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ABSTRACT

Background: Localized radiotherapy is long known to cause damages to not only targeted but also non-targeted
cells, the so-called bystander (BS) effect. Recently, BS effect was demonstrated in response to chemotherapy. To
get further insight into the mechanism of chemotherapy-induced BS effect in vivo, we investigated the response
of normal tissues and untreated BS melanomas, at distance from localized chemotherapy-treated melanomas.
Methods: B16 melanoma cells were inoculated sc in one flank, in mice. Chemotherapy was administered
intratumorally. After 3 weeks, untreated melanomas were implanted into the other flank. Tumors were analyzed
morphologically, and using metabolomics and transcriptomics.
Results: Locally-treated melanomas showed growth inhibition and pleiotropic metabolic and transcriptional
alterations. Tumors recovered slow proliferation while exhibiting prominent oxidative stress response
(decreased glutathione level, and increased expression of genes including Mt1, Gpx3, Sod3, and Hmox1). Plasma
contained increased levels of oxidative stress products. However, liver and soleus muscle displayed unaltered
morphological characteristics. In contrast, untreated BS melanomas induced from naive B16 cells showed re-
duced growth, marked oxidative stress response (decreased glutathione level, and increased expression of
genes including Sod2, Gpx1 and Gsr), and ras oncogene expression alterations. Furthermore, metabolomics
and transcriptomics enabled to estimate the proportion of cells undergoing the BS effect within treated tumors.
Conclusion: Treatment of tumors with chemotherapy induces BS effects, underpinned by oxidative stress, in ab-
normal proliferating tissues in vivo, not in normal tissue, that significantly contribute to overall tumor response.
General significance BS effect significantly contributes to response to chemotherapy, and may be exploited to im-
prove overall response to cancer treatment.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

distance from localized radiotherapy [4], and oncogenesis in mice ge-
netically predisposed to cerebellar tumors at distance from the radio-

A longstanding paradigm has been that radiation hits to the cell nu-
cleus was required for genetic damage and biological responses. During
the last decades, this view has been challenged by the demonstration
of radiation-induced effects in non irradiated cells neighboring or
cocultured with radiation-targeted cells, the so-called radiation-induced
bystander (BS) effect [1-3].

Several lines of evidence have implicated radiotherapy-induced BS
effet in in vivo responses, including DNA damage in normal tissue at

Abbreviations: BS, bystander; i.p., intraperitoneal; i.t., intratumor; CTL, control; INH,
inhibition phase; REC, recovery phase
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therapy area [5,6]. In addition, clinically, abscopal responses to
radiotherapy have been attributed to the BS effect [7,8]. Although less
documented, we and others have reported that BS effect may occur in
response to chemotherapy, in vitro and in vivo [9-12].

A major feature of cells undergoing radiotherapy- or chemotherapy-
induced BS effect is genomic instability and DNA damage [11,13]. In
addition, a body of evidence implicates oxidative metabolism and gap-
junction intercellular communication in the transmission of signal
from directly targeted to BS cells not only in vitro, but also in vivo
[5,6]. Other mechanisms involving cyclooxygenase 2, the protein
kinase-C family, and ATM/ATR have been proposed to play a role in sig-
naling BS effect [14]. Actin skeleton, Rho kinase and reactive oxygen
species (ROS) were implicated in chemotherapy-induced BS effect
in vitro and in vivo [10,11]. Several soluble factors, candidates to
the BS mediator, have been proposed, including TGF3, NO and ATP
[15,16]. Among them, ATP was recently shown to be released by
chemotherapy-treated cells, and participate to immunogenic elimina-
tion of tumor cells [17,18], a putative mechanism for BS effect.
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To get further insight into the mechanism of chemotherapy-induced
BS effect in vivo, the response of distant normal tissues and BS melano-
mas obtained after re-inoculation of naive B16 cells was compared with
that of melanomas treated by localized chemotherapy consisting in
intratumor (i.t.) administration of fotemustine, a classical treatment
for melanoma. Treatment by i.t. administration was performed to pre-
serve as much as possible immunocompetence of mice, and spatially
confine direct chemotherapy effects to the treated tumor.

Instead of evaluating BS effect from features of genomic instability,
which we previously demonstrated in chemotherapy-induced BS effect
in vitro and in vivo [10], we performed molecular screening of metabolic
and transcriptional alterations in tumors, an approach devoid of precon-
ception and increasingly used to get a comprehensive view of pheno-
type changes. Fotemustine-treated melanomas underwent growth
arrest and displayed pleiotropic central metabolism and transcriptional
alterations, including commutation from glycolysis to Krebs cycle, oxi-
dative stress response and oncogenic alterations. Then, treated melano-
mas recovered reduced proliferation, but displayed still pronounced
oxidative stress response, and other alterations involving lipid metabo-
lism, DNA repair, and cell signaling. Meanwhile, liver and soleus muscle
showed unaltered morphological characteristics. In contrast, untreated
BS melanomas induced from naive B16 cells showed reduced growth,
pronounced oxidative stress response, and ras proto-oncogene expres-
sion changes, prominently implicating mitochondria. Multivariate sta-
tistical analysis of metabolic and transcriptional data enabled to
estimate the within-treated tumor BS effect to about 45%. In addition,
over the long term, the plasma of mice harboring a fotemustine-
treated tumor was shown to contain increased levels of oxidative stress
markers.

In conclusion, localized chemotherapy appears to not injure distant
normal tissue but induces severe oxidative stress response in untreated
BS tumors. This study also proposes an approach to evaluate the contri-
bution of BS effect within localized therapy-treated tumors. It identifies
BS effect as a significantly contributing response to chemotherapy that
may be exploited to improve overall response to cancer treatment.

2. Materials and methods
2.1. Chemicals

A chloroethylnitrosourea, fotemustine (N’-(2-chloroethyl)-N-(2-
(methylsulphonyl)-ethyl)-N’-nitrosourea), was used in experiments,
and dissolved (5 mM) in 0.9% NaCl before use. pL-[1,2-'3C]glucose
(99% '3C-nucleus enriched, tested for biological purity) was purchased
from Eurisotop, Gif-sur-Yvette, France. Water-d2 (Peypin, France) was
used for locking the NMR spectrometer.

2.2. Cell culture

The transplantable B16 (F1) melanoma cells originating from
C57BL6/6] Ico mice were obtained from ICIG (Villejuif, France), and
adapted to grow in culture. Melanocytes were maintained as mono-
layers in culture flasks using culture medium consisting of Eagle's
MEM-glutaMAX medium (Life technologies). Cells were harvested by
trypsinization, washed into PBS, centrifuged, and kept at —80 °C until
inoculation.

2.3. Animal care

The experiment was carried out with C57BL6/6] male mice aged
6-7 weeks weighing about 20-22 g, obtained from IFFA CREDO, France.
Mice were housed by 3 in a polypropylene cage. They were provided
with free access to standard diet and water. The animals were main-
tained in a controlled environment under standard conditions of tem-
perature and humidity, with an alternating 12 h light/dark cycle, in
accordance with the guidelines of the Animal Experimental Ethical

Committee from INSERM. Mice were monitored at least every 2 day
for welfare including weight, physical appearance, behavior and mea-
surable clinical signs. The study protocol was approved by the Animal
Experimental Ethical Committee from INSERM, France.

