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Abstract

The tumour microenvironment is composed of various types of cells and extra-cellular
components which are interacting with tumour cells. Hypoxia/hyponutrition plays a pivotal
role in the formation of microenvironment. It has been reported that in such
microenvironment succinate accumulates, although the exact mechanism remains unclear.
In order to study the mechanism of succinate accumulation, development of an accurate,
easy and fast assay method to quantify succinate concentration is essential.

Here I established a novel cycling assay system for determination of succinate
concentration. Using this assay, I evaluated the intra- and extracellular succinate
concentration of DLD-1, Panc-1, and HDF cells. Under hypoxia/hyponutrition, the
quinol-fumarate reductase (QFR) activity of complex II (succinate:ubiquinone reductase)
increases, becoming the major source of succinate accumulation. By using respiratory chain
(RC) inhibitors, two major sources of electrons leading to succinate accumulation under
microenvironment-mimicking condition were identified as complex I and dihydroorotate
dehydrogenase (DHODH). This result suggests that under tumour microenvironment,
“metabolic remodeling” occurs, in which electron flow alters from classical oxygen respiration
to fumarate respiration, and that this remodeled metabolism becomes essential to support
NADH re-oxidation as well as nucleotides biosynthesis.

It is known that the mitochondrial RC is the major source of cellular reactive oxygen
species (ROS). Ischemia-reperfusion (IR) injury is a universal pathological event which
attributes the tissue damage to the radical oxidative stress responses induced by a short
period of ischemia and subsequent reperfusion. However, enzymes directly involved in ROS

production are still unclear. Since succinate is known to accumulate during ischemia, which



can drive the ROS production after reperfusion, I focused the second part of my study on
succinate-driven ROS production in cultured human cells. In this study, I provide the direct
evidence that mitochondrial complex II, III and possibly DHODH are the responsible of
highly ROS production site at 30 min following IR.

Revealing the mechanism involved in succinate accumulation as well as
succinate-mediated ROS production can provide leading drug candidates for treatment of a

rage of disorders including tumours and IR injury.

Keywords: SDH, succinate assay, carcinogenesis, hypoxia, microenvironment



Abbreviations

APF, aminophenyl Fluorescein

ASCT, acetate:succinate CoA-transferase
CoA, coenzyme A

CybL, large subunit of cytochrome b
CybS, small subunit of cytochrome b
DHODH, dihydroorotate dehydrogenase
DTNB, 5,5-dithiobis-(2-nitrobenzoic acid)
ETC, electron transport chain

Fp, flavoprotein subunit

GPCR, G-protein-coupled receptor
HIF-1a, hypoxia-inducible factor-1a
hROS, highly reactive oxygen species
1Cs0, 50% inhibitory concentration

Ip, iron—sulfur cluster subunit

IR, 1schemia-reperfusion

MK, menaquinone

MKHz3, menaquinol

NADH, nicotinamide adenine dinucleotide
NADH-FR, NADH-fumarate reductase
NTB, 2-nitro-5-thiobenzoic acid

QFR, quinol-fumarate reductase

RC, respiratory chain



ROS, reactive oxygen species

SCS, succinyl-CoA synthetase

SDH, succinate dehydrogenase

SQR, succinate:ubiquinone reductase

UQ, ubiquinone



Introduction

Succinate accumulation in tumours

Mitochondria have a diversity of roles including energy generation, various signal
transductions such as reactive oxygen species (ROS)-mediated signaling (1), and metabolism
contributing to anabolism of fatty acid (2, 9 or pyrimidine (4) and catabolism of ketone body
(5, 6 or proline (7). Mitochondrial dysfunction is involved in various diseases ranging from
neuronal disorders such as Parkinson’s disease (8 9, hereditary encephalopathy (1012 and
glioma (13, 74) to ischemia-reperfusion injury in myocardial infarction or stroke (75-17).
Embedded in mitochondrial inner membrane are electron transport chain (ETC)
complexes, namely complex I, I, IIT and IV (Z8. In normoxic condition, complex I and II
catalyze the electron transfer from NADH and succinate, respectively, to the ubiquinone pool
(19-29. The electrons from reduced ubiquinone (ubiquinol) are transferred to molecular
oxygen via complex III, cytochrome ¢ and complex IV in a process called oxygen respiration
(23-25). In mitochondrial matrix, eight enzymes are involved in tricarboxylic acid (TCA)
cycle: citrate synthase, aconitase, isocitrate dehydrogenase (IDH), o-ketoglutarate
dehydrogenase (arKGDH), succinyl-coa synthase, succinate dehydrogenase (SDH, complex
1), fumarate hydratase and malate dehydrogenase (MDH) (26-29. Among these TCA cycle
enzymes, the following four enzymes catalyze the oxidation-reduction reaction: IDH,
o-KGDH, MDH and SDH. IDH, o-KGDH and MDH produce NADH while SDH produce

ubiquinol as the product of their respective enzyme reaction (29-31). Complex I is an
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important ETC enzyme responsible for re-oxidation of NADH produced by mitochondrial
pathways such as TCA cycle and B-oxidation (32-34). SDH, also known as complex II is
unique in that it is the only membrane bound enzyme of TCA cycle and the only nuclear
coded complex among other ETC complexes (Fig. 1), catalyzing the reversible conversion of
succinate to fumarate (22 35-37). The genes of sdha, sdhb, sdhc and sdhd encode each
subunits of the mitochondrial complex II: flavoprotein (Fp), iron-sulfur cluster (Ip),
cytochrome b large (CybL) and small (CybS) subunits, respectively (22, 39. In addition to
Complex I and II, several peripheral respiratory enzymes have been reported to shuttle
electrons to the ubiquinone pool in ETC: dihydroorotate dehydrogenase (DHODH) (39,
glycerol-3-phosphate dehydrogenase (G3PDH) (40, 41) , proline dehydrogenase (PRODH)
(42, 49, sulfide:quinone oxidoreductase (SQOR) (449) and electron-transfer flavoprotein
dehydrogenase (ETFDH) (45). DHODH is involved in pyrimidine de novo biosynthesis
pathway catalyzing its fourth step which is the only redox reaction, transferring electrons
from dihydroorotate to ubiquinone (39. It is a validated drug target for rheumatoid arthritis,
an autoimmune disease, by inhibiting the proliferation of rapidly-growing activated immune
cells (B and T cells), which are dependent on pyrimidine de novobiosynthesis (46). G3PDH is
a tri-functional enzyme linking lipid biosynthesis, gluconeogenesis and respiratory chain by
transferring electrons from glycerol-3-phosphate to ubiquinone (£2). It was recently reported
that metformin, the first-ine drug for type 2 diabetes, inhibits G3PDH and consequently

liver gluconeogenesis (47), resulting in the decrease in glucose release to blood from liver.
9



Proline catabolism has been indicated to drive tumour metabolic remodeling (48 49, and
mnvolves PRODH which functions not only as tumour suppressor to trigger ROS-mediated
apoptosis but as tumour survival factor through ATP production depending on the tumour
microenvironment (42, 43, 49, 50). SQOR catalyzes the first step in sulfide oxidation in
mitochondria, linking HoS oxidation to the RC and to energy metabolism (44). ETFDH is
located in the inner mitochondrial membrane (57) and catalyzes electron transfer from
reduced ETF to ubiquinone linking oxidation of fatty acid and some amino acids to RC (562,
59. The mutation of this gene predisposes its carriers to newborn severe metabolic disease,
multiple acyl-CoA dehydrogenation deficiency (45, 53-56).

A role for mitochondria in tumour formation is implied by the fact that several
tumour cells harboring mutations in the genes that encode enzymes of the TCA cycle such as
isocitrate dehydrogenase (idh) (57, 58), succinate dehydrogenase (sdh) (14, 59 and fumarate
hydratase () have been reported (71). Point mutations in R132 in IDH gene found in
several tumour cells, cause the gain-of-function in which o-ketoglutarate, the product of wild
type IDH, is oxidized by NADH causing accumulation of 2-oxoglutarate, a well-known
oncometabolite (60). SDH and FH have been suggested to act as tumour suppressor
enzymes since mutation in their genes was associated to accumulation of succinate and
fumarate, respectively (74, 19 46), inhibiting prolyl hydroxylase enzymes resulting in
stabilization of hypoxia-inducible factor-1 (HIF1o) promoting glycolysis and angiogenesis,

both of which are survival responses to hypoxia in normal and malignant tissues (61-64).
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There are also some direct evidences which shows succinate’s promotive effect on
proliferation of mammalian cells via a type of G-protein-coupled receptor (GPCR), GPR91
(65. Understanding sdhrelated tumourigenesis is crucial, because the presence of a
germline sdhb mutation is associated with a high risk of malignancy and a poor prognosis in
paraganglioma or pheochromocytoma patients (74, 66). Dominant mutations in sdhb, sdhc
and sdhd predispose carriers to carotid body paragangliomas, adrenal gland
pheochromocytomas, and gastrointestinal stromal tumours (77, 61). These clinical facts have
rendered sdh genes one of the most important tumour suppressor genes in recent years (26,
69.

