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Abstract

Background: Primary and posttreatment resistance to BRAF"®® mutation—targeting inhibitors leads to disease
relapse in a majority of melanoma patients. In many instances, this resistance is promoted by upregulation of
mitochondrial oxidative phosphorylation (OxPhos) in melanoma cells. We recently showed that a novel electron
transport chain (ETC) complex | inhibitor, IACS-010759 (IACS), abolished OxPhos and significantly inhibited tumor
growth of high-OxPhos, BRAF inhibitor (BRAFi)-resistant human melanomas. However, the inhibition was not
uniform across different high OxPhos melanomas, and combination with BRAFi did not improve efficacy.

Methods: We performed a high-throughput unbiased combinatorial drug screen of clinically relevant small
molecules to identify the most potent combination agent with IACS for inhibiting the growth of high-OxPhos,
BRAFi-resistant melanomas. We performed bioenergetics and carbon-13 metabolite tracing to delineate the
metabolic basis of sensitization of melanomas to the combination treatment. We performed xenograft tumor
growth studies and Reverse-Phase Protein Array (RPPA)-based functional proteomics analysis of tumors from mice
fed with regular or high-fat diet to evaluate in vivo molecular basis of sensitization to the combination treatment.

Results: A combinatorial drug screen and subsequent validation studies identified Atorvastatin (STN), a
hydroxymethylglutaryl-coenzyme A reductase inhibitor (HMGCRI), as the most potent treatment combination with
IACS to inhibit in vitro cell growth and induce tumor regression or stasis of some BRAFi-resistant melanomas.
Bioenergetics analysis revealed a dependence on fatty acid metabolism in melanomas that responded to the
combination treatment. RPPA analysis and carbon-13 tracing analysis in these melanoma cells showed that IACS
treatment decreased metabolic fuel utilization for fatty acid metabolism, but increased substrate availability for
activation of the mevalonate pathway by HMGCR, creating a dependence on this pathway. Functional proteomic
analysis showed that IACS treatment inhibited MAPK but activated AKT pathway. Combination treatment with STN
counteracted AKT activation.
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Conclusions: STN and other clinically approved HMGCRi could be promising combinatorial agents for improving
the efficacy of ETC inhibitors like IACS in BRAFi-resistant melanomas.

Keywords: Oxidative phosphorylation, Fatty acid metabolism, HMGCoA reductase, Statin, Melanoma, Therapeutic resistance

Background

Many cancers including melanomas acquire unique
metabolic dependencies over their lifetimes [1-3]. These
dependencies enable cancer cell survival in nutritionally
challenging or newly metastasized environments or to
counteract anticancer therapeutics. For example, activat-
ing mutations in BRAF or NRAS proteins hyperactivate
the RAS/RAF/MEK/ERK MAP kinase (MAPK) pathway
in melanoma cells, which increases glucose consumption
and aerobic glycolysis [4]; and treatment with inhibitors
targeting mutant-BRAF (BRAFi) or MEK (MEKIi) inhibits
glycolysis, forcing many melanomas to alter their metab-
olism towards increased mitochondrial oxidative phos-
phorylation (OxPhos) and utilize alternate fuels like fatty
acids or glutamine [5-7]. Metabolism of these fuels is an
important compensatory mechanism for the loss of
glucose-dependent glycolytic activity and new reliance
on mitochondrial OxPhos. Increased mitochondrial
OxPhos promotes resistance to BRAFi/MEKi by also in-
creasing anti-apoptotic mitochondrial signaling [8, 9].
Hence, targeting mitochondrial OxPhos is a promising
therapeutic strategy against MAPK pathway inhibition-
resistant cancers [10, 11].

The most well-known and well-tolerated OxPhos in-
hibitor is the antidiabetic drug, metformin, a weak ETC
inhibitor that lacks adequate potency for inhibiting
OxPhos and tumor growth. Its more potent analog
Phenformin induces systemic toxicity in the context of
diabetes treatment, but is currently being tested against
various cancers in the clinic [12]. Among the newer
agents, IACS-010759 (IACS), a potent ETC complex I
inhibitor [13], completely abolishes OxPhos at low nano-
molar doses and induces significant growth inhibition of
some high OxPhos BRAFi-resistant, BRAFY*®-mutant
melanoma tumors, but weakly inhibits the growth of
others with a similar metabolic phenotype, signifying the
importance of specific dependencies for efficacy [14, 15].
Combination of IACS with BRAFi did not further im-
prove antitumor activity of IACS in BRAFi/MEKi-resist-
ant melanomas, whereas combination with MEKi
induced systemic toxicity in mice [14]. Early phase I
clinical trials with IACS in solid and hematological
cancers showed partial responses, but with dose-limiting
toxicity [16] (manuscript under preparation) (clinical-
trials.gov IDs: NCT03291938, NCT02882321). It is
important to identify combination strategies that im-
prove antitumor activity of IACS without increasing
toxicity. In the current study, we performed an unbiased

combinatorial drug screen in two BRAFi-resistant
melanomas to identify such combinations with IACS.
The screen identified molecularly dissimilar inhibitors
exhibiting combination efficacy with IACS. In validation
experiments, hydroxymethylglutaryl-coenzyme A (HMGC
R) inhibitors exhibited higher potency compared with
others and were chosen for comprehensive evaluation in
this study.

Methods

Cell lines and inhibitors

The BRAFi- and MEKi-sensitive A375 human melanoma
cell line was from ATCC, from which the BRAFi/MEKi-
acquired resistant A375R1 was generated [9]. The intrin-
sic BRAFi and MEKi-resistant human melanoma cell
lines UCSD354L, MEL624, and WM1799 were acquired
from MDACC Cell Line Core. BRAF and MEK inhibitor
sensitivities of the cell lines were previously reported [9,
17, 18]. Cell lines were authenticated by STR fingerprint-
ing, and all cells were grown in RPMI media containing
5% fetal bovine serum. IACS-010759 (IACS) was devel-
oped and synthesized at the MDACC Institute for
Applied Cancer Science as described [13]. Compounds
in the drug screen obtained from the Selleck L2000
customized bioactive compound library (Selleck Chem)
consisted of 320 therapeutic agents or preclinical candi-
dates with a wide variety of target specificities (Table S1).
For in vitro treatments, all compounds were dissolved in
DMSO. For in vivo treatments, suspensions of the com-
pounds were prepared using the following vehicles: 0.5%
methyl cellulose for IACS-010759 (IACS) and 35%
PEG300 + 2% Tween-80 for Atorvastatin (STN).