2.4. Experimental protocols

C57BL6/6] recipients were inoculated with 5 x 10° syngeneic B16
melanoma cells in 100 pl physiological serum in one flank at day 1.
The B16 F1 cell line used in experiments was not metastatic. In a first ex-
periment (Fig. 1A), mice were assigned to 3 recipient groups, a recipient
group bearing an untreated tumor (control, CTL, n = 7), and 2 recipient
groups with a tumor treated with fotemustine intratumorally (i.t.).
Fotemustine was administered at a dose of 15 pg/g in 150 pl physiolog-
ical serum at days 11-14-18. Mice were followed for 11 days after
treatment (INH, n = 11) and for 39 days after treatment (REC,
n = 11). They were monitored every 2 day including body weight,
physical appearance, behavior and tumor size. Tumor size was mea-
sured using calipers, and tumor mass was obtained using a classical
formula [9]. During monitoring, animals were placed in an induction
chamber, and reduced anesthesia with 1.5-2% isoflurane was per-
formed. Animals sedated for 1-2 min, and were maintained warm dur-
ing anesthesia.

Mice were sacrificed with humane euthanasia according to institu-
tional guidelines for animal's welfare using the method of gas anesthe-
sia using isoflurane >3% in oxygen. Sacrifice was performed before
tumor burden reached 10% of animal body weight (or one tumor diam-
eter reaching 20 mm) to avoid animal suffering. For the CTL group,
sacrifice was performed between days 15 and 20 (Fig. 1A). For the
INH group, sacrifice was performed at days 15, 20, 24 and 29, and for
the REC group, at days 45, 49, 52 and 57 (Fig. 1B). Tumors and normal
tissues (liver, right soleus muscle and sera) were collected from the
3 recipient groups, and prepared for analyses.

In a second experiment (Fig. 1B), mice bearing treated tumors on
one flank (n = 10) were re-inoculated at day 32 with 5 x 10° parental
melanoma cells in 100 pl of physiological serum sc, in the opposite flank,
to induce a BS tumor (BS, n = 10). BS tumors were collected between
days 45 and 57, before tumor burden (treated and BS tumors) reached
10% the animal body weight. At day 32, a group of mice (n = 5) was
inoculated with parental B16 cells in one flank as a control group
for tumor masses only (not shown in Fig. 1B). The control group under-
going analyses in this experiment was the same as that in the first
experiment.

2.5. Serum transfer experiments

Total mixed blood (arterial and venous) was collected from donors
bearing an untreated tumor (CTL group from the first experiment) and
donors bearing a fotemustine-treated tumor (INH group) (Fig. 1C).
Sera were sampled after centrifugation, and kept frozen until used.
Fifty pl of each serum was administered i.t. to melanoma-hosting recip-
ients at days 11, 12 and 13 from cell inoculation (n = 7 mice for each
type of serum) as previously described [10]. After animal sacrifice, be-
tween days 45 and 57, tumors were removed and analyzed.

2.6. Histology

Tumor pieces were fixed in formol solution. Paraffin-embedded sec-
tions were cut into 4 pm sections, and prepared for hematoxylin-eosin
staining and routine pathological analysis. Semi-quantitative histologi-
cal analysis was performed. The count of mitoses was performed after
hematoxylin—eosin staining on 10 microscopy fields, and quantification
of anisocytosis, necrosis, pigmentation, vascularization and lymphocyte
infiltration was done as follows: 0 for absent, 1 for weak, 2 for moderate,
3 for intense and 4 for very intense.
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Fig. 1. Experimental protocol schema. A. Treated tumor protocol. C57BL6/6] recipients were inoculated s.c. with B16 melanoma cells in one flank, at day 1. Three groups of mice were per-
formed, a group bearing an untreated tumor (CTL, n = 7) and 2 groups bearing a tumor treated i.t. with fotemustine at days 11-14-18 (INH, n = 11 and REC, n = 11). Mice were
sacrificed between days 15-20 (CTL), days 15-29 (INH) and days 45-57 (REC). B. Bystander tumor protocol. A new REC group was obtained, then re-inoculated with B16 parental mel-
anoma cells in the opposite flank at day 32 (BS, n = 10). Tumors were collected between days 45 and 57. The CTL group in this protocol was the same as in the treated tumor protocol. C.
Serum transfer protocol. Sera from tumor-bearing untreated (CTL) and fotemustine-treated (INH) donors were taken at day 20 (CTL) or day 29 (INH) of tumor evolution. Fifty pl of each
serum was administered i.t to melanoma tumor-hosting recipients at days 11, 12 and 13 from cell inoculation (n = 7 mice for each type of serum).

2.7. Enzyme activities

2.7.1. Pyruvate kinase (PK) activity

An aliquot of total cell protein extracts was incubated in 50 mmol 1~ !
Tris—-HCl pH 7.4, 100 mmol I~ KCI, 5 mmol I~ MgCl,, 0.6 mmol 1~!
ADP, 0.9 mmol 1= phosphoenolpyruvate, 0.3 mmol I~' NADH and
2.5 IU L-lactate dehydrogenase. PK activity was measured by recording
NADH oxidation at 340 nm and was calculated with one unit of activity
defined as that required for the oxidation of 1 pmol NADH min~' mg
protein~ ! at 25 °C and pH 7.4.

2.7.2. Lactate dehydrogenase (LDH) activity

An aliquot of total cell protein extracts was incubated in
200 mmol 17! Tris-HCl pH 7.4, 0.3 mmol 1=! NADH and 5 mmol !
pyruvate sodium. LDH reduces NAD to NADH at 340 nm and was calcu-
lated with one unit of activity defined as that required for the oxidation

of 1 umol NADH min~' mg protein™'.

2.8. Proton NMR spectroscopy
NMR spectroscopy was performed on a small-bore 500-MHz Bruker

Avance DRX spectrometer equipped with a high resolution magic angle
spinning (HRMAS) probe. Tumor or plasma samples were set into

4 mm-diameter, 50 L, free-volume, zirconium oxide rotor tubes. Rotors
were spun at 4 kHz and cooled at 4 °C, using the BCU-05 temperature
unit. A one dimensional 'H NMR spectrum was obtained using a nuclear
Overhauser enhancement spectroscopy sequence with low-power
water-signal presaturation (NOESYPR). Then, a two dimensional 'H
NMR spectrum was immediately recorded using a Total Correlation
Spectroscopy (TOCSY) sequence. Spectra were processed using the
Topspin 2.0 software package (Bruker, Karlsruhe, Germany).

2.8.1. Metabolomics

NOESYPR spectra were phased and baseline-corrected. Then,
metabolite-related signals were quantified according to a previously
published method [19,20]. TOCSY spectra were reconstructed at both
high resolution (2048 x 256) for assignments and lower resolution
(256 x 256) for quantification. After baseline correction, TOCSY spectra
were transferred to the Excel database (Microsoft Co.). Quantification of
metabolite-related cross-peak volumes (CPVs) was performed using a
homebuilt routine [19,20].