From these results, it is inferred that accumulated succinate resulted from impaired
succinate—ubiquinone reductase (SQR) activity of complex II contributes to the
tumourigenesis in sdfrmutated cancer cells. My hypothesis is that this holds true even in
cancer cells without sdA mutation growing under tumour microenvironment. In oxygen
respiration, complex II functions as SQR catalyzing the oxidation of succinate to form
fumarate using ubiquinone as acceptor of reducing equivalent (29, 67). I hypothesized that
under 1% Og/gle(-)gIn(-) conditions, the SQR activity of complex II to form fumarate from
succinate declines while its quinol-fumarate reductase (QFR) activity to form succinate from
fumarate increases and that succinate accumulated in this process facilitates cellular
survival and proliferation. Tomitsuka et al, examined human cancer cells cultured under

tumour  microenvironment-mimicking conditions, and concluded that the
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NADH-fumarate reductase NADH-FR) system, namely “fumarate respiration” functions in
the cancer cells, which is composed of complex I and QFR activity of complex II (68, 69.
Fumarate respiration has been reported in bacteria such as Escherichia coli (70) and
Mycobacterium tuberculosis (71) and also in several parasites living under hypoxic condition
(69. Tt has recently been reported that menaquinone (MK) is produced by cleavage of the
phytyl side chain from dietary phylloquinone to release menadione in the intestine, followed
by delivery of menadione to tissues where it 1s converted to MK again by a prenyltransferase
such as UbiA prenyltransferase domain-containing protein 1 (UBIAD1) (79. In fumarate
respiration, reduced form of MK (ow potential quinone), Ze, menaquinol (MKHy) is
supposed to work as electron donor.

At present, no biochemical mechanisms for succinate accumulation in cancer cells have
been provided. Neither do we have an accurate, easy nor fast assay method for succinate
concentration determination since mass spectrometry is a time-consuming and expensive
method for this purpose. I therefore developed an accurate, easy and fast assay system for
succinate concentration using purified recombinant acetate:succinate CoA transferase
(ASCT) from 7kypanosoma brucei, the causative agent of sleeping sickness, and examined
the mechanism as to how cancer cells accumulate succinate. ASCT is a mitochondrial
enzyme involved in acetate fermentation found in several parasites living under hypoxic
condition such as ZThypanosoma spp. (73, Leishmania spp. (75, Blastocystis sp. (74),

Trychomonas vaginalis (75) and helminths such as Ascaris suum and Fasciola hepatica (76).
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In these parasites, acetate is produced from acetyl-CoA by either acetyl-CoA hydrolase
(ACH) or an organellar ASCT (77). The ACH reaction is not coupled to ATP synthesis,
whereas the ASCT reaction yields succinyl-CoA for ATP formation via succinyl-CoA
synthetase (SCS), which is called ASCT/SCS cyclic reaction (77. SCS is the only
mitochondrial enzyme capable of ATP production via substrate level phosphorylation in the
absence of oxygen and catalyzes the following reaction:

NDP + Pi + succinyl-CoA «— NTP + succinate + CoA
where NDP and NTP are purine nucleotide di- and triphosphates, respectively (78, 79.

This parasitic ASCT/SCS cyclic reaction has led me to establish the ASCT/SCS succinate
cyching assay. Using this new assay method, the hypothesis that succinate accumulates in
cancer cells and promotes cellular proliferation was tested through three experiments. In the
first experiment, the effect of succinate on cellular proliferation under normoxia and hypoxia
was examined. In the second experiment, I evaluated the effect of normoxia, hypoxia,
nutrient-rich and -deprived conditions on intra- and extracellular succinate concentration of
DLD-1, Panc-1 and HDF cells. In the third experiment, succinate level in the presence of
ETC inhibitors was measured in order to identify the source of electrons flow to ETC, under

21% Og/gle(+)gIn(+) and 1% Oy/gle(-)gIn(-) conditions.

ROS production after ischemia-reperfusion injury

A diversity of disorders involve overproduction of ROS, including neurodegenerative diseases
13



(8 80), cancer (81-89), diabetes (86-89, and ischemia-reperfusion (IR) injury (90-99 in
myocardial infarction or stroke. Of these pathologies, ischemia-reperfusion injury underlies a
variety of 1schemic disorders which occurs when blood supply to a certain tissue is disrupted
and deteriorate the tissue damage as is notably seen following the reperfusion for liver
transplantation (99, hepatectomy (94), heart attack (95), stroke (96) and acute kidney injury
(97). Although reperfusion of ischemic tissue is essential for survival, it not only triggers
inflammation due to the chemotaxis of neutrophil but also results in excess oxidative
damage.

It has been suggested in previous reports that the two major ROS producing sites during
cardiac IR injury are mitochondrial complex I and complex III of the mitochondrial ETC (15,
98.

ROS includes hydrogen peroxide (H2O2) and superoxide (O2'-). Dismutation of Og'~
produces Ho0O2 which dissociates into two hydroxyl radical (OH*) groups that react with
guanine to form 8-oxoguanine (99 leading to mutagenesis and finally to irreversible cellular
damage. A number of studies have already been reported linking ROS (mainly superoxide)
production to IR injury (100-107). It has been reported that during IR, superoxide is
generated at complex I (108, although the production site of other ROS, especially highly
ROS (hROS) which are the most reactive form of ROS, ie, hydroxylradical (OH*) and
peroxynitrite (ONOO-), remains unclear.

The aim of the study as is mentioned in chapter 2 is to gain deeper insights into hROS
14



production site in IR-mimicking condition which may be a potential therapeutic target for IR
injury. To attain this purpose, I focused on hROS and investigated its production site. In this
report, I provide the biochemical evidences that mitochondrial complex II, III and possibly
DHODH are the responsible hROS production site at 30 min following IR-mimicking
condition.

Because increasing reports have indicated the importance of succinate (108, 109 and
mitochondrial complex I in IR (108, 110-112), 1 also focused on the succinate accumulation
during IR-mimicking condition using my novel succinate cyclic assay system. As result, 1
provided evidence that under ischemic condition, QFR activity of complex II to form
succinate from fumarate increased and succinate produced in this process directly fuels
hROS production during reperfusion. I also showed that production of hROS during
reperfusion can be suppressed in the presence of complex II, IIT and DHODH inhibitors.
Revealing the mechanism involved in succinate-mediated hROS production is of great
importance for development of therapeutics for a diversity of disorders associated with this

process.
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Chapter 1. Metabolic remodeling of mitochondrial electron transport chain under hypoxia
and hyponutrition

1-1. Material and Methods

Reagents

Sodium chloride, magnesium chloride, rotenone, atpenin A5, dimethyl malonate, antimycin
A, brequinar sodium and Aminophenyl Fluorescein were purchased from Sigma. Hoechst
33258 was purchased from Molecular Probes. Glutathione was purchased from Wako.
Ferulenol was purchased from Santa Cruz Biotechnology. The chemical structures of
mitochondrial complex inhibitors (rotenone, atpenin A5, antimycin A, brequinar, ferulenol

and A771726) are shown in appendix.

