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Abstract

Many cancer cells, regardless of their tissue origin or genetic landscape, have increased
expression or activity of the plasma membrane Na-H exchanger NHE1 and a higher intracellular
pH (pHi) compared with untransformed cells. A current perspective that remains to be validated
is that increased NHE1 activity and pHi enable a Warburg-like metabolic reprogramming of
increased glycolysis and decreased mitochondrial oxidative phosphorylation. We tested this
perspective and find it is not accurate for clonal pancreatic and breast cancer cells. Using the
pharmacological reagent ethyl isopropyl amiloride (EIPA) to inhibit NHE1 activity and decrease
pHi, we observe no change in glycolysis, as indicated by secreted lactate and intracellular
pyruvate, despite confirming increased activity of the glycolytic enzyme phosphofructokinase-1
at higher pH. Also, in contrast to predictions, we find a significant decrease in oxidative
phosphorylation with EIPA, as indicated by oxygen consumption rate (OCR). Decreased OCR with
EIPA is not associated with changes in pathways that fuel oxidative phosphorylation or with
mitochondrial membrane potential but occurs with a change in mitochondrial dynamics that
includes a significant increase in elongated mitochondrial networks, suggesting increased fusion.
These findings conflict with current paradigms on increased pHi inhibiting oxidative
phosphorylation and increased oxidative phosphorylation being associated with mitochondrial
fusion. Moreover, these findings raise questions on the suggested use of EIPA-like compounds to

limit metabolic reprogramming in cancer cells.



Introduction
Metabolic reprogramming is considered a hallmark of cancer cells that often includes increased
glycolysis and decreased mitochondrial oxidative phosphorylation (24, 60) to generate biomass
for fueling rapid proliferation. Although it is widely accepted that cancer cells predominantly
convert glucose to lactate, either due to increased expression of the converting enzyme lactate
dehydrogenase A (LDHA) (18, 66) or an impaired mitochondrial pyruvate import carrier (51), the
functional status of mitochondria in cancer cells remains controversial. Cancer cells are reported
to have dysfunctional mitochondria (3, 7, 46) but in contrast, the TCA cycle in mitochondria often
remains a major source for ATP and functional mitochondria are essential for cancer cells to
survive during tumor progression (59, 60, 67).

Another distinctive feature of most cancer cells is a constitutively higher intracellular pH
(pHi) compared with untransformed cells (13, 45, 61, 64). Although initially considered a
conundrum based on metabolic acids produced by rapidly proliferating cancer cells, the higher
pHi of cancer cells is now known to be in-part determined by increased activity or expression of
acid extruding plasma membrane ion transporters, including the Na-H exchanger, NHE1,
monocarboxylate transporters (MCTs), Na+/HCO3- co-transporters, and V-ATPases (13, 45, 52,
55). The higher pHi of cancer cells is suggested to enable metabolic reprogramming and a shift
from reliance on oxidative phosphorylation to glycolysis or glutaminolysis (13, 45, 61, 64);
however, this has not been conclusively determined. Additionally, metabolic (26, 38, 56) and pHi

(11, 36) heterogeneity occurs in cancers but whether or how these parameters might be linked



in determining their heterogeneity has received limited attention (11, 39). These considerations
are important because tumor heterogeneity is a challenge for effective cancer therapies.

We addressed a number of questions on pHi dynamics and cancer cell metabolism in
studies using human clonal pancreatic cancer BxPC3 cells and breast cancer MDA-MB-157 cells.
We focused on these cell types because our initial studies indicated that BxPC3 but not MDA-MB-
157 cells show a metabolic reprogramming of increased glycolysis and decreased oxidative
phosphorylation compared with untransformed tissue-matched clonal epithelial cells, which give
us models with contrasting metabolic profiles. Additionally, emerging findings indicate that
features of metabolic reprogramming are different across cancer subtypes (34). We found that
pharmacologically inhibiting NHE1 and lowering pHi has no effect on glycolysis but markedly
decreases oxidative phosphorylation and increases mitochondrial fusion to a more tubular
network. These effects are seen in both clonal cancer cells as well as in clonal untransformed
pancreatic and mammary epithelial cells. Our findings challenge two current views; first, that
increased activity of NHE1 and a higher pHi enable glycolysis and limit oxidative phosphorylation
in cancer cells, and second, that mitochondrial fusion is associated with increased oxidative

phosphorylation.

Materials and Methods

Cell lines. Clonal BxPC3 human pancreatic cancer cells obtained from Rushika Perera (UCSF) and
H1299 human lung cancer cells obtained from ATCC were maintained in RPMI-1640 medium
supplemented with 10% FBS, PANC-1 human pancreatic cancer cells obtained from Rushika

Perera were maintained in DMEM supplemented with 10% FBS, and HPDE untransformed human



pancreatic ductal epithelial cells, also obtained from Rushika Perera, were maintained in
keratinocyte medium (ThermoFisher, 37010022) supplemented with 10% FBS. MDA-MB-157 and
MDA-MB-453 triple negative human breast cancer cells obtained from ATCC were maintained in
Leibovitz L15 medium supplemented with 15% FBS in the absence of CO,, and MCF10A
untransformed human mammary epithelial cells obtained from Jay Debnath (UCSF) were
maintained as previously described (14). Cell lines were confirmed to be mycoplasma free as
tested by rtPCR (Mycoplasma Detection Kit abm #G238) and were authenticated commercially

by IDEXX BioAnalytics.

