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Abstract

The mechanisms linking tumor microenvironment acidosis to disease progression are
not understood. Here, we used mammary, pancreatic, and colon cancer cells to show
that adaptation to growth at an extracellular pH (pH,) mimicking acidic tumor niches
is associated with upregulated net acid extrusion capacity and elevated intracellular
pH at physiological pH,, but not at acidic pH.. Using metabolic profiling, shotgun lipi-
domics, imaging and biochemical analyses, we show that the acid adaptation-induced
phenotype is characterized by a shift toward oxidative metabolism, increased lipid
droplet-, triacylglycerol-, peroxisome content and mitochondrial hyperfusion. Peroxi-
some proliferator-activated receptor-a (PPARA, PPAR«) expression and activity are
upregulated, at least in part by increased fatty acid uptake. PPARa upregulates genes
driving increased mitochondrial and peroxisomal mass and p-oxidation capacity,
including mitochondrial lipid import proteins CPT1A, CPT2 and SLC25A20, electron
transport chain components, peroxisomal proteins PEX11A and ACOX1, and
thioredoxin-interacting protein (TXNIP), a negative regulator of glycolysis. This

endows acid-adapted cancer cells with increased capacity for utilizing fatty acids for
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Abbreviations: ECAR, extracellular acidification rate; GPL, glycerophospholipid; LD, lipid droplet; MCT, monocarboxylate transporter; NBCn1, electroneutral Na*, HCO3 ™~ cotransporter-1; NHE1,

Na*/H* exchanger-1; OCR, oxygen consumption rate; ORO, Oil-Red-O; PDAC, pancreatic ductal adenocarcinoma; pH,, extracellular pH; pH;, intracellular pH; PPAR«, peroxisome proliferator-
activated receptor-a; PPRE, peroxisome proliferator response element; TAG, triacylglycerol; TME, tumor microenvironment; TXNIP, thioredoxin-interacting protein; V-ATPase, V-type H'

ATPase; VLCFA, very-long chain fatty acid.
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metabolic needs, while limiting glycolysis. As a consequence, the acid-adapted cells
exhibit increased sensitivity to PPAR«a inhibition. We conclude that PPARa is a key
upstream regulator of metabolic changes favoring cancer cell survival in acidic tumor

niches.

KEYWORDS
acidic microenvironment, cancer metabolism, fatty acid metabolism, PPARa, f-oxidation

What's new?

The microenvironment of solid tumors contains highly acidic niches proposed to favor cancer
aggressiveness, but the mechanisms involved are not understood. Here we show that cancer
cells adapted to tumor acidosis exhibit increased metabolic flexibility, peroxisome- and mito-
chondria content, and lipid metabolism. We demonstrate that these changes are driven at least

in part by increased PPAR« activity. Importantly, this renders acid-adapted cancer cells sensitive

1 | INTRODUCTION

Extracellular acidosis is a key feature of the tumor microenvironment
(TME), resulting from the high metabolic activity of rapidly proliferat-
ing cancer cells and limited venting of metabolic waste products due
to poor vascularization.>® Metabolic acid production comprises both
H* from glycolysis and CO, from oxidative phosphorylation
(OXPHOS) and can thus be extensive in oxidative as well as hypoxic
tumor regions. Consequently, acidosis and hypoxia only partially
overlap.*®

Recent studies have shown that adaptation to chronic extracellular
acidosis can contribute to tumor aggressiveness, leading to the hypothe-
sis that the acidic TME may, similar to hypoxia, play a key role in tumor
development. For example, growth at acidic extracellular pH (pH,) favors
epithelial-to-mesenchymal transition, invasiveness and metastasis in

several cancer cell types®”

and treatments limiting tumor acidosis
attenuate cancer development and metastasis.'© In contrast, effects of
acid adaptation on cancer cell growth and proliferation have received
less attention. Where this has been addressed, growth rates of acid-
adapted cells were found to be similar to, or lower, than those of cells
grown at normal tissue pH..”” Given that even modest acidification of
intracellular pH (pH;) inhibits cell cycle progression, protein synthesis
and hence cell growth,'*1* this raises the question of how pH; is regu-
lated in acid-adapted cancer cells. At the acidic pH, of the TME, cancer
cell pH; is highly challenged given the strong inward-directed driving
force for H*.X> Cancer cells can restore a pH; compatible with prolifera-
tion in an acidic environment in two, not mutually exclusive, ways: (i)
upregulate expression and/or activity of net acid-extruding mechanisms
such as Na*/H" exchangers, Na*-HCO3~ cotransporters, V-type H"
ATPases, or monocarboxylate transporters, and/or (i) reduce metabolic
acid production. Upregulation of net acid-extruding transporters in can-
cer cells and tumor tissue compared with normal cells/tissue has been
reported by many studies,'>*® but the regulation of such transporters in

chronic acidosis is essentially unstudied.

to PPAR« inhibition, pointing to a therapeutic relevance of targeting PPARa.

Consistent with the extensive glycolysis-inhibitory effect of acidic
pH;*? acid adaptation in cancer cells is associated with a metabolic shift
away from glycolysis toward glutamine metabolism and fatty acid oxida-
tion.2%22 This is presumably because, at least initially, the only cells that
survive are those that are able to adapt their metabolism to pathways
that are operational at a more acidic pH. Only a few pathways that may
regulate cancer cell metabolic rewiring by chronic acidosis are reported.
These include transforming growth factor beta-2 (TGF-B2), which was
assigned a role as a driver of lipid droplet (LD) accumulation in chronic
acidosis?®; and Thioredoxin-interacting protein (TXNIP), suggested to
regulate glucose metabolism, downstream from transcription factor
MondoA (MLXIP) in cancer cells subjected to acidic growth.?* Thus,
despite their importance for cancers in vivo, the adaptive changes in
acid-base homeostasis and metabolism occurring in cancer cells during
extended growth at acidic pH, are currently not understood.

We recently undertook deep RNA sequencing of three acid-
adapted human cancer cell lines: Panc-1 pancreatic cancer cells, and
MCF-7 (luminal B) and MDA-MB-231 (triple negative) breast cancer
cells. This revealed a clear correlation between the acid adaptation
gene expression response and gene expression changes between nor-
mal and tumor patient tissue across multiple cancers,?> emphasizing
that responses induced by chronic extracellular acidosis are likely to
be relevant to tumor development in patients.

Here we ask which mechanisms allow cancer cell growth under the
pressure of a strong inward-directed H" gradient in the acidic TME. We
demonstrate that adaptation to growth at acidic pH upregulates net acid
extrusion capacity, leading to elevated cancer cell pH; at physiological pH,,
but not at acidic pH,. This is paralleled by extensive metabolic changes,
including a shift toward oxidative metabolism, lipid uptake and increased
peroxisome proliferator-activated receptor-o (PPARA, PPAR«) activity.
PPAR« drives the upregulation of genes required for increased mitochon-
drial and peroxisomal mass and fatty acid p-oxidation capacity, allowing
the cells to utilize the fatty acids for their metabolic needs and increasing
their sensitivity to PPARa inhibition.
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2 | MATERIALS AND METHODS

Additional methods details are provided in the online Supplement.