ASCT/SCS succinate cycling assay

The expression and purification of 7' brucer ASCT have been established by Dr. D. K.
Inaoka (unpublished). The gene coding for TbASCT (Th927.11.2690) was amplified from
ILTat 1.4 strain genomic DNA, inserted into pET151-TOPO vector and used to transform £
coli TOP10 chemically competent cell (Invitrogen). Positive colonies were selected under 100
pg/mL carbenicillin. Five mL LB culture of positive colonies were cultured overnight, the
plasmid purified by MagExtractor (Takara) and confirmed by sequencing. The resultant
plasmid (pET151/TbASCT) was introduced into Z. coli BL21star(DE3) strain for expression

and purification. The best expression condition was achieved by culturing BL21star(DE3)
16



pET151/TbASCT at 20°C in 500 mL TB medium shaking at 200 rpm for 16 hours without
addition of IPTG. All of following procedures were conducted at 4°C. The cells were harvested
at 3000 X g-for 10 minutes, suspended in 60 mL of lysis buffer [50 mM Tris-HCI pH 8.0, 20%
(/) glycerol, 1 mM EDTA, 300 mM NaCl, 10 mM MgCl: and 0.25 mM PMSF]
supplemented by 10 mM imidazol and broken by French press at 180 MPa. Cell debris and
unbroken cells were removed by centrifugation at 30,000 X g for 30 minutes and the soluble
fraction obtained by collecting the following ultracentrifugation at 200,000 g for 2 hours. The
soluble fraction containing ThASCT was applied into 3 mL of Ni-NTA (Qiagen) column
pre-equilibrated by lysis buffer. TbASCT was purified by consecutively washing the column
by 60 mL of lysis buffer containing 70, 100 and 250 mM imidazol at a flow rate of 1 mL/min
and 1.5 ml/fraction collected. Active fractions were pooled and concentrated by Vivaspin 50
kDa MWCO. For storage, 100% glycerol was added to final 50% (v/v) and kept at -20°C until
use.

The succinate cycling assay consisted of 100 mM Tris-HCL, 2 mM MgCly, 0.1% /)
TritonX-100, 2 mM NaPi, 1 mM ADP, 100 1M 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), 0.5
mM acetyl-CoA, and 1.1 U/mL SCS (purchased from MEGAZYME) and 250 ng/mL purified
TbASCT (reaction mix) in presence of succinate and followed the increase in absorbance at
412 nm due to 2-nitro-5-thiobenzoic acid (NTB) production. Standard curve of succinate
concentration was calculated in each assay by transferring reaction mix into 96-well plate

containing varying concentration of succinate. Absorbance slope was defined as the slope
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(Abs/min) between 3.5 min and 10 min in the TbASCT/SCS activity graph (Fig. 4) and

succinate concentration was calculated from the standard curve.

Cell culture

DLD-1, Panc-l, human dermal fibroblast (HDF) cells were provided from Taiho
Pharmaceutical Company (Japan) and cultured in DMEM (Invitrogen) containing high
glucose levels (4.5 g/L), supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS, GIBCO BRL) adjusted to pH 7.4 in a humidified atmosphere at 37°C, 5% COs and
21% Og (mimicking normoxia) in a COz incubator ACI-165D (ASTEC). DLD-1 is a colorectal
adenocarcinoma cell line and Panc-1 a pancreatic epithelioid carcinoma cell line. These cell
lines are here used as an in vitro model of cancer cells. HDF is a human dermal fibroblast
cell line and was used as a model of normal cells.

Hypoxia/hyponutrition conditions were attained by exposure to 1% O2 and 5% COq in a
humidified incubator MG-70M (TAITEC) and culture in DMEM without FBS, glutamine or
glucose (1% O2/glc(-)gIn(-) conditions).

To analyze the origin of electron flow from ETC causing accumulation of succinate,
cultured cells were exposed to inhibitors of complexes I (rotenone), II (atpenin A5), III

(antimycin A) and DHODH (ferulenol).

Cultured medium and ethanolic extract from the cells
18



DLD-1 cells were seeded at 1.0 x 106, 2.0 x 106, 4.0 X 106, 6.0 X 106 /mL in 96-well plates
under 21% Oy/gle(+)gn(+) and 1% Og/glc(-)gIn(-) conditions. After incubation for 48 hr at 37°C,
the medium was transferred to another well and the cells were washed with PBS and
treated with 100% ethanol. These procedures were done within 5 minutes. The ethanolic
extract was transferred to another well to be evaporated and then medium for each condition
was added into distinct well. This ethanolic extract and medium was used as the sample for
ASCT/SCS succinate cycling assay, the absorption slope of which indicates the intra- and

extracellular succinate concentration, respectively.

Viability assay

DLD-1 and Panc-1 cells were seeded at 1.0 X 103 /mL in 96-well plates under 21%
Oy/glc(+)gIn(+) and 1% Oy/gle(-)gn(-) conditions. After incubation for 24 hr at 37°C, succinate
or various ETC inhibitors were added. These cells were incubated for another 24 hr and then
cell viability was evaluated by counting cell numbers. The relative proliferation rate was

calculated by dividing the cell number of the well of interest by that of the well untreated.

Mitochondria preparation
Preparation of mitochondria from cultured cells was performed as previously described (713.
Briefly, cultured cells were suspended in mitochondrial preparation buffer containing 250

mM sucrose, 20 mM HEPES, 3 mM EDTA and 1 mM sodium malonate at pH 7.5. Cell
19



suspension was homogenized by 50 strokes using a Potter-Elvehjem Teflon-pestle
homogenizer. The volume of the homogenate was adjusted to 10 mL by the addition of
mitochondrial preparation buffer, and centrifuged at 500 X gfor 15 min at 4°C to remove cell
debris and nuclei. The supernatant was centrifuged at 14,300 X g for 15 min at 4°C to
precipitate the mitochondria. The pellet was resuspended in mitochondrial preparation
buffer and centrifuged at 14,300 X gfor 15 min at 4°C. Finally, this pellet was suspended in

mitochondrial preparation buffer without malonate for use as the mitochondrial fraction.

Statistical Analysis

Quantitative data were expressed as the means + standard deviation. Statistical analyses
were performed using Student’s t test or a one-way ANOVA followed by a Fisher protected
least significant difference (PLSD) post-hoc test. Values of p < 0.05 were considered

statistically significant.
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1-2. Results
Effect on the proliferation rate of adding succinate to the medium

The fact that mutations of sdh genes promote carcinogenesis (26, 61) implies the
facilitative effect of succinate on cellular proliferation. Thus, I hypothesized that addition of
succinate to the culture medium would promote the proliferation of DLD-1 and Panc-1.
Indeed, addition of 10 pM or more succinate to the medium promoted the proliferation of
Panc-1 cells under 1% Og/glc(-)gIn(-) condition at 12 hr after incubation but not for DLD-1
cells (Fig. 2). In contract, this effect was not observed under 21% Os/glc(+)gIn(+) condition
(Fig. 2). In this experiment, it was concluded that the proliferative effect of succinate was
cellline specific and only seen under 1% Og/glc(-)gIn(-) condition. This result suggests that

succinate accumulation may be involved in carcinogenic process.

Establishment of the assay method for succinate concentration
Succinate is involved in various pathological events including ischemia-reperfusion injury in
myocardial infarction (109 or angiogenesis in diabetic retinopathy (774). Such a simple
method to measure succinate concentration as can be used in clinical is in urgent demand. I
established a novel succinate assay method using ASCT and SCS and named it ASCT/SCS
succinate cycling assay and confirmed the accuracy of this assay system (Fig. 3).

ASCT is an acetate-producing enzyme shared by mitochondria of trypanosomatids and

anaerobically functioning mitochondria (74. It produces acetate and succinyl-CoA from
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acetyl-CoA and succinate. SCS converts succinyl-CoA into succinate and CoA in the presence
of ADP and Pi (78). This enzyme is highly specific for its substrate succinyl-CoA (78. With
enough acetyl-CoA and ADP, these two enzymes continuously produce CoA, and the speed of
this reaction depends on the concentration of succinate (Fig. 3). In the presence of DTNB,
CoA reduces DTNB into NTB (Fig. 3). Samples may well include succinyl-CoA, but
succinyl-CoA is a high-energy compound and therefore should be scarce compared to
succinate, which indicates that the influence of succinyl-CoA in samples is negligible.

In this ASCT/SCS succinate cycling assay, the absorbance slope used to calculate
succinate concentrations was defined as the NTB production activity from the most linear
region (between 3.5 and 10 min) in the activity curve (Fig. 4), where high correlation was
observed between succinate concentration and the absorbance slope. At the concentration of
250 and 750 ng/mL of ASCT and 1.1 U/mL of SCS, the correlation coefficient was R2=0.9974
and 0.9997, respectively, and the minimum limit of determination of succinate was 0.01 mM
(p < 0.0001) in both ASCT concentrations tested (Fig. 5).