Mitochondrial stress and fuel assays. Mitochondrial oxygen consumption rate (OCR) was
determined using a mito-stress assay and measured with an XF24 flux analyzer (Agilent
Technologies). Cells were seeded at densities optimized to obtain a linear basal OCR between
100-300 pmol/min. Effects of the selective NHE1 inhibitor 5-(N-ethyl-N-isopropyl)-amiloride
(EIPA) on OCR was determined after maintaining cells in growth medium containing 10 uM EIPA
for 18-20 h. Growth medium was removed and washed with non-buffered mito-stress test assay
medium (DMEM basal medium supplemented where indicated with glucose, glutamine and
sodium pyruvate). MDA-MB-157 cells, grown in atmospheric conditions were washed and
maintained in assay medium for 2 h before measuring OCR. Basal OCR was measured, followed
by measurements with the addition of a series of mito-stress compounds as indicated by Agilent

Technologies specifications (https://www.agilent.com/en/support/cell-analysis/mitochondrial-

respiration-xf-cell-mito-stress-test), including successively Oligomycin (1 uM), FCCP (1 uM),

Rotenone (1 uM), and Antimycin (1 uM). OCR was expressed relative to the number of cells in



each well determined at the time of the assay. Cellular ATP was determined by a luminescence

assay (Cayman Chemicals Detection Assay 700410) according to manufacturer’s specifications.

Intracellular pH (pHi) and NHE1 activity. Steady-state pHi was measured in cells plated for 48 h
in 24-well plates and loaded with the pH-sensitive dye 2’,7'-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein (BCECF; Invitrogen) in a HCOs-containing buffer as previously described (23).
Ratios of BCECF fluorescence at Ex 490/Em530 (pH-sensitive) and Ex440/Em530 (pH-insensitive)
were measured using a SpectraMax plate reader (Molecular Devices) and calibrated to pHi by
treating cells at the end of each measurement in a potassium phosphate buffer containing the
protonophore nigericin (10 uM) at pH 6.5 and 7.5, as previously described (23). To experimentally
lower steady-state pHi, cells were incubated in growth medium containing 10 uM EIPA for 18-20
h. Loss of NHE1 activity with EIPA was confirmed by recording pHi recovery in a Hepes buffer

after an NHaCl-induced acid load as previously described (41).

Cellular Lactate and Pyruvate measurements. Extracellular lactic acid was measured by a
modification of previously described methods (63). In brief, cells were plated in 24-well plates
and grown for 48 h including treatment with EIPA for the last 20 h. For each measurement in
triplicate, cells were washed and incubated for 2 h in 0.5 ml FBS- and glutamine-free medium, 50
pl of medium was collected, centrifuged to remove debris, and lactic acid in the supernatant was
measured using an enzyme-linked assay in a hydrazine-glycine buffer with NAD+ as a cofactor
(63). Protein concentration was measured from lysed cells remaining in the wells used to collect

medium and extracellular lactic acid that was expressed relative to cell total protein for each



sample. Intracellular lactate and pyruvate were measured according to manufacturer’s
instructions (Cayman chemicals #700510 and 700470 respectively) in cells plated in 24 well-
plates. Briefly, cells were grown for 48 h as described for extracellular lactate measurements and
collected after trypsinizing. Cell counts were determined then cells were washed with 1ml of PBS
and collected by centrifugation. The cell pellet was treated on ice for 5 min with 0.25M of
metaphosphoric acid (MPA) to deproteinate the cells. The supernatant was collected by
centrifugation, neutralized with potassium carbonate, and subjected to another centrifugation.
The supernatant was immediately used for assays, which were performed in 96-well black plates
as indicated by assay instructions, with fluorescence signals measured at Ex530-540nm and Em
585-595nm. The determined intracellular lactate and pyruvate were represented relative to cell

number.

Recombinant human phosphofructokinase-1 (PFK1) and lactate dehydrogenase A (LDHA)
expression, purification and activity. Recombinant muscle PFK1 (PFKM) was expressed and
purified as previously described (62, 63). The activity of recombinant PFKM was determined at
0.5 mM fructose 6-phosphate and 4 mM ATP using an auxiliary enzyme assay linking F1,6bP
production to NADH oxidation as previously reported (63). MOPS and HEPES buffers were used
for pH 6.8-7.6 and 7.4-8.2, respectively. Activity was determined at pH 7.4 and 7.6 in both MOPS
and HEPES buffer to confirm the buffer system does not affect activity.

hLDHA cDNA with an NH;-terminal His tag was cloned into pFastbac HTa vector containing
a baculovirus specific promoter by using the Gibson Assembly method. Baculovirus was produced

using the E.coli strain DH10Bac containing a baculovirus shuttle vector and helper plasmid that



allow the generation of bacmid according to Bac-to-Bac Baculovirus expression system
(Invitrogen Life Technologies). Insect Spodoptera frugiperda Sf21 cells were infected with bacmid
using Cellfectin Il (Invitrogen) and supernatant was collected (P1) and amplified (P2), with 200 ml
of P3 supernatat used for protein expression. Post 48 h infection, Sf21 cells were collected by
centrifugation, lysed in a 10 mM potassium phosphate buffer containing 0.1 % Triton-X100 at pH
7.5 and protein was purified using cobalt resin, as we previously described (63). The activity of
recombinant hLDHA was determined by using 0.2 ug of purified enzyme with 0.2 mM NADH and
0.3 mM pyruvate as substrates in 100 mM potassium phosphate buffer of pH 6.8 to 7.6 by

measuring the time-dependent decrease of NADH at 340 nm.