Combinatorial drug screen

The drug screen was performed at the High Throughput
Research and Screening Center, Institute of Bioscience
and Technology, Texas A&M University, following the
methodology depicted schematically in Fig. 1A. Briefly,
optimal seeding densities that maintain log-phase
growth of melanoma cell lines over a 96-h assay window
were determined using a cell growth curve analysis with
Hoescht-33342 nuclear staining. This was followed by
seeding of optimal cell numbers of each cell line and
treatments with either the anchor compound (IACS), in-
dividual probe compounds, or their combinations with
the anchor compound using 10-fold dose dilution
ranges. Cell growth inhibition induced by the treatments
over a period of 72 h was assessed using DAPI nuclear
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respectively in combination with IACS

Fig. 1 High-throughput combinatorial drug screen. A The 320 compounds (probes) in the drug screen consist of clinically active or preclinical
agents that target 22 broad biological pathways shown. B Schematic of the drug screen showing growth optimization of A375R1 and UCSD354L
cells, followed by testing of five combinations of tenfold concentrations of anchor (IACS) and each of the 320 probes on these cells, counting
cells after 72 h, and lastly an analytical pipeline to generate combo scores. € Combo scores shown as bar graphs, with a horizontal dashed line
representing cutoff scores for synergy (> 0.1). D & E Probes that exhibited the highest synergistic inhibition of A375R1 and UCSD354L cells

staining. The results were subjected to rigor and repro-
ducibility analysis, and synergistic or additive effects of
the combinations were determined using a bootstrapped
bliss independence model. Detailed methodology of the
drug screen is provided in the supplemental methods.

Cell biological studies

Cell proliferation inhibition was evaluated using Cell
Titer Blue (Promega) or 0.5% crystal violet staining after
72 h inhibitor treatments of cells grown in 96-well
plates. IC50 values of serially diluted inhibitor-induced
cell growth inhibition were determined by nonlinear re-
gression curve analysis in the GraphPad Prizm software.
Cell death was determined by Propidium iodide—cell
cycle analysis using flow cytometry and cytoplasmic
histone-associated DNA fragment analysis using Cell
Death Detection ELISA Plus kit (Roche Applied Science)
as described previously [17].

Seahorse metabolic flux analyses

Mitochondrial stress tests were performed to determine
real-time oxygen consumption rate (OCR) and extracel-
lular acidification rate (ECAR) in melanoma cell lines as
described earlier [9]. Final assay concentrations of inhib-
itors used in the mitochondrial stress test were 1.5 uM
oligomycin, 0.5 pM FCCP, 0.5 uM rotenone, and 0.5 pM
antimycin A. Metabolic Fuel Flex tests were performed
to evaluate glucose, glutamine, and fatty acid dependen-
cies of melanoma cell lines. Final assay concentrations of
inhibitors used in this test were 3 pM BPTES, 4 uM eto-
moxir, and 2 uM of UK5099. The metabolic flux tests
were performed in 96-well plates (2 x 10* cells/well)
using a Seahorse XFe96 analyzer, and data was normal-
ized against cell numbers following the manufacturer’s
protocol (Agilent Technologies).

Stable '3C isotope tracing analysis of glucose and
glutamine

Melanoma cells (3 x 10° cells/150-mm dish) were
seeded overnight, labeled with [U—ISC]—glucose or
[U—ISC]—glutamine and treated with the indicated inhibi-
tors for 12 h. [U-'*C]-glucose and [U-'*C]-glutamine
tracing analyses were performed at the MDACC Meta-
bolomics Core Facility as described before [7]. Detailed
methodology is described in the supplemental methods.

Protein analysis

Whole cell lysates from cell lines were prepared in RIPA
lysis buffer, and protein lysates from tumors were pre-
pared by homogenization of ~ 50 mg of tumor tissue in
a bead homogenizer as previously described [14]. The
protein lysates were denatured and used for western
blotting using standard methods, or for Reverse-Phase
Protein Array (RPPA) analysis at the MDACC Func-
tional Proteomics Core Facility, and the data was ana-
lyzed as described previously [9]. Antibodies used for
western blotting and RPPA are listed at the RPPA core
website (www.mdanderson.org/research/research-
resources/core-facilities/functional -proteomics-rppa-core.
html). RhoA (67B9) antibody was from Cell Signaling
Technology.

In vivo xenograft growth studies

Subcutaneous xenograft tumors were generated for
A375R1 and UCSD354 cell lines with 3 x 10° cells/ani-
mal in the right flank of NOD scid gamma (NSG) mice.
The mice were separated into two diet cohorts—regular
diet (caloric profile of 62.1% carbohydrate, 24.7% pro-
tein, 13.2% fat) (PicoLab #5053), and high-fat ketogenic
diet (caloric profile of 1.8% carbohydrate, 4.7% protein,
93% fat) (Bio-Serv #F3666). Inhibitor treatments were
performed by oral gavage daily once for the indicated
number of days. Tumor volumes and mice weight were
recorded every 3 days. Animals were excluded if they
showed overt toxicity or lost > 15% body weight over
the treatment course. For molecular analysis of inhibitor
effects, tumor-bearing mice were treated with the inhibi-
tors as above, and tumors were harvested 3 h after drug
administration on the second day of treatment. All
animal experiments were approved by the Institutional
Animal Care and Use Committee.

Statistical analysis

Rigor and reproducibility of the combinatorial drug
screening assay was performed in accordance with the
NCATS Assay Guidance Manual [19], and a boot-
strapped bliss independence model was used to calculate
drug synergy [20]. In vivo tumor growth studies con-
sisted of nine mice per treatment group which provided
significant power for tumor growth analysis. For func-
tional proteomics analysis using RPPA, tumors were har-
vested from mice after 5 days of treatments, and protein
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lysates from three pieces of each tumor were analyzed
separately. Hierarchical supervised clustering of signifi-
cantly differing proteins in treated versus untreated sam-
ples was performed using Pearson correlation in Gene
Cluster 3.0, and heatmaps were generated using Gene
Treeview. For in vitro cell proliferation assays, significant
differences between treatments and individual doses of
treatments were analyzed by two-way ANOVA followed
by post hoc Tukey multiple comparisons test in Graph-
Pad Prizm. For tumor growth studies, cell death assays,
metabolite and RPPA analyses, T tests were used for de-
termining statistically significant differences (p < 0.05 for
cell death and tumor growth studies, p < 0.005 for
RPPA) between inhibitor treatments and mock/vehicle
treatments. Where necessary, significant differences
from mock/vehicle treatments or between treatments
were designated with asterisks (*).

