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Abstract

Background: Cancer cells from different origins exhibit various basal redox status and thus
respond differently to intrinsic or extrinsic oxidative stress. These intricate characteristics
condition the success of redox-based anticancer therapies that capitalize on the ability of
reactive oxygen species to achieve selective and efficient cancer cell killing.

Methods: Redox biology methods, SILAC (stable isotope labeling by amino acids in cell
culture)-based proteomics and bioinformatics pattern comparisons were used to decipher the
underlying mechanisms for differential response of lung and breast cancer cell models to
redox-modulating molecule auranofin (AUF) and to combinations of AUF and vitamin C
(VC). The in vivo effect of AUF, VC, and two AUF/VC combinations on mice bearing MDA-
MB-231 xenografts (n = 5 mice per group) was also evaluated. All statistical tests were two-
sided.

Results: AUF targeted simultaneously the thioredoxin and glutathione antioxidant systems.
AUF/VC combinations exerted a synergistic and hydrogen peroxide (H202)-mediated
cytotoxicity towards MDA-MB-231 cells and other breast cancer cell lines. The anticancer
potential of AUF/VC combinations was validated in vivo on MDA-MB-231 xenografts in
mice without notable side effects. On day 14 of treatments, mean tumor volumes for vehicle-
treated control group and the two AUF/VC combinations-treated groups (A/V1 and A/V2)
were 197.67 + 24.28, 15.66 + 10.90 and 10.23 + 7.30 mm? respectively, adjusted P values of
the differences between mean tumor volumes of vehicle vs A/V1 groups and vehicle vs A/\V2
groups were both less than .001. SILAC proteomics, bioinformatics analysis, and functional
experiments linked prostaglandin reductase 1 (PTGR1) expression levels with breast cancer

cell sensitivity to AUF/VVC combinations.



Conclusion: Combination of AUF and VC, two commonly available drugs, could be efficient
against triple-negative breast cancer and potentially other cancers with similar redox
properties and PTGR1 expression levels. Redox-based anticancer activity of this combination
and the discriminatory potential of PTGR1 expression are worth further assessment in

preclinical and clinical studies.



Introduction

The difference in intrinsic reactive oxygen species (ROS) levels and redox status between
normal and malignant cells provides a potential window to develop redox-based therapeutic
approaches (1, 2). Despite sharing common hallmarks (3, 4), cancer cells from different
origins exhibit different basal redox status and react differently to further intrinsic or extrinsic
oxidative stress. These intricate characteristics condition cancer cell sensitivity to redox-
modulating anticancer molecules or even to standard chemotherapeutic drugs that, in many
cases, induce oxidative stress (5, 6).

Auranofin (AUF) is an oral gold-containing drug initially approved by the U.S. Food
and Drug Administration for treatment of rheumatoid arthritis. AUF targets thioredoxin
reductase (TRXR) and was recently repurposed as a potent anticancer drug (7-10). AUF is
currently in clinical trials for chronic lymphocytic leukemia, ovarian cancer and lung cancer
(https://clinicaltrials.gov/ct2/show/NCT01419691, NCT01747798, NCT01737502). However,
cellular response to AUF varies considerably (11, 12).

In this study, we used lung and breast cancer cell models to decipher the factors that
condition cancer cell response to AUF. We demonstrated that the anticancer activity of AUF
relies on impacting both the glutathione and thioredoxin systems. Importantly, we discovered
that AUF and L-ascorbic acid (vitamin C, VC) combinations exert a synergistic and hydrogen
peroxide (H202)-mediated cytotoxicity towards triple-negative breast cancer (TNBC) cell
lines, which was further validated in vivo in mice bearing MDA-MB-231 xenografts. We
showed that prostaglandin reductase 1 (PTGR1) expression levels are linked with cellular
sensitivity to AUF/VC combinations, suggesting the use of PTGRL1 as a potential predictive

biomarker.

Methods



All experimental materials and methods are detailed in the Supplementary Methods.

Cell Lines and Drugs

A549 (non-small-cell lung carcinoma cells), MDA-MB-231 (TNBC cells), HUVEC (human
umbilical vein endothelial cells) and human dermal fibroblasts were purchased from
American Type Culture Collection (Manassas, Virginia). HMEC (human mammary epithelial
cells) were from Lonza (Basel, Switzerland). Additional breast cancer cell lines are described
in the Supplementary Methods. AUF and VC were purchased from Enzo Life Sciences

(Farmingdale, New York) and Sigma-Aldrich (Saint Louis, Missouri), respectively.