Mitochondrial membrane potential. Mitochondrial membrane potential was measured as
previously described (53). In brief, cells seeded on 35 mm MatTek dishes (MatTek Corporation)
and maintained for 48 h were washed and incubated with the methyl ester form of the cationic
dye tetramethylrhodamine at a final concentration of 25 nM for 15 min. Unincorporated dye was
removed by washing with a HEPES buffer, and basal rhodamine fluorescence intensity was
acquired by spinning disk confocal imaging using an environmentally controlled inverted
microscope stand (Nikon TI) equipped with a motorized TIRF illuminator (Nikon), an iXon
electron-multiplying CCD camera (Andor) and a 100x 1.49 numerical aperture CFl objective
(Nikon) controlled by NIS-Elements software 4.3 (Nikon). The Apm was then quenched with FCCP
(10 uM) and then images were again acquired using identical field of views as controls. Data were
expressed as the ratio of basal/FCCP fluorescent intensity, with image processing and analysis

performed using NIS-Elements software.



Immunobloting for AMPK and measurement of cellular ATP. Proteins in 20-30 g of total cell
lysate were separated by 10% SDS, transferred to Imobilon membranes and immunoblotted as
previously described (65). Membranes were probed with antibodies to phosphorylated AMPK
and total AMPK (1:1000; Cell Signaling Technology #2535 and #2532, respectively). Cellular ATP
was determined using a luminescence assay according to manufacturer’s instructions (Cayman
#700410) and cells plated in 24 well-plates. Data were normalized to cell number determined in

parallel samples and expressed as cellular ATP with EIPA relative to control.

Mitochondrial morphology. For imaging, mitochondria were stained using Mitotracker
DeepRed™ (Life Technologies #D12345) according to the manufacturer specifications. In brief,
cells were seeded at ~“25% confluence in 35 mm glass bottom MatTek dishes, maintained for 24
h in growth medium, and then live cells were stained with 25 nM Mitotracker DeepRed™ for 15
min. Excess stain was washed and Z-stack images of 0.1 um were obtained with a 100x
objective and spinning disk confocal microscope as described for Am. Reconstructions of
images were generated and mitochondrial length quantified by using Imaris image analysis

software with surface function and default thresholding settings.

Data presentation and statistical analysis. Box-and whisker plots were generated using Analyse-
It for Microsoft Excel and show median, first and third quartile, observations within 1.5 times the
interquartile range, and all individual data points. Significance of multiple comparisons was

calculated by Tukey—Kramer honest significant difference (HSD) test in Analyse-It for Microsoft.



Bar graphs were generated using Excel or Prism software with significance determined using

Student’s Paired t-test. Figures were assembled in Adobe lllustrator CS5.

Results
EIPA decreases basal and maximal respiratory capacity of cells.
In cancer cells, increased NHE1 activity is predicted to enable metabolic reprogramming by
increasing glycolysis and suppressing mitochondrial oxidative phosphorylation (13, 45, 61, 64).
To our knowledge, however, this prediction has not been experimentally verified. To address this
prediction, we tested a series of clonal cancer cells and chose to focus further on BxPC3 human
pancreatic ductal adenocarcinoma cells and MDA-MB-157 human triple-negative breast cancer
cells. Our criteria for selecting these cells included published data on differences in metabolic
profiles of clonal cancer cells, using cancer cells with established tissue-matched untransformed
cells (HPDE for BxPC3 and MCF10A for MDA-MB-157) and our data on pHi in the absence and
presence of EIPA (Supplementary Fig. S1A). For example, although BxPC3 and PANC-1 pancreatic
ductal adenocarcinoma cells have distinct metabolic profiles (37) and a higher pHi than
untransformed HPDE cells (Fig. S1A), EIPA significantly decreased pHiin BxPC3 cells but not PANC-
1 cells. Additionally, EIPA had no effect on pHi of MDA-MB-453 human breast cancer cells or
H1299 human lung cancer cells (Supplementary Fig. S1A); hence we did not include these cells
for further study.