Because the high correlation was reproducibly observed between succinate concentration
and the absorbance slope, this assay method was proven to be efficient and specific. This
assay 1s a cycling assay and lowest concentration of succinate can react cyclically to form
detectable NTB, by increasing the reaction time. All the following experiments were done
under 1.1 U/mL of SCS and 250 ng/mL of ASCT, because the minimum limit of

determination of succinate was the same for 750 ng/mL of ASCT.
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Evaluation of intra- and extracellular succinate concentration

There have been several reports that refer to intra- and extracellular succinate concentration,
but the intracellular concentration of succinate differs among the reports and ranges from 10
M (715 to 1 mM (716, 117). Therefore I analyzed the succinate concentration by ASCT/SCS
succinate cycling assay.

Using the succinate standard curve (see Methods), intra- and extracellular amount of
succinate per cell was calculated (Fig. 6) using DLD-1 and Pancl cells. Under
nutrient-deprived conditions, intracellular succinate concentration was higher than that of
nutrient-rich conditions reaching the highest value under hypoxiamutrient-deprived
conditions in both cancer cell lines (Fig. 6A-1, 6B-1). If the volume of cell is taken into account
(118), the intracellular concentration of succinate could be estimated to be 1 mM, which was
consistent with the previous report (779.

Under 1% Og/glc(-)gln(-) condition, the DLD-1 and Panc-1 cells secreted significantly
higher level of succinate to the extracellular compartment reaching higher values than the
other conditions (Fig. 6A-2, 6B-2). In both cells, hypoxia and hyponutrition had additive

effect on succinate accumulation in the medium (Fig. 6A-2, 6B-2).

Effect of ETC inhibitors and DHODH inhibitors on succinate concentration

To identify the origin of electrons in ETC flow to succinate, I measured intra- and
23



extracellular succinate concentration in 21% Oggle(H)gIln(+) conditions and in 1%
Oy/glc(-)gIn() conditions with inhibitors of complex I (rotenone), complex II (atpenin A5) and
complex ITI (antimycin A) added in the medium.

DHODH is an enzyme which oxidizes dihydroorotate (DHO) to form orotate (ORO) and
facilitates de novo pyrimidine biosynthesis pathway (4 39, 46, 120, 12I). Under 1%
O/glc()gIn(-) conditions, pyrimidine biosynthesis is totally dependent upon the de novo
pathway, because pyrimidine intermediates are depleted and the salvage pathway does not
work (120, 122-124). Brequinar, an anticancer compound, and immunosuppressive
compound A771726 are also shown to inhibit DHODH (4, 46). Recently, our group found that
ferulenol, a natural compound isolated from the Mediterranean perennial herb, Ferula
communis, inhibited human DHODH at ICsp of 138 nM. In this study, I also examined the
cytotoxic effects of these DHODH inhibitors on cancer cells under 21% Og/glc(+H)gIn(+)
conditions and 1% Og/glc(-)gln(-) conditions. In addition, the succinate level of the cells
treated with these compounds was also examined by the ASCT/SCS succinate cycling assay
in order to elucidate the function of complex II.

In DLD-1 cells, in 21% Og/glc(+)gln(+) conditions, addition of atpenin A5 significantly
increased the intra- and extracellular succinate level (Fig. 7A). Addition of rotenone did not
change the succinate level in 21% Ov/gle(+)gln(+) conditions (Fig. 7A). These results indicate
that in 21% Og/glc(+)gIn(+) conditions, complex II acts as SQR and that electron obtained by

oxidizing succinate flows from complex II to complex III via ubiquinone.
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In DLD-1 cells, in 1% Og/gle(-)gIn(-) conditions, succinate level remained unchanged by
adding antimycin A, whilst addition of atpenin A5 significantly lowered extracellular
succinate level from 33.3 x 106 mol/cell to 12.9 x 1076 mol/cell (Fig. 7B). This indicates that
in 1% Og/gle(-)gIn(-) conditions, complex III does not transport electrons to cytochrome c¢but
electrons flow from upstream pathways to complex II, converting fumarate to succinate via
MK. This is consistent with the result that addition of rotenone decreased extracellular
succinate concentration from 33.3 x 1076 mol/cell to 26.8 x 106 mol/cell (Fig. 7B), indicating
that electrons from complex I flow to complex II by its QFR activity in 1% Og/glc(-)gIn(-)
conditions (Fig. 1). The fact that in DLD-1 cells rotenone did not significantly reduce the
succinate accumulation to atpenin A5 level (Fig. 7B) strongly indicate the existence of
electron donor other than complex I. Addition of ferulenol, a DHODH inhibitor, did not
change succinate level in 21% Og/glc(+)gln(+) conditions (Fig. 7A), while in 1% Ov/glc(-)gIn(-)
conditions it reduced the extracellular succinate concentration from 33.3 X106 mol/cell to
28.4 10716 mol/cell (Fig.7B). In 1% Oy/glc(-)gIn(-) conditions, concomitant addition of rotenone
and ferulenol decreased even more the extracellular succinate concentration to the level
lower than addition of individual inhibitor, but to the level similar to atpenin A5 treatment
(Fig. 7B). These results revealed that in 1% Og/glc(-)gIn(-) conditions, in addition to complex I,
electrons from DHODH are transferred to complex II to reduce fumarate into succinate. This
shows that in DLD-1 cells, complex I and DHODH are the two main electron donors to

succinate production by complex I in 1% Ov/gle(-)gIn(-) conditions (Fig. 1).
25



In DLD-1 cells, in 21% Ov/glc(+)gln(+) conditions, addition of antimycin A had a tendency
to increase extracellular succinate (p > 0.05; not significant), but not to the level by atpenin
A5 (Fig. 7A); this fact means that electron from complex II possibly leaks between complex II
and IIT when complex III is inhibited. This is reasonable since inhibition of complex IT (725,
126) or 111 (127) was reported to cause production of ROS.

In Panc-1 cells, the same tendency was observed as in DLD-1 cells (Fig. 7C, D), except
that in Panc-1 cells cultured under 1% Og/glc(-)gIn(-) conditions, addition of rotenone and
ferulenol lowered the succinate level to atpenin A5 level (p < 0.05, Fig. 7D), whilst in DLD-1
it did not (p > 0.05, Fig. 7B), raising the possibility that another electron donor, such as
SQOR, G3PDH, PRODH and ETFDH, still might be involved in succinate production by
complex ITin DLD-1 cell (Fig. 1).

In HDF cells, the succinate level did not decrease by atpenin A5 treatment under 21%
Oy/glc(+)gIn(+) and 1% Ov/gle(-)gIn(-) conditions (Fig. 7E, F), which suggests that in normal
cells, unlike cancer cells, complex II does not act as QFR at least under conditions tested in

this study.

Inhibitory effects of ferulenol and atpenin A5 on cellular proliferation
To examine if DHODH inhibitors and atpenin A5 are 1% Og/gle(-)gIn(-)-condition-specific,
anti-proliferative effect of these compounds in 21% Og/glc(+H)gln(+) and 1% Og/glc(-)gIn(-)

conditions were analyzed. As DHODH inhibitors, ferulenol and brequinar were used in this
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experiment. Ferulenol, brequinar, and atpenin A5 inhibited the proliferation of DLD-1 cells
at ICsos of 5.6, 63.7 and 15.3 pM, respectively, in 1% O/glc(-)gIn(-) conditions, whereas these
inhibitors have an ICs of more than 100 uM in 21% Og/gle(+)gIn(+) conditions (Fig. 8A). The
same tendency was observed in Panc-1 cells: ferulenol, brequinar, and atpenin A5 inhibited
the proliferation of Panc-1 cells at ICsos of 2.8, 83.4 and 1.3 pM, respectively, in 1%
Oy/glc()gIn() conditions, whereas these inhibitors have an ICso of more than 100 pM in 21%
Oy/gle(+)gln(+) conditions (Fig. 8B), suggesting that these drugs can specifically inhibit the

proliferation of cancer cells in 1% Og/gle(-)gIn(-) conditions.
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1-3. Discussion
The tumour microenvironment is composed of various types of cells such as stromal
fibroblasts (729, endothelial cells (729 , immune cells (130, 131), etc. and extra-cellular
factors such as cytokines (132-134), growth factors (135, 136), extracellular matrix (137-159,
hypoxia (740, 141), etc. which are interacting with tumour cells. The microenvironment not
only plays an important role in tumour initiation, progression, and metastasis but has
tremendous effects on therapeutic efficacy (742, 7145. Among these elements, the study here
especially focused on hypoxia/hyponutrition. A major determinant, which links the tumour
microenvironment with succinate accumulation, is the physiological oxygen concentration in
the tumour microenvironment. While experiments which examine the tumour
microenvironment in vitro are mostly investigated under 21% Oz, the ‘physiological' oxygen
concentration in the tumour microenvironment is usually far below 10%, even around 1%
(144). Large areas of tumour are, therefore, nutrient-deprived. Momose et al, reported that
efrapeptin F, a mitochondrial complex V inhibitor had preferential cytotoxicity to
nutrient-deprived Panc-1 cells compared with nutrient-rich Panc-1 cells (745), suggesting the
importance of mitochondrial metabolism in cancer cells specifically in nutrient-deprived
conditions.