2.1 | Antibodies and reagents

Antibodies and primer sequences are provided in Tables S1 and S2,
respectively. PPARa antagonist (GW6471, #G5045), PPARa agonist
(GW7647, #G6793) and PPARY antagonist (GW9662, #G6191) were
from Sigma; and Hoechst (#33342) and Rhodamine Phalloidin
(#A12379) from Thermo Fischer Scientific. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were from DAKO (#P0447,
#P0448), and Alexa Fluor488 and — 568-conjugated secondary anti-
bodies for immunofluorescence (IF) analysis were from Invitrogen
(#A11019, # A11070).

2.2 | Celllines and cell culture

All experiments were performed with mycoplasma-free cells. All cell
lines were authenticated by STR profiling within the last 3 years. Panc-1
(RRID: CVCL_0480), MDA-MB-231 (RRID: CVCL_0062) (both ATCC),
MCF-7/S9 (RRID: CVCL_ASQ9) (gift from L. Rennov-Jessen, University
of Copenhagen) and HCT116 (RRID: CVCL_0291) cells were cultured in
RPMI-1640 (Sigma-Aldrich, R1383) with 10 mM glucose (Sigma-Aldrich,
G8644), 5% fetal bovine serum (Sigma-Aldrich, F9665) and 1% Penicil-
lin/Streptomycin (Sigma-Aldrich, #P0781). To adjust pH to 7.6, 7.4 or
6.5, 38, 24 or 3 MM NaHCO3™ and 0, 14 or 35 mM NaCl, respectively,
was added to the medium. Cells were adapted to pH 7.6 or 6.5 by main-
taining them in appropriately pH-adjusted medium for at least 4 weeks.
Cells were cultured at 37°C, 5% CO,, passaged at ~70% to 80% conflu-

ence, and discarded after passage 23.

2.3 | BrdU proliferation assay

3 x 10° cells were seeded and incubated for 24 h at 37°C, 5% CO,
prior to adding the BrdU labeling reagent (1:100, Roche,
#11647229001). After 4 h, cells were fixed and denatured for 30 min
at room temperature (RT), incubated with BrdU antibody (Roche,
#11647229001) according to the manufacturer's protocol. BrdU
incorporation was measured colorimetrically in a BMG FLUOstar
OPTIMA microplate reader (BMG Labtech, Ortenburg, Germany).

24 | Western blotting

Briefly, cells were grown to 70% to 80% confluence, lysed, diluted in
NuUPAGE LDS x4 sample buffer and separated on 10% Criterion TGX
Precast gels using Tris/Glycine/SDS running buffer. Proteins were
transferred to nitrocellulose membranes, blocked in 5% nonfat dry
milk or 5% BSA in TBST for 1 h at 37°C and incubated with primary

antibodies overnight at 4°C. The following day, membranes were
incubated with secondary antibodies for 1 h at RT and developed
using ECL or SignalFire on a Fusion FX developer (Vilber Lourmat).
Band intensity was quantified using Imagel) software. For further

details, see supplementary methods.

2.5 | Live imaging of intracellular pH (pH;)

Cells were seeded in WillCo wells (#HBST-3522), incubated at 37°C,
5% CO, to 70-80% confluence, incubated for 30 min with 1.6 uM
2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl
ester (BCECF-AM), washed in the appropriate HCO3;™ -containing
Ringer, and placed in a 37°C/5% CO,/air chamber with solute perfu-
sion on a Nikon Eclipse Ti microscope. Fluorescence was measured
ratiometrically (excitation: 440/485 nm; emission: 520 nm, EasyRatio-
Pro software, PTI), for ~10 min in the appropriate HCO3; -Ringer.
Ringer composition (in mM for the pH 7.4 Ringer): 119 NaCl,
24 NaHCOg3, 5 KCl, 0.83 MgSO,, 2 Na;HPO,, 2 CaCl,, 3.3 3-(N-mor-
pholino)propanesulfonic acid (MOPS), 3.3 2-[Tris(hydroxymethyl)-
methylamino]-ethanesulfonic acid (TES), 5 HEPES. Ringer NaHCO;
and NaCl concentrations were adjusted to pH 7.6, 7.4 or 6.5 while
maintaining [Na']. Linear pH; calibration was performed using high
KCl Ringers (pH 6.6, 7.0, 7.4, 7.8) and 5 uM nigericin, as in
Reference 26.

2.6 | Immunofluorescence (IF) analysis

Briefly, cells seeded on coverslips were fixed with 2% paraformal-
dehyde, permeabilized in 0.5% Triton-X-100, blocked in 5% BSA in
TBST, and incubated with primary antibodies in 1% BSA in TBST
for 1.5 h/ON at RT/4°C. Hereafter, coverslips were incubated with
secondary antibodies, and if indicated, Rhodamine-phalloidin, in 1%
BSA in TBST, counterstained with DAPI, mounted in N-propyl-
gallate mounting medium, and imaged using an Olympus IX83
microscope with a Yokogawa scanning unit. No image processing
except merges, zooms and color balance was performed. Image
quantifications, overlays and adjustments of the intensities were
performed using ImageJ software (for details, see supplementary

methods).

2.7 | RNA-seq analysis

Mapped RNA-seq data was retrieved from GEO (accession number
GSE152345).2° Differential expression analyses were performed indi-
vidually for each cell line (AA vs ctrl.). Voom transformation was
applied with a design matrix that used pH treatment as coefficient,
and was then put into the linear model fit using Limma R package.?”
Differential expression, given the above settings, was defined as
Benjamini-Hochberg FDR < 0.05. GSEA analysis is described in Sup-
plementary Methods.
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2.8 | Glycolytic stress test

Cells seeded in 96-well plates were incubated with XF base medium
with 2 mM glutamine for 1 h at 37°C, no CO,, loaded into the Sea-
horse XFe96 Extracellular Flux Analyzer, and glucose, oligomycin and
2-deoxy-glucose were injected at final concentrations of 10 mM,
1 uM and 50 mM, respectively. Extracellular acidification and oxygen
consumption rates (ECAR and OCR) were measured using 3 cycles of
3 min of mixing followed by three measurements over a period of
~18 min. Nuclei were stained with Hoechst (1:1000) and data normal-
ized to cell count (for details, see supplementary methods).

29 | Mitochondrial analyses

29.1 | Quantification

Cells seeded in 96-well plates were stained for 30 min with Mito-
Tracker Green FM (200 nM) and Hoechst, washed twice in PBS, and
recorded in a GloMax Discover Microplate reader (Promega). The
MitoTracker/Hoechst signal ratio was calculated per well (triplicates),
and data are shown as mean per experiment, with SEM error bars (for

details, see supplementary methods).

29.2 | Morphology

Cells seeded in Ibidi 4-well p-slides were stained with MitoTracker
Deep Red (100 nM) and Hoechst for 10 min at 37°C in Live Cell Imag-
ing Solution pH 6.5, 7.4, or 7.6, washed once in this solution and
imaged under temperature- and humidity-control, using an Nikon-
Andor spinning disk confocal microscope and a 100X objective. Data

were analyzed using Fiji software.

210 | Oil-Red-O staining

Cells grown on coverslips were washed with PBS and fixed with 4%
PFA for 1 h at RT. Cells were stained for 15 min at RT with a filtered
(0.2 um) 0.5% Qil-Red-O solution (ORO, Sigma #00625, dissolved in
99% isopropanol, diluted 3:2 with ddH,0), washed with PBS, stained
with DAPI (1:1000) and mounted as above. ORO-stained lipid drop-
lets were visualized employing an Olympus IX83 microscope with a
Yokogawa scanning unit, x60/1.4 NA oil immersion objective and
CellSens Dimension software. Quantification, image overlays, zooms

and color balance adjustments were performed in ImageJ software.