2.8.2. Label-assisted metabolite profiling

Label-assisted metabolite profiling aims at identifying at steady-
state derivatives having incorporated the '3C label from a 3C-labeled
precursor [21]. Two subgroups of CTL (n = 3) and INH (n = 3) tumors
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were exposed to pL-[1,2-13C]glucose administered by intraperitoneal in-
jection (10 mg in 200 pl). Thirty minutes after administration, the ani-
mals were sacrificed. Tumors were removed and prepared for analysis.
NMR analyses were performed using a 2D 'H-'3C heteronuclear multi-
ple quantum coherence (HMQC) sequence with acquisition parameters
given in a previous report [21]. HMQC spectra were exponentially
filtered and baseline corrected. CPVs of interest were measured, and
ratios of CPVs were used to calculate label incorporation [21].

2.9. Plasma biochemistry

Total mixed blood (arterial and venous) was collected in heparinated
tubes, then centrifugated. Free thiol groups which reflect the oxidative
status of sulfhydril aminoacids, thiobarbituric acid-reactive substances
(TBARS), and malondialdehyde (MDA) which reflect lipid peroxidation
were measured using assay kits according to the manufacturer's recom-
mendations and spectrophotometric reading.

2.10. Transcriptomics

The analysis used the Tagman low-density array technique (Applied
Biosystems) to screen 85 genes of interest encoding for: Bioenergetic
metabolism, lipid/phospholipid metabolism, glutamate metabolism,
oxidative stress, proliferation, apoptosis and DNA repair, Other cell
stress responses and signaling, oncogenes and oncosuppressors and
protein phosphatases 1 and 2 (Supporting Information Table 1).

2.11. Statistical analysis

Univariate comparison between groups was done using the
Student's t-test and multivariate statistical analysis using partial least
squares analysis. Statistical analyses were performed using the XLSTAT
2008 software (Addinsoft).

3. Results

3.1. Phenotype alterations in melanoma directly targeted by localized
chemotherapy

3.1.1. Tumor weight

CTL tumors were collected from day 15 to day 20 after B16 cell inoc-
ulation with an average weight of 1.11 4 0.66 g (1.58 4 0.40 g specif-
ically at day 20) (Fig. 2A). Fotemustine-treated tumors (INH) stopped
proliferation after chemotherapy administration, with a tumor mass of
0.23 + 0.06 g (day 15 to day 29 average, P < 0.001, INH vs CTL), then
resumed reduced growth. Tumors recovering growth after chemother-
apy (REC) had reduced weight of 0.85 4 0.14 g (day 45 to day 57 aver-
age, P < 0.05, REC vs CTL). Kinetics of CTL, INH and REC tumor growth
was previously reported [9], and showed that the major difference
between CTL and REC tumors was the reduced tumor size in the latter,
enabling long duration survival with an acceptable tumor burden (less
than 10% of the animal body weight).

3.1.2. Metabolic analysis

Typical "H NMR spectra are displayed in Fig. 2B. In comparison with
CTL tumors, INH tumor spectra exhibited decreased Lac and Succ
content indicating bioenergetics reprogramming. REC tumor spectra
showed unchanged Lac, decreased Succ, decreased GSx and increased
PUF levels.

To confirm the reprogramming of glycolysis, we used label-assisted
metabolite profiling aimed at identifying at steady-state derivatives
having incorporated the '3C label. Two groups of CTL and INH tumors
were exposed to pL-[1,2-'3C]glucose administered i.p.

In comparison with unlabeled tumor spectra, CTL and INH tumors
having incorporated pi-[1,2-!3C]glucose showed obvious labeling
of Ala at positions C2 and C3, and Lac at positions C2 and C3. In

comparison with CTL tumors, INH tumors showed accumulation of
free unphosphorylated glucose (Fig. 2C and D) and decreased '>C incor-
poration in Lac (x0.7 4 0.1, P < 0.05). These changes in Glc and Lac la-
beling demonstrate downregulation of glycolysis in INH tumors. Also
INH tumors showed Ser labeled at position C2. Ser is a product of glycol-
ysis that accumulates probably due to diminished downstream
consumption.

Other labeled metabolites included Gly at position C2 (x1.7,
P < 0.05 INH vs CTL), Glu and GIn at position C3 and C4 (x3.1 and
x 1.8 for Glu, and x 2.0 and x 3.5 for Gln, respectively, P < 0.05), and
Asp at position C3 (x 1.8, P < 0.05) (Fig. 2E). Labeled Glu, Gln and Asp
in C3 and C4 originated from transamination of glucose-derived
oxoacids of the Krebs cycle, testifying activation of the Krebs cycle.

Glycolysis was further investigated by measuring PK and LDH
activities. PK activity was increased in INH tumors (0.30 & 0.06
vs 0.66 + 0.08 umol min~! mg protein~!, INH vs CTL, P <0.01)
(Fig. 2F), while LDH activity was decreased (0.73 + 0.25 vs 1.92 +
0.34 umol min~' mg protein~!, P < 0.01) (Fig. 2G).

Taken together, 'H NMR spectra, >C-label-assisted metabolite pro-
filing and enzyme activities demonstrated downregulation of glycolysis
and upregulation of the Krebs cycle in INH tumors.

Proton-NMR spectroscopy-based metabolomics enabled quantifica-
tion of 35 tumor metabolites, gathered into several metabolite subsets
(Table 1).

In the Bioenergetic metabolism subset of INH tumors, Glc was in-
creased (x 18, P < 0.05) and Lac and Succ decreased (—25%, P < 0.025
and — 74%, P < 0.001, respectively). As reported in discussion, this
combination was underpinned by downregulation of glycolysis and
upregulation of the Krebs cycle. Curiously in the context of upregu-
lation of mitochondrial activity and respiration, ATP levels were
decreased (—32%, P <0.05). In REC tumors, Succ was decreased
by —43% (P < 0.05).

The lipid/phospholipid metabolism subset was markedly altered in
all tumor groups. PtC was increased in INH and REC groups (+57%
and +43% respectively P < 0.05), also PE (+90% and +53%, all
P < 0.05), while GPC and GPE increased only in INH tumors by + 148%
and +82% (both P < 0.001).

The glutamate metabolism subset was markedly altered in INH tu-
mors. All metabolites increased significantly (Gln x 3.8, Glu, +77%,
Pro x 2.9, Asp x 4.3, Asn, x5.2, all P < 0.01, and Arg x 3.7, Ala, +40%,
both P < 0.05). These variations can be correlated with labeled assisted
metabolite profiling of INH tumors. Only GIn and Asp remained elevated
during the REC phase (Gln, 4+ 109%, and Asp, + 142%, both P < 0.025).

The oxidative stress metabolism subset of INH tumors showed main-
tained GSx level but increased tCr level (4 84%, P < 0.01). In contrast,
REC tumors had decreased GSx (—24% P < 0.05) and unchanged tCr.

From this metabolomic analysis, INH tumors showed dominant al-
terations in bioenergetic metabolites (to which we may associate gluta-
mate derivatives according to labeled-assisted metabolite profiling) and
phospholipid metabolites (about 75% of class metabolites, Table 1). This
pattern was also found in REC tumors.

3.1.3. Transcriptomic analysis

Transcriptional analysis was performed in 85 genes, gathered into
several gene subsets (Table 2). Full names of genes and encoded pro-
teins are given in Supporting Information Table 1.