Evaluation of Cell Viability in Vitro

Cells were seeded in 96-well plates at a density of 1.25x10* cells per well for 24 hours and
subjected to treatments. Cellular viability was assessed using the MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay (Thermo Fisher Scientific,
Waltham, Massachusetts). For colony formation assay, cells treated with defined conditions
were further cultured for 10 to 12 days. Colonies were stained with 0.5% crystal violet
solution and counted using ImageJ software (NIH, Bethesda, Maryland). Flow cytometry-
based cell death assessment was performed using annexin V-FITC/propidium iodide
(P1) staining (Thermo Fisher Scientific) and were analyzed using FlowJo software (FlowJo
LLC, Ashland, Oregon). Data of combined drug effects were analyzed by the Chou
and Talalay method using CompuSyn software (13). Combination index values of less than

1, 1, and more than 1 indicated synergism, additive effect, and antagonism, respectively.

SILAC (Stable Isotope Labeling by Amino Acids in Cell Culture)-based Mass

Spectrometry Analysis



Standard SILAC medium preparation and labeling steps were performed according to the
manufacturer (Thermo Fisher Scientific). Proteins from A549 and MDA-MB-231 cells were
extracted and analyzed by nano-LC-MS/MS. Data were acquired using the Xcalibur software
(v 3.0) (Thermo Fisher Scientific) and the resulting spectra were interrogated by Sequest HT
through Thermo Scientific Proteome Discoverer (v 2.1) with the SwissProt Homo Sapiens

database (012016). Experiment details are presented in the Supplementary Methods.

Mouse Experiments

Mouse experiments were reviewed and approved by the ethical committee CAPSUD/N°26
(reference  number: 3898/2016020310283077). MDA-MB-231 cells were injected
subcutaneously into the left and right flanks of 7-week-old female Swiss Nude Mice
Crl:NU(Ico)-Foxn1™ (Charles River laboratories, Wilmington, Massachusetts). Mice with
tumors of 40-60 mm? were randomly assigned into five groups, each containing five mice.
Mice were treated once a day by intraperitoneal injection (except Saturday and Sunday) for 15
days with phosphate-buffered saline (PBS, vehicle), AUF 10 mg/kg, VC 4 g/kg, AUF 5
mg/kg + VC 4 g/kg (designated A/VV1) or AUF 10 mg/kg + VC 4 g/kg (designated A/V2).
Tumor sizes were measured with electronic calipers. Experiment details are presented in the

Supplementary Methods.

Statistical Analysis

Statistical significance of each data set was analyzed by one-way, two-way ANOVA or t test,
as appropriate. Dose-response modeling, half maximal inhibitory concentration (IC50)
calculations, and Spearman’s correlation analyses were also performed. All statistical tests

were two-sided. P values and adjusted P values less than .05 were considered statistically



significant.GraphPad Prism 7 software (GraphPad Software Inc., California) was used for

calculating these statistics.

Results

Sensitivity of A549 and MDA-MB-231 Cells to AUF

A549 and MDA-MB-231 cells were treated with AUF ranging from 0.3 to 6 uM for 24 hours.
MTT assays revealed that 6 uM AUF Kkilled totally the MDA-MB-231 cells (mean viability +
SD = 0.51 = 1.22%, adjusted P < .001), while having moderate effect on A549 cells (mean
viability £ SD = 72.78 £ 12.64%, adjusted P < .001) (Figure 1A). Annexin/Pl staining
suggested a non-apoptotic cell death (Supplementary Figure 1A). IC50 of AUF for A549
and MDA-MB-231 was 7.59 uM and 2.34 uM respectively. Treatment with 6 uM AUF for 4
hours totally inhibited colony formation of MDA-MB-231 cells, while reduced only by 50%
colony number of A549 cells (Figure 1B), confirming higher sensitivity of MDA-MB-231
cells to AUF, although its intrinsic lower baseline colony formation capacity should be taken
into account (Figure 1B).

Given these observations, 6 uM AUF was further used as reference concentration to
evaluate early impact of AUF on the redox systems. Basal TRXR activity was higher in A549
than in MDA-MB-231 cells, nevertheless, 6 UM AUF for 1 hour statistically significantly
inhibited TRXR activity in both cell lines (adjusted P < .001) (Figure 1C). Under this
condition, partial and total oxidation of peroxiredoxin 1 (PRDX1) and mitochondria-localized
peroxiredoxin 3 (PRDX3) respectively were observed in MDA-MB-231 cells (Figure 1D), in
contrast to moderate PRDX3 oxidation in A549 cells. Thus, AUF mainly impacted PRDX3,

in accordance with an earlier report (14). Furthermore, 6 pM AUF caused ROS accumulation



in MDA-MB-231 but not in A549 cells (Figure 1E). These data suggest that A549 cells have

a stronger antioxidant capacity than MDA-MB-231, promoting resistance to AUF.