211 | Shotgun lipidomics

Approximately 1 x 10° cells were washed three times with 1 ml ice-
cold 155 mM NH4HCO;3 in H,O. Then, 2 x 10° of the washed cells
were, together with a series of added internal lipid standards,

subjected to total lipid extraction and quantitative mass
spectrometry-based lipidomics as in Reference 28. The molar quanti-
ties of identified lipid species and lipid classes in samples were deter-
mined and normalized to that of the total identified lipids (mol%)
(Tables S5 and Sé) (TAG was excluded from the normalization of the
other lipid classes).

212 | Transcription factor binding site analysis
Upregulated genes based on the RNA-seq data analysis (FDR < 0.05,
AA vs ctrl.) in MDA-MB-231 or Panc-1 cells were used as input in the
oPOSSUM tool?? with standard settings (+5kbp regions around tran-
scription start sites of the above genes; JASPAR®C sequence motifs).
We sorted over-represented sequence motifs by opossum Fisher
scores, and selected the union of the 15 most over-represented
motifs in any of the two cells. For expression analysis of genes corre-
sponding to motifs, we used mouse or human gene names corre-
sponding to motif names.

213 | Quantitative real-time PCR (qPCR)

Total RNA was isolated using NucleoSpin RNA Il (Macherey-Nagel)
and reverse-transcribed using Superscript Il Transcriptase (Invitrogen,
#18080044). cDNA was amplified in triplicates by gPCR utilizing
SYBR Green (Roche, #04913914001) in an ABI7900 gPCR machine
with the steps: 95°C for 10 min, 40 x [95°C for 30s, 55-63°C
(depending on the primer pair) for 1 min, 72°C for 30 s], 95°C for
1 min. Primers were designed using NCBI Primer-BLAST, synthesized
by Eurofins and diluted in nuclease-free H,O (2 uM working dilution).
mMRNA levels were determined using the Pfaffl method, normalized to
B-actin and TATA-binding protein (TBP), and expressed relative to the

mRNA level in ctrl. cells.

214 |
treatment

PPAR«x and -y agonist and antagonist

For experiments involving treatments with the PPARa agonist and the
PPARa and PPARYy antagonists, cells were seeded for the relevant
experiment at least 24 h prior to treatment and treated with the indi-
cated concentrations for either 24 or 72 h. All compounds were dis-
solved in DMSO.

2.15 | Dualluciferase assay

Cells in 6-well plates at 50% to 70% confluence were transfected with
1 pg/well PPRE X3-TK Luc plasmid (Addgene #1015) and 0.3 pg pRL-
TK (Promega) employing Lipofectamine 3000 (Invitrogen,
#L3000015). After 4 to 5 h, medium was exchanged and after 48 h,
lysates were acquired with Passive Lysis Buffer (Promega, #E1910)
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diluted in ddH,0 and luciferase activity assessed by Dual Luciferase
Reporter Assay (Promega, #£1910) in a FLUOstar OPTIMA microplate
reader (BMG Labtech, Ortenburg, Germany). Results are shown as
fold increase in Firefly luciferase signal after background subtraction
and normalization to pRL-TK Renilla luciferase signal. Where indi-
cated, cells were treated for 24 h with GW7647 or GW6471 24 h

after transfection.

2.16 | Cell viability assay

2 x 10° cells were plated in black-walled 96-well plates (Greiner-Bio,
#655097) and grown for 24 h before being treated with either
GW6471 or GW9662 at the indicated doses for 72 h. To evaluate cell
viability, the medium was replaced with PBS and 50 ul CellTiter Glo 3D
Reagent (Promega, #G9683) was added. Plates were shaken for 5 min,
incubated for 25 min at RT and the luminescent signal was recorded
employing a FLUOstar OPTIMA (BMG Labtech, Ortenburg, Germany).

217 | Data analysis and statistics

Data analysis and illustrations were performed using Microsoft Excel,
GraphPad Prism, ImageJ and BioRender. Two-tailed paired or unpaired
Student's t-test was used to compare AA and ctrl. within a cell line.
When comparing both AA and ctrl. in multiple treatments, two-way
analysis of variance (ANOVA) with Tukey's or Bonferroni's multiple com-
parison post-test was used. Unless otherwise stated, bars show mean,
points individual experiments, and error bars SE of the Mean (SEM). In
graphs of normalized data from more than 2 cell lines, each AA cell line
is compared with its normalized ctr. shown as a dotted line.

3 | RESULTS

3.1 | Cancer cells growing in chronic acidosis
upregulate net acid extrusion

To study mechanisms of cancer cell adaptation in acidic TME regions

in vitro, we adapted multiple human cancer cell lines (Panc1, MDA-

MB-231, MCF-7 and HCT116) to growth at pH. 7.6 and 6.5, by
adjusting [HCO37] in the medium and maintaining cells at 5% CO,,
followed by a series of experiments to unravel cellular genotype and
phenotype (Figure 1A). Cell lines will be referred to as for example,
Panc-1-ctrl. and Panc-1-AA, where “ctrl.” refers to cells growing at pH,
7.6 and “AA” refers to cells adapted to growth at pH, 6.5. It should be
noted that tumors display a wide range of pH values in the acidic
range, from ~5.6 to around 7.0 (see?). A pH of 6.5 is thus well within
the range of values found in the literature.

Acute intracellular acidification limits proliferation and growth of
normal cells.*? In striking contrast, acid-adapted cancer cells were not,
or only marginally (MDA-MB-231 cells) growth-limited at pH, 6.5, as
assessed by BrdU incorporation (Figure 1B) and Retinoblastoma pro-
tein (pRb) hyperphosphorylation (Figure 1C,D).

As shown across multiple cancer cell lines,?? acidification of pH,
causes a corresponding albeit less pronounced acidification of pH;,
driven by the increased inward driving force for H". However, the
vast majority of measurements of cancer cell pH; are performed in a
pH 7.4 medium, where the inward-driving force for H' is several-fold
smaller than at the pH 6.5 in acidic tumor regions, leading to a more
alkaline pH;. We therefore asked what the steady state pH; was in
cancer cells adapted and growing at pH, 6.5, using the most aggres-
sive cell lines studied, Panc-1 and MDA-MB-231 cells. pH; was deter-
mined by real time imaging in Ringer solutions set to the desired pH
at 5% CO, by adjusting [HCO3~]. Under these conditions, pH; in acid-
adapted cells was ~pH 6.8 in both cell types, compared with ~7.3 in
control cells at pH 7.4 (Figure 1E). We next asked how this would
change when cancer cells from an acidic niche encounter normal tis-
sue pH,, for example, during invasion or an increase in local perfusion.
Strikingly, when measured at pH, 7.4, to simulate such a scenario, pH;
was much more alkaline in AA cells than in ctrl. cells, reaching up to
pH; 7.6 (Figure 1F). This has two possible, not mutually exclusive,
interpretations: net acid extrusion could be upregulated, and/or net
acid production downregulated, in AA cells compared with controls.