Succinate plays a pivotal role in a series of disorders and contributes much to their
pathologies (26, 65, 114, 146). Because the intra- and extracellular concentration of succinate

can be very low (115, 116), highly sensitive and specific methods for determining succinate
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levels are required. I established a specific, rapid, and reproducible assay system for
succinate concentration named “ASCT/SCS succinate cycling assay.” This method is unique
in that 1t is a cycling assay and because of this, is more sensitive than conventional ones.
Using this assay, I evaluated the intra- and extracellular succinate concentration of DLD-1
and Panc-1 cells under 21% Og/gle+)gln+) and 1% O/glc(gIn(-) conditions. Under 1%
Oy/gle(-)gIn(-) conditions, DLD-1 and Panc-1 cells secreted more succinate than under 21%
Og/gle(+)gIn(+) conditions, suggesting that 1% Og/gle(-)gIn(-) conditions induce those cells to
produce and secrete succinate. Here I suggest that accumulated succinate also contributes
significantly to the tumour microenvironment.

There are two types of complex I in human mitochondria, type I (complex ITD) and type II
(complex I with two different Fp subunits (7). The apparent K, values for succinate of
complex ITI and complex ITI at pH 8.0, which is the optimal pH for complex IIL, were 210 + 80
pM and 750 + 140 pM, respectively (77). These K values were within the succinate
concentration measured in the method here.

From the experiments of ETC inhibitors, it has been revealed that in 1% O4/glc(-)gIn(-)
conditions complex II acts as QFR. The QFR catalyzes the reverse reaction of the normoxic
SQR reaction, resulting in succinate accumulation under 1% O«/glc(-)gIn(-) conditions. In this
condition, electrons from complex I by oxidizing NADH are transferred to complex II, where
its QFR activity reduces fumarate to succinate. This is believed to be an adaptive cellular

mechanism to produce ATP in the absence or in the presence of low concentration of oxygen.
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I also demonstrated that in 1% Og/gle(-)gIn(-) conditions, electrons produced by DHODH also
flow to complex II, making possible the biosynthesis of pyrimidine even in the absence of
oxygen. In 1% Og/glc()gIn(-) conditions, the contribution of complex I and DHODH as
electron donors to QFR activity of complex II is comparable to each other, and they can be

two main electron donors.
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Chapter 2. Highly reactive oxygen species is generated at complex II and III following
ischemia-reperfusion-mimicking treatment due to accumulation of succinate under acidic
conditions.
2-1.Material and Methods
Cell culture, IR-mimicking treatment protocol
Pancl cells and human dermal fibroblast (HDF) cells were provided from Taiho
Pharmaceutical Company (Japan) and were cultured in DMEM (Invitrogen) containing high
glucose levels (4.5 g/L), supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS, GIBCO BRL) in a humidified atmosphere at 37°C, 5% COs and 21% Oz (normoxia) in
a COq incubator ACI-165D (ASTEC). These cells have already been examined for succinate
level and I used these cells as a model for IR-injured cells. Panc-1 is a pancreatic epithelioid
carcinoma cell line and was used here as an in vitro model of cancer cells. HDF is a human
dermal fibroblast cell line was used as a model of normal cells. Hypoxic condition was
attained by exposure to 1% Oz and 5% COz in a humidified incubator MG-70M (TAITEC).
Cardiac ischemia is accompanied by a gradual decrease in cellular pH that can reach to
even as low as 6.0 with prolonged ischemia time (747). To mimic this acidic condition, the pH
of culture medium was adjusted to 6.9 by adding phosphate buffer, and the experiment was
done under either pH 6.9 or pH 7.4.
Cells were seeded at 1.0 X 106 /mL in Chamber Slide™ (Sigma) and incubated under

normoxia for 24 hours. These cells underwent the following protocol which aimed to mimic
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IR condition. Cells were first transferred to hypoxic condition and incubated for another 30
minutes (mimicking ischemia). At the end of hypoxic period, various inhibitors of ETC were
added and then the cells were re-incubated in normoxia for 20 minutes, 30 minutes, lhour,

and 2 hours (mimicking reperfusion) (Fig. 9).

hROS Production Measurement
Aminophenyl Fluorescein (APF) is reported to be highly selective for hROS with its
fluorescence not being changed in the presence of HoO2(748). Five uM of APF and 1 ng/mL of
Hoechst 33258 (Molecular Probes), as indicators of hROS and nuclei respectively, were added
to cultured cells at the time course described above after the onset of normoxia. The reaction
was allowed to proceed at 37 °C for 30 minutes. The residual dye was washed out with PBS
and the cells observed using a Zeiss Axio Imager.M2 microscope equipped with an EC
Plan-Neofluar 40x/0.75 M27 objective. The exposure time was 1000, 50 and 40 msec for GFP,
Hoechst and brightfield, respectively. 38 HE Green Fluorescent Prot was used as a reflector.
The imaging of Hoechst 33258 and APF was achieved by excitation at 405 nm and 490 nm,
and the emissions were collected at 450nm and 515nm, respectively. All the experiments
were done within five minutes.

Analog signals were digitized (Image J) for analysis using MATLAB (The MathWorks,

Natick, MA) and Excel (Microsoft, Redmond, WA) software.

32



Inhibitors of ETC

To elucidate the ROS production site in ETC, cultured cells were exposed to inhibitors of
mitochondrial electron flow at the level of complexes I (5 1M rotenone), II (5 nM atpenin A5,
5 mM dimethyl malonate) and III (5 pM antimycin A).

Rotenone and atpenin A5 bind at the ubiquinone binding site and inhibit transfer of
electrons from NADH or succinate to ubiquinone in complex I (149, 150 or 11 (151, 152,
respectively. Dimethyl malonate inhibits complex II at its FAD site by competing with
succinate or fumarate (153, 154). Antimycin A inhibits complex III at its ubiquinone binding
site (155) near the matrix side of the inner membrane (&) but not @, site.

Dihydroorotate dehydrogenase (DHODH) is an enzyme which oxidizes dihydroorotate to
orotate, the fourth step in pyrimidine de novo biosynthesis pathway. In chapter 1, I have
demonstrated that, electrons produced in this oxidation process flow to complex II during 1%
Oo/glc()gIn(-) conditions using ferulenol, a natural compound isolated from the
Mediterranean perennial herb, /' communis which inhibits DHODH at ICs of 138 nM. In
addition to complexes I, II and III mhibitors, the hROS and succinate levels of the cells
treated with ferulenol were also evaluated. These inhibitors were added to the culture
medium immediately after the hypoxic period (at the time point of 2 in fig. 9), and the cells
were analysed for its hROS and succinate level after another 30 min of normoxia (at the time

point of 4 in fig. 9) (Fig.10).
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2-2. Results

Time course of ROS production and medium succinate level

To investigate when hROS is most generated after IR-mimicking condition, the hROS level
was analysed at various time-points (20 min, 30 min, 1 h, 2 h) after 30-min of hypoxia. In
Panc-1 cells, the hROS level continued to rise until 30 min, when it reached its peak, and
continued to decline after 30 min irrespective of the pH (Fig. 11). Large increase of hROS
production was observed at pH 6.9 rather than at pH 7.4. Similar pattern was observed in
HDF cells at pH 6.9 while at pH 7.4 the hROS level showed only a modest increase 30 min
after IR-mimicking treatment (Fig. 11).