Results

Combinatorial drug screen identified compounds that
improved melanoma cell growth inhibition by IACS-
010759 (IACS)

For identifying clinically relevant small molecules that
significantly improve anti-melanoma activity of IACS,
we performed an unbiased combinatorial drug screen
that tested the combination of IACS (anchor) with each
of 320 inhibitors (probes) that target 22 different signal-
ing pathways (Fig. 1A and Table S1). We tested these
combinations in two BRAF'*?”*-mutant melanoma cell
lines, UCSD354L and A375-R1, which possess intrinsic
and acquired resistance respectively to BRAF/MEK in-
hibition [9, 17, 18]. The drug screen was performed as
shown schematically in Fig. 1B, and cell growth inhib-
ition induced by each probe and their combinations with
IACS was determined after 72 h of incubation. Combin-
ation efficacy was determined using a bootstrapped bliss
independence model and represented as “combo score”
units, with > 0.1 representing potentially synergistic
growth inhibition. Values under 0.1 represent additive
effects, and negative values potentially antagonistic ef-
fects. The combo scores revealed that combination with
IACS induced mostly additive effects on cell growth in-
hibition by a majority of the 320 probes in both cell
lines, with less than 20 probes showing antagonism
(Fig. 1C). Less than ten probes showed potentially
synergistic growth inhibition when combined with
IACS in either cell lines (Fig. 1D and E).

Combination of IACS with hydroxymethylglutaryl
coenzyme A (HMGCoA) reductase inhibitors induced
potent growth inhibition of BRAFi-resistant melanomas
The combinatorial drug screen results were validated
with five probes that exhibited the highest combo scores
with IACS in each of the two cell lines. Two probes with

Page 5 of 18

non-synergistic combo scores of < 0.1 were also tested
to validate their lower efficacy observed in the screen.
The cell lines were seeded in 96-well plates and treated
with the indicated dose ranges of single agents or their
combinations with IACS, and cell growth inhibition after
72 h was assessed using the Cell Titer Blue cell prolifera-
tion assay; IC50 values were determined. The results
showed that among the various probes tested, the
HMGCoA reductase inhibitor (HMGCRI), atorvastatin
(STN), exhibited the most potent combination effect
with IACS in both cell lines (Fig. 2A for A375R1 and
Fig. 2F for UCSD354L). Compared with STN, other
high-scoring probes from the screen exhibited lower
combined efficacy with IACS (Fig. 2B—E for A375R1 and
Fig. 2G-] for UCSD354L). Two non-synergistic probes
from the screen, GSK690693 and BKMI120, exhibited
lower combined efficacy with IACS compared to IACS +
STN in a separate validation study (Fig. SIA-B). IC50
values for all individual treatments and their combina-
tions with IACS are shown in Table S2. We also evalu-
ated the highest scoring IACS + STN in normal
melanocytes and found that neither single agent nor
their combination significantly inhibited the growth of
these normal cells (Fig. S1C). Finally, to confirm that the
Cell Titer Blue cell proliferation assay does not produce
false-positive growth inhibitory effects, we also per-
formed crystal violet staining of IACS + STN-treated
cells and found a similar growth inhibitory profile as
seen with Cell Titer Blue (Fig. S1D). Taken together, the
drug screen and subsequent validation studies suggest
that the HMGCRI, STN, could be a potent combination
treatment for improving the efficacy of IACS treatment
against BRAFi/MEKi-resistant, BRAF-mutant melanomas.

Cellular and molecular effects of STN + IACS treatments
on melanoma cells

As STN exhibited the most potent anti-melanoma com-
bination efficacy with IACS among all probes with syn-
ergistic combo scores, we further explored the efficacy
of this combination on melanoma cell death induction.
Propidium iodide cell cycle analysis showed that a 72 h
IACS treatment of A375R1 induced a small increase of
G2/M and sub-G1 phase cells. STN treatment induced
small increases of G2/M phase and a significant increase
of sub-G1 phase, indicating cell death induction by the
treatment, which further increased following IACS +
STN treatment (Fig. 3A). In the UCSD354L, IACS in-
duced G1 arrest and STN induced G2/M arrest, while
the combination induced G1 arrest and sub-G1 accumu-
lation (Fig. 3B). Combination of the standard of care
BRAFi, dabrafenib (DAB), with IACS did not induce
sub-G1 accumulation in either cell line, although DAB +
STN induced a small, but insignificant increase com-
pared with STN alone in A375R1, but not in UCSD354L
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Fig. 2 Cell growth inhibition by treatment combinations that showed synergistic combo scores. A-E A375R1 cells were seeded in 96-well plates (10°
cells/well) and treated with individual probes and their combinations with IACS at 1:1 concentration shown on the x-axes. Cell growth inhibition was
determined after 72 h using Cell Titer Blue reagent. F-J Same experiment as above, conducted on UCSD354L cells. Data is normalized to vehicle-
treated cells and is average of triplicates, with error bars representing standard deviation (SD), and colored asterisks representing significant differences
(*< 0,033, *< 0002, and ***< 0.001) in effects for combination treatment versus individual probes (red) or IACS (black)

(Figs. S1A and S1B). Cell death induction by IACS and
STN combination treatments in both cell lines was con-
firmed using a cytoplasmic histone accumulation assay
that sensitively detects cell death as increased cytoplas-
mic accumulation of histones in treated versus untreated
cells (Fig. 3C and D).