To gain insight into this, we first performed immunoblotting for
the Na*/H™" exchanger NHE1, the Na™-HCOj3 cotransporter NBCn1,
and the H" V-ATPase, key net acid-extruding transporters in cancer
cells.2 The NHE1 protein level was only increased in a subset of cell
lines and decreased in others (Figures 1G and S1A). Strikingly how-

ever, the NBCn1 protein level was increased in all AA cells compared

FIGURE 1 Acid-adapted cancer cells exhibit acidic steady state pH; at acidic pH,, yet elevated pH; at normal pH,. (A) Experimental strategy. WT
Panc-1, MDA-MB-231 (MDA), MCF-7 and HCT116 (HCT) cells were adapted to pH, 7.6 or 6.5 over a period of minimum 4 weeks. (B) Cell proliferation
assessed by BrdU analysis (n = 9, 11, 7, 6 for Panc-1, MDA, MCF-7 and HCT, respectively). (C, D) Representative Western blot (C) and quantification
(D) of pSer807/811-pRb. Dynactin subunit 1 (DCTN1) was used as loading control (n = 5, 8, 5, 3 for Panc-1, MDA, MCF-7 and HCT, respectively). (E, F)
BCECF-AM fluorescence converted to steady state pH; at pH, 7.6 or 6.5 (E) and pH,. 7.4 (F). Points indicate individual measurements. Horizontal line
denotes median, and upper and lower lines indicate max. and min. values, respectively (n = 7, 11 (Panc-1 ctrl., AA); 6, 8 (MDA ctrl., AA) for panel E; and
n =8, 7 (Panc-1 ctrl., AA); 7, 6 (MDA ctrl., AA), 4, 6 (MCF-7 ctrl., AA); 4, 5 (HCT ctrl., AA) for panel F). (G-J) Representative Western blots (G, H, 1) and
quantifications (l) of NHE1 (G), NBCn1 (H) and V-ATPase (B2 subunit) (I). Histone H3 (H3) or DCTN1 was used as loading controls as indicated (n = 6,
4 for Panc-1 and MDA, respectively, for panel I). For (B, D, E, F, I), dotted line indicates ctrl. value and an unpaired two-tailed t-test was performed for
each individual cell line, AA vs ctrl. (p values indicated on top). (J) Representative IF images and zooms (white boxes) of V-ATPase (B2 subunit) (green), F-
actin (magenta) and DAPI (blue). Arrowheads denote membrane localization of V-ATPase (B2 subunit). Image overlays and adjustments of the intensities

were performed using ImageJ software. Scale bars: 20 um.n =3
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Legend on next page.
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with ctrl. cells (Figures 1H and S1B). In MDA-MB-231-AA cells we
additionally observed an increase in protein level and plasma mem-
brane localization of the ubiquitous V-ATPase subunit B2, indicating
that V-ATPase-mediated H™ extrusion may contribute to acid extru-
sion in these cells (Figure 11, J, white arrowheads in J).

These results show that cancer cells growing in acidic environ-
ments upregulate net acid extruders. Under the large inward-directed
H* driving force at pH. 6.5, this is not sufficient to normalize pH;,
which remains modestly acidic. At pH. 7.4, pH; of acid-adapted cells
becomes alkaline, a condition expected to endow them with a growth

advantage.

3.2 | Acid adaptation reduces glucose-dependent
acid extrusion but maintains glycolytic capacity

We next asked whether cancer cells cultured under acidic conditions
also altered their metabolic activity to produce less acid. We recently
reported RNA-seq analysis of differentially expressed (DE) genes in
several ctrl.- and AA cell types.?® To delineate the metabolic changes
occurring in AA cells using these data, we focused on the two most
aggressive cell lines, Panc-1 and MDA-MB-231 (Tables S3-54).
KEGG pathway analysis showed shifts in expression of glycolytic- as
well as TCA cycle- and OXPHOS genes (FDR < 0.05) in MDA-MB-
231-AA cells compared with control cells, with no obvious shift from
one pathway to the other (Figure 2A and S2A). Similar changes were
seen in Panc-1-AA cells (Figure S2B and S3A,B). The pattern was

confirmed at the protein level for the key glycolytic enzymes Hexoki-
nase 2 (HK2) (Figure 2B, C), pyruvate kinase isozyme M2 (PKM2)
(Figure 2B, C), lactate dehydrogenase (LDHA) (Figure 2B, C), and the
monocarboxylate transporter SLC16A3 (MCT4) (Figure 2B, C). While
not further addressed here, a full gene set enrichment analysis addi-
tionally revealed major upregulation of genes related to extracellular
matrix organization in both MDA-MB-231-AA and Panc-1-AA cells,
and downregulation of genes related to DNA replication and cell
cycle specifically in Panc-1-AA cells, compared with controls
(Figure S4).

To gain functional insight into the metabolic phenotype imposed
by acid adaptation, we performed a glycolytic stress test in MDA-MB-
231, Panc-1 (Figure 2D, F), MCF-7 and HCT116 cells (Figure S5A, C).
All cell lines showed a consistent pattern of changes upon acid adap-
tation: compared with ctrl. cells, AA cells exhibited a reduced non-
glycolytic extracellular acidification rate (ECAR, Figures 2D, F and
S5A, C) prior to glucose addition—usually interpreted as deriving from
glycolysis-independent  TCA-cycle-derived CO,*'—and  glucose-
induced ECAR was reduced in all AA cell lines compared with ctrl.
(Figures 2D, F and S5A, C). Strikingly, the increase in ECAR upon ATP
synthase inhibition by oligomycin—representing maximal glycolytic
capacity—was strongly increased in all AA cell lines compared with
controls (Figures 2D-G and S5A-D). Mirroring this, oligomycin addi-
tion elicited a correspondingly greater decrease in oxygen consump-
tion rate (OCR) in AA cells (Figure S5E-H). Thus, AA cells exhibit a
shift toward oxidative metabolism, but, importantly, retain substantial

glycolytic capacity, and can rapidly switch when oxidative metabolism

FIGURE 2 Acid-adapted cells exhibit reduced glucose-dependent acid extrusion but maintain glycolytic capacity. (A) Overview of the
expression level of genes involved in glycolysis and TCA-cycle in MDA-AA cells compared with MDA-ctrl. Color indicates average log2 fold
change across three replicates per condition. The asterisk indicates statistical significance (P < .05, AA vs ctrl.). (B, C) Representative Western
blots (B) and quantifications (C) of HK2, PKM2, LDHA and MCT4. DCTN1 or H3 was used as loading control as indicated. For PKM2 and LDHA,
the same loading ctrl is used, as these two proteins were derived from the same blot. In (C) the dotted line indicates ctrl. value. A paired (MCT4)
or unpaired (HK2, PKM2 and LDHA) two-tailed t-test was performed for each individual cell line, AA vs ctrl. (p values indicated on top; n = 3,