In the Bioenergetic metabolism subset, the INH group displayed
downregulation of Slc2a1, Pfk1, Tkt, and Pgk1, although upregulation
of 6-phosphofructo-2-kinase (Pfkfb3). REC tumors showed upregula-
tion of Pfkfb3, only.

In the lipid/phosholipid metabolism subset, INH tumors showed
downregulation of Chka and Acly, and upregulation of Pla2r1, Pld2,
Pcytla and Cept. Six transcripts among 17 from this subset were modi-
fied. In the REC group, there was downregulation of Fasn and upregula-
tion of Pclb1, PId2 and Cept1.
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Fig. 2. Phenotype alterations in fotemustine-treated melanomas. A. Tumor weight in the 3 groups (CTL, INH, REC). White bar, CTL; black bar, INH; hatched, REC. Data are normalized to the
CTL group values. *, P < 0.05; ***, P < 0.01, group vs CTL. B. Typical 1D HRMAS 'H NMR spectra of tumors from the 3 groups (CTL, INH, REC). The displayed spectral range is 0.5-4.6 ppm.
Black, CTL; red, INH, and purple, REC. Arrows, signals from indicated metabolites. For metabolite abbreviations, see Table 1. C,D. Typical HRMAS "*C-"H HMQC spectrum selections from CTL
(C) and INH (D) tumors after incorporation and metabolism of pi-[1,2-'>C]glucose administered to mice by intraperitoneal injection. The spectral range is 2.80-4.40 ppm along the 'H axis
and 45-80 ppm along the '3C axis. 2D signals are numbered from 1 to 16: 1, tCr CHs; 2, Tau CH,-S; 3, PE CH,-N; 4, Gly CH,; 5, Tau CH,-N; 6, Ala (C2)H; 7, derivatives of Cho N(CH3)s; 8,
Glu/GIn (C2)H; 9, tCr CHa; 10, Ser (C2)Hy; 11, Ser (C3) Hy/PE CH,-0; 12, PC CH,-N; 13, Glc (C6)H; 14, Lac CH; 15, Glc (C2)a; 16, Glc (C2)P. For metabolite abbreviations, see Table 1. E.
Quantification of *C incorporation in metabolites of the glutamate metabolism subset. White bar, HMQC signal level for all carbons was set to 1 in CTL tumors. Black bars, relative HMQC
signal variation of specified carbons in INH tumors. For metabolite abbreviations, see Table 1. *, P < 0.05, INH vs CTL. F. Pyruvate kinase (PK) activity in CTL and INH tumors. Data are given
in umol mn~" mg protein . *** P < 0.01, INH vs CTL. G. Lactate dehydrogenase (LDH) activity in CTL and INH tumors. Data are given in pmol mn~' mg protein—. ***, P < 0.01, INH vs
CTL. H,I. Oxidative stress response-related transcripts in INH (H) and REC (I) tumors classified by magnitude of variation. *, P < 0.05; **, P < 0.025; ***, P < 0.01, INH or REC vs CTL.

In the glutamate metabolism subset, the INH group showed upregu-

lation of Gpt1. In the REC group, there was downregulation of Glul.

In the oxidative stress metabolism subset, INH tumors showed
major variation in this class of transcripts, thus 8 among 12 transcripts

were affected, such as downregulation of Txnl and Txnrd1 and
upregulation of Mt1, Hmox1, Sod3, Gpx1, Gpx3 and Gss (Fig. 2H). In
REC tumors, there was upregulation of Mt1, Hmox1, Sod3, and Gpx3
(Fig. 21).
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Table 1
Metabolomics of tumor groups.
CIL INH REC BS
Mean SD Mean SD Mean SD Mean SD

n 7 11 11 10
Bioenergetic metabolism
Glc 1 2.07 1812 1531* 400 2.96* 279 261
Lac 1 017 075 009" 1.03  0.08#i# 1.07 0.18
Myl 1 107 332 133" 308 1.18%** 186 0.87%
Succ 1 037 026 0.07*** 057 0.15"# 064 011*
Fum 1 032 084 013 096 0.13 106 0.18
Ace 1 033 063 015% 138 022"### 164 042
ATP 1 025 068 016 098 0.13# 084 018
UDPX 1 023 104 012 088 0.10 0.77  0.08*
Lipid/phospholipid metabolism
tFA 1 047 460 224 394 151* 3.09 1.05*
PUF 1 053 223 1.06 3.08 0.90** 220 0.63*
Cho 1 070 184 061* 167 053 111 0.40%
PC 1 041 111 025 153 042 063 022
PtC 1 010 151 016" 143 014" 128 0.13*
GPC 1 053 248 063" 064  0.20### 046  021*
PE 1 023 190 017*** 153 0.16™*### 148 0.22*
GPE 1 038 182 030™* 0.89  0.15### 036  0.14**$$$
Glutamate metabolism
Gln 1 029 384 066™* 209 036" ### 115 0.23
Glu 1 020 177 020"* 096  0.09### 090 0.09
Asp 1 1.08 432 177" 242 097%# 135 0.64%
Asn 1 087 521 175" 107  0.56### 055 028
Pro 1 105 293 144 082 0.55# 052 040
Ala 1 018 140 014" 094  0.08### 086 0.07
Oxidative stress metabolism
tCr 1 0.11 1.84 0.18"* 1.08 0.084### 1.16 0.12
hTa 1 104 116 0.69 140 0.89 155 0.80*
Tau 1 006 093 0.05 112 0.08# 125 0.09
GSx 1 028 095 0.18 076  0.11* 069  0.08*
Arginine and glycine metabolism
Arg 1 212 365 281* 056 047## 072 064
Ply 1 055 147 044 195 0.50* 124 048
Gly 1 014 118 012 112 012 105 0.09
DMG 1 096 1267 530" 098  0.36### 072 025
For 1 042 093 034 113 0.20 112 029
Thr 1 049 1.71 0.48 0.62 0.11### 0.62 0.22
Other amino acid metabolism
Leu 1 104 190 122 111 063 055 033
Lys 1 021 216 033"* 095  0.09### 115 0.18

PA 1 109 373 163" 188 091# 121 052

Abbreviations: Glc, glucose; Lac, lactate; Myl, myoinositol; Succ, succinate; Fum, fumarate;
Ace, acetate; ATP, adenosine triphosphate; UDPX, uridine-diphosphate conjugates; tFA,
total free fatty acids; PUF, polyunsaturated fatty acids; Cho, choline; PC, phosphocholine;
PtC, phosphatidylcholine; GPC, glycerophosphocholine; PE, phosphoethanolamine;
GPE, glycerophosphoethanolamine; Gln, glutamine; Glu, glutamate; Asp, aspartate; Asn,
asparagine; Pro; proline; Arg, arginine; Ala, alanine; hTa, hypotaurine; Tau, taurine; GSX,
total glutathione (GSH + 2 x GSSG); tCr, total creatine (creatine + phosphocreatine);
Ply, polyamines; Gly, glycine; For, formate; DMXG, dimethylglycine; Thr, threonine; Leu,
leucine; Lys, lysine; PA, phenylalanine.

* P <0.05; **, P<0.25; ** P < 0.01, Tumor group vs CTL; #, P < 0.05; ##4#, P < 0.01,
Tumor group vs INH; §, P < 0.05; $$$, P < 0.01, BS vs REC.