BxPC3 but not MDA-MB-157 cells showed decreased oxidative phosphorylation
compared with tissue-matched untransformed epithelial cells (Fig. 1A and E). We determined

oxidative phosphorylation by measuring oxygen consumption rate (OCR) in growing cells using



the well-established mitochondrial stress test and a Seahorse XF Analyzer (17). After measuring
basal OCR, a series of mitochondrial membrane transport inhibitors were injected, including
Oligomycin (1 uM) to determine ATP-linked respiration, FCCP (1 uM) to determine maximal
respiration, and Antimycin (1 uM) + Rotenone (1 uM) to determine spare respiratory capacity
(Fig. 1A). We used the mitochondrial stress test with untreated control cells and with cells treated
with EIPA (10 uM) for 18-20 h to selectively inhibit activity of NHE1, a H+ extruder. We confirmed
treatment with EIPA completely inhibited NHE1 activity in BxPC3 and MDA-MB-157 cells,
determined by loss of pHi recovery from an acid load (Supplementary Fig. S1B, C), and decreased
pHi in all cells used in our study (Supplementary Fig. S1A). Our pHi measurements indicate that
control pHi in BxPC3 and MDA-MB-157 cells was significantly higher than tissue-matched non-
transformed cells and also that NHE1 activity contributes substantially to steady-state pHi in
these cells. We chose to pharmacologically inhibit NHE1 activity rather than genetically silence
NHE1 because the exchanger has functions in addition to ion transport, including its C-terminal
cytoplasmic domain functioning as a scaffold by binding signaling proteins and anchoring actin
filaments to the plasma membrane (6, 40). Additionally, long-term loss of NHE1 activity is
synthetic lethal with activated oncogenes (22).

We found that BxPC3 cells had a lower OCR compared with untransformed HPDE human
normal pancreatic ductal epithelial cells (Fig. 1A), including basal OCR (Fig. 1C) and maximal
respiration (Fig 1D). Although OCR with BxPC3 cells is reported to be markedly lower compared
with a number of other pancreatic ductal adenocarcinoma cells, including PANC-1 and Mia-PaCa2
(37); this report did not include OCR for untransformed human pancreatic ductal epithelial cells.

In contrast to the prediction described above of increased NHE1 activity suppressing oxidative



phosphorylation, we found that EIPA decreased OCR in both BxPC3 and HPDE cells, with
significantly decreased basal OCR (Fig. 1C) and maximal respiration (Fig 1D).

In contrast to BxPC3 and HPDE cells, the OCR for MDA-MB-157 breast cancer cells and
untransformed MCF10A human mammary epithelial cells was not different (Fig. 1E), including no
difference in basal OCR (Fig. 1G) and maximal respiration (Fig 1H). However, in both cell types,
EIPA decreased OCR, including basal OCR and maximal respiration (Fig. 1F-H). These data indicate
that BxPC3 cells have a higher pHi and lower OCR than HPDE cells, and that MDA-MB-157 also
have a higher pHi but not different basal OCR or maximal respiration compared with MCF10A
cells. However, in contrast to the prediction that increased NHE1 activity and pHi suppress

oxidative phosphorylation, inhibiting NHE1 activity with EIPA decreased OCR in all four cell types.

EIPA does not change glycolysis despite pH-regulated activity of phosphofructokinase-1

Consistent with BxPC3 cells showing metabolic reprograming with decreased oxidative
phosphorylation, these cells also had increased secreted lactate compared with untransformed
HPDE cells (Fig. 2A), suggesting increased glycolysis. For MDA-MB-157 cells, although OCR is not
different compared with untransformed MCF10A cells, secreted lactate is significantly less (Fig.
2B), suggesting a lower glycolytic rate. However, despite EIPA decreasing OCR in all of these cells,
it had no effect on amounts of secreted lactate (Fig. A, B). We also measured intracellular lactic
acid in MDA-MB-157 cells, which was not different in the absence compared with the presence
of EIPA (Supplementary Fig. 2A).

To further test glycolysis we measured intracellular pyruvate, a metabolite upstream of

lactate, which was significantly lower in BXPC3 compared to HPDE cells (Fig. 2C), suggesting



BxPC3 cells may be more effectively converting pyruvate to lactate. Additionally, despite MCF10A
cells having more secreted lactic acid than MDA-MB-157 cells, levels of intracellular pyruvate
were not different in these two cell types (Fig. 2C). However, in all four cell types EIPA has no
effect on secreted lactate or intracellular pyruvate, which strongly suggests it does not alter
glycolytic flux.

The prediction that increased NHE1 activity and pHi in cancer cells increases glycolysis to
enable metabolic reprogramming is in part based on previous work showing that activity of
phosphofructokinase-1 (PFK1), which catalyzes the rate-limiting step committing glucose to
breakdown, is pH sensitive with increased activity at higher pH (16, 58). Additionally, lactate
dehydrogenase A (LDHA), an enzyme catalyzing the conversion of pyruvate to lactate is
reported to be pH sensitive, with yeast LDH having increased activity at higher pH (20, 54) and
the M but not H isoform of recombinant human muscle LDH having increased activity with
increasing pH above 7.0 (47). In contrast, recombinant human LDH was recently found to have
promiscuous reduction of alpha-keto-glutarate to 2-hydroxyglutarate at acidic pH (29, 43).