For identifying the molecular determinants of sensitiv-
ity in the BRAFi-resistant melanomas in our study, we
extracted protein lysates from the cells after 24 h
treatments with 100 nM IACS, 1 pM STN, or their com-
binations and performed Reverse-Phase Protein Array
(RPPA) analysis to assess functional status of over 200
cellular proteins in key oncogenic signal transduction
pathways. We performed Pearson correlation and super-
vised clustering of the most significant (p < 0.005)
treatment-induced alterations compared with vehicle
treatments, and generated heatmaps of the treatment ra-
tios for both cell lines (Fig. 3E and F). These results
showed that IACS treatment activated phospho-AMPK _
Thr172 and phospho-ACC_Ser79, inhibited phospho-
S6_ Ser235_236_240_244 and phospho-MAPK_Thr202_
Tyr204, as has been shown previously by us and others
as targeted effects of inhibiting mitochondrial activity
[14, 21, 22]. Interestingly in both cell lines, IACS treat-
ment induced phospho-AKT_Thr308/Ser473, which is
known to promote melanoma resistance to BRAFi/MEKi
[23, 24]. Treatment with STN decreased phospho-AKT
compared with vehicle treatment and also counteracted
its IACS-induced increase in both cell lines. IACS +
STN combination also downregulated pro-growth
signaling proteins like phospho-Rb_Ser807_811 and
upregulated growth inhibitory/cell death proteins (for
example, cleaved caspase 7) (Fig. 3E and F). Some of the
key IACS + STN-induced alterations revealed by RPPA
were confirmed by western blotting analysis of phospho-
and total proteins in protein lysates (Fig. 3G). RhoA pro-
tein upregulation was assessed as a marker of HMGCR
inhibition by STN. Treatment-induced alterations in the
levels of phospho-AKT_Thr308 and phospho-AMPK_
Thr172 were quantified using NIH Image ] software and
represented as bar graphs (Fig. S1G-J).

Metabolic effects of STN + IACS combination in
melanoma cells

The above protein analysis revealed that IACS + STN
treatment induced significant alterations in phosphopro-
teins associated with mitochondrial metabolism like

AMPK and ACC. STN inhibits the conversion of HMG-
CoA to mevalonate, the first and rate-limiting step of
cholesterol biosynthesis pathway [25, 26]. As the levels
of HMG-CoA are dependent on acetyl CoA, a critical
node in mitochondrial metabolism, we hypothesized that
responsiveness to IACS + STN may be associated with
mitochondrial metabolism. To test that, we performed
the Seahorse Fuel Flex assay in parental BRAFi-sensitive
A375 cells, BRAFi-acquired resistant A375R1 and intrin-
sic BRAFi-resistant UCSD354L cells. In this assay, we
assessed the dependency of the cells on each of the three
cellular fuels—glucose (GLC), glutamine (GLN), or fatty
acids (FA)—and their flexibility to use either of the sin-
gle fuels when the other two fuels are inhibited. The re-
sults showed that the parental BRAFi-sensitive A375
cells have the highest dependency on GLC (Fig. 4A),
whereas the two BRAFi-resistant cells have the highest
dependency on FA (Fig. 4B and C). A375 possessed low
flexibility for compensatory utilization of any two alter-
nate fuels when one fuel was inhibited, although the
cells did possess as much capacity to oxidize FA as their
basal dependency on this fuel (Fig. 4A). In comparison,
the two resistant cell lines showed a comparatively
higher flexibility to oxidize any single fuel when the
other two were inhibited, with the highest flexibility for
GLC utilization (Fig. 4B and C). The higher FA oxida-
tion dependency of the two BRAFi-resistant melanoma
cells indicates their altered metabolic requirement for
FA compared with the sensitive cells and may influence
their responses to metabolism targeting therapeutics.
Two other BRAFi/MEKi-resistant cells that did not ex-
hibit FA dependency were not sensitive to IACS + STN
combination treatment (Fig. S2A-S2D).

Previous studies showed that statins interfere with cal-
cium homeostasis to inhibit mitochondrial complexes I
and III [27], and can weakly inhibit OCR in cancer cells
[28]. To determine if STN could inhibit OCR in the
BRAFi-resistant melanoma cells in our study, we per-
formed Seahorse bioenergetics stress tests in A375R1
cells. The results showed that 24 h treatment with 1 uM
STN minimally inhibited basal cellular oxygen consump-
tion rate (OCR), interpreted as an indirect readout for
cellular OxPhos (Fig. 4D). STN also induced a small but
significant inhibition of basal extracellular acidification
rate (ECAR), an indirect readout for glycolytic activity
(Fig. 4E). On the other hand, treatment with 100 nM
IACS completely inhibited basal and maximal OCR and



de Groot et al. Cancer & Metabolism

(2022) 10:6

Page 8 of 18

>
3

A375R1
Esub-G1 ©OG1 @S OOG2/M

2]
o

*

N B 2]
o o o
*

Cell Numbers (%)

o

Vehicle IACS

1.5
1.2
0.9
0.6
0.3

*

Relative Cell Death

]

A375R1

N A O
o ©o o

Cell Numbers (%)

o

STN IACS+STN

w)

Veh

IACS|STN|_I+S

PAR
PYORSK_pT573

GSK-3a-b_pS21_S9
PRAS40_pT246
AKI_pS473
Histone-H3
Mcl-1

mTOR
Akt_pT308
p70-S6K_pT389
VASP
Caveolin-1
Chk2_pT68
NDUFB4

CD44

ENY2

PAK1

SLC1AS

PLK1

Mnk1
MAPK_pT202_Y204
eEF2K

Tyro3

Cyclophilin-F

S6_pS240_S244
ULK1_pS757
ADART

RPA32_pS4_S8
PEA-15_pS116

Sma
PI3K-p110-b

Rheb

s6

ACC_psS79
Collagen-VI

. AMPKa_pT172
TFAM

c-Jun_pS73
RBM15
Caspase-7-cleaved
GATA3
U-Histone-H28

C

-2.99

2.95
A375R1

Fig. 3 (See legend on next page.)

IACS STN

IACS +
STN

Cyclin-B1
P{K1
CDK1
HES1
TAZ

Mgﬂ
S6_pS235_S236
C-Raf_pS338
Tuberin

Ic25C

elF4
Rb_pS807_S811
Connexin-43

ox
PKC-b-1I_pS660
4E-BP1_pS65
MSH6

PMS2
mTOR_pS2448
Tyro3

PAK1
MDM2_pS166
DM-K9-Histone-H3
SLC1A5
B-Raf_pS445
Histone-H3
XRCC1

TTF1

CD44
NF-kB-p65_pS536
mTOR

P-Cadherin
Src_pY52

7
MER1_pS217_S221
VEGFR-2

| || Mnk1
- e
PAR
YB1_pS102
I MAPK_pT202_Y204
Akt_pT308
BN PRAS40_pT248
Akt_pS473
FASN
AMPKa pT172
Ace G
PEA-15
p16INKda
PLC-gamma2_pY759
P-70

