, a well-established feature and
hallmark of many invasive tumors. Particularly interesting is the up
regulation of CASP8 and not CASP9, an indication of the activation of
an alternative apoptosis pathway. Another major components of the
programmed cell death pathways is Apaf1 scaffolding protein. APAF1
is the structural core of the apoptosome and it has been shown that the
key event in Apaf-1-mediated caspase-9 activation is cytochrome c-
induced dATP binding to Apaf-1 [8]. However the absence of caspase
9 (included in the array) which binds the APAF1 in mitochondrial
pathway might indicate either binding of APAF1 by another molecule

or an activation of an antiapoptotic negative feedback loop initiated by
the absence of the target protein.

Figure 2: Fold change in expression of 11 genes based on array spot
intensities in the experimental THP-1 cells compared to the control
test in response to MT-CO2 depletion.

RB and BRCA2 upregulation is likely a sign of increased DNA
damage due to MT-CO2 induced depletion enhanced by the up-
regulation of NFKB1A; binding NF-kappaB prevent its activation and
its subsequent important mediation of resistance to apoptosis.
Moreover it has been shown that BRCA1 localize to the mitochondria
[9] thus raising the possibility of direct communication between this
organelle and tumor suppresser protein networks. The up-regulation
of S100A4 and PIK3CB might be associated with a more aggressive
phenotype in vivo, as the products of 100A4 is able to enhance cell
proliferation and metastasis (S100A4), while PIK3Cb has an indirect
inhibitory effect on the apoptotic factor Bad and hence can prevent
apoptosis.

The potential net result of the genetic and physiological changes (a
possible consequence of the down-regulation of MT-CO2 expression)
within the tumor is to induce HIF1 (hypoxia inducing factor 1) and
actively shift energy production from mitochondrial to glycolytic
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sources in both hypoxic as well as oxygenated regions of the tumor (in
solid tumors). HIF1 alone can drive the major metabolic changes
within the tumor that were identified by Otto Warburg. An important
consequence scenario is that activation of the PI3K pathway can also
result in HIF1α accumulation in normoxia [10]. Oncogenic
transcription factor MYC up-regulation following MT-CO2 induced
depletion may have a potential role in driving mitochondrial
biogenesis. MYC can dimerize with its activating partner MAX and
directly transactivate the gene encoding transcription factor A
(TFAM) [11], which contributes to the expression of the
mitochondrial genome and the genes needed for mitochondrial DNA
replication.

In conclusion we provide insights onto the potential impact of
mitochondrial depletion and particularly the molecular events ensuing
from the knock-down/depletion of key genes like the MT-CO2 along
the various pathways involved in tumerigensis and functional integrity
of this organelle.
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