To further reconcile our findings on glycolysis with reported effects of pH on activity of
PFK1 and LDHA, we generated and purified recombinant human enzymes (Supplementary Fig.
2B, C) and determined the effect of pH on activity of the enzymes. Although all three PFK1
isoforms, muscle, platelet and liver, have increased activity at higher pH (1, 48, 58), the muscle
isoform, PFKM, is most sensitive to pH and has pH-dependent relief of allosteric inhibition by
ATP. Using recombinant human PFKM generated in a baculovirus expression system to enable
post-translational modifications that might affect activity, we found that PFKM activity was pH-

dependent with increased activity at high pH (Fig. 2D). The data indicated a distinct linear



increase in activity from ~ 7.2 to ~ 7.7, which is very consistent with findings using purified native
PFKM (16, 58). In contrast, activity of recombinant purified human LDHA, also generated using a
baculovirus expression system, was not different within the range of pH 6.8 to 7.5 (Fig. 2E). Our
finding of increased PFKM with higher pHi does coincide with no change in glycolysis when pHi is
decreased with EIPA. However, we cannot not rule out possible effects of pHi on PFK1 activity in
cells that could be mediated by other isoforms, changes in substrate or the activity of other

glycolytic enzymes.

EIPA does not change fatty acid, glutamine- or pyruvate-fueled OCR and has no effect on
mitochondrial membrane potential

Mitochondrial respiration is regulated by metabolites from fatty acid oxidation (FAO),
glutaminolysis, and glycolysis. To determine how EIPA might decrease basal OCR we tested
whether it limits how these pathways fuel mitochondrial respiration. We quantified the
contribution of each pathway by measuring basal OCR in the absence and presence of selective
inhibitors of each pathway, including Etomoxir for FAO, BPTES for glutaminolysis and UK5099 for
the mitochondrial pyruvate carrier. We focused on HPDE and BxPC3 cells because in control
conditions they had distinct OCR values but MCF10 and MDA-MB-157 cells did not (Fig. 1A, E). In
addition to HPDE and BxPC3 cells having different basal and maximal respiration, they also had
differences in the pathways that fuel OCR. We found that dependence on FAO was ~ 9% in HPDE
cells but ~ 40% for BxPC3 cells, dependence on glutaminolysis was nearly undetectable in HPDE
cells but ~ 16% in BxPC3 cells, and dependence on pyruvate was ~ 4% in HPDE cells but ~ 14% in
BxPC3 cells (Fig. 3A). The significantly higher contributions from FAO and glutaminolysis in BxPC3

cells compared with HPDE cells is consistent with upregulated FAO in many cancer types (34) and



pancreatic cancers being reliant on glutaminolysis pathways (8). However, although EIPA lowered
basal OCR in HPDE and BxPC3 cells, it had no effect on the relative contribution of FAO
(Supplementary Fig. 3A), glutaminolysis, or pyruvate (data not shown) we observe in control cells.
Oxidative phosphorylation is also regulated by phosphorylated AMP kinase (pPAMPK), an indicator
of cellular ATP levels and bioenergetics, and by mitochondrial membrane potential (Agm).
Although EIPA decreased ATP-linked OCR, determined as basal OCR minus OCR with Oligomycin
(Supplementary Fig. 3B), it had no effect on pAMPK in BxPC3 cells, determined by
immunoblotting (Supplementary Fig. 3C) or cellular ATP concentration in the four cell lines we
studied (Supplementary Fig. 3D). EIPA also had no effect on Aym, determined by quantifying
confocal images of BxPC3 cells loaded with the methyl ester of the cationic dye
tetramethylrhodamine (Fig. 3B, C). Hence, although inhibiting NHE1 activity with EIPA decreased
basal and maximal OCR in BxPC3 cells, it had no marked effect on the contribution of pathways

fueling OCR or bioenergetics level as indicated by pAMPK, cellular ATP or Am.

EIPA induces tubular mitochondrial structure.

Yet another regulator of OCR is mitochondrial morphology, which we found is markedly
changed with EIPA. Changes in mitochondrial morphology, termed mitochondrial dynamics,
includes the processes of fission, or the division or fragmentation of individual mitochondrion,
and fusion, or the union of mitochondria generally into a tubular network. We used images of
live cells stained with Mitotracker DeepRed™ and imaged by spinning disk confocal microscopy
to generate reconstructions of mitochondrial morphology (Fig. 4A) and to quantify mitochondrial

lengths with Imaris software (Fig. 4B-E). We binned mitochondrial lengths into four categories,



0-5 um, 5-20 um, 20-50 pum and > 50 um, and expressed data as a percent of mitochondria within
each length range. Quantification indicated that mitochondria morphology of control cells was
predominantly in the intermediate range of 5 to 50 um, with BxPC3 having substantially fewer
mitochondria of > 50 um, With EIPA, however, all four cell types had significantly fewer
mitochondria of 5-20 um length and more > 50 um, indicating an increased tubular network (Fig.
4C-F). Visually, control cells appear to have a more compact mitochondrial network, and with
EIPA cells are more spread with a less compact network (Fig. 4A). This observation was most
pronounced for MDA-MBA-157 cells, despite OCR not being different in MDA-MB-157 and
MCF10A cells. A current view is that elongated mitochondrial networks are associated with
increased oxidative phosphorylation (42). However, our findings indicate that EIPA changes
mitochondrial dynamics to a more elongated tubular network, suggesting increased fusion,

despite EIPA decreasing OCR.