- -
HSP27
|
| Twist
. e
Tuberin_pT1462
G

e

ZAl
Syk
SCD
UGT1A
YS_P!
p38 pT180_Y182
HER3_pY1289
U-Histone-H2B
Caspase-7-cleaved
TIGAR
JNK_pT183_Y185

-9.99 2.72
UCSD354L

Relative Cell Death

oA

UCSD354L
Bsub-G1 OG1 @S OG2/M

~

Vehicle IACS

STN

UCSD354L

I S
| l
IACS STN IACS +
STN

0.8
0.6
0.4
0.2

Veh

IACS+STN
IACS+STN

2
L
=
o
>

Vehicle
IACS
STN

IACS
STN

RhoA

P-mTOR
(Ser2448)

mTOR

P-ACC
(Ser79)

ACC

P-MAPK
(Thr202/Tyr204)

MAPK

P-AKT
(Thr308)

AKT

P-AMPK
(Thr172)

AMPK

P-S6
(Ser235/236)

S6

A375R1 UCSD354L

IACS+STN




de Groot et al. Cancer & Metabolism (2022) 10:6

Page 9 of 18

(See figure on previous page.)

Fig. 3 In vitro and in vivo efficacy of STN + IACS combinations. A and B A375R1 and UCSD354L cells were treated with IACS (100 nM) or STN (1
uM) or their combinations for 72 h, and cell cycle profiles were generated using propidium iodide-FACS analysis, which included sub-G1 (dead
cell) population. € and D Relative cell death induced by the same treatments was confirmed using Cell Death ELISA assay. Data in A-D are in
triplicates; error bars, SD. E and F Supervised clustering heatmaps of RPPA-analyzed proteins from A375R1 (E) and UCSD354L (F) that were
significantly (p < 0.005) altered after 24 h treatment of cells with IACS, STN, or their combination. The heatmap represents ratio of results from
inhibitor-treated versus vehicle-treated samples. Intensity ranges of lowest (blue) and highest (red) protein levels are indicated at the bottom of
the heatmaps. G Western blotting of representative proteins and phosphoproteins detected by the RPPA analysis

slightly increased ECAR levels as shown previously [14].
As A375R1 cells show elevated FA dependence, we also
tested etomoxir (ETMR), a carnitine palmitoyltransferase
inhibitor that inhibits FA B-oxidation. ETMR induced
significant inhibition of basal and maximal OCR com-
pared with STN. However, unlike STN, it did not inhibit
A375R1 cell proliferation (Fig. S2E). Taken together,
these results suggest that the weak OCR inhibition by
STN is unrelated to its cell growth inhibition. As IACS
treatment induced a complete inhibition of OCR, with
no increase from FCCP treatment, we replicated the
above IACS and the mitochondrial inhibitor treatments
in a separate 96-well plate and assessed cell viability at
the end of each subsequent treatment using trypan blue
dye exclusion. The results showed < 5% decrease of via-
bility in IACS-treated cells following FCCP treatment,
suggesting that the complete OCR inhibition by IACS
was not a result of altered cell viability (Fig. S2F).

We then performed '*C-labeled GLC and GLN tracing
analyses to mechanistically assess the above molecular
and metabolic effects of IACS and STN, and to poten-
tially identify a metabolic basis for melanoma cell
growth inhibition by their combination. We treated
A375R1 cells grown in [U-*C]-GLC or [U-*C]-GLN
media with 100 nM IACS, 1 uM STN, or their combin-
ation for 12 h and detected relative incorporation of
13C-labeled metabolites in glycolysis, tricarboxylic acid
cycle (TCA «cycle), FA synthesis, and mevalonate/
HMGCoA pathways using LC-MS (Fig. 5A). The results
showed that IACS (I) treatment stimulated relative GLC
incorporation into the glycolysis metabolites—glucose 6
phosphate, phosphoenolpyruvate, and pyruvate (G6P,
PEP, and PYR)—compared to vehicle (V), while STN (S)
induced a small increase and IACS + STN (I + S) inhib-
ited incorporation into G6P, suggesting that the combin-
ation treatment inhibits the initial step of glycolysis (Fig.
5B). Similar effects were observed in the TCA cycle,
where IACS stimulated relative GLC and GLN incorpor-
ation into citrate and «-ketoglutarate (CIT and aKGA),
and combination with STN inhibited these effects (Fig.
5C and D). Interestingly, STN increased relative GLC in-
corporation into acetyl CoA (Ac-CoA), while IACS in-
creased relative GLN incorporation into Ac-CoA (Fig.
5E and F), which reveal the unique metabolic effects of
the two inhibitors. Also, interestingly, IACS treatment

increased relative GLC incorporation but inhibited rela-
tive GLN incorporation into HMGCoA, the substrate for
HMGCR enzyme in the mevalonate pathway (Fig. 5G
and H). STN treatment induced relative accumulation of
GLC and GLN carbons in HMGCoA, an expected effect
of substrate accumulation in the wake of HMGCR inhib-
ition, and a corresponding decrease in mevalonate
(MEV) (Fig. 5G and H). Combination treatments inhib-
ited incorporation of GLN into HMG-CoA and also
inhibited GLC and GLN incorporation into MEV (Fig.
5G and H). Finally, treatment-induced alterations in the
relative incorporation of GLC and GLN into malonyl
CoA (MAL-CoA) and its downstream fatty acid product,
lipoic acid (LIPO), suggest that IACS treatment inhibits
FA biosynthesis, STN increases it, and the combination
inhibits it (Fig. 5 and J). As an earlier study showed that
upregulation of acetoacetate (AcAc), a ketogenic metab-
olite of Ac-CoA promotes the growth of BRAF"*?F tu-
mors [29], we evaluated treatment effects on relative
GLC and GLN carbon incorporation into AcAc. The re-
sults showed that IACS and IACS + STN potently inhib-
ited relative GLC incorporation into AcAc, while IACS
induced a small decrease of relative GLN incorporation
(Fig. S2H and I). The individual and combination treat-
ments induced an increase of total pooled Ac-CoA levels
(Fig. S2G). Taken together, these results suggest that
although individually, IACS and STN have differential
effects on cellular utilization of GLC and GLN; their
combination ultimately inhibits relative incorporation of
the two fuels into FA synthesis and mevalonate
pathways.

