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SUMMARY

Acidosis is a hallmark of the tumor microenvironment and has been linked to aggressive cancer
behavior, characterized by increased migration, invasion, and metastasis. We herein demonstrate
that short-term exposure (24-72 h) to acidic extracellular pH (pH. = 6.4) suppresses cell
proliferation, metabolism, dissociation from tumor spheroids, and migration /n vitro as well as
extravasation in chick embryos and mice. Acidosis acutely inhibits motility by downregulating
the activity of sodium-hydrogen exchanger isoform-1 (NHEZ1), which in turn suppresses
phosphatidylinositol 3-kinase (P13K)/Akt. PI3K/Akt inhibition blocks Yes-associated protein
(YYAP) translocation to the nucleus, reducing NHE1 and integrin-linked kinase (ILK) expression.
The resulting reduction in NHE1-/ILK-dependent migration and ATP production is rescued by
hypoxia across cell types. While certain cancer cells can adapt to long-term (>3 weeks) acidosis
and acquire an aggressive phenotype, acidosis-induced adaptation is not universal and depends on
the cell’s ability to restrain reactive oxygen species overproduction via fatty acid oxidation.
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In brief

Lee et al. reveal that short-term acidosis suppresses cancer cell aggressiveness across cell types.
Hypoxia overrides acidosis-mediated inhibition of motility by restoring NHE1/ILK function and
maintaining bioenergetic balance through compensatory glycolysis. Adaptation to chronic acidosis
is cell-specific and depends on a cell’s ability to restrain ROS via fatty acid oxidation.

INTRODUCTION

Hypoxia and acidosis represent hallmarks of solid tumors, which arise from their poor
perfusion and altered metabolism. Although hypoxia can contribute to the generation of

a locally acidic microenvironment, tumor acidosis can occur independently of hypoxia.l
While normal differentiated cells primarily take advantage of the glycolytic pathway under
hypoxic conditions, cancer cells’ metabolism is rewired toward glycolysis and lactic acid
production even in the presence of oxygen, a phenomenon known as the Warburg effect,
thereby creating an acidic microenvironment.2 Moreover, CO, produced from respiration
can induce extracellular acidification even in tumor regions that remain oxygenated.3 The
extracellular pH (pH,) is approximately 7.4 in normal tissues, whereas it typically varies
from 6.2 to 6.9 in the tumor microenvironment.1:3->

Hypoxia consistently promotes tumor progression and metastasis.® Tumor extracellular
acidosis is similarly thought to lead to the development of a more aggressive tumor cell
phenotype.347 Specifically, higher migratory, invasive, and metastatic potentials have been
observed for breast,8 colon,? prostate,10-11 and lung!2:13 cancer cells, following exposure
to acidic conditions for 6, 24, or 48 h. Of note, melanoma cells grown under a pH,

of 7.4 and acutely subjected to acidic (pH. = 6.8) conditions do not exhibit increased
migratory and invasive potentials, whereas their prolonged (3 weeks4 or 6-10 weeks®)
culture at acidic pH, markedly enhances their migratory/invasive behaviors. It has been
reported that extracellular acidosis upregulates the expression of acid-sensing ion channels
(ASICs),®13 which in turn support increased migration, invasion and metastasis. Also,
acidosis may promote the degradation of the stromal extracellular matrix, thereby facilitating
cancer cell invasion.?> However, several lines of evidence suggest that cell exposure to an
acidic microenvironment (pH, = 6.4) impairs the migration of lung cancer cells1® and

the dissociation of melanoma cells from three-dimensional (3D) spheroids.}’ Moreover,
the low pH, of 6.4 inhibits the wound closure of keratinocyte epithelial cells, possibly

by suppressing interleukin (IL)-6 and 1L-8 secretion.18 Along these lines, overexpression

Cell Rep. Author manuscript; available in PMC 2026 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

RESULTS

Page 4

of the proton-sensing G protein-coupled receptor 4 (GPR4), and its activation in an

acidic pH, suppresses the migration and invasion of mouse melanoma and prostate cancer
cells.1® GPR4-overexpression also inhibits pulmonary metastasis in a tail-vein-injection
model, without altering primary tumor growth in a subcutaneous model.1® In view of
these conflicting findings, we set out to examine the effects of extracellular acidosis on
cancer cell function using complementary /n vitroand in vivo assays by focusing on the
potential involvement of NHEL1 given its roles as a regulator of intracellular pH (pH;),2%:21
cell cytoskeleton,22 and cell migration.23:24 We report that short-term exposure (24—72

h) to acidosis suppresses cancer cell proliferation, migration, and extravasation across all
cell types tested. Hypoxia overrides the inhibition of migration under short-term acidosis.
Moreover, we explain why certain cancer cells adapt to long-term (>3 weeks) acidosis, while
others fail to do so.