Along with this result, hypoxic stimuli elevated the succinate level of the culture medium
to as high as 31.3 X 1016 mol/cell and 47.1 X 1016 mol/cell for Panc-1 and HDF, respectively, at
the end of 30 min of hypoxic period under pH 6.9 (Fig. 12A). In Panc-1, at pH 7.4, significant
succinate accumulation was observed during hypoxic period (p < 0.05, Fig.12A), while in
HDF, at pH 7.4 no significant change in succinate amount was observed (p > 0.05, Fig. 12A).

From these results, it was concluded that in HDF, both hypoxia and acidic condition (pH
6.9) are essential factors for complex II to work as QFR producing succinate, although in
Panc-1 cells hypoxia alone can induce succinate production (Fig. 13). Interestingly,
accumulated succinate (at time point 3) was completely consumed within 20 min (at time
point 3) indicating considerable high electron flow from complex II to RC during

reperfusion-mimicking condition (Fig. 12A).
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Then, succinate level in dimethyl malonate-treated group and antimycin A-treated group
was each measured (Fig. 12B, C). Both in Panc-1 and HDF cells, dimethyl malonate
inhibited the consumption of succinate during reperfusion-mimicking condition (time point 3
to 6 in Fig. 12B and C). In the same experiment, antimycin A also inhibited succinate
consumption consistently with the previous experiments (Fig. 7A, C), by stopping the

electron flow from succinate to I11.

hROS production site during IR-mimicking condition at pH 6.9

Because it has been reported that ROS production is driven by succinate (108, I analyzed
hROS production site during IR-mimicking condition at pH7.4 and 6.9 (Fig. 14).
Fluorescence level of APF was analysed by microscope for hROS level at the time point of 4
i fig. 9, ie, after 30-min normoxia following hypoxia. When 5 mM glutathione, hROS
scavenger, were added to the medium at the end of hypoxic period (Fig. 14), it significantly
reduced hROS production, confirming that the fluorescent intensity of APF is mediated by
hROS production.

To analyze hROS production site in IR-mimicking condition, inhibitors for mitochondrial
ETC enzymes were used. To mimic physiological acidemia reported during in vivo IR, the
experiment here was also done at pH 6.9 (Fig. 14) and the result obtained was compared to
pH 7.4.

Panc-1 and HDF cells showed significantly lower hROS production level when treated
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with 5mM dimethyl malonate (Fig. 14), indicating that in IR-mimicking condition most of
hROS is being produced by the flow of electron generated at complex II, most likely by
re-oxidizing succinate which had been accumulated during hypoxic period. Consistently,
comparable hROS production with that of IR-mimicking group was observed with treatment
of 382 pM dimethyl succinate under normoxia which was the estimated succinate
concentration by ASCT/SCS cycling assay after 30 min exposure to hypoxia. Atpenin A5 (5
M) treatment did not reduce hROS level to the dimethyl malonate level, meaning that
significant amount of hROS are produced at either the FAD or [Fe-S] subunit of complex II.
In Panc-1 cells, rotenone (5 nM) treatment did not reduced hROS production compared to
the control group, leaving little possibility of hROS production from complex I at least 30 min
after IR-mimicking condition. Atpenin A5 (5 uM) treatment did not reduce hROS level to the
dimethyl malonate level. Therefore, the decrease in hROS production caused by atpenin A5
treatment compared to the inhibition control (dimethyl malonate) can be interpreted as the
direct impact on hROS production at the ubiquinone binding site of complex II. The
remaining hROS relative to inhibition control which was still detected in the presence of
atpenin A5 might be produced () somewhere between Fp and Ip subunit of complex II or (i)
at complex III with electron flow from sources other than complex II. Antimycin A (5uM), a
@) site nhibitor of complex III, caused more decrease in hROS production compared to
atpenin A5 treatment. If the hROS level detected by atpenin A5 treatment is still formed by

complex I as in (), comparable level of hROS should have been detected by antimycin A
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treatment, since inhibition of complex III also cause inhibition of upstream processes
including complex II, but in this experiment this was not observed (Fig. 14-B, C). In order to
identify the alternative source of electrons driven hROS production in IR-mimicking
condition as in @i), the contribution of DHODH was evaluated by ferulenol (5 pM).
Surprisingly, ferulenol decreased the hROS level in Panc-1 cells, but not to the same extent
in HDF cells, indicating that the contribution of DHODH was specific to Panc-1 cells. In
addition, hROS production was not reduced to the dimethyl malonate level by ferulenol
treatment but to levels lower than atpenin A5 treatment. This result suggests that during
IR-mimicking condition, in addition to complex II, DHODH directly fuels hROS production.
This indicates that during IR-mimicking condition, dihydroorotate as well as succinate
might accumulate and that hROS is produced by flow of electrons from DHODH and
complex II, respectively. To support this hypothesis, treatment of pre-hypoxic cells with
succinate at the concentrations determined during hypoxia G.e., 38.2 and 16.9 pM, for Panc-1
and HDE, respectively) did not restore the hROS production to control levels (Fig. 15A),
suggesting that in addition to succinate, another source of electrons may contribute to hROS
production in IR-mimicking condition, which is most likely to be dihydroorotate. Because of
high contribution of DHODH to hROS production, considerably fluorescence should have
been detected in dimethyl malonate treated cells which was not the case. One possibility is
that dimethyl malonate may inhibit both of complex II and DHODH. However, using

purified human DHODH, 5 mM of dimethyl malonate as well as its demethylated
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metabolite (malonate) showed no inhibition effect on the enzyme. It still remains unclear
why 5 mM of dimethyl malonate potently inhibited hROS production in IR-mimicking
condition. Remaining possibility such as the existence of another target molecule of dimethyl
malonate contributing to hROS production is currently under investigation.

In HDF cells, neither atpenin A5 nor ferulenol inhibited hROS production, although
dimethyl malonate significantly reduced hROS level. Treatment with antimycin A reduced
hROS level but not to the same extent as dimethyl malonate. As for the Panc-1 cells,

additional investigation is needed to solve the puzzle.

Both dimethyl malonate treatment and pH neutralization in HDF cells decreased hROS
production in IR-mimicking condition.

In HDF cells, succinate did not accumulate in hypoxic period at pH 7.4 (Fig. 12). At pH
6.9, inhibition of complex II at its FAD site by dimethyl malonate significantly reduced hROS
production, but not to the pre-hypoxic level (Fig. 15). At pH 7.4, addition of dimethyl
malonate reduced hROS production to the pre-hypoxic level (Fig. 15). From the result that
both dimethyl malonate treatment and pH neutralization completely abolished hROS
production after IR-mimicking condition in HDF cells, it can be inferred that in IR injury
dimethyl malonate treatment and pH neutralization have additive suppressive effect on
hROS production (Fig. 15B). This suggests that it may be advantageous to treat the local

tissue acidemia back to the normal pH, for example, by HCOs as soon as possible after
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reperfusion.
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2-3.Discussion

Among hROS, hydroxyl radical plays the most important role in damaging cells.
Previous studies of mitochondrial ROS production were performed using ROS markers such
as dihydroethidium (DHE) (756) and MitoSOX, which have relatively higher specificity
toward superoxide than other ROS. In this study the hROS production sites in
mitochondrial ETC were evaluated using APF as one of the most specific indicators for
hydroxyl radical and peroxynitrite (157), and revealed that under pH 6.9, complex II has the
ability to produce hROS at high rate following IR-mimicking condition..

During cardiac ischemia, it is known that cytosolic pH decreases, due in part to increased
lactate production via anaerobic glycolysis (158. However, no studies linking pH decrease
and hROS production have been described. It has also been reported that succinate
accumulates during cardiac ischemia and IR (108 109 159, although the correlation
between succinate accumulation and hROS production as well as its production site(s) had
still been unclear. In order to obtain deeper insights into the mechanism of hROS production,
I investigated the effects of acidic pH on the rate of mitochondrial hROS production. I also
analyzed the changes in concentration of accumulated succinate within the time course of
IR-mimicking condition using substrates and inhibitors of ETC enzymes and found that
hROS is mainly produced by complex II and that low pH (pH 6.9) augments the production
of hROS compared to at physiological pH 7.4.