IACS + STN combination induces regression of melanoma
tumor growth

We assessed in vivo effects of the individual and combin-
ation treatments in subcutaneous A375R1 and UCSD354L
tumors in mice fed with normal carbohydrate-rich chow
(62% calories from carbohydrate) (Fig. 6A). Additionally,
as our above results suggested that these tumor cell lines
have FA fuel dependency and that IACS + STN treat-
ments potently inhibit lipid metabolism, we functionally
assessed the effect of the treatments on tumor growth in
mice fed with a high-fat ketogenic diet (93% calories from
fat) (Fig. 6A). RPPA proteomics analysis of protein lysates
from untreated mice with A375R1 (Fig. 6B) and
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UCSD354L (Fig. S3A) tumors showed that in comparison
with regular diet, the high-fat diet significantly (» < 0.005)
downregulated fatty acid synthase (FASN), growth factor
signaling (phospho-IGFR, IGFBP2, phospho-Src, VEGFR2,

etc.), and cell division/survival proteins (phospho-Rb,
phospho-Weel, phospho-p90RSK, phospho-NFkB, p-
Rictor), but surprisingly activated P-AKT without the con-
sequent downstream phosphorylation of GSK3. The high-
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Fig. 5 ['°Cl-labeled metabolite tracing analysis. A Schematic showing metabolites labeled by [U-"*C]-glucose (GLC) or [U-"*Cl-glutamine (GLN)
after treatment of A375R1 cells with vehicle (V), IACS (1), STN (S), or their combination (I + S) for 12 h. B Fractional labeling of glycolysis pathway
metabolites glucose-6-phosphate (G6P), phosphoenolpyruvate (PEP), and pyruvate (PYR) by U-"*Cl-GLC (glucose) following treatment with IACS
(I) and STN (S) or their combination (I + S). C and D Fractional labeling of TCA cycle metabolites, citrate (CIT), a-ketoglutarate (aKGA), and
succinate (SUC) by [UCJ-GLC (C) and [U-"3C]-GLN (glutamine) (D). E and F Fractional labeling of acetyl CoA (Ac-CoA) by [U"CJ-GLC (E) and
[U-"*C-GLN (F). G and H Fractional labeling of HMG-CoA and mevalonate (MEV) by [U'*C]-GLC (G) and [U-"*CJ-GLN (H). I and J Fractional labeling
of malonyl CoA (Mal-CoA) and lipoic acid (LIPO) by [U"C-GLC (1) and [U-"*CI-GLN (). Y-axis represents normalized relative fractional abundances
of *C-isotopologues, and x-axis represents indicated treatments. Data is average of triplicates and error bars SD

fat diet also activated markers of autophagy (LC3A/B,
WIPI1), cell cycle inhibition (p21, TIGAR), and cellular
stress (Phospho-AMPK, Phospho-RPA32, P38-MAPK).

In mice fed with regular diet, IACS treatment induced
complete stasis of A375R1 tumors and robust inhibition
of UCSD354L tumor growth over 30 days of treatment
(Fig. 6C and D). Over the same time course, STN treat-
ment induced minimal inhibition of A375R1 and
UCSD354L tumor growth. IACS + STN induced
complete regression of A375R1 and stasis of UCSD354L
tumors (Fig. 6C and D), suggesting potent tumor growth
inhibition by the combination treatment. In mice fed
with high-fat keto diet, A375R1 and UCSD354L tumor
growth in vehicle-treated mice was significantly less (p <
0.001) than the growth observed in mice fed with regular
diet (Fig. 6E and F). While this is consistent with keto-
genic diet-induced ketosis in certain conditions [30, 31],
one study showed that high-fat diet selectively promotes
tumor growth of BRAF"*?*_dependent human melan-
oma cells [29]. As our models are resistant to BRAFi, it
is possible that they are not dependent on mutant-BRAF
protein, which may potentially alter their response to
high-fat keto diet. So, we tested the effect of high-fat
keto diet on subcutaneous growth of parental A375 tu-
mors that are dependent on BRAF"*?* and sensitive to
BRAFi. Interestingly, the A375 tumors also showed sig-
nificantly lower growth in mice fed with high-fat keto
diet versus regular diet (Fig. S3B). In the high-fat keto
diet—fed mice, STN treatment induced minimal
inhibition of A375R1 and UCSD354L tumor growth
compared with vehicle, as was also observed in mice fed
with regular diet. IACS treatment however induced
potent tumor regressions within 20 days, and IACS +
STN completely eradicated the tumors of both models
(Fig. 6E and F). Longer treatment times were not pur-
sued as IACS and IACS + STN treatments induced >
15% weight loss within 25 days in mice fed with high-fat
diet versus regular diet (Fig. S3C and S3D).

RPPA analysis of A375R1 tumor lysates from regular
and high-fat keto diet-fed mice showed similar
treatment-induced alterations compared with vehicle
treatments (Fig. 6G and H). For example, IACS treat-
ment activated phospho-AMPK and inhibited phospho-
MAPK, while STN treatment inhibited IACS-induced

phospho-AKT. The downstream alterations induced by
these molecular effects were also similar between the
regular and high-fat keto diet tumor samples. The higher
potency of tumor growth inhibition in the high-fat keto
diet cohorts could be a combination of ketogenesis and
FA nutritional cutoff by the treatments. Compared with
the in vitro cell line results, the tumor RPPA results add-
itionally showed that IACS and IACS + STN inhibited
the pro-tumorigenic hypoxia protein, HIFla. Also, STN
treatment upregulated PAR, and IACS counteracted it
(Fig. 6G and H). These results suggest that IACS and
STN cancel one another’s pro-tumorigenic protein sig-
naling and enhance antitumor signaling.