Other changes with INH tumors included downregulation of
Trp53, upregulation of Mgmt, upregulation of Cdkn1a, downregulation
of Kit and Myc, and upregulation of Fos, Hras1 and Jun. In REC
tumors, there was downregulation of Casp3 and upregulation of
Mgmt, downregulation of Kras and Myc and upregulation of Fos and
Jun.

From this transcriptomic analysis, INH tumors showed regulations in
genes encoding for bioenergetic metabolism, oxidative stress response
(67% of subset genes, Table 2), proliferation and oncogenes, while, in
REC tumors, gene expression variations were dominated by oxidative
stress response (33% of subset genes) and other stress responses.

3.2. Localized chemotherapy does not injure normal tissue but severely
impacts BS tumors

3.2.1. Normal tissue

To investigate BS responses to localized chemotherapy, we sought
whether morphological features of normal organs were affected at dis-
tance from treated tumors.

The animal weight corrected for tumor mass decreased by 11 + 5%
in the INH group (P < 0.05) and 9 + 11% (P = NS) in the REC group
(Fig. 3A). The liver and the soleus muscle weight did not significantly
vary in mice bearing INH or REC tumors (17 + 17% and 16 + 14%,
P = NS, respectively, Fig. 3B and C). In addition, liver and muscle exhib-
ited macroscopic features similar to organs collected from tumor-free
mice.

These data indicate that localized chemotherapy of B16 melanomas
did not damage normal tissues distant from the tumor site. However,
due to differential vulnerabilities of normal and tumor tissues, in a
second experiment, we re-inoculated at distance, in the opposite
flank, B16 cells to obtain naive BS tumors which were further analyzed.

3.2.2. BS tumors

3.2.2.1. Tumor mass. Distant BS tumors had strongly reduced mass in
comparison with CTL tumors (0.77 £ 0.37 g, day 45 to day 57 average,
P < 0.05 BS vs CTL) (Fig. 3D). These data indicate that BS tumors, to the
difference of healthy liver and skeletal muscle, respond to the presence
of chemotherapy-treated tumors.

3.2.2.2. Histopathology. Representative color photographs of histological
slices of tumors are given in Fig. 3E. As shown in Fig. 3F-], INH tumors
showed dramatic decrease in mitotic count (4.9 4 3.7 vs 102.3 4+ 13.2,
INH vs CTL, P < 0.01), severe anisocytosis (rated 4.8 + 0.4 vs 0.4 + 0.5,
P < 0.01) accompanied with hyperploid cells witnessing genomic insta-
bility, enlarged cytoplasm, features of decreased aggressiveness, low
level of necrosis (rated 0.8 £ 1.0 vs 2.0 4 0.8, P < 0.025), intense pig-
mentation (rated 3.6 & 0.7 vs 0.9 & 0.4, P < 0.05), and weak vasculari-
zation level (rated 0.7 & 0.6 vs 1.7 &+ 1.1, P < 0.05).

REC tumors exhibited decreased mitotic count (59.4 + 19.1 vs
102.3 4 13.2, REC vs CTL, P <0.01), increased pigmentation load
(rated 2.4 + 1.2 vs 0.9 + 04, P<0.01), and anisocytosis (rated
1.7 + 0.6 vs 0.4 + 0.5,P < 0.01) (Fig. 3E-I).

BS tumors had significantly decreased mitotic count (70 £ 17
vs 102.3 £ 13.2, BS vs CTL, P < 0.01), and increased melanin content
(rated 2.5 + 1.7 vs 0.9 + 0.4, BS vs. CTL, P <0.025) as shown in
Fig. 3E, Fand L.

BS tumors showed several histological features in common with REC
tumors, although they had never been in contact with chemotherapy,
but lower level of anisocytosis.

Interestingly, the amount of tumor infiltrating lymphocytes (TIL)
was similar in all groups (Fig. 3G-K), and no sign of inflammation was
seen in histopathology slices, in favor that the model did not implicate
substantial immunogenic mechanism.

Thus, in contrast to investigated normal tissues, BS tumors responded
to the presence of treated tumors at distance.

3.2.2.3. Metabolomic analysis. Proton-NMR spectra of BS tumors showed,
in comparison with CTL tumors, unchanged Lac but still decreased Succ
level. GSx was decreased and PUF increased in a similar manner than
REC tumors (Fig. 4A).

In the bioenergetic metabolism subset of BS tumors, Succ was de-
creased (—36%, P < 0.05) and UDPX was decreased (—23%, P < 0.05).
(Table 1). Succ and pyrimidine precursors are intermediates synthe-
sized into mitochondria, which suggests the targeting of mitochondria
in BS tumors.

Like in fotemustine-treated tumors, the lipid/phospholipid metabo-
lism subset was altered in BS tumors. PtC and PE were increased
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Table 2

Transcriptomics of tumor groups.