Implication of Glutathione in AUF-induced Cell Death

Elevated intracellular glutathione usually correlates with resistance to pro-oxidants (15).
Indeed, A549 exhibited an elevated basal level of glutathione compared with MDA-MB-231
cells (adjusted P < .001) and a higher resistance to AUF-induced glutathione depletion
(Figure 2A). However, treatment of A549 cells with elevated AUF concentrations (10 and 12
M) caused glutathione depletion (Figure 2B), statistically significant cell death (adjusted P
< .001) (Figure 2C) and PRDX1 and PRDX3 oxidation (Figure 2D). DNCB (1-chloro-2,4-
dinitrobenzene) is a TRXR inhibitor and an inducer of glutathione depletion (16). Treatment
of A549 cells with DNCB (up to 80 uM) alone for 30 min mildly affected viability (Figure
2E), depleted glutathione (P = .003) (Figure 2F), inhibited TRXR activity (adjusted P < .001)
(Figure 2G) and increased general ROS levels (adjusted P < .001) (Figure 2H). In contrast,
treatment with DNCB for 30 min followed by 6 uM AUF for additional 24 hours efficiently
killed A549 cells (adjusted P < .001) (Figure 2E), further decreased TRXR activity (adjusted
P =.009) (Figure 2G) and further increased general ROS levels (adjusted P < .001) (Figure
2H). On the other hand, reduced glutathione (GSH) or N-acetyl-L-cysteine (NAC) but not
oxidized glutathione (GSSG) suppressed AUF-induced MDA-MB-231 cell death (adjusted P
< .001) without restoring TRXR activity (Figure 21, J). These data indicate that, in addition
to inhibiting TRXR activity, AUF depletes glutathione in a dose-dependent manner, leading

to ROS accumulation and cell death.



Anticancer Effect of AUF/VC Combination

The results described above indicate that AUF is an efficient redox modulator and can be used
to sensitize cancer cells to ROS-mediated challenges. Indeed, rational combinations of AUF
and vitamin C (VC), a ROS generator and redox modulator (17-20), exerted synergistic
cytotoxicity towards MDA-MB-231 cells, with combination index values less than 1 (Figure
3A). AUF 1 uM combined with VC 2.5 mM, specifically designated AUF-VC to distinguish
from other AUF/VC combinations throughout the manuscript, was an optimal combination
that preferentially killed MDA-MB-231 cells (adjusted P < .001) with much less impact on
non-cancerous cell lines HMEC, human dermal fibroblasts and HUVEC (Figure 3B). The
AUF-VC had a moderate toxicity on HMEC and minor or no effect on human dermal
fibroblasts and HUVEC. Indeed, HUVEC colony formation capacity was not affected by the
AUF-VC comparing with 6 pM AUF (Figure 3D), highlighting the advantage of using an
AUF/VC combination over high-dose AUF. A549 cells were resistant to AUF-VC (Figure
3B, C). As for AUF alone, the AUF-VC induced non-apoptotic cell death in MDA-MB-231

cells (Supplementary Figure 1B).

Proteome Comparison: A549 versus MDA-MB-231

In order to understand the mechanistic basis of this different sensitivity between A549 and
MDA-MB-231 cells to AUF and the AUF-VC, their proteomes were compared using
quantitative SILAC-based analysis. 4131 proteins common to both cell lines were quantified
among which 413 presented an absolute fold change in expression level > 2 with an adjusted
P value < .05 (Supplementary Table 1). Of note, proteins involved in glutathione synthesis
and reduction and in the pentose phosphate pathway (PPP) were more abundant in A549 cells,
PPP being a key pathway generating NADPH, the main electron source for both the

thioredoxin and the glutathione systems (21, 22). Furthermore, proteins belonging to other



metabolic pathways including AGR2 (63.5-fold), AK1BA (36.8-fold), PGDH (31.5-fold) and
PTGR1 (12.2-fold) were also highly abundant in A549 cells.

To identify which of the 413 differently expressed proteins may correlate with cellular
response to AUF/VC combinations, we performed pattern comparisons for AUF and VC
anticancer activities using NCI-60 CellMiner web tool (23, 24). Gene transcript levels
corresponding to 69 proteins exhibited a statistically significant correlation with AUF activity,
54 genes correlated negatively while 15 positively. On the other hand, expression levels of 26
genes statistically significantly correlated with VC activity, among which 17 correlated
negatively while 9 positively. We thus generated a list of 17 genes with 12 correlating
negatively and 5 positively with both AUF and VC effect (Table 1). Among these 17 genes,
PTGRL1 exhibited the highest statistically significant Pearson’s correlation values for both
AUF and VC (r = —0.538 and —0.608, P = 9.70x10" and 0, respectively), which suggests its

potential use as a predictive biomarker for cancer cell response to AUF/VC combinations.