3 (HK2); 3, 5 (PKM2); 5, 6 (LDHA); 8, 11 (MCT4) for Panc-1 and MDA, respectively). (D, F) Extracellular acidification rate (ECAR, mpH/min) as a
function of time in Panc-1 (D) and MDA (F). At the indicated time points, glucose (Glu, 10 uM), oligomycin (1 uM) and 2-deoxy-glucose (2-DG,
50 mM) was added to each well followed by three sets of three measurements over a time period of ~18 min. In each biological replicate, at least
15 technical replicates were measured. n = 3. (E, G) Calculated percent increase in ECAR between glucose (average of data points 4-6) and
oligomycin (average of data points 7-9) conditions in Panc-1 (E) and MDA (G). A paired two-tailed t-test was performed for each individual cell
line, AA vs ctrl. (p values are indicated on top; n = 3). (H) Average oxygen consumption rate (OCR, pmol/min) as a function of average ECAR
(mpH/min) of Panc-1, MDA, MCF-7 and HCT ctrl. and AA cells. Error bars represent S.E.M values. n = 3 for Panc-1 and MDA and 4 for MCF-7
and HCT. (I) Mitochondrial content in MDA-AA compared with MDA-ctrl. cells. Mitochondria were quantified by MitoTracker Green and
normalized to cell number in each experiment using Hoechst staining. In each experiment, three technical replicates were performed. A paired
two-tailed t-test was performed for each individual cell line, AA vs ctrl. (p value is indicated on top; n = 8). (J) Representative IF images of
mitochondria visualized with MitoTracker Deep Red (magenta) in Panc-1 and MDA (n = 3). Image overlays and adjustments of the intensities
were performed using ImageJ software. Scale bar: 10 and 5 um for full and zoomed image, respectively. Abbreviations for Figure 2: ACO1/2,
aconitase 1/2; ALDOA/C, fructose-biphosphate aldolase A/C; CS, citrate synthase; ENO1/2/3, enolase 1/2/3; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; GPI, glucose-6-phosphate isomerase; HK1/2, hexokinase 1/2; IDH1/2, isocitrate dehydrogenase 1/2; IDH3A,
isocitrate dehydrogenase 3 catalytic subunit alpha; IDH3B, isocitrate dehydrogenase 3 non-catalytic subunit beta; IDH3G, isocitrate
dehydrogenase 3 non-catalytic subunit gamma; LDHA/B, lactate dehydrogenase A/B; MP1/2, mitochondrial pyruvate carrier 1/2; OGDH,
oxoglutarate dehydrogenase; PDHA1/B, pyruvate dehydrogenase E1 subunit alpha 1/beta; PFKL/M/P, phosphofructokinase, liver/muscle/
platelet; PGAM1, phosphoglycerate mutase 1; PGK1, phosphoglycerate kinase 1; PKM, pyruvate kinase M1/M2; SDHA, succinate
dehydrogenase complex flavoprotein subunit A; SDHB, succinate dehydrogenase complex iron sulfur subunit B; SDHC/D, succinate
dehydrogenase complex subunit C/D; SLC16A1/3, solute carrier family 16 member 1/3; SLC2A1/3, solute carrier family 2 member 1/3; SUCLA2,
succinate-CoA ligase ADP-forming subunit beta; SUCLG1, succinate-CoA ligase GDP/ADP-forming subunit alpha; SUCLG2, succinate-CoA ligase

GDP-forming subunit beta; TPI1, triosephosphate isomerase 1
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is inhibited. ECAR and OCR data for all cell lines are summarized in
Figure 2H, confirming that control cells are predominantly glycolytic,
and AA cells predominantly oxidative. This was further corroborated
by the finding that microenvironment acidosis was associated with
increased mitochondrial mass per cell, as quantified from total mito-
tracker fluorescence normalized to cell number (Figures 2| and S5I),
and with elongated mitochondrial morphology as assessed by high
resolution Airy scan imaging of mitotracker fluorescence (Figure 2J).
These changes in mitochondrial morphology were confirmed by IF
analysis of mitochondrial outer membrane protein TOM20
(Figure S5J). Increased mitochondrial mass and elongated branches
generally correspond to increased oxidative phosphorylation
capacity,? and together with the altered expression of mitochondrial
genes, this morphological change is therefore likely an adaptative
response to the acidic microenvironment.

Collectively, these data show that AA cells exhibit increased mito-
chondrial mass, apparent branch elongation, and an oxidative shift in
presence of glucose and oxygen. Importantly however, the cells retain a
large glycolytic capacity, suggesting that they exhibit increased meta-
bolic plasticity.

3.3 | Acid adaptation is associated with increased
lipid accumulation and peroxisomal mass

Our RNA-seq analyses showed that genes associated with fatty acid
(FA) degradation were significantly upregulated in AA cells. Pathway

maps of these data are shown in Figure 3A for MDA-MB-231 cells,
and in Figure Sé for Panc-1 cells. Altered FA metabolism, including
increased lipid droplet (LD) content, is a characteristic of many can-
cers.3® CD36-mediated uptake of FAs in AA cells followed by storage
in LDs was recently reported, with accumulation in LDs suggested to
protect cells against lipotoxicity.” In congruence with this, LD content,
evaluated by Oil-Red-O staining, was markedly elevated in AA— com-
pared with ctrl. cells (Figure 3B-E). To further understand the changes
in FA metabolism imposed by acidic growth, we used shotgun lipido-
mics to study the acid adaption-induced changes in cellular lipid com-
position. Consistent with the high triacylglyceride (TAG) content of
LDs,®® total TAG content was strongly increased in AA- compared
with ctrl. cells (Figure 3F). Total content of the other major LD constit-
uent, cholesterol esters (CE), was not consistently altered, and total
cholesterol was modestly reduced, in both Panc-1-AA and MDA-MB-
231-AA cells (Figure 3G-H).

To gain insight into the origin of the FAs accumulating in AA cells,
we studied the diacylglycerophospholipid (diacylGPL) composition
using shotgun lipidomics. Interestingly, acidic growth was associated
with a significant increase in diacylGPLs with multiple (4-12) double
bonds and a corresponding decrease in diacylGPLs with only 1-2 dou-
ble bonds (Figure 3l). In particular, a large fraction of diacylGPLs in AA
cells had 24 double bonds in the two FA chains together, suggesting
that the bulk of these diacylGPLs has incorporated essential polyun-
saturated FAs from the growth medium serum. In agreement with the
notion that the increased TAG levels in AA cells reflect uptake rather
than FA production, expression of fatty acid synthase (FAS) was

FIGURE 3 Acid adaptation causes major changes in cellular lipid composition. (A) Overview of the expression level of genes involved in fatty
acid metabolism in MDA-AA cells compared with MDA-ctrl. Color indicates average log2 fold change across three replicates per condition. The
asterisk indicates statistical significance (FDR < .05, AA vs ctrl.). Major pathways are denoted in light gray. Specific organelles are shown as
colored boxes. Cytosolic pathways are separated by boxes with dotted lines. (B-E) Representative images and zooms (white boxes) of Qil-red-O-
stained lipid droplets (B, D) and quantification (C, E) in Panc-1 and MDA, respectively. An unpaired (C) or paired (D) two-sided t-test was
performed for each individual cell line, AA vs ctrl. (p values are given on top; n = 6, 4 for Panc-1 and MDA, respectively). Scale bars: 40 and

20 um for full and zoomed images, respectively. (F-H) Relative molar quantity (mol%) of triacylglycerides (TAG), (F) cholesterol (Chol), (G) and
cholesteryl esters (CE) (H) measured by shotgun lipidomics. Horizontal line denotes median, and upper and lower lines indicate max. and min.
values, respectively. (1) Relative molar quantity of diacylglycerophospholipids (diacylGPLs) with the indicated number of acyl double bonds in