CTL INH REC BS
Mean SD Mean SD Mean SD Mean SD

n 4 3 4 4
Bioenergetic metabolism
Slc2a1l 1 024 035 017 159 1.03# 128 0.52
Hk2 1 0.16 069 043 094 0.60 1.20 0.20
Pfkl 1 0.22 050 0.19* 072 026 1.09 0.27
Pfkm 1 0.23 118 0.17 096 047 1.16 033
Pfkfb3 1 0.24 173  0.26™ 1.77  017* 1.51 0.48
Tkt 1 0.27 047 0.10™ 078 053 1.33 0.31
Pgk1 1 0.26 048 0.21* 074 043 141 0.40
Pkm2 1 0.18 088 041 109 042 1.55 0.45
Ldha 1 0.36 083 053 124 027 0.85 0.38
Ldhb 1 0.31 161 058 0.77  0.50# 139 0.27
Mdh1 1 0.32 123  0.70 079 055 128 0.38
Mdh2 1 0.25 1.02 032 081 042 1.60 0.48%
Acol 1 0.28 081 022 071 049 143 0.29%
Hifla 1 0.41 075 023 1.00 0.29 1.50 0.55
Lipid/phospholipid metabolism
Pla2g6 1 0.26 096 023 0.68 030 1.38 0.41$
Pla2r1 1 0.41 189 0.60* 1.07 0.39# 1.66 0.72
Plcb1 1 0.52 1.79 0.60 246 1.16* 1.12 0.45
Plcb3 1 0.40 093 056 069 020 1.54 0.56%
Plcd1 1 0.28 1.00 0.24 137 053 1.70 0.65
Plch1 1 0.45 151 125 074 048 1.22 043
Pld1 1 0.46 137 022 117 037 1.67 0.71
Pld2 1 0.19 567 1.29* 249 088"## 1.05 0.18%
Chka 1 0.28 052 0.06* 072 031 1.06 0.16
Chkb 1 0.29 092 0.12 082 0.10 1.25 0.37
Pcytla 1 0.25 142 0.25* 110 043 1.48 0.43
Pcytlb 1 0.36 116 025 087 038 1.39 0.73
Ceptl 1 0.42 523 4.16* 257 0.82* 0.95 0.61%
Etnk1 1 0.29 130 0.19 097 0.69 135 0.34
Pemt 1 0.35 066 037 067 047 1.10 0.23
Acly 1 0.38 053 011* 066 048 1.53 0.55
Fasn 1 034 065 0.16 052 0.34* 1.34 0.36%
Glutamate metabolism
Gls 1 0.33 073 0.19 081 0.55 144 0.39
Glul 1 0.29 081 0.17 044 0.14%# 1.34 0.31$
Got1 1 0.24 110 0.36 068 042 1.54 0.34
Got2 1 0.27 084 027 073 051 1.53 0.44
Gpt1 1 014 207 0.70* 127 083 0.85 0.18%$
Oxidative stress
Hmox1 1 0.28 215 020" 227 043* 1.77 0.67
Txnrd1 1 0.21 058 0.22* 073 0.52 118 0.23
Txn1 1 0.42 045 0.13* 073 028 0.52 0.20
Txn2 1 0.31 089 025 070 026 135 0.32%
Sod2 1 0.29 125 020 098 0.18 1.69 0.53*$
Sod3 1 0.68 279 0.56™ 271 148" 0.93 0.38%
Gpx1 1 0.29 195 033" 085 047# 1.68 0.53%$
Gpx3 1 039 1022 9.06* 1152 8.82* 2.62 1.04*
Gsr 1 034 065 020 116 0.77 2.21 0.70*
Gss 1 0.32 229 0.14™* 1.15 0.16### 142 0.35
Cat 1 0.32 088 0.15 070 0.19 1.27 0.39%
Mt1 1 0.11 159 0.23* 178 0.30™ 1.46 0.38*
Proliferation, apoptosis and DNA repair
Mgmt 1 048 1533 8.63* 1563 540" 1.76 0.56%
Trp53 1 0.33 059 0.17* 065 032 1.51 0.44%
Bcl2 1 0.39 139 037 082 0.26# 1.54 0.42%
Bax 1 0.27 119 013 0.63  0.23## 1.40 0.39%
Casp3 1 0.31 099 0.12 054 0.28%# 1.26 0.35%
Cend1 1 0.36 141 068 1.10 0.50 1.52 0.50
Cdknla 1 0.33 351  032%* 137  0.22### 1.25 0.41
Cdknlb 1 0.23 082 0.07 096 0.69 1.26 0.33
Cdkn2a 1 0.98 116 0.82 228 125 1.63 0.41
Other cell stress responses and signaling
Mitf 1 0.39 085 039 058 044 1.32 0.47%
Tyr 1 0.31 152  0.55 123 0.80 145 0.17*
Mdm?2 1 0.41 281 0.65™ 1.00 0.56## 1.57 0.55
Rb1 1 0.37 217 041%™ 096  0.30## 1.44 0.55
Mial 1 0.68 035 0.05 077 0.61 0.96 0.51
Pcna 1 0.30 042 017" 054 041 147 0.43%

Table 2 (continued)

CTL INH REC BS
Mean SD Mean SD Mean SD Mean SD
n 4 3 4 4
Other cell stress responses and signaling
Prkaca 1 0.31 096 020 068 0.16# 1.27 0.31%
Tert 1 0.53 086 037 0.76  0.61 0.71 0.22

Oncogenes and oncosuppressors
Akt1 1 0.31 089 034 0.80 0.50 1.43 0.35

Fos 1 0.28 261 036" 2.85 057 1.40 0.69%
Hras1 1 0.29 166 043" 090 0.42# 1.43 0.33
Jun 1 0.44 204 060" 191 0.32* 1.04 0.33%
Kit 1 0.24 041 027* 061 047 0.73 0.39
Kras 1 0.32 0.70 0.18 0.63 0.12* 0.61 0.12*
Myc 1 0.35 026 0.10* 046 030* 143 0.46%
Nras 1 0.33 090 021 0.84 051 1.64 0.46*
Rafl 1 0.31 087 025 0.87 0.65 131 0.39
Pten 1 0.30 135 028 0.79 048 141 0.46
Stk11 1 0.29 112 0.08 099 031 1.50 0.39
Protein phosphatases 1 and 2

Ppplca 1 0.29 068 0.10* 054 024" 139 0.31%
Ppplcb 1 0.38 076 025 063 051 1.18 0.30
Ppp2ca 1 0.22 094 021 0.87 0.46 137 0.35
Ppp2cb 1 0.27 083 0.16 0.87 0.65 1.38 0.35
Ppp2ria 1 0.30 081 024 055 027* 1.28 0.24%
Ppp2rib 1 0.39 090 0.14 079 042 1.57 0.52%
Ppp2r5c 1 0.30 074 0.14 073 032 1.63 0.50$
Lemtl 1 0.25 082 0.06 066 024 1.21 0.20%
Ppmel 1 0.24 068 024 079 039 1.38 0.43

Genes, see Supplementary Table 1. *, P < 0.05; **, P < 0.25; ***, P < 0.01, Tumor group vs
CTL; #, P < 0.05; ##, P < 0.025, ###, P < 0.01, Tumor group vs INH; §, P < 0.05; $$,
P < 0.025, BS vs REC.

(4+43% and + 48%, respectively, both P < 0.05). In contrast to the INH
group, GPC and GPE were decreased in BS tumors (—54% and — 64%,
respectively, P < 0.05). Total fatty acid (tFA) levels were increased, as
in INH and REC tumors, by 209%, P < 0.05, as well as polyunsaturated
fatty acids (PUF) by 4 120%, P < 0.05.

In the Glutamate metabolism subset no change was found in BS tu-
mors. In contrast, in the Oxidative stress metabolism subset, BS tumors
showed a strong decrease of GSx (—39% P < 0.05) and an increase of
Tau (+25%, P < 0.025).

Metabolomic analysis revealed that BS tumors displayed changes
mainly in phospholipid and oxidative stress metabolism (75% and 50%
of subset metabolites, respectively, Table 1).

3.2.2.4. Transcriptomic analysis. In contrast with fotemustine-treated
tumors, BS tumors had less pronounced gene expression changes
(Table 2).

The most regulated gene subset in BS tumors was that of Oxidative
stress response, including Gpx3 (x2.6), Gsr (x2.2) and Sod2 (x1.7),
Gpx1 (+68%), and Mt1 (+46%), all P <0.05 (Fig. 4B). Otherwise,
there was upregulation of Tyr (+45%), and proto-oncogene expression
changes with downregulation of Kras and upregulation of Nras (—39%
and + 64%, respectively, both P < 0.05).

Overall, transcriptional analysis of BS tumors showed alteration of
genes involved in cellular oxidative stress response and ras oncogene
family. Because Sod2 is specifically mitochondrial, and Gsr mostly
expressed in mitochondria, we conclude that mitochondria was proba-
bly a target in BS effect.

3.2.2.5. Integration of metabolomics and transcriptomics. Multivariate sta-
tistical analysis was applied to metabolomics and transcriptomics data
of CTL, REC and BS tumors, to help revealing global features of BS
response. INH tumors were excluded of this analysis because these
tumors would have severely weighted the analysis with the reversal
of Warburg effect.
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Fig. 3. Morphological alterations in distant normal tissues and BS tumors. A-C. Morphological features of distant normal tissues in mice bearing a treated tumor. Weights are normalized to
the CTL value. Body weight with tumor weight subtracted (A), liver (B), and soleus muscle (C).*P < 0.05 INH vs CTL. D. Tumor weight in 4 groups. White bar, CTL; black bar, INH; hatched,

REC; gray, BS. Data are normalized to the CTL group value.