Correlation between PTGR1 Expression and Cellular Response to AUF/VC
Combinations

We queried the PTGR1 gene expression data of 34 breast cancer cell lines of the Curie
Institute collection. The majority (85.3%) displayed lower PTGR1 mRNA levels compared
with MDA-MB-231 (Figure 4A). We first chose a panel of five TNBC cell lines with
different PTGR1 mRNA levels, including MDA-MB-231 (PTGR1 mRNA expression = 9.11),
HCC-1937 (8.76), BT-549 (8.24), MDA-MB-468 (7.24) and HCC-1187 (6.28). TNBC
represents a heterogeneous and aggressive breast cancer subtype with a poor prognosis (27,
28). Western blot showed a consistent pattern between PTGR1 mRNA and protein levels
(Figure 4A, B). These five TNBC cell lines were all sensitive to the AUF-VC (Figure 4C).

We determined the IC50 of AUF/VVC combination for each cell line and found that cells with

10



higher PTGR1 expression were more resistance to AUF/VC combination (Figure 4D,
Supplementary Figure 2). HCC-1187 cells exhibiting the lowest PTGR1 expression had the
highest sensitivity to AUF/VC combination.

The link between PTGR1 expression levels and cellular response to AUF/VC
combination was validated by PTGR1 knockdown or overexpression experiments. PTGR1
silencing rendered MDA-MB-231 cells more sensitive to AUF/VC combinations (adjusted P
< .001) (Figure 4E), and even sensitized highly resistant A549 cells (Figure 4F). On the
other hand, PTGR1 overexpression in HCC-1187 cells enhanced per se cellular growth
(adjusted P = .04) and conferred resistance to AUF/VC treatment (adjusted P < .001) (Figure
4G).

To address whether this link can be true for breast cancer in general, we included to
the study five non-TNBC breast cancer cell lines exhibiting different PTGR1 mRNA
expression levels (Figure 4A) (26). Their IC50 values were close to those of TNBC cell lines
(Supplementary Figure 2), indicating that AUF/VVC combination may be effective for non-
TNBC cells as well. With this panel of 10 cell lines, Spearman’s correlation and linear
regression analysis showed a moderate but statistically significant correlation between
PTGR1 expression and AUF/VC response (Spearman’s r = 0.649, P = .049) (Figure 4H). The
tendency of correlation appeared to be more pronounced in TNBC cell lines. Consistently,
PTGR1 knockdown in HCC-1954 cells, an HER2-positive breast cancer cell line, conferred a
higher sensitivity to AUF/VC combinations (Figure 41), but yet a mild effect when compared
with that observed in MDA-MB-231 cells (Figure 5E). A larger set of breast cancer cell lines
is required to achieve a statistically sound conclusion for each breast cancer subtype.

To further address whether the existence and degree of correlation between PTGR1
expression and cancer response to AUF/VVC combinations may vary among cancer cell types

or subtypes, we retrieved PTGR1 mRNA expression data of 60 cancer cell lines of different
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origins as well as their sensitivity to AUF or VC from NCI-60 database (Supplementary
Figure 3A). The small number of cell lines in each cancer type prevented a statistically sound
correlation analysis. Nevertheless, most of PTGR1-overexpressing lung cancer cell lines
showed resistance to AUF and VC, the only cell line with low PTGR1 levels (NCI-H522) was
sensitive to both drugs (Supplementary Figure 3B, C). Interestingly, the enhanced toxicity
of AUF/VVC combinations on PTGR1-silenced A549 cells was consistent with this prediction
(Figure 4F). Taken together, our data and bioinformatics analyses indicate that the link
between PTGR1 expression and cancer cell sensitivity to AUF/VC combination may be valid

for specific cancer types or subtypes.

Reactive Species Responsible for the AUF-VC Induced Cytotoxicity

Treatment with the AUF-VC for 2 hours led to a statistically significant increase in ROS level
in MDA-MB-231 cells (adjusted P < .001) (Figure 5A). The presence of 2 mM GSH or
polyethylene glycol-catalase (PEG-CAT, 500 and 2000 U/ml) suppressed the AUF-VC
induced cell death, while polyethylene glycol-superoxide dismutase (PEG-SOD) showed no
protective effect (Figure 5B). Consistently, the treatment with the AUF-VC, but not AUF or
VC alone, induced a statistically significant oxidation of H2O-specific HyPer sensors (29)
targeted to cytosol, nucleus or mitochondrial matrix of MDA-MB-231 cells (adjusted P <
.001) (Figure 5C). This effect was abrogated by the presence of PEG-CAT. The sum of these
results indicates that H2O> is the main reactive species responsible for the AUF-VC induced

toxicity.

Effect of AUF/VC Combinational Treatment in Vivo
VC and AUF represent clinically interesting and applicable compounds (7, 30). Our in vitro

data on TNBC cell lines prompted us to explore the effect of AUF/VC combination in vivo.