Discussion
Most BRAFY®*-mutant melanoma patients treated with
first-line standard of care, BRAF and MEK inhibitors,
show impressive initial responses, but almost all experi-
ence disease relapse within a year [32]. While immune
checkpoint inhibitors and T cell-mediated therapies
offer long-term benefit [33], many patients do not re-
spond to these treatments or eventually relapse after ini-
tial response [34, 35]. Novel second-line therapies are
urgently needed to counteract refractory disease. Our
combinatorial drug screen identified clinically relevant
small molecules that showed impressive combination ef-
ficacy with IACS for inhibiting the growth of BRAFi/
MEKi-resistant melanomas. Among these molecules that
inhibit a variety of molecular targets, an HMGCRi, STN,
showed the highest combination efficacy with IACS in
validation studies. IACS combination with STN also in-
duced cell death of BRAFi/MEKi-resistant melanomas.
For identifying the mechanistic basis of IACS + STN
combination efficacy in these melanoma cells, we per-
formed RPPA proteomics analysis, which revealed that
IACS treatment inhibited MAPK signaling and FA syn-
thesis, while activating AKT signaling. BRAFi/MEKi are
well-known to activate AKT by feedback activation of
RTK and other proteins in the PI3K pathway, which pro-
mote resistance [23]. HMGCRI, like STN, are known to
inhibit AKT activity by inhibiting mevalonate pathway-
induced isoprenylation of RAS, the upstream activator of
AKT [36-38]. Indeed, combination of IACS with STN
inhibited the IACS-induced AKT activation, resulting in
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Fig. 6 Tumor xenograft growth studies. A Schematic showing subcutaneous tumor growth analysis in mice fed with regular (Reg) or ketogenic
high-fat (Hi-Fat) diet. Mice were treated daily once with vehicle, 5 mg/kg IACS, 1 mg/kg STN or their combinations for the number of days shown
in (C-F). Tumor harvests for molecular studies were performed on the fourth (A375R1) or sixth (UCSD354L) day of treatments. B Heatmap
showing unsupervised clustering analysis of significantly (p < 0.005) altered proteins in A375R1 tumors harvested from mice fed with regular
(Reg) or high-fat keto diet and analyzed by RPPA. Heatmap represents Pearson correlation of significantly (p < 0.005) different protein levels in
tumors from mice fed with high-fat keto (Hi-fat keto) versus regular (Reg) diet. Intensity ranges of lowest (blue) and highest (red) protein levels
are indicated at the bottom of the heatmap. C and D A375R1 (C) and UCSD354L (D) tumor growth inhibition by IACS and STN treatments in
mice fed with regular (Reg) diet. E and F A375R1 (E) and UCSD354L (F) tumor growth inhibition by IACS and STN treatments in mice fed with
high-fat keto diet. Tumor volumes were recorded on the days shown on the x-axis, and tumor growth was represented as line graphs. Tumor
growth data is from eight mice/group, error bars, standard error of mean (SEM). G and H Supervised clustering analysis of treatment-induced
alterations of RPPA-analyzed proteins in tumors from mice fed with Reg (G) and Hi-Fat keto (H) diets. Heatmaps show Pearson correlation of

significantly (p < 0.005) altered protein levels presented as ratios of inhibitor-treatments versus vehicle-treatments. Intensity ranges of lowest
(blue) and highest (red) protein levels are indicated at the bottom of the heatmaps

the downregulation of cell cycle and survival proteins
and activation of cell death proteins. As the scope of this
study is limited to identifying the most potent combin-
ation treatment for improving the efficacy of IACS in
BRAFi-resistant melanomas and testing their metabolic/
molecular correlates of efficacy, we did not perform
functional genetics analysis to tease out specific molecu-
lar players, for example PGCla, as a potential causal
factor of FA dependence in BRAFi-resistant melanomas.

Bioenergetics flux analyses showed FA metabolic de-
pendency in these BRAFi/MEKi-resistant melanomas,
which suggested that FA metabolism is a potential thera-
peutic vulnerability if GLC (glucose) or GLN (glutamine)
metabolism are stifled. The combined results of RPPA
analysis and ["*C]-GLC and ["*C]-GLN tracing studies
led us to conclude that IACS treatment inhibited FA
synthesis, resulting in an accumulation of GLC- and
GLN-derived acetyl CoA, which then fed the HMGCR-
mediated mevalonate pathway and activated AKT. Con-
versely, STN treatment inhibited the mevalonate path-
way, increasing the uptake of acetyl CoA for FA
synthesis and inhibiting AKT activity (Fig. 7). These
combined effects boost the antitumor activity of IACS +
STN in FA metabolism-dependent melanomas.

The effects of ketogenic diet on mouse longevity and
tumor growth were previously studied [39]. Our experi-
ments with ketogenic diet were neither meant to repli-
cate those studies nor to evaluate the effect of ketosis on
tumor growth, but rather to specifically assess the effects
of IACS and STN on tumor growth in a lipid-rich, GLC-
and GLN-limiting nutritional context in vivo. With IACS
and STN inhibiting the two critical branches of acetyl
CoA-mediated lipid metabolism, nutritional deprivation
of GLC and GLN in the ketogenic diet completely
regressed the FA-dependent tumors, providing func-
tional proof of the observed metabolic dependencies.
Our RPPA results show that alteration of a balanced
carbohydrate-rich diet towards a high-fat keto diet did
not have any consequence on the molecular activities of
IACS and STN, thus suggesting that inhibition of FA

metabolism and mevalonate pathway is the functional
basis of the tumor growth inhibition by the combination
treatment. While these tumor growth inhibition results
may support ketogenic dietary interventions for improv-
ing the efficacy of specific therapies in metabolically
stratified tumors, our results also showed that IACS
treatment led to extreme weight loss in the mice fed
with ketogenic diet and hence should be interpreted
with caution. Our observed effects with the high-fat keto
diet may also be context-dependent, for example, the
NSG mice used in our study may respond differently to
this diet compared with nude mice used in another
study which showed an increase of melanoma tumor
growth in mice fed with high-fat diet [29]. As tumor me-
tabolism is increasingly being implicated as a vital fea-
ture of cancer therapeutic response, it is important to
explore such contextual differences in future studies.

Single-agent IACS treatment induced partial responses
against hematological and solid cancers in early phase I
clinical trials [16] (manuscript under preparation). Our
previous study in mice models showed promising single-
agent efficacy against BRAFi/MEKi-resistant melanomas,
but unacceptable toxicity with MEKi combinations and
insignificant benefit with BRAFi combinations [14].
Hence, there is a strong rationale to combine IACS with
other clinically viable therapeutics that improve efficacy
and maintain clinical tolerance. Based on our current
study, it would be compelling for future clinical studies
with IACS or other mitochondrial OxPhos targeting
agents to specifically assess efficacy in patients who take
HMGCRI for managing cardiovascular diseases. As the 1
mg/kg dose of STN in our study is at the higher end of
the spectrum of HMGCRI use by patients with cardio-
vascular disease, dose relationships as well as differences
in lipophilic and non-lipophilic HMGCRI could be ex-
plored in these studies prior to planning specific trials
with OxPhos- and HMGCR-targeting agents.