Supplementary data can be found at https://doi.org/10.6084/m9.figshare.14633286

Discussion

Our study tests a commonly conveyed prediction that in cancer cells increased activity of NHE1
and a higher pHi enable metabolic reprogramming by suppressing mitochondrial oxidative
phosphorylation and increasing glycolysis (45, 61, 64). Contrary to this prediction, however, we
found that inhibiting NHE1 activity and decreasing pHi with EIPA decreased oxidative
phosphorylation in clonal cancer and untransformed cells, determined by measuring oxygen
consumption rates, and had no effect on glycolysis, determined by measuring extracellular

lactate and intracellular pyruvate. In HEK cells, the NHE1 inhibitor cariporide also has no effect



on steady-state lactate production (50) and to our knowledge the MCT lactate-H+ transporters
are not sensitive to EIPA . We confirmed that recombinant PFKM generated to include post-
translational modifications has increased activity at higher pH, as previously reported for native
enzyme isolated from muscle (16, 58). The lack of an effect of decreased pHi on glycolysis
despite pH dependent PFKM activity could reflect the relative expression of muscle compared
platelet and liver isoforms. However, the activity of these isoforms also is greater at higher pH,
albeit with less sensitivity than PFKM (1, 48, 58). We found no effect of pH within the
physiological range on activity of purified recombinant LDHA, despite conflicting findings that
yeast (20, 54) and human (47) LDH have increased activity at higher pH and that recombinant
mammalian LDH has promiscuous increased activity at more acidic pH (29, 43). Moreover, our
findings contrast to an NHE1-dependent increase in glycolysis induced by human carcinogens
(25).

Although EIPA decreased oxygen consumption rate in cancer and untransformed cells, it
had no effect on contributions of distinct metabolic pathways to mitochondrial respiration,
including FAO, glutaminolysis, and glycolysis, or on mitochondrial membrane potential. However,
EIPA did induce marked changes in mitochondrial morphology, increasing mitochondria lengths
and a more tubular network in the cancer as well as non-transformed cells we studied. Our
findings are in contrast to a current view that elongated mitochondrial networks are associated
with increased oxidative phosphorylation (42). However, extracellular acidosis, a feature of
tumors like increased pHi, promotes mitochondria fusion and limits fragmentation (33).
Moreover, Nehrke and colleagues report links between a Na-H exchanger, pHi, and mitochondrial

morphology in C. elegans, with chronic mitochondrial fragmentation lowering pHi (31) and in C.



elegans and mammalian cells a lower pHi inhibits mitochondrial fusion with effects mediated by
reactive oxygen species (ROS) (30). Although increased ROS inhibits NHE1 expression and/or
activity and lowers pHi (2, 44), whether EIPA regulates ROS abundance remains unclear. EIPA
inhibits increases in ROS (4, 12), which can be mediated by decreased NHE1 activity. In contrast,
however, cell injury stress is recently reported to increase redox signaling and mitochondrial
fission (28), although this study does not include effects on mitochondrial respiration. Hence,
there remains caution on an oversimplified assumption that mitochondrial fusion is associated
with increased oxidative phosphorylation, and as suggested, correlations between mitochondrial
dynamics and metabolism remain unclear (9).

Our experimental design does not rule out a direct effect of EIPA on mitochondrial
morphology; although if this occurs it is not likely mediated by a Na-H exchanger. A
mitochondrial localized NHE isoform distinct from plasma membrane NHE1 remains
controversial. A mitochondrial cation/proton exchange by NHA2 (SLC9B2) is reported (5, 19);
however, in isolated mitochondria EIPA has no effect on H+ transport (32) or respiration (15) at
concentrations up to 100 uM, compared with the 10 uM we used in our study. A recent study
shows that long-term (5 days) but not short-term (1 day) treatment with EIPA has cytotoxic
effects independent of NHE1 (49).

In addition to possible bi-directional effects of EIPA on oxidative phosphorylation and
mitochondrial morphology, the decreased OCR we observed with EIPA could reflect decreased
micropinocytosis because this cellular uptake process is inhibited by amiloride (35) and EIPA
(10), with effects of EIPA shown using BxPC3 cells as we used in our study. An additional and

not mutually exclusive mechanism mediating decreased OCR with EIPA could be effects on



intracellular Ca?*, which is lowered by EIPA (21, 57), although possibly secondary to lowering
pHi. Additionally, decreasing Ca?* entry by the Trpm2 channel decreases OCR (27).

Further studies are needed to resolve effects of EIPA on mitochondrial respiration and
morphology and whether they are mediated by decreased NHE1 activity and lower pHi. Our
findings that a lower pHi is associated with decreased OCR raise questions on the prevailing
prediction that the higher pHi of cancer cells enables metabolic reprogramming by suppressing
oxidative phosphorylation and also for lowering pHi as a therapeutic strategy to limit cancer

progression by reversing metabolic reprogramming
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Figure Legends