12



Mice bearing MDA-MB-231 xenografts were treated with PBS (vehicle), AUF 10 mg/kg, VC
4 g/kg, AUF 5 mg/kg + VC 4 g/kg (A/V1) or AUF 10 mg/kg + VC 4 g/kg (A/V2). All
treatment regimens were well tolerated as indicated by an absence of weight loss (Figure 6A)
or blood count anomalies (Figure 6B) or liver or kidney necrosis (Supplementary Figure 4).
Remarkably, the treatment with either A/V1 or A/V2 induced statistically significant tumor
regression within 15 days of treatment. At this time point, mean tumor volumes for vehicle,
A/NV1 and A/V2 groups were 197.67 + 24.28, 15.66 = 10.90 and 10.23 + 7.30 mm?®
respectively, adjusted P values of the differences between tumor volumes of vehicle vs A/V1
and vehicle vs A/V2 were both less than .001 (Figure 6C, D), while tumor growth in vehicle-
treated, AUF-treated, and VVC-treated groups was similar. Exponential and linear fit of tumor
growth curves confirmed an inhibition of tumor growth in A/V1 and A/V2 groups
(Supplementary Figure 5). Hematoxylin and eosin staining of biopsy of the remaining
tumors indicated that AUF/VVC combinations caused massive necrotic cell death (Figure 6E).
These data confirmed our in vitro findings, demonstrating that tumor derived from a
representative TNBC cell line can be suppressed efficiently in vivo using AUF/VC

combinations without obvious side effects.

Discussion

AUF is known to be a specific TRXR inhibitor and has received increasing attention as a
potential anticancer drug (7-10, 14). In this study, we demonstrated that the anticancer activity
of AUF relies on impacting both the glutathione and thioredoxin systems. Cell death occurs at
doses where AUF concomitantly depletes glutathione and inhibits thioredoxin system, in
accordance with the complex interplay and compensatory role between the glutathione and

thioredoxin systems (22, 31).
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VC, at high concentrations, becomes a ROS-generating and redox-modulating
molecule (17-20). We discovered that AUF and VC combinations produce a synergistic and
selective anticancer effect on breast cancer cells in vitro. AUF 1 uM combined with VC 2.5
mM (AUF-VC) was as toxic as 6 uM AUF towards MDA-MB-231 cells but was safe to some
extent for normal cells unlike 6 uM AUF. These findings are potentially clinically relevant
since plasma AUF concentrations of approximately 1~3 uM are achievable with tolerable side
effects in patients or volunteer subjects who received the recommended dose for rheumatoid
arthritis, typically 6 mg/day (32, 33). Whether higher plasma AUF concentrations could be
readily achieved and tolerable are unknown. We predict that beyond 3 uM, AUF may exert
more severe adverse side effects as suggested by the toxicity of 6 uM AUF on HUVEC
observed in vitro. On the other hand, plasma VC concentrations greater than 10 mM are
achievable in humans and are well tolerated (30). Therefore, AUF/VVC combination should
increase anticancer efficacy, and decrease dosage and side effects of single drugs. This is
validated in mice bearing MDA-MB-231 xenografts where AUF/VVC combinations revealed
higher therapeutic efficacy than single drugs.

The reasons underlying the different sensitivity observed between A549 and MDA-
MB-231 cells to AUF and to AUF/VVC combination could be multifactorial. Of note, NRF2,
the key transcriptional regulator of antioxidant systems, is constitutively stabilized in A549
cells (34, 35). The sustained induction of NRF2-targeted genes and NRF2-dependent
metabolic reprogramming that favors NADPH production, confirmed in our SILAC-based
proteome comparison between A549 and MDA-MB-231 cells, could explain the low ROS
levels in A549 cells and their resistance to AUF and AUF/VC combination. Interestingly,
PTGR1 expression levels that were found high in A549 cells are also regulated by NRF2 (36).

PTGRL1 exerts a protective effect against H2.O2- and 4-hydroxynonenal-induced cell death

14



(36). Therefore, PTGR1 may play such role against H,O, generated by AUF/VC
combinations, conferring resistance.

Limitations of our study should be considered. The therapeutic efficacy of AUF/VC
combinations needs to be ascertained using a larger set of mouse TNBC cell line and patient-
derived xenografts. Similarly, the absence of side effects of AUF/VC combinations were
investigated in the mouse models over ashort period of time (two weeks), but long-term
treatments and subsequent clinical trials are needed to confirm the safety of this new drug
combination. Finally, whether PTGR1 could be used as an effective biomarker for response of
TNBC, breast cancer in general, or even other cancer types or subtypes to AUF/VC
combinations also requires extended studies, using a larger set of cell lines and clinical data. It
is worth noting that in our study, low PTGR1 expression tends to correlate with increased
cellular sensitivity to AUF/VC combination. This is in contrast with an earlier report
demonstrating  that PTGR1  induction  enhances  cellular  sensitivity to
hydroxymethylacylfulvene, a drug used for the treatment of advanced solid tumors (37). Thus,
modulation of one gene may have opposite functional impact and different predictive value
depending on the type of cancer, the drug used, and its mechanism of action.