It is widely acknowledged that main sources of ROS production (mainly superoxide, Og"-)
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in mitochondria are complex I (760) and complex III (761) both of which comprise ETC in
mitochondrial inner membrane. It has been reported that complex II contributes little to
ROS production in mammalian mitochondria under normal oxygen conditions unless
mutated (169. Mutated form of complex II was reported to produce ROS at high rates as
observed in mitochondrial disease (79. In this study, I revealed that under pH 6.9 the
wild-type complex II also has the ability to produce hROS at high rate following
IR-mimicking condition.

Indeed, complex I can produce ROS under certain conditions (763, although its
contribution to hROS production at least at 30 min following IR-mimicking treatment was
proven to be negligible. However, strong contribution to hROS production by complex II was
found, at least in Panc-1 and HDF cell lines. I also demonstrated that in addition to complex
II, Panc-1 cells also produced hROS by the electron flow from DHODH, thus identifying a
novel link between nucleotide metabolism and hROS production.

Our group have previously demonstrated that hypoxia induces cancer cells to express
type II Fp of complex II which leads to its increased QFR activity (77) accounting for
succinate accumulation during hypoxic period. For the mechanism of hROS production at
FAD site of complex II, it was suggested that peroxynitrite-mediated oxidative modifications
of complex IT occurs (772, 164). In complex II, oxidative impairment and enhanced tyrosine
nitration of the 70 kDa FAD-binding protein may occur in the post-ischemic myocardium

and this process was linked to peroxynitrite in vivo (710). However, the source of
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peroxynitrite remained elusive (77¢). In this study, I showed that accumulation of succinate
during ischemia boosts hROS production during reperfusion by complex II somewhere
between FAD and [Fe-S| redox centers, which might be the source of peroxynitrite causing
tyrosine nitration observed in vivo (165). I also showed that this hROS production can be
prevented by treatment of complex II inhibitor binding at FAD-binding subunit providing a
promising strategy to prevent IR injury. It is still not conclusive from this work whether or
not if complex III is directly involved in hROS production, since inhibition of complex III can
lead to accumulation of quinol and reverse flow of electrons through complex II where hROS
1s produced. In addition to succinate accumulation, I provide evidence that during
IR-mimicking condition, dihydroorotate can also be accumulated and become a direct source
of hROS or provide electrons to produce hROS via complex II. In some cancer cells living
under 1% O/gle(-)gIn(-) conditions, pyrimidine biosynthesis is totally dependent upon the de
novo pathway (120, 122, 129, because aberrant proliferation demands high pyrimidine pool
that cannot be supplied by the salvage pathway. This may be the reason why in Panc-1 cells
substantial flow of electrons from DHODH results in hROS production. In HDF cells,
treatment with ferulenol did not change significantly hROS production level, while dimethyl
malonate strongly suppressed hROS production. These results indicate that in the case of
HDEF, during IR-mimicking condition, complex II is the major, if not, the only source of hROS
production site while DHODH site being negligible.

From the findings that complex II inhibitor dimethyl malonate strongly suppressed
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hROS production following IR-mimicking condition, dimethyl malonate was suggested as a
potential therapeutic drug for IR injury. Also acidic condition at pH 6.9 promoted succinate
production at complex II under hypoxia, followed by larger amount of hROS generation,
suggesting that keeping the local pH of tissues at 7.4 may prevent hROS production after IR.
The observations that hROS is generated at complex II and DHODH but not complex I and
IIT will open possibilities to the development of inhibitors for treatment of injury caused by

hROS during IR.
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Conclusion

A novel cycling assay was developed for the determination of succinate concentration and
was proven to be efficient, specific and reproducible. This assay can accurately detect
succinate levels in the cell-cultured medium as well as intracellular extracts. In this study, by
taking advantage of this new method, the ETC electron flow leading to succinate production
in cancer as well as normal cells cultured under 21% Og/glc(+)gln(+) and 1% O/glc(-)gIn(-)
conditions were evaluated. It is concluded that 1% Og/glc(-)gIn(-) conditions promote
mitochondrial complex II to function as QFR producing succinate, which then facilitates
cellular proliferation. In addition, the origin of electrons used by complex II to produce
succinate under 1% Og/glc(-)gIn(-) conditions were identified as complex I and DHODH,
revealing a novel link between nucleotide metabolism and fumarate respiration in cancer
cells providing a promising candidate for drug development targeting tumour cells living
under microenvironment.

By combining the novel succinate determination assay and specific detection of hROS by
APF, I also investigated the involvement of succinate onto hROS production and provided a
direct evidence that mitochondrial complex II and possibly DHODH are the responsible
hROS production site at 30 min following IR-mimicking condition and complex I has little
role in hROS production. Thus, complex II as well as DHODH has potential to be drug

targets for the treatment of IR.
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Figure 1

Schematic representation of electron transport chain during normoxia and hypoxia

In aerobic respiration, complex II catalyzes oxidation of succinate to form fumarate as
succinate—ubiquinone reductase (SQR), and electrons produced in this process are
transferred to complex III, IV in these orders. In addition to complex I and II, there are
several peripheral respiratory enzymes shuttling electrons to the ubiquinone (UQ) pool in
ETC: dihydroorotate dehydrogenase (DHODH), glycerol-3-phosphate dehydrogenase
(G3PDH), proline dehydrogenase (PRODH), sulfide:quinone oxidoreductase (SQOR) and
electron-transfer flavoprotein dehydrogenase (ETFDH). In anaerobic respiration, on the
other hand, quinol-fumarate reductase (QFR) activity of complex II to form succinate from
fumarate increases, and thus complex II accepts electrons from other complexes. This
“fumarate respiration” functions in the cancer cells, which is mainly composed of complex I
and QFR activity of complex II. In fumarate respiration, menaquinol (MKHy) is supposed to
work as electron receptor.
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Figure 2

Effect of succinate accumulation on cell proliferation rate under normoxia and hypoxia
Proliferation rate of DLD-1 and Panc-1 cells were determined under 21% Os/glc(+)gln(+) (A)
and 1% Oy/glc(-)gIn(-) conditions (B) in the presence of different concentrations of succinate
(see material and methods for detail). Statistical analyses were performed using Student’s t
test. Values of p < 0.05 were considered statistically significant, and * means p < 0.05.
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Figure 3

ASCT/SCS succinate cycling assay

Succinate concentration was assayed using purified recombinant ASCT from 7rypanosoma
brucei and SCS from a prokaryote. ASCT produces succinyl-CoA from acetyl-CoA and
succinate. Next, SCS converts succinyl-CoA into CoA and succinate. In this reaction, a
molecule of ATP is also generated. The thiol group of CoA reduces DTNB to NTB which can
be measured by the increase in absorbance at 412 nm.
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Time course of absorbance change in succinate assay
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Figure 4

Time course of absorbance rate in ASCT/SCS succinate cycling assay

The graph shows the time course of ASCT/SCS succinate cycling assay for each succinate
concentration using 250 ng/mL of ASCT. In the ASCT/SCS succinate cycling assay, the
absorbance change at 412 nm were recorded at the interval of 30 seconds for 30 minutes.
The slope was calculated by dividing the change in absorbance between 3.5 min and 10 min
for each graph obtained from different concentrations of succinate.
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Standard curve for the succinate assay
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Figure 5

The standard curve for the succinate assay

In the ASCT/SCS succinate cycling assay, a linear correlation was observed between
succinate concentration and the absorbance slope between 3.5 min and 10 min in the
absorbance graph (Fig. 4). Results are for 250 and 750 ng/mL of ASCT, respectively. At the
concentration of 250 and 750 ng/mL of ASCT and 1.1 U/mL of SCS, the correlation coefficient
was R2 = 09974 and 0.9997, respectively, and the minimum limit of determination of
succinate was 0.01 mM (p < 0.0001) in both ASCT concentrations tested. Results are means
+S.D. for at least three independent experiments.