Panc-1 and MDA. For (F-I) A multiple unpaired two-sided t-test was performed, AA vs ctrl. (p values shown on top; n = 3). (J, K) Representative
Western blots (J) and quantifications (K) of SQLE, ACAT-1 and FAS. p-actin (SQLE, FAS) or DCTN1 (ACAT-1) was used as loading control. An
unpaired two-sided t-test was performed for the individual cell lines, AA vs ctrl. (p values are given on top; n = 6 (SQLE); 7, 8 (ACAT-1); 3, 5 (FAS)
for Panc-1 and MDA, respectively. (L) Representative Western blots and quantification of PEX5. DCTN1 was used as loading control. An unpaired
two-sided t-test was performed for the individual cell lines, AA vs ctrl. (p values are given on top; n = 7, 4 for Panc-1 and MDA, respectively. (M,
N) Representative IF images and zooms (white boxes) of PEX5 (M) and quantification (N). Scale bar: 20 um. A paired two-sided t-test was
performed for the individual cell lines, AA vs ctrl. (p values are given on top; n = 3). For (K, L, N) dotted line indicates ctrl. value. Abbreviations for
Figure 3 : ABCD1/3/4, ATP binding cassette subfamily D 1/3/4; ACACA/B, acetyl-CoA carboxylase alpha/beta; ACAD9/11, acyl-Coa
dehydrogenase 9/11; ACAT2, acetyl-CoA acetyltransferase 2; ACLY, ATP citrate lyase; ACOX1, acyl-CoA oxidase 1; ACSL1, acetyl-CoA
synthethase long chain 1; AGPAT1/3/5, 1-acylglycerol-3-phosphate O-acyltransferase 1/3/5; CPT1A/2, carnitine palmitoyltransferase 1A/2;
DGAT1/2, diacylglycerol O-acyltransferase 1/2; DHCR7/24,7/24-dehydrocholesterol reductase; ECH1, enoyl-CoA hydratase 1; EHHADH,
enoyl-CoA hydratase and 3-hydroxyacyl CoA dehydrogenase; ELOVL1/5, ELOVL fatty acid elongase 1/5; ETFDH, electron transfer flavoprotein
dehydrogenase; FASN, fatty acid synthase; GPAT2/3/4, glycerol-3-phosphate acyltransferase 2/3/4; HACD1/2/3, 3-hydroxyacyl-CoA
dehydrogenase 1/2/3; HADHA/B, hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha/beta; HMGCR: 3-hydroxy-
3-methylglutaryl-CoA reductase; HSD17B4/10/12, hydroxysteroid 17-beta dehydrogenase 4/10/12; LIPE, lipase E; LPIN1/2/3, Lipin 1/2/3;
MGLL, monoglyceride lipase; MPC1/2, mitochondrial pyruvate carrier 1/2; PDK4, pyruvate dehydrogenase kinase 4; PEX5/6/11A, peroxisomal
biogenesis factor 5/6/11 alpha; PLIN2/3, Perilipin 2/3; PNPLA2, patatin like phospholipase domain containing 2; SLC25A1/20, solute carrier
family 25 member 1/20; SLC27A1/3/5, solute carrier family 27 member 1/3/5; SLC2A1/3, solute carrier family 2 member 1/3; TECR, trans-
2,3-enoyl-CoA reductase
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unaltered in Panc-1-AA and strongly reduced in MDA-MB-231-AA
cells (Figure 3J-K), and expression of genes involved in FA elongation
was not increased (Figures 3A and S6 and Tables S3 and S4). Consis-
tent with the lack of changes in cholesterol and cholesterol ester
levels in AA cells, protein levels of squalene epoxidase (SQLE), and
acyl-coenzyme-A: cholesterol acyltransferase (ACAT), key enzymes in

cholesterol- and cholesterol ester biosynthesis were not increased in
AA cells (Figure 3J-K).

Genes upregulated in AA cells included the carnitine palmitoyl-
transferases CPT1A and CPT2, as well as SLC25A20, the gene encod-
(CACT)—collectively the
components of the carnitine cycle required for transport of long-chain

ing carnitine-acylcarnitine translocase
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FAs to the intramitochondrial space for p-oxidation (Figures 3A and
S6). These changes support increased FA uptake into mitochondria.
However, not only mitochondria but also peroxisomes are important
sites of fatty acid B-oxidation, and peroxisomes play a particularly
important role in oxidation of very long chain FAs (VLCFAs).3* Accord-
ingly, a striking number of peroxisomal genes were upregulated in AA
cells, including Peroxisomal biogenesis factor 5 (PEX5), PEX11A, other
PEX isoforms, and acyl-coenzyme A oxidase 1 (ACOX1), the main
enzyme responsible for peroxisomal oxidation of VLCFAs®*
(Figures 3A and S6 and Tables S1 and S2). PEX5 upregulation was
confirmed at the protein level in MDA-MB-231-AA cells (Figure 3L),
and cellular peroxisome content, determined by quantitative IF analy-
sis of PEX5, was increased ~1.7-fold in Panc-1-AA cells and ~ 3-fold
in MDA-MB-231-AA cells (Figure 3M-N).

Collectively, these data indicate that cancer cells growing in an
acidic environment increase FA uptake and upregulate mitochondrial

and peroxisomal lipid uptake- and p-oxidation capacity.

3.4 | Increased PPAR« signaling in AA cells leads
to upregulation of TXNIP and other PPAR«x targets

We next asked which pathways could underlie the acid-driven
changes in lipid metabolism, mitochondrial lipid uptake and peroxi-
somal biogenesis. Analysis of transcription factor binding site using
oPOSSUM?’ showed that the peroxisome proliferator response ele-
ment (PPRE) was one of the most over-represented sequence pat-
terns in promoters of genes upregulated in Panc-1-AA and MDA-MB-
231-AA compared with ctrl. cells (Figure 4A). PPREs are bound by

peroxisome proliferator-activated receptors (PPARs, -a, -B/6 and -y),
acting as heterodimers with nuclear Retinoid X receptor alpha
(RXRA).2> PPARa, but neither PPARB/& nor PPARY, was upregulated
in AA cells (Figure 4B and Tables S1 and S2). PPAR« is a pivotal regu-
lator of lipid metabolism and stimulated by polyunsaturated FAs,>®
and we therefore pursued this further. KEGG analysis showed that a
striking number of upregulated genes were well-established PPAR«a
targets, including PEX11A, CPT1A, CPT2, SLC25A20, ACOX1, Elec-
tron Transfer Flavoprotein Dehydrogenase (ETFDH, essential part of
the electron transport chain), PDK4, which has been shown to con-
tribute to PPARa-induced fatty acid oxidation,*® and finally, the mas-
ter metabolic regulator thioredoxin-interacting protein (TXNIP)
(Figure 4C).%5 Notably, the transcription factor MondoA (MLXIP) and
its binding partner MLX, which can also drive TXNIP expression®*
were not highly expressed, and their expression was unaltered by acid
adaptation (Figure 4A,B and Tables S1 and S2).

qPCR analysis (Figure 4D) confirmed the PPARa upregulation,
while PPAR« protein levels (Figure 4E) were not consistently upregu-
lated in AA cells. Importantly, PPAR transcriptional activity assessed
as PPRE-driven luciferase expression was strongly increased in both
Panc-1-AA and MDA-MB-231-AA cells, consistent with the upregula-
tion of PPAR« targets (Figure 4F-G). Upregulation of PPRE-mediated
transcriptional activity by the PPARa-specific agonist GW7647
(Figure S7A) and downregulation by PPARa antagonist GWé471
(Figure S7B) validated assay sensitivity to PPARa activity. To confirm
that target regulation was driven by PPAR«, we studied TXNIP. Consis-
tent with the RNA-seq data, mRNA and protein levels of TXNIP were
upregulated in both Panc1-AA and MDA-MB-231-AA cells (Figure 4H-1).
This upregulation was abolished by the PPARa-specific antagonist