In summary, this study shows that a combination of two non-toxic and commonly
available drugs, AUF and VC, could be efficient against TNBC and potentially other cancers
with similar redox properties. PTGR1 can be considered as a potential biomarker at least for
TNBC cell lines and its use to select cancer patients who will mostly respond to AUF/VC

combination should be further evaluated.
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Table 1. List of 17 genes with statistically significant Pearson correlations with both
auranofin and vitamin C

SILAC: A549 /IMDA-MB-231 Auranofin Vitamin C
Gene Gene
; transcript transcript
Protein Gene Ratio* P valuet Ievelsp P value§ Ievelsp P value§
correlation correlation
coefficient} coefficent}
Increased
TRXR1 TXNRD1 2.81 4.63x10 -0.398 0.006 -0.401 0.002
ASPH ASPH 5.35 3.29x107 -0.530 1.26x10* -0.369 0.004
HYEP EPHX1 4.10 3.43x10° -0.376 0.009 -0.456 2.84x10*
DSG2 DSG2 3.59 4.14x10° -0.534 1.12x10* -0.369 0.004
MYO1E MYO1E 4.46 1.46x10* -0.518 1.91x10* -0.333 0.01
TRI16 TRIM16 4.75 3.66x10° -0.497 3.83x10* -0.455 2.98x10*
PTGR1 PTGR1 12.22 8.75x1010 -0.538 9.70x10° -0.608 0.000
UGDH UGDH 36.44 6.87x10° -0.437 0.002 -0.357 0.005
AL3A2 ALDH3A2 10.31 0.01 -0.374 0.01 -0.350 0.007
Decreased
CAV1 CAV1 0.26 0.002 -0.430 0.003 -0.360 0.005
ECE1l ECE1l 0.16 0.002 -0.536 1.03x10* -0.349 0.007
PP2BA PPP3CA 0.24 0.02 -0.452 0.001 -0.355 0.006
LYAR LYAR 0.42 1.31x10* 0.396 0.006 0.411 0.001
SRPK1 SRPK1 0.25 2.84x10* 0.379 0.009 0.427 7.42x10*
STMN1 STMN1 0.13 0.001 0.402 0.005 0.344 0.008
FKBP5 FKBP5 0.26 0.001 0.445 0.002 0.440 4.81x10*
CMTR1 CMTR1 0.28 0.045 0.479 6.68x10* 0.473 1.55x10*

* Ratio of protein levels between A549 and MDA-MB-231, obtained from SILAC data, are indicated and
classified as “Increased” for the protein ratios >2 with P < .05, and “Decreased” for the protein ratios < 0.5 with
P <.05.

+ P values were obtained by two-sided t test performed with the R package limma (25) adjusted with
Benjamini-Hochberg procedure (26).

1 Pearson correlations were generated from NCI-60 web tool (23, 24)
(https://discover.nci.nih.gov/cellminer/home.do), Database Version 2.1. Pearson's correlation coefficients
between gene transcript level and AUF or VC anticancer effect are indicated. Significant positive and negative
correlations are identified at r > 0.334, P < .05, and r < -0.334, P < .05, respectively.

8 Two-sided P values were not adjusted for multiple comparisons and were generated from NCI-60 web tool.
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Figure Legends

Figure 1. Sensitivity of A549 and MDA-MB-231 cells to AUF. A) A549 and MDA-MB-
231 cells were treated with AUF at indicated concentrations for 24 hours and cell viability
was measured with the MTT assay. Percent survival was calculated relative to non-treated
cells. B) Colony formation of A549 and MDA-MB-231 cells after treatment with 6 uM AUF
for 4 hours. Percent surviving fraction was calculated relative to non-treated cells.
Representative images are presented. C) Total TRXR activity of cells with indicated
treatments was measured using the Thioredoxin Reductase Assay Kit (Sigma-Aldrich).
Values were normalized to the activity of 0.5 pug rat liver TRXR as a positive control (PC, set
to 100%). The insert shows western blot of TRXR1 and TRXR2 of non-treated A549 and
MDA-MB-231 cells. D) PRDX1 and PRDX3 redox states in cells treated with indicated
conditions using redox western blot analysis. Graphs show the quantification of oxidized
PRDX1 or PRDX3 form (%) versus total PRDX1 or PRDX3 protein. ox = oxidized, red =
reduced. E) Flow cytometry-based ROS assessment using carboxy-H>DCFDA in cells treated
with indicated conditions. Mean fluorescence value in non-treated A549 cells is set as 1 and
relative fluorescence intensity is represented. All statistical significance is assessed by two-
way ANOVA with Sidak’s or Tukey’s multiple comparisons test. Sidak’s correction is used
for comparison between different cell lines while Tukey’s for comparison of a given cell line
treated with different conditions. Only part of statistical comparisons is indicated. Bar graphs
show means + SD of at least 3 independent experiments. NT = non-treated, A = A549, M =

MDA-MB-231.