Fig. 1. Oxygen consumption rates (OCR) for the indicated cell types and conditions. A, B.
Mitochondrial stress test with HPDE and BxPC3 cells for control (A) and with EIPA (10 uM) (B).
As labeled in (A), shown is basal OCR before sequentially adding mitochondrial transporter
inhibitors at 1 uM, including Oligomycin for ATP-linked respiration, FCCP for maximal
respiration, and Antimycin + Rotenone for spare respiratory capacity. Data are means £ s.e.m.
of five separate cell preparations. C, D. Basal (C) and maximal (C) OCR for HPDE and BxPC3 cells
in the absence (control) and presence of EIPA. Data are from five separate cell preparations.
Box plots show median, first and third quartile, with whiskers extending to observations within
1.5 times the interquartile range, and all individual data points. Statistical analysis by Tukey-
Kramer HSD test. E, F. Mitochondrial stress test as in (A) with MCF10A and MDA-MB-157 cells
for control (E) and with EIPA (F). Data are means * s.e.m. of five separate cell preparations. G,
H. Basal (C) and maximal (C) OCR for HPDE and BxPC3 cells in the absence (control) and
presence of EIPA. Data are from five separate cell preparations with Box plots and statistical
analysis as described for C and D.

Fig. 2. Glycolysis and activity of the glycolytic enzymes PFK1 and LDHA. A, B. Lactic acid secreted
from HPDE and BxPC3 cells (A) and MCF10A and MDA-MB-157 cells (B) in the absence (control)
and presence of EIPA (10 uM). Data are from four (A) and three (B) separate cell preparations.
Box plots show median, first and third quartile, with whiskers extending to observations within
1.5 times the interquartile range, and all individual data points. Statistical analysis by Tukey-
Kramer HSD test. C. Intracellular pyruvate for the indicated cell types and conditions. Data are



means * s.e.m. of three separate cell preparations, with statistical analysis using Student’s
Paired t-test D. Activity of PFKM, expressed relative to maximal activity at 4 mM ATP and 0.5
mM fructose 6-phosphate. Data are means £ s.e.m. of seven separate measurements with two
different protein preparations. E. Activity, expressed as decreased NADH over time, of
recombinant purified LDHA at buffer pH 6.8, 7.2 and 7.5. Data are means of three separate
measurements with two different protein preparations.

Fig. 3. Contributions to mitochondrial respiration and mitochondrial membrane potential. A.
For HPDE and BxPC3 cells, OCR with inhibitors, each at 1 uM for pathways fueling mitochondrial
respiration, including Etomoxir for FAO, BPTES for glutaminolysis, and UK5099 for the
mitochondrial pyruvate carrier. Data are expressed as percent decrease relative to control OCR
and are means * s.e.m. of three cell preparations with statistical analysis by Student’s Paired t-
test. B. Representative confocal images of BxPC3 cells loaded with the methyl ester of the
cationic dye tetramethylrhodamine that indicates mitochondrial membrane potential (Aym) for
control and with FCCP in the absence and presence of EIPA (10 uM). C. Quantification of
tetramethylrhodamine staining expressed as control values relative to values with FCCP from
five field-of-views in two cell preparations. Box plots show median, first and third quartile, with
whiskers extending to observations within 1.5 times the interquartile range, and all individual
data points.

Fig. 4. EIPA changes mitochondrial morphology. A. Imaris reconstructions of confocal images of
the indicated cell types stained with Mitotracker DeepRed™ in the absence (control) or
presence of EIPA (10 uM). Heat map of mitochondrial lengths and scale bar are included at
bottom right. B-E For each indicated cell line, quantified mitochondrial lengths measured from
confocal imagines using Nikon NIS software and binned using Excel software into four
categories, 0-5 um, 5-20 um, 20-50 um and > 50 um, with data expressed as the number of
mitochondrial structures within each category. Data are means + s.e.m. of five fields of view
from two cell preparations with statistical analysis by Student’s Paired t-test.



>

-
o

@

OCR (fmol/min/cell)

N

(@)

b

FY

OCR (fmol/min/cell)

m

2 R = U O
N s =5)

OCR (fmol/min/cell)

®

OCR (fmol/min/cell)

N

(-]

~

Oligomycin FCCP Rotenone
‘l‘ ‘l‘ AntimycinA
¥ -=HPDE
-+ BxPC3

2 10 19 28 37 46 54 63 72 81 90
Time (mins)

p =0.007

p=0.003
p =0.041

Basal

=)

=3

Control Control EIPA
HPDE BxPC3

Oligomycin FCCP Rotenone
‘l‘ ‘l‘ AntimycinA

-=- MCF10A
- MDA-MB-157

EIPA

iy
(-]

-

]

>

1 10 19 28 36 4 54 63 71 80 8 97
Time (mins)
p =0.006

Basal

Control EIPA
MCF10A

Control EIPA
MDA-MB-157

OCR (fmol/min/cell)

-n

OCR (fmol/min/cell)

I

OCR (fmol/min/cell)

©

]

-

N

14 -

12

Fig. 1. Manoli et al.