* P < 0.05; ** P < 0.01, group vs CTL. E—Photographs of histological slices (x40 magnification) of representative tumors from all

groups (CTL, INH, REC and BS), showing features quantified below. CTL tumors show abundant mitoses and vasculature with numerous intravascular red blood cells. INH and REC tumors
display poor microvessel density, and areas of anisocytosis and pigmentation. BS tumors exhibit decreased mitoses and areas of pigmentation . F-K. Histology of tumor groups. White bar,
CTL; black bar, INH; hatched, REC; gray, BS. Data are normalized to the CTL group value. Mitotic count (F), anisocytosis (G), necrosis (H), pigmentation (I), vascularization (J) and tumor
infiltrating lymphocytes (TIL) (K). *, P < 0.05; **, P < 0.025;***, P <0.01, tumor group vs CTL. ###, P < 0.01, tumor group vs INH; $$, P < 0.025 BS vs. REC.

Partial least squares analysis clusterized tumor samples into well
separated groups, thus enabling to identify the F2 vertical axis in both
analyses as a BS effect axis, from intense effect (bottom, distant BS
tumors) to weak effect (top, CTL tumors) (Fig. 4C and E).

The loading plot of metabolites showed that the F2 axis opposed
tCr and Tau to GPE, GPC, GSx, Asn and Ala (Fig. 4D). In this analysis,
the metabolic signature of the “pure” BS effect included high levels
of tCr and Tau, and low levels of GPE, GPC, GSx, Asn and Ala. The corre-
sponding biochemical phenotype was consistent with response to oxi-
dative stress and detoxification (glutathione consumption and
biosynthesis through transsulfuration, high level of Tau).

Based on this interpretation of the F2 axis, and group barycentre pro-
jection onto the F2 axis, it may be estimated that REC tumors contained
about 40% of tumor cells responding through a proximal BS effect.

The loading plot of transcript expression showed that the F2 axis op-
posed Cdkn1a, Nras, Gsr, Acol, Gss, and Ccnd1 to Kras (Fig. 4F). In this
analysis, BS effect was characterized by upregulated response to oxida-
tive stress (Gsr and Gss), and balanced expression of oncogenic ras iso-
form genes (upregulated Nras and downregulated Kras).

Here also, based on the interpretation of the F2 axis of transcript ex-
pression analysis, and group barycentre projection onto the F2 axis, it
may be estimated that REC tumors contained about 46% of tumor cells
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Fig. 4. Phenotype alterations in BS tumors and data integration. A. Typical 1D HRMAS 'H NMR spectra of tumors from 3 groups (CTL, REC, BS). The displayed spectral range is 0.5-4.6 ppm. Black,
CTL; purple, REC, and blue, BS. Arrows, signals from indicated metabolites. For metabolite abbreviations, see Table 1. B. Oxidative stress response-related transcripts in BS tumors, classified by
magnitude of variation. *, P < 0.05, BS vs CTL. C, D. Partial least squares analysis of tumor metabolomic data. In this analysis, partial least squares coefficients of regression were R2X = 0.45
with metabolites and R2Y = 0.59 with groups. Plot of individual samples from the 3 groups (C). Black, CTL; purple, REC, and blue, BS. Loading plot (D). For metabolite abbreviations, see
Table 1. E, F. Partial least squares analysis of tumor transcriptional data. In this analysis, partial least squares coefficients of regression were R2X = 0.50 with metabolites and R2Y = 0.88
with groups. Plot of individual samples from the 3 groups (C). Black, CTL; purple, REC, and blue, BS. Loading plot (D). For transcript abbreviations, see Supporting Information Table 1.

responding through a proximal BS effect, in excellent agreement with
multivariate statistical analysis of metabolic data.

3.3. Serum of mice bearing treated tumors vehicles oxidative stress-related
species

We previously showed that administration of serum from
fotemustine-treated tumor-bearing mice as donors markedly inhibited
tumor growth of untreated B16 melanoma (—77 + 19%, P < 0.001,
INH vs CTL sera) (Fig. 5A).

Because of this response and induction of oxidative stress response
in BS tumors, we sought for biological markers in the plasma of treated
tumor-bearing mice.

3.3.1. Global metabolic profile

Semi-quantitative analysis of NMR spectra was performed on sera of
mice from CTL, INH, and REC groups (Fig. 5B). Glc and GIn plasma levels
were similar in all groups. In the INH group, Lac and Ala levels were
decreased, and Ace and Sarc levels increased. In the REC group, Lac
and Succ levels were still decreased. Two-dimensional 'H NMR
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spectroscopy of serum showed increased level of ethanol in the INH
group (not shown). These data indicate that serum Lac may be related
to mouse tumor burden, and that sera collected oxidative stress-
related species (ethanol).

3.3.2. Biochemistry

Biochemical biomarkers of oxidative stress were measured in the
3 recipient groups of the first experiment (Fig. 5C and D). MDA was sig-
nificantly increased in the serum of INH and REC tumor-bearing mice
(+0.63 & 0.30 and +0.93 + 0.25 pmol 17! vs CTL, both P < 0.01).
TBARS were significantly increased in the plasma of INH and REC
tumor-bearing mice (+0.99 + 0.50 and +0.44 + 0.35 umol 17!,
P < 0.01 and P < 0.05 respectively). Protein thiols were similar in all re-
cipient groups (P = NS). Thus the serum of treated tumor-bearing mice
contained increased levels of oxidative stress-related derivatives.

4. Discussion and conclusions

In this article, we used a model of localized chemotherapy (i.t. ad-
ministration of fotemustine), and sought whether it induced BS effect
in distant normal tissue and untreated melanoma. Normal tissue in
this study did not significantly respond to the presence of treated tu-
mors. Then, we investigated whether BS tumors responded to localized
chemotherapy of pre-implanted tumors. We found that BS tumors, to
the contrary of normal tissues, strongly responded with reduced prolif-
eration and severe oxidative stress response. This apparent discrepancy
may be related to the fact that sensitivity to BS effects could depend on
the level of replicative and transcriptional activities [22].

To help elucidating the mechanisms of chemotherapy-induced BS ef-
fect in vivo, we analyzed BS tumors and tumors receiving localized che-
motherapy using an approach devoid of preconception and increasingly

used to get a comprehensive view of phenotype changes, involving
metabolic and transcriptional molecular screening.

During inhibition of proliferation, INH tumors exhibited strong ge-
nomic instability and showed evidence of a switch from glycolysis to
Krebs cycle and oxidative phosphorylation. First, at the transcriptional
level, we found downregulation of glycolysis-related genes including
Slc2al, Pfk1, Tkt and Pgk1. Second, at the metabolome level, we con-
firmed downregulation of glycolysis with decreased Lac level, decreased
13C incorporation from Glc into Lac, and activation of the Krebs cycle,
attested by strong decrease in Succ, and increased '*C incorporation
from Glc into Glu, Gln and Asp [23]. Succ was reported to stabilize tran-
scription factor HIF1a, which in turn induces transcription of glycolysis-
related genes [24]. Most of these bioenergetics disorders recovered in
REC tumors.