Figure 2. Implication of glutathione in AUF-induced cell death. A) Total intracellular

glutathione levels of A549 and MDA-MB-231 cells treated with indicated conditions. Values

22



are reported as glutathione equivalents per g of proteins. Two-sided P values were calculated
by two-way ANOVA with Sidak’s correction when different cell lines are compared, and
Tukey’s correction when comparing a given cell line treated with different conditions. B)
Total intracellular glutathione levels of A549 cells treated with AUF for 3 hours at indicated
concentrations. C) Viability of A549 cells treated with AUF at indicated concentrations for 24
hours was measured using the MTT assay. Percent survival was calculated relative to non-
treated cells. D) PRDX1 and PRDX3 redox state of A549 cells treated with AUF at indicated
concentrations. Graphs show the quantification of oxidized PRDX1 or PRDX (%) versus total
PRDX1 or PRDX3 protein. ox = oxidized, red = reduced. E) A549 cells were treated with
DNCB at indicated concentrations for 30 min followed by treatment with 6 uM AUF for 24
hours. Cell viability was measured using the MTT assay. F) Total intracellular glutathione
level of A549 cells at indicated conditions. Values are reported as in (A). Two-sided P values
were calculated by unpaired t test with Welch’s correction. G) Total TRXR activity of A549
cells with or without DNCB treatment for 30 min followed by release for 1 hour in culture
medium or an additional treatment with 6 uM AUF. Values were normalized to the activity of
0.5 ug rat liver TRXR as positive control (PC, set to 100%). H) Flow cytometry-based ROS
assessment using carboxy-H>DCFDA in non-treated A549 cells, cells treated with 40 pM
DNCB for 30 min, and cells treated with 40 uM DNCB for 30 min followed by a treatment
with 6 uM AUF for 1 hour. Mean fluorescence values of each condition were normalized to
those of non-treated A549 (set as 1). 1) MDA-MB-231 cells were treated with 6 uM AUF for
24 hours in the presence of NAC, GSH or GSSG at indicated concentrations. Cell viability
was measured using the MTT assay. J) Total TRXR activity of MDA-MB-231 cells treated
with or without 6 uM AUF for 1 and 24 hours in the presence of 2 mM GSH. Values are

presented as in (G). One-way ANOVA with Tukey’s multiple comparisons test was used to
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calculate the two-sided values, except for Figure 2F. Bar graphs show means £ SD of at least

3 independent experiments.

Figure 3. Effect of AUF/VC combinations on cancer and normal cell lines. A) MDA-MB-
231 cells were treated with AUF/VC combinations (AUF 1 uM/VC 1000 uM, AUF 1.5
uM/VC 1500 uM, AUF 2 uM/VC 2000 puM and AUF 3 uM/VC 3000 uM) for 24 hours. Cell
viability was assessed using the MTT assay and fractional inhibition (100% — viability %)
was derived. Combination index (CI) was calculated using CompuSyn software (13). Additive
effect, Cl = 1; synergism, CI < 1; antagonism, Cl > 1. B) A549, MDA-MB-231, HMEC,
normal human dermal fibroblasts and HUVEC were treated with 1 uM AUF combined with
VC at indicated concentrations for 24 hours. Cell viability was measured using the MTT
assay. Percent survival of each cell type was calculated relative to non-treated cells. Two-
sided P values were calculated by two-way ANOVA with Sidak’s multiple comparisons test.
C) Colony formation of A549 and MDA-MB-231 cells after treatment with 1 uM AUF, 2.5
mM VC or the combination of 1 uM AUF and 2.5 mM VC (designated AUF-VC) for 24
hours. Representative images are presented. Percent surviving fraction was calculated relative
to non-treated cells. Bar graphs show means £ SD of 3 independent experiments. Statistical
difference in surviving fraction between cell lines or between different treatments for the
same cell line is assessed by two-way ANOVA with Sidak’s or Tukey’s multiple comparisons
test, respectively. D) Colony formation of HUVEC cells following treatment with 6 uM AUF
or AUF-VC for 24 hours. P values were calculated using one-way ANOVA with Tukey’s

multiple comparisons test. All tests were two-sided.

Figure 4. PTGR1 expression and breast cancer cell response to AUF/VVC combinations.