Drugs that specifically target FA biosynthesis like SCD
inhibitors could potentially be safer than ETC inhibitors
like TACS. However, the pleiotropic effect of IACS (for
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example its inhibition of MAPK, AMPK, mTOR, FA)
could be an important feature of its efficacy. STN is also
known to exhibit pleiotropic effects as contributing fac-
tors for anticancer activity [40—42]. In addition to
HMGCRI, other mevalonate pathway inhibitors may ex-
hibit synergy with OxPhos- or FA-targeting agents and
could be promising approaches against BRAFi/MEKi-re-
sistant melanomas exhibiting FA dependency, which
could be explored in future studies.

Conclusions

Our study revealed an interesting dependency on FA
metabolism in some BRAFi/MEKi-resistant melanomas,
which drives a unique relationship between FA synthesis
and HMGCR pathways. The significance of this relation-
ship is emphasized by their positive association with
MAPK and AKT pathways which are known to promote
resistance to BRAFi/MEKi. This relationship is also a
metabolic vulnerability that is responsive to combination
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therapy with IACS and STN. As safety profiles of STN
and other HMGCRIi are well established [43] and OxPhos-
targeting agents are actively being pursued for treatment
of therapy-resistant melanomas and other cancers, their
combination is an important actionable therapeutic strat-
egy against BRAFi/MEKi-resistant melanomas.
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Additional file 1. Supplemental methods: combinatorial drug screen
and stable isotope tracing analysis of '*Cs-glucose and *Cs-glutamine.

Additional file 2: Figure S1. (A-B) A375R1 cells were seeded in 96 well
plates (10% cells/well) and treated with GSK (A) or BKM120 (B) and their
combinations with IACS at 1:1 concentration shown on the x-axes. Cell
growth inhibition was determined after 72 h using Cell Titer Blue reagent.
(€) The same experiment as above was performed on normal epidermal
melanocytes with the indicated treatments, and cell growth inhibition
was determined after 72 h using Cell Titer Blue reagent. (D) The same ex-
periment as above was performed in A375R1 cells with the indicated in-
hibitors, but in this case, cell growth inhibition was determined after 72 h
using Crystal Violet dye staining. In panels A-D, data is normalized to
vehicle-treated cells and is average of triplicates, with error bars repre-
senting SD, and colored asterisks representing significant differences (*=<
0.033; ¥*=<0.002; ***=<0.001) in effects for combination treatment versus
individual probes (red) or IACS (black). (E and F) A375R1 and UCSD354L
cells were treated with 100 nM Dabrafenib (DAB) or its combination with
IACS (100 nM) or STN (1 uM) for 72 h and cell cycle profiles were gener-
ated using propidium iodide-FACS analysis, which included sub-G1 (dead
cell) population. Data are plotted as bar graphs of triplicates; error bars
represent SD; Asterisk (*) represents significant differences (p<0.05) of
DAB+STN compared to the other treatments shown. (G-J) Western blot
bands from P-AKT_Thr308 and P-AMPK_Thr172 protein staining were
quantified using Image J software and represented as bars graphs of
quantified area in square pixels for each of the protein bands (y-axis) ver-
sus treatments (x-axis) for A375R1 (G and H) and UCSD354L (/ and J) cells.
Figure S2. (A, B) The Seahorse fuel-flex assay was performed on
MEL624 (A) and WM1799 (B) cells to determine their dependency (blue)
on glucose (GLC), glutamine (GLN) and fatty acids (FA), and their flexibility
(orange) to utilize either of the single nutrients when the other two are
inhibited. Data is quadruplicates; error bars, SD. (C, D) MEL624 (C) and
WM1799 (D) cells were seeded in 96 well plates (10% cells/well) and
treated with IACS or STN or their combinations at 1:1 concentration
shown on the x-axes. Cell growth inhibition was determined after 72 h
using Cell Titer blue reagent. Data is normalized to vehicle-treated cells
and is average of triplicates, with error bars representing SD. (E) A375R1
cells were seeded in 96 well plates (10% cells/well) and treated with ETMR
or STN at the concentrations shown on the x-axes. Cell growth inhibition
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normalized to vehicle-treated cells and is average of triplicates, with error
bars representing SD. (F) A375R1 cells (1.5x10%) seeded in 96 well plates
were subjected to the same consecutive inhibitor treatments and incuba-
tion conditions as in Fig. 4D. The cells were then detached by trypsiniza-
tion, live cells were counted using trypan blue dye exclusion and the
results plotted as bar graphs of viable cells following each subsequent
treatment. Data is triplicates; error bars, SD. (G) Relative abundance of
intracellular acetyl CoA (Ac-CoA) in A375R1 cells treated with vehicle (V),
IACS (1), STN (S) or their combination (I+S) for 12 hours. (H, I) Fractional
labeling of acetoacetate by [U-'>CI-GLC (glucose) (H) or [U-">CI-GLN (glu-
tamine) ()) following treatment with IACS () and STN (S) or their combin-
ation (I+5) for 12 h. Figure S3. (A) Heatmap showing unsupervised
clustering analysis of significantly (p<0.005) altered proteins in UCSD354L
tumors harvested from mice fed with regular (Reg) or high-fat keto diet
and analyzed by RPPA. The heatmap shows Pearson correlation of signifi-
cantly (p<0.005) different proteins in tumors from mice fed with high fat
keto (Hi-fat) versus regular (Reg) diet. Intensity ranges of lowest (blue)
and highest (red) protein levels are indicated at the bottom of the heat-
map. (B) Sub-cutaneous tumor growth of parental A375 cells in mice fed
with Regular diet or high-fat keto diet. (C and D) Percent changes in
body weights of A375R1 tumor bearing mice fed with regular (Reg) diet
(O) or high-fat keto diet (Hi-fat) (D), and treated with Vehicle, 5mg/kg
IACS, Tmg/kg STN or their combinations over the number of days shown.
Mice weight data is from eight mice/group, error bars, standard error of
mean (SEM).

Additional file 3: Table S1. Inhibitors (probes) in the combinatorial
drug screen, their molecular targets and cellular pathways targeted.
Table S2. IC50 values of single agent inhibitors (probes) and their
combinations with IACS-010759 (IACS), derived from growth inhibition

was determined after 72 h using Cell Titer blue reagent. Data is

curve analysis using GraphPad Prism.
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