An unexpected finding was ATP decrease, which was not likely re-
lated to decreased production in INH tumors that exhibit upregulated
OXPHOS. Some explanations may be proposed for increased needs or
losses of ATP in INH tumors. First, a recent finding was ATP secretion
by chemotherapy-treated tumor cells [25], a mechanism that may in-
duce a local immune response [26]. However, our histological data
about TIL and inflammation do not agree with a significant role for im-
mune response. Second, ATP consumption may be increased in treated
tumor due to DNA repair, oxidative stress response and apoptosis.

Furthermore, INH tumors showed downregulation of acetyl-CoA-
lyase (Acly), suggesting that the Krebs cycle worked and retained its in-
termediates, and downregulation of choline-kinase A (Chka) in favor of
reduced aggressiveness [27]. Other genes of phospholipid metabolism
were upregulated (including members of phospholipase A2 and D
families, the former possibly explaining increased GPC and GPE values).
An unexpected finding was the accumulation of PE, which may be
linked to serine accumulation, a product of glycolysis, demonstrated
by '3C experiments. In addition INH tumors accumulated fatty acids,
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possibly because the Krebs cycle was sufficiently fed with pyruvate from
glycolysis, and did not require beta-oxidation of lipids.

In tumors resuming growth (REC tumors), most lipid metabolism-
related genes recovered, but fatty acid synthase (Fasn) was downregu-
lated. Fasn behaves as an oncogenic protein [28]. However, total free
fatty acids, including PUF, accumulated, which could be related to either
low level of beta-oxidation or lipid droplet formation [29].

In BS tumors, whereas glycolysis was not significantly altered, Succ
was decreased as well as UDPX, a pyrimidine derivative. Because these
metabolites or their precursors are synthesized within mitochondria,
these alterations suggest targeting of mitochondrial functions in BS re-
sponse. The hypothesis was reinforced by findings that BS tumors ex-
hibit oxidative stress response implicating proteins of mitochondrial
origin, and ras expression abnormalities [30], as discussed below.

Also, in BS tumors, lipid metabolism-related gene expression was
not altered. However, tFA and PUF accumulated, possibly because of
inhibition of beta-oxidation or lipid droplet formation. GPC and GPE
decreased, to the difference of what was found in INH, REC and CTL
tumors, and this finding may relate to differential response of members
of phospholipase A2 family. From the PLS analysis, GPC and GPE were
candidate biomarkers of BS response.

Oxidative stress response was the prominent common feature of
INH, REC and BS tumors. In INH tumors, Tnx1 and Txnrd1 were down-
regulated. The thioredoxin system plays a role in control of proliferation,
redox state and apoptosis. Other genes encoding for oxidative stress
response (Hmox1, Sod3, Gpx1, Gpx3, Gss and Mt1) were upregulated.
Gss was upregulated testifying GSH biosynthesis. In INH tumors, the
antioxidant response implicated cytosolic enzyme activities.

In REC tumors, Hmox1, Sod3, Gpx3 and Mt1 were upregulated,
showing that these tumors undergo oxidative stress probably due to
sustained DNA damage and genomic instability. In these tumors, GSx
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decreased, a feature probably mediated by plasma membrane efflux
transport and multidrug resistance proteins.

In BS tumors, a clear antioxidant response was elicited that differed
from that of treated tumors. Upregulated genes were Gpx1 and Gpx3,
Sod2, the latter encoding for an isoform of superoxide dismutase local-
ized in mitochondria, and Gsr encoding glutathione reductase also
present in mitochondria. GSx was decreased indicating involvement
of detoxification processes. Therefore, oxidative stress response in BS
tumors, to the difference of INH and REC tumors, involved a mitochon-
drial component. This is in line with bioenergetic metabolome abnor-
malities in BS tumors in favor of mitochondrial targeting, as previously
discussed.

An unexpected finding in BS tumors was downregulation of Kras and
upregulation of Nras. Ras oncogenes comprise the most frequently mu-
tated class of oncogenes in melanomas, and the 3 isoforms, Hras, Kras
and Nras, have functions in trafficking, localization and signaling.

It has been reported that both Nras and Kras were constitutively as-
sociated with different compartments of mitochondria, and implicated
in mitochondrial morphology [31]. In addition, N-Ras was an essential
component of the retrograde signaling system between the mitochon-
dria and nucleus.

Kras expression was shown to alter nuclear gene expression
encoding for mitochondrial proteins especially bioenergetic metabo-
lism yielding increased dependence on glycolysis [32]. It is also associ-
ated to inhibition of Complex I of electron chain transport, which, in
turn, may yield increased activity of Complex II-based respiration. Com-
plex Il activity is in competition for ubiquinone with dihydroorotate de-
hydrogenase, the mitochondrial key enzyme of pyrimidine synthesis.
Such a mechanism could explain the metabolic phenotype of BS tumors
including decreased levels of Succ and UDPX to sustain mitochondrial
ATP production, at the expense of pyrimidine derivative synthesis.
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Taken together, combined alteration in Kras and Nras gene expres-
sion in BS tumor cells was in favor that mitochondria were major targets
in response to BS factors. This adds to other findings about the involve-
ment of mitochondria in response to BS factors, including increased
oxidative stress response in mitochondria, and mitochondria-related
bioenergetic metabolism alterations. To our knowledge, our data are
the first to establish mitochondrial involvement in chemotherapy
induced-BS effect in vivo.

A summary of our findings is given in Fig. 6. We propose that BS fac-
tors target nuclear and/or mitochondrial DNA, and induce genetic insta-
bility, as reported in response to radiation-induced BS factors [33,34].
Due to mitochondrial damage, BS tumor cells elicit retrograde signaling
between mitochondria and nucleus. This triggers antioxidant response.
Also, we show that the plasma of chemotherapy-treated mice contained
increased level of oxidative stress-related species, which are candidate
mediators of genetic instability and oxidative stress response in BS
tumor cells.

Another important result of this study was based on multivariate
statistical analyses of metabolomics and transcriptomics data. In these
analyses, an axis could be interpreted as the BS effect axis. With metabo-
lomics, the BS phenotype involved response to oxidative stress and de-
toxification. With transcriptomics, the BS phenotype was characterized
with response to oxidative stress and ras oncogene expression changes
(upregulation of Nras, and downregulation of Kras). Based on the iden-
tification of a BS effect axis, we could estimate the proportion of tumor
cells undergoing proximal BS effect within the chemotherapy-treated
tumor to 40-46%. BS effect was reported to occur in and out of the radio-
therapy field [35], in agreement with our findings in tumors receiving
localized chemotherapy and BS tumors. Our estimates of the BS contri-
bution are in agreement with the proportion of cells undergoing BS
effect in in vitro radiotherapy studies [36]. However, it is the first time
that this contribution was estimated in vivo.

It is concluded from this study that localized chemotherapy induces
severe oxidative stress response in BS tumors, but that normal tissues
are spared by this effect. Therefore chemotherapy-induced BS effect
may be a new mechanism in vivo by which chemotherapies as well as
targeted therapies, may cause oxidative stress-related systemic effects
such as chronic toxicity, metabolic diseases and oncogenesis.

This study also proposes an approach to evaluate the contribution of
BS effect within treated tumors, and identifies the BS effect as a signifi-
cantly contributing response to chemotherapy that may be exploited to
improve overall response to cancer treatment.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.11.022.
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