Oligomycin FCCP Rotenone

‘l‘ ‘l‘ AntimycinA
[
PO ST
\
7 i N
."l-—l\i--i-—l/" R N
E-m-w BELEL
2 10 19 28 37 46 54 63 72 81 90 98
Time (mins)
p <0.001
p <0.001
-
Q p=0.004
p=0.015
. f
|
e Ta 1
—
Maximal Respiration
Control EIPA Control EIPA
HPDE BxPC3
Oligomycin FCCP Rotenone
‘l‘ ‘l‘ AntimycinA

\/

-e- MCF10A + EIPA
-®- MDA-MB-157 + EIPA

' oot

1 10 19 28 36 45 54 63 14 80 89 97

p = 0.002

Maximal Respiration

Control EIPA
MDA-MB-157

Control EIPA
MCF10A




>

w
(4]

O

Relative Activity

Lactic Acid Secreted
(uM/ug protein)

- - N N W
[4)] o (4] o (4] o

o

-
-

o
L

o
o

B 35
L p <0.001
: 30 -
p < 0.001 ° r
. © T 251
. 5 <
== T 82l
T2 .
22151 —— )
oS
5 =10+ _
(] Near outliers
-l 5
0
Control EIPA Control EIPA Control EIPA Control EIPA
HPDE BxPC3 MCF10A MDA-MB-157
C 120=- p=0.019
9 . O Control
S 1 T e I EIPA
2 2 1
> 80~
a 3 °
8% 6o *
2
0 =
Q 3 40- -
=
£ 20=
HPDE BxPC3 MCF10A MDA-MB-157
E 5
PY 4.5 pH
§ a - 6.8
} 5 =172
c 3 - 7.5
S
@,2'5
n 2
o]
<< 15
a
a 1
<
é ® =2 05
0 . . ; . . . . : .
7.0 7': 8.0 0 200 400 600 800 1000 1200 1400 1600 1800
o]

Time (s)

Fig. 2. Manoli et al.



Control

EIPA

% Decrease in
Control Basal OCR

Fig. 3. Manoli et al.

507 p<o0.001
- O HPDE
. bR @ BxPC3
304 p <0.001 p <0.001
20—
10 ‘ \ ‘ L4 \
0
Etomoxir BPTES UK5099
C ..] Bxrc3
r
30 :
o |
= 25 : "
o |
3 :
L\I. 20 M
© =
" 15 - u
g |
s} . |
10 | I
ln
5

Control EIPA



MCF10A

MDA-MB-157

201.785
)
23
N 4o
85
Lo
g
®
3.122
700 HPDE
B . O Control c p=0.004 O Control
60— p=0.016 @ EIPA 60- ‘!‘: o EIPA
C 50+ .% o < 50- o|® °
_8 40- p<0.001 _8 40— ! Y
£ ¢ £ p <0.001
< 204 < 20+
10+ 107 | ‘I
oL Btea g, 0 -L—sumngreny.
>5 5to20 20to50 >5 >5 5t020 20to50 >50
Area um? Area um?2
D 704 MCF10A ;<4001 O Control p =0.001 E 700 MDA-MB-157 O Control
ry - EI EIPA
60 :1_: O EIPA T e 80 p=0.026 p =0.005
L 50— L 50 . .
Q L4 ° °
L 404 ° _8 40- 'I'. ®
£ £ .
2 t [ | 2 ‘I°
20+ : L 20 = °
104 o 104
0--& 0 -1 —wiiSngayey
>5 5t020 20to50 >50 >5 5to20 20to50 >50
Area ym?2 Area um?2

Fig. 4. Manoli et al.



p <0.001

p=0.013 p <0.001 0O Control
A p < 0.001 @ EIPA
7.8= _— p <0.001 .
p =0.050 :3;': .
—_— [ ] _'z-_ s »
7.6- p=0.023 . .
L ]
L J
T 744 | ®
7.2
. .
7.0
N )
< Qg > 43 ¥
B C
78 - 7.4 -
' ——Control ——Control
7.6 1 EIPA ;2] ——EIPA
7.4 A
7
7.2 4
E 7 4 i 6.8
(o} (o}
6.8 : 66 4
6.6
6.4 «
6.4 4
6.2 T . . r ' . © 6.2 r . ; . . \
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s)

Manoli et al., Fig. S1



Fig. S2. Manoli et al.

A 1.0-
©
‘S 0.8- . i
< -
o=
= 8 0.6
14 | ..
S0 I
4 2 0.4- I
8= °
=2 £ .24 o0 .
[0}
o
0.0
Control EIPA
Std Lys FT W E1 E2 E3 E4 ES Std Rb E1 E2 E3 E4 E5 E6 E7 E8
250
150 250 -
100
75 - PFKM 150 254
100 T
50
37
50 .

- LDHA



Fig. S3. Manoli et al.

A O Etomoxir B
50- @ Etomoxir + EIPA 100
@ T & hd
.: (@) 40— -?-_. o0 l'_g 80-‘ T
g %3 R
S @ 304 cc*g' 60 | g% o0
g @ 33
S © 20+ o %5 404 .
X .‘g g X °
O 10- ’%Blﬁ £ 20+
&
0 < 0
HPDE BxPC3 HPDE BxPC3 MCF10A MDA-MB-157
C D
Control  EIPA < 125 +
Time(h) 24 48 24 48 T _ 1004 emm s *f o0
kD 3 £ ry =
75- S OO 3T 5.
s s s - pAMPK = 8 )
2“5 50—
75- s
S s s s - total AMPK g 25-
0

HPDE BxPC3 MCF10A MDA-MB-157