FIGURE 4 PPARa-driven gene expression is upregulated in acid-adapted cells. (A) Transcription factor binding site over-representation
analysis. The x- and y-axis show the Fisher exact test over-representation statistic for the top 15 over-represented JASPAR motifs in the +5 kbp
region around the start sites of upregulated genes (AA vs ctrl., FDR < 0.05), using the Opossum tool. Each dot represents one motif; JASPAR
motif names are shown. Motifs inside the dotted circle were used for follow up-expression analyses in (B), but only linked genes with detected
expression levels were considered (with the exception of PPARG: see below). Motif names with “::” correspond to transcription factor
heterodimers. (B) Expression change of chosen transcription factor genes. Panels show log, fold change and associated FDR values (AA vs ctrl.)
based on RNA-sequencing data. Each row corresponds to one gene; red genes were selected based on (A). In case of dimers, both genes were
investigated. PPARA was included since PPARG showed no expression change and the two proteins have similar binding preferences. The MLXIP
and MLX genes (black) are described in the main text. Rows are sorted by average log, fold. (C) Heatmap visualization of significantly DE PPAR«
targets (AA vs ctrl., FDR < 0.05). Color indicates average log2 fold change of DE genes (AA vs ctrl.) across three replicates per condition.

(D) Relative mRNA levels (qQPCR) of PPARa. Data is normalized to an average of -actin and TATA-binding protein (TBP). A paired two-sided t-test
was performed for each individual cell line, AA vs ctrl. (p values shown on top of bars; n = 5, 6 for Panc-1 and MDA, respectively).

(E) Representative Western blots and quantification of PPARa. DCTN1 was used as loading control. An unpaired two-sided t-test was performed
for each individual cell line, AA vs ctrl. (p values shown on top of bars; n = 5). (F) Schematic of the PPRE-X3-Luc plasmid. (G) Relative PPARa-
mediated Firefly luciferase signal normalized to pRL-TK-mediated Renilla luciferase signal measured by the dual-luciferase assay. Data was log-
transformed prior to comparison to improve normal distribution. A paired two-sided t-test was performed on the log-transformed values for each
individual cell line, AA vs ctrl. (p values shown on top of bars; n = 5, 3 for Panc-1 and MDA, respectively). (H) Relative mRNA levels (qPCR) of
TXNIP. Data is normalized to an average of p-actin and TBP. An unpaired two-sided t-test was performed for each individual cell line, AA vs ctrl.
(p values shown on top of bars; n = 4, 3 for Panc-1 and MDA, respectively). (I) Representative Western blots and quantification of TXNIP.
DCTN1 was used as loading control. A paired two-sided t-test was performed for each individual cell line, AA vs ctrl. (p values shown on top of
bars; n = 3, 4 for Panc-1 and MDA, respectively). (J) Panc-1 cells were treated with GW6471 (GW, PPAR« antagonist, 1 uM) or vehicle control
(DMSO) for 24 h. Representative Western blots and quantifications of TXNIP. DCTN1 was used as loading control. Two-way ANOVA with
Tukey's post-test (n = 4). When compared with DMSO for ctrl. cells, p values are directly above the bar. Comparison of two treatments is
indicated by connecting lines with p values given on top. For (D, E, G, H, |, J) dotted line indicates ctrl. value. (K) lllustration of the targets of the

used agonist and antagonists
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FIGURE 5 Acid-adapted cells exhibit
increased sensitivity to PPAR« inhibition. (A-
D) Panc-1 and MDA cells grown on coverslips
were treated with GW6471 (GW, PPAR«x
antagonist, 0.1 uM) or DMSO for 24 h and
stained for lipid droplets with Qil-red-O.
Representative images of Qil-red-O-stained
lipid droplets (A, C) and quantification (B, D)
for Panc-1 and MDA, respectively. Scale bar:
20 pm. Two-way ANOVA with Tukey's post-
test (n = 4-5). When compared with DMSO
for ctrl. cells, p values are directly above the
bar. Comparison of two treatments is
indicated by connecting lines with p values
given on top. (E-H) Panc-1 and MDA cells
were treated with increasing doses of either
GW6471 (PPARa antagonist, E, F) or GW9662
(PPARYy antagonist, G, H) or DMSO for 72 h.
Graphs display cell viability assessed by
CellTiter Glo normalized to the respective
DMSO. The dotted line indicates 50% cell
death. A paired two-way ANOVA with
Bonferroni's post-test was used to test for
statistical differences between ctrl. and AA at
each concentration; p values are directly
above the corresponding concentration (n = 3
for MDA and 5 to 6 for Panc-1 for F and G,
respectively). (I) Working hypothesis: Upon
acid adaptation, increased fatty acid uptake
and TAG hydrolysis drive upregulation of
PPARa and its target genes including TXNIP
and peroxisomal and mitochondrial genes. This
enables increased p-oxidation and metabolic
flexibility, facilitating cancer cell survival and
growth in the acidic TME. LC, long chain. See
text for details
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GW6471 (Figure 4J), confirming that it was specifically driven by PPARa.
Figure 4K summarizes the PPAR inhibitors used in Figures 4, 5 and S7.
These results show that PPARa is upregulated in acid-adaptated

cancer cells, resulting in upregulation of multiple PPAR« targets.

3.5 | Cancer cells in the acidic tumor
microenvironment exhibit increased sensitivity to
PPAR« inhibition

We reasoned that if cells growing in acidic conditions exhibit
increased FA uptake followed by their utilization through mitochon-
drial and peroxisomal lipid B-oxidation, and if PPAR« is more impor-
tant for degradation than for uptake of the FAs>” PPAR« inhibition
should increase lipid accumulation. To test this, we assessed the effect
of GW6471 on LD content in control and AA cells (Figure 5A-D).
Treatment with the antagonist increased LD content in both
Panc1-AA and MDA-MB-231-AA cells, while having no effect in con-
trol cells, indicating that indeed, FA utilization was more reliant on
PPARa than was FA import.

If AA cells exhibit increased dependence on PPARa-driven FA
degradation for growth and survival, they should be more sensitive
than control cells to PPAR« inhibition. To test this, we determined cell
viability upon treatment with increasing concentrations of GW6471.
To evaluate specificity for PPARa, we also treated cells with the
PPARy antagonist GW9662. Strikingly, both Panc-1-AA and MDA-
MB-231-AA cells exhibited greatly increased sensitivity to PPAR«x
inhibition compared with control cells (Figure 5 E-F). The opposite
was true for PPARYy inhibition, which was equally (Panc-1) or more
(MDA-MB-231) detrimental to growth of control cells (Figure 5G-H).

These data show that cancer cells in an acidic microenvironment

exhibit increased dependence on PPAR« for viability.

4 | DISCUSSION

Extracellular acidosis is a hallmark of the TME and has recently been
assigned key roles in driving cancer aggressiveness.?® Although it is
well known that cell growth under long-term extracellular acidosis

elicits widespread metabolic changes,?*2°23

the mechanisms driving
this are essentially unstudied. It should also be pointed out that, while,
consistent with previous studies, we use the term acid-adapted, it is
highly likely that the acidosis-driven event is a selection for those can-
cer cells that are able to survive the harsh acidic conditions. This is

suggested from work from us and others’3®

in which acid-adapted
cells are returned to physiological pH, but a full understanding of the
question will require DNA sequencing to study the genetic identity of
the populations before and after acid exposure.