49



A-1 B-1

Intracellular succinate concentration (DLD-1) Intracellular succinate concentration (Panc-1)
= 104 = 101 [ = 1
3 3
3 o : 3 &
£ - £
2 B * 2 &4
P 1 o
* *
5 41 e 44
g g
S 21 5§ 21
[x] [X]
=] 3
n ol L2
3 X A &) D D A N
& o}"‘\“ & c}"‘\ & & & §\
O R 5 W36 = W3 o oD
& & & & 5 & N o)
WS o NS o A9 v W o
BO oo \80 oo o J\e o o\
S * :
A-2 B2
Extracellular succinate concentration (DLD-1) Extracellular succinate concentration (Panc-1)
= 501 — = 50- 2
— - * * *
8 * * + 8 1l 1
3 40 11 1T S 40-
£ E
2 304 2 30-
o o
x x
- 201 P 204
g g
-5 104 5 104
o (2]
=] =
 od w
N A N N D N D N
& & & & & & & N
’-‘\q o );\g @Q \x\@ o\‘.\ \*\@ 0\_'-\
N & 3 &° 3 & 3 )
S A S 0 ) o ) i
o o o o o o’ o
o o\ e o\ de o\ o\ o\
W N N v N
Figure 6

Intra- and extracellular amount of succinate per cell

DLD-1 cells and Panc-1 cells were seeded at 1.0x105/mL in 96-well plates under 21% Oz or
1% Og and gle(#)gIn(+) or gle(-)gIn(-) conditions. After incubation for 24 hr at 37°C, intra- and
extracellular succinate concentration was measured by ASCT/SCS succinate cycling assay.
Intracellular and extracellular succinate amount was normalized by the number of the cells.
Panel A-1, A-2, B-1 and B-2 shows the itracellular succinate concentration of DLD-1,
extracellular succinate concentration of DLD-1, intracellular succinate concentration of
Panc-1 and extracellular succinate concentration of Panc-1, respectively. Statistical analyses
were performed using Student’s t test. Values of p < 0.05 were considered statistically
significant, and * means p < 0.05.
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Figure 7

Effects of ET'C inhibitors on succinate concentration

The level of intra- and extracellular succinate in 21% Og/gle(+)gln(+) and 1% Oy/glc(-)gIn(-)
conditions was measured with each ETC inhibitor added in the medium and normalized by
the number of the cells. Panel A/B, C/D, and E/F show the results of DLD-1 cells, Panc-1 cells,
and HDF cells, respectively. Panel A/C/E and B/D/F show the results of 21% Og/gle(+)gIn(+)
and 1% Oy/glc(-)gIn(-) conditions. Statistical analyses were performed using Student’s t test.
Values of p < 0.05 were considered statistically significant, and * means p < 0.05.
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Anti-survival effect of DHODH inhibitors and atpenin A5 on Panc-1, DL.D-1, and HDF cells
The graph shows the anti-proliferative effect of DHODH inhibitors (ferulenol and brequinar)
and atpenin A5 in 21% Oy/glc(+)gln(+) and 1% O«/glc()gIn(-) conditions. The cell viability was
evaluated by counting cell numbers. The relative proliferation rate was calculated by
dividing the cell number of the well of interest by that of the well untreated. Panel A, B and
C represent the survival rate (% of control) of DLD-1, Panc-1 and HDEF, respectively.

54



Normoxia

0  20min 30min 1h 2h
| Normoxia: 24 hours | Hypoxia: 30 minutes |
Time 0 24 245 24.88 25 255  26.5
(hour)
.p 2 ©) @ ©® )
Figure 9
Protocol of investigating the time course of hROS production and succinate level in
IR-mimicking condition

The cells were exposed to 30 min of hypoxia and various durations (20 min, 30 min, 1 h and
2 h) of normoxia. At each time point, the cells were examined for hROS with APF staining
and assayed for succinate level using ASCT/SCS succinate cycling assay.
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Figure 10
Protocol of investigating the effect of mitochondrial ETC inhibitors on hROS production and

succinate level
The cells were treated with each ETC inhibitor following 30 min of ischemia and then
underwent 30 min of normoxia. The cells were examined for hROS with APF staining and

assayed for succinate level using ASCT/SCS succinate cycling assay.

56



hROS production

[
s

— Panc (pH 7.4)
~-+ HDF (pH 7.4)
«+++ Panc (pH 6.9)
--- HDF (pH 6.9)

Relative APF intensity

Time point

Figure 11

Time course of hROS production in IR-mimicking condition

To investigate the time course of hROS production, the hROS level in Panc-1 and HDF cells
was measured by APF during and after hypoxic period at pH 7.4 or 6.9. The graph shows the
APF intensity relative to time point of D of HDF under pH 7.4.
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Succinate level during and after IR-mimicking treatment

Extracellular succinate level per cell during and after IR-mimicking treatment was
examined by the succinate cycling assay. The numbers of time course correspond to those in
Fig. 9. Panel A shows extracellular succinate level at pH 7.4 and 6.9. Panel B shows
extracellular succinate level in HDF at pH 6.9 with dimethyl malonate or antimycin A added
at the end of hypoxic period. Panel C shows extracellular succinate level in Panc-1 at pH 6.9
with dimethyl malonate or antimycin A added at the end of hypoxic period. The controls in
panel B and C show the identical results with HDF (pH6.9) and Panc-1 (pH6.9) in panel A,
respectively. Statistical analyses were performed using Student’s t test. Values of p < 0.05
were considered statistically significant, and * means p < 0.05 (compared to time point 1).
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Figure 13

Proposed schema of enzymatic activity of complex IT

This figure illustrates the proposed schema of enzymatic activity of complex II. In normoxia,
complex II acts as SQR catalyzing the oxidation of succinate to form fumarate. In HDF, both
hypoxia and acidic condition (pH = 6.9) are the essential elements for complex II to work as
QFR to produce succinate, although in Panc-1 cells hypoxia alone can induce succinate

production.
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Figure 14

Effects of mitochondrial complex inhibitors on IR-mimicking-treatment-induced hROS
production.

The graph shows intracellular hROS level from cells cultured in the presence of ETC
inhibitors. Fluorescence level of Aminophenyl Fluorescein (APF) was analysed by microscope
for hROS level at the time point of @ in Fig. 9, ze., after 30 min normoxia following hypoxia.
Dimethyl malonate (5 mM), atpenin A5 (5 uM), ferulenol (5 uM), rotenone (5 uM), antimycin
A (5 uM), succinate, and glutathione (10 mM) were added after 30 min exposure to hypoxia.
Succinate was added at the concentration of 38.2 pM (Panc-1) and 16.9 uM (HDF),
respectively. Panel A/C and B/D show representative images of HDF and Panc-1 cells,
respectively. Panel A/B and C/D show the result under pH 7.4 and 6.9, respectively.
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Figure 15

Quantitative analysis of hROS production level

Effects of mitochondrial ETC inhibitors on relative hROS production rates in Panc-1 cells
and HDF cells were examined at the time point of @ in Fig. 9, e, after 30-min normoxia
following hypoxia (A). B shows hROS production amount in HDF cells; the effects of pH (pH
6.9 and 7.4) and dimethyl malonate on hROS production were analyzed. The graph shows
the APF intensity relative to time point of D of HDF under pH 7.4. Dimethyl malonate (5
mM), atpenin A5 (5 pM), ferulenol (5 uM), rotenone (5 pM), antimycin A (5 pM), succinate,
and glutathione (10 mM) were added after 30-min exposure to hypoxia. Succinate was added
at the concentration of 38.2 nM (Panc-1) and 16.9 nM (HDF), respectively. Values are
means + SD of 60 cells observed in three independent experiments. Statistical analyses were
performed using Student’s t test. Values of p < 0.05 were considered statistically significant,
and * means p <0.05.
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Putative electron flow in IR-mimicking-condition

Putative electron flow during aerobic repiration, ischemia and reperfusion-mimicking
conditions are shown. In Panc-1 and HDF cells, ischemia-mimicking condition induces
succinate accumulation which results in the electron flow from complex I to II as well as from
DHODH to complex II. During reperfusion-mimicking condition, hROS may be generated
by electrons flowing from complex II to ITI and IV at complex II (somewhere between Fp and
Ip subunits), Qo site of complex III and DHODH. However, in HDF, hROS production by
DHODH is negligible.
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Appendix

The chemical structures of mitochondrial complex inhibitors (rotenone, atpenin A5,
antimycin A, brequinar, ferulenol and A771726) are shown here.

Rotenone

Antimycin A
®) H OH
>/N O o
H
HNIIIIn--
H3C\\\“‘
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Ferulenol

AT71726

CF3

OH O

CHs N

Iz

CN
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