A) PTGR1 mRNA expression patterns in log2 values using transcriptomic datasets of the
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Curie Institute breast cancer cell lines. Mean and median values are shown as solid and
dashed lines, respectively. TNBC and non-TNBC cell lines used in this study are indicated in
turquoise blue and orange respectively. B) Western blot analyses of PTGR1 expression in
A549 and five TNBC cell lines. Statistical significance of the differences in PTGR1 protein
levels is assessed by one-way ANOVA with Tukey’s multiple comparisons test; all tests were
two-sided. C) Viability of cells treated with the AUF-VC for 24 hours was measured using
the MTT assay. Percent survival was calculated relative to non-treated cells (set to 100%). D)
PTGR1 mRNA expression (log2 values) from transcriptomic datasets of the Curie Institute
(A) versus IC50 of AUF/VC combinations (log10 values) for five TNBC cell lines. E-F)
MTT assay on MDA-MB-231 (E) and A549 (F) cells transfected with PTGR1 specific SIRNA
or control siRNA for 48 hours followed by treatments with 1 uM AUF combined with VC at
indicated concentrations for 24 hours. The western blot insert shows siRNA-mediated PTGR1
knockdown. G) MTT assay on HCC-1187 cells transiently transfected with pCMV-based
PTGR1 overexpression plasmid and pCMV control plasmids for 24 hours followed by
treatments with AUF 1 uM /VC 1 mM for additional 24 hours. The western blot insert shows
PTGR1 overexpression in transfected HCC-1187 cells. Two-sided P values were calculated
by one-way ANOVA with Tukey’s multiple comparisons test. H) Spearman’s correlation and
linear regression analysis regarding PTGR1 mRNA expression (log2 values) of 10 breast cell
lines versus their IC50 for AUF/VVC combinations (log10 values). PTGR1 mRNA expression
was retrieved from transcriptomic datasets of the Curie Institute breast cancer cell lines.
Different cell lines are indicated by symbols, the best-fit line is in red and the 95% confidence
bands of the best-fit line are indicated in blue. Mathematical parameters are presented next to
the graphs. 1) MTT assay on HCC-1954 cells transiently transfected with PTGR1 siRNA or
control siRNA for 48 hours followed by treatments with 1 uM AUF combined with VC at

indicated concentrations for 24 hours. The western blot insert shows siRNA-mediated PTGR1
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knockdown. All statistical tests were two-sided and P values were calculated by two-way

ANOVA with Sidak’s multiple comparisons test, except Figure 4B and 4G.

Figure 5. Reactive oxygen species responsible for the AUF/VC combination-induced
cytotoxicity. A) ROS measurement in MDA-MB-231 cells treated with indicated conditions
using carboxy-H2DCFDA. Mean fluorescence values of each condition were normalized to
those of non-treated cells (set to 1). B) MTT assay on MDA-MB-231 cells treated with the
AUF-VC for 24 hours in the presence of GSH, PEG-SOD, PEG-CAT. C) MDA-MB-231
cells expressing respectively cytosol-, nucleus-, and mitochondrial matrix-targeted HyPer
were treated with indicated conditions for 2 hours. Treatment with 100 uM H20; for 30 min
was used as a positive control (PC). HyPer redox state was evaluated by redox western blot.
All bar graphs show means + SD of at least 3 independent experiments. All tests were two-
sided and P values were calculated by one-way ANOVA with Tukey’s multiple comparisons

test. NT = non-treated.

Figure 6. Anticancer effect of AUF/VC combinations on MDA-MB-231 xenografts in
nude mice. A) Athymic nude female mice bearing MDA-MB-231 xenografts were treated,
via intraperitoneal injection, with PBS (vehicle), AUF 10 mg/kg, VC 4 g/kg, AUF 5 mg/kg +
VC 4 g/kg (A/V1) or AUF 10 mg/kg + VC 4 g/kg (A/V2). Mice from each group (5 mice per
group) were weighed during the course of treatments and mean values + SD are presented. B)
At the end of treatments, blood samples of mice were obtained after cardiac puncture under
anesthesia. Whole blood was analyzed using an automated hematology analyzer. WBC: whole
blood cells, LYM: lymphocytes, MON: monocytes, NEU: neutrophils, RBC: red blood cells
and MCV: mean corpuscular volume. C) Tumors sizes were measured two or three times per

week. Mean tumor volume and SD are shown. D) Mean tumor volume = SD of each group at
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Day 0 (before treatment) and Day 14 (end of treatment) are presented. Statistical significance
of the differences in mean tumor volumes between vehicle and indicated groups were
determined by two-way ANOVA with Dunnett’s multiple comparison test. E) Quantification
of tumor necrosis (%) on tumor section following hematoxylin and eosin (H&E) staining
using ImageJ software. All P values were calculated by one-way ANOVA with Tukey’s
multiple comparisons test and all tests were two-sided. Representative examples of necrotic
area delimitation using ImageJ software on tumor sections of vehicle- and A/V2- treated mice

are shown. Scale bar = 10 pm.
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Necrotic area estimation
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