The key finding of our work is that acid-adapted cancer cells sus-
tain growth at least in part through FA uptake and accumulation in
LDs, stimulating a PPARa-driven increase in mitochondrial and peroxi-

somal B-oxidation capacity (Figure 5I).
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Exposure to acidic pH. will initially acidify pH; as a consequence
of the increased inward driving force for H*.22 The resulting pH; will
depend on the balance between net acid influx, production and
-efflux. To maintain pH; despite a substantial increase in the inward-
directed driving force for H™, cells can increase net acid extrusion
and/or reduce net acid production. We show here that both strategies
are employed by cancer cells growing under acidic conditions. Acid-
adapted cancer cells showed a markedly increased pH; as measured at
physiological pH,, while they remained modestly acidic at acidic pH..
Consistent with this, acid-adapted cells showed increased expression
of net acid extruding transporters. The specific transporters upregu-
lated differed between cell types, emphasizing that the acidic
microenvironment selects for the phenotype of increased acid
extrusion, rather than for specific molecular targets. Interestingly, the
Na™-HCO3; -cotransporter NBCn1 (SLC4A7) was upregulated in all
acid-adapted cells, suggesting the existence of pervasive regulatory
mechanisms driving its upregulation at acidic pH,. This is particularly
relevant given the importance of NBCn1 for mammary tumor pH reg-
ulation and tumor growth in vivo and the known links between this

transporter and human mammary cancer.24%?

Consistent with earlier reports,2+2%

acid adaptation was associ-
ated with a shift toward oxidative metabolism. Remarkably however,
the reserve glycolytic capacity revealed upon blocking mitochondrial
activity was strongly increased in AA cells, suggesting that acidic
stress increased metabolic flexibility. Given that already the first steps

219 we reasoned that

of glycolysis are potently inhibited by acidic pH;,
other substrates than glucose would be needed to supply OXPHOS in
acid-adapted cells. Opportunistic nutrient acquisition, including scav-
enging of extracellular lipids followed by their accumulation in LDs, is
characteristic of many cancer cells.®® In line with this and with previ-
ous work,” we showed that cellular TAG and LD accumulation were
increased in acid-adapted cells. The FA profile determined by shotgun
lipidomics, and the lack of upregulation of enzymes associated with
lipid synthesis such as FAS, are most consistent with the lipids being
obtained directly from the extracellular environment. Although several
SLC27 (FATP) family lipid uptake transporters were upregulated at
mRNA level (Tables S1 and S2), we found no evidence (unpublished
data) for involvement of these transporters, nor of CD36, previously
suggested to mediate FA uptake in acid-adapted cells.? In fact, CD36
expression is very low in most cell types (eg, www.proteinatlas.org),
and was not detectable in Panc-1 or MDA-MB-231 cells (Tables S1
and S2). Mechanisms of transport of lipids across membranes remain
widely debated.*® However, given the pKa values of long-chain FAs, it
is clear that at pH, 6.5, a much greater fraction of such FAs will be
protonated and therefore un-ionized, allowing passage across the
membrane by rapid flip-flop down their concentration gradient.**42
Thus, while we cannot exclude a partial role for lipid transport pro-
teins, we propose that this elegantly simple biophysical mechanism is
an early event initiating metabolic changes when pH, decreases. A
possible additional lipid scavenging mechanism is macropinocytosis
followed by autophagy, known to be upregulated in cancer cells by

extracellular acidosis (Figure 51).4%%
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TAGs are released from LDs as FAs by direct adipose triglyceride
lipase (ATGL)-mediated lipolysis and/or by lipophagy*® (Figure 5I).
Given that ATGL (PNPLA2) was upregulated only in Panc-1-AA cells
(Figures 3A and S6) and that the autophagic machinery is, as noted

4344 it seems likely that

above, upregulated by extracellular acidosis,
both mechanisms are involved in the acid-adapted cells. The FAs are
subsequently utilized through B-oxidation in mitochondria and peroxi-
somes, followed by entry as acetyl-CoA into TCA cycle and OXPHOS.
Consistent with this, we found that acid-adapted cancer cells exhib-
ited increased mitochondrial and peroxisomal $-oxidation volume and
increased expression of mitochondrial and peroxisomal enzymes
important for lipid uptake and oxidation. How the OXPHOS efficiency
of the elongated mitochondria of the acid adapted cells compares to
that of control cells remains to be studied, however, mitochondrial
elongation has been associated with increased OXPHOS efficiency
and protection against mitophagy.>? Analysis of transcription factor
binding site enrichment and upregulation identified PPARx as a candi-
date transcription factor contributing to the acid adaptation-induced
metabolic changes. Incorporation of imported FAs into TAGs in LDs
followed by their ATGL-mediated hydrolysis elicits FA-induced PPAR«a
stimulation.®® This is a dual effect of the release of FAs which are
direct PPARa ligands, and ATGL-mediated activation of Sirtuini,
which activates peroxisome proliferator-activated receptor-y-coacti-
vator-1la (PGC-1a) and binds directly to PPARa, facilitating its interac-
tion with PGC-1a and transcription of PGC-1a/PPAR« target genes.*
Upregulated PPARa targets included key mitochondrial and peroxi-
somal drivers of lipid import and B-oxidation, PPAR« transcriptional
activity was increased in acid-adapted cells, and PPAR« inhibition
selectively reduced viability of acid-adapted cancer cells. Collectively
this suggests that activation of PPAR«x as a consequence of increased
FA import is a key element of the metabolic changes occurring in can-
cer cells in acidic environments. While not necessarily protumorigenic
in humans,*” PPARa signaling has been implicated in driving cancer
cell proliferation, at least in part via transcriptional upregulation of
CPTs.*® Also in congruence with our findings, SIRT1 activity was pre-
viously implicated in acidosis-induced metabolic changes.*’ Further,
the zinc transporter SLC39A10 (ZIP10) was one of the most highly
upregulated genes in AA cells (Tables S1 and S2). Zinc is strictly
required for PPARa activity and increases PPARa expression,®® and
thus ZIP10 upregulation may be another adaptive mechanism facilitat-
ing lipid-based metabolism in acidic tumor niches. Finally, acid-
induced upregulation of TXNIP was fully ablated by a specific PPAR«
antagonist. Given the known inhibition of glucose uptake by TXNIP,>!
we suggest that TXNIP upregulation contributes to the PPARa-
induced metabolic shift by limiting glucose uptake.

It is worth noting that acidosis and hypoxia partially overlap in
tumors.*> The present work and work of others showing a shift
toward mitochondrial metabolism in cancer cells under acidosis raise
the question of what happens to these cells if they also become hyp-
oxic. Recent work has suggested that breast cancer cells subjected to
both conditions undergo a transition to a Warburg phenotype,>? how-
ever, this would lead to rapid glucose depletion and select for alterna-

tive ways of obtaining nutrients, for example, by scavenging or

entosis,>® pointing to potential new therapeutic strategies for target-
ing such cells.

In conclusion, cancer cells growing in an acidic microenvironment
exhibit upregulation of net acid extrusion, attenuated glycolytic acid
production, and increased FA uptake. This phenotype is associated
with upregulation of peroxisomal and mitochondrial lipid import and
B-oxidation capacity but maintenance of a high glycolytic reserve
capacity, suggesting that a key trait acquired is increased metabolic
flexibility. This metabolic rewiring is at least in part driven by PPAR«
activation, and acid-adapted cancer cells accordingly exhibit increased
sensitivity to PPAR« inhibition.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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