Acidosis regulates cell proliferation and metabolism

To investigate the effect of pH, on cell function, cell culture media of prescribed pH

ranging from 7.4 to 6.4 were prepared as previously described.91525 The pH of the different
cell culture media was stable for at least 48 h irrespective of the absence or presence

of cells (Figures S1A and S1B). To evaluate how pHg alters pH;, we monitored live
MDA-MB-231 cells transduced with the genetically encoded pH sensor pHRed?8 using
confocal microscopy coupled with ratiometric analysis of emission intensities at excitation
wavelengths of 405 and 561 nm (ratio = l4g5/15671). Cells conditioned at pH, of 6.4 for 24

h displayed a higher ratio of emission intensities than that of cells incubated at pH. = 7.4
(Figures S1C and S1D), which is indicative of intracellular acidification. Calibration assays
using nigericin?’ revealed that pH; was 7.35 + 0.09 or 6.94 + 0.13 at pH, of 7.4 or 6.4,
respectively (Figure S1E). Moreover, cells adjusted their pH; in response to pH, changes in a
rapid and reversible manner (Figures S1F-S1K).

Using the Live/Dead Viability/Cytotoxicity Kit, we found no differences in the extent of
cell viability for MDA-MB-231 breast cancer cells conditioned at pHg of either 7.4 or

6.4 for 24 and 48 h (Figure S2A). To assess the impact of acidosis on cell proliferation,
we used immunofluorescence to quantify the fraction of Ki-67-positive cells, as Ki-67 is
a protein present in the nucleus of actively proliferative cells?® and has been reported to
have prognostic value in breast cancer.2 MDA-MB-231 cells conditioned at the pH, of
6.4 for 24 h displayed a reduced fraction of Ki-67-positive cells relative to those cultured
at the pH, of 7.4 (Figure S2B). This finding was corroborated by the proliferation curves
of MDA-MB-231 cells at physiological and acidic pHe, which revealed doubling times

of 37.2 and 83.3 h, respectively (Figure S2C). Furthermore, when cell culture medium
was switched from pHg 7.4 to 6.4, decreased cell proliferation was observed (Figure
S2D). Conversely, cell proliferation was increased when pH, was changed from 6.4 to 7.4
(Figure S2D). These data are consistent with the lower metabolic activity of MDA-MB-231
measured at acidic pHe using the Cell Counting Kit-8 (CCK8) (Figure S2E). To validate
and extend our findings, a second breast cancer cell line, SUM159, was tested, which
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also exhibited decreased proliferation and metabolic activity under short-term extracellular
acidosis without any significant change in cell viability (Figures S2F-S2I).

Prolonged exposure (23 days or =10 weeks) of MDA-MB-231 cells to acidosis also
reduced cell proliferation (Figure S2J). Given the link between cell proliferation and
metabolism, we next assessed bioenergetic changes using Seahorse Analyzer. Adaptation
to prolonged (>3 weeks) acidosis has been reported to rewire metabolism by increasing
oxidative phosphorylation (OxPHOS).31 In marked contrast, our analysis revealed a
reduction in ATP production rate for MDA-MB-231 cells subjected to both short-term

and chronic acidosis, driven by decreased glycolysis and OxPHOS (Figure S2K). Using
tetramethylrhodamine methyl ester perchlorate (TMRM) as a proxy for mitochondrial
function, we confirmed the marked reduction in OxPHOS under acidosis (Figures S2L
and S2M). We extended these observations to other widely used cell lines, including human
osteosarcoma (HOS) and A375 melanoma cells (Figures S2N and S20), thereby revealing
that these cells, as well as MDA-MB-231 breast cancer cells, do not adapt to acidosis.

In contrast, HCT116 colon carcinoma displayed increased OXxPHOS (Figures S2N and
S20), suggesting that they were able to adapt to acidosis, as previously reported.1® Taken
together, cancer cells respond rapidly and reversibly to pH changes by adjusting their pH;.
Importantly, adaptation to extracellular acidosis is not a universal phenomenon, as many
cancer cell types exhibit reduced metabolism and proliferation under prolonged exposure.

Acidosis impairs cell migration in vitro and extravasation in vivo

To assess the effects of pHg on cell motility, cells, preconditioned at pH, of either 7.4

or 6.4 for prescribed periods of time, were allowed to migrate at their respective pH, on
two-dimensional (2D) glass substrates or inside polydimethylsiloxane (PDMS) or compliant
(15 kPa) polyacrylamide microfluidic channels of different widths ranging from 3 um
(confined) to 20 um (unconfined). In all physical microenvironments, MDA-MB-231 cells
migrated faster at physiological than at acidic pH, (Figures 1A-1E; Figures S3A-S3D).

We generalized these findings by tracking the migration of HT1080 fibrosarcoma cells and
SUM 159 breast cancer cells on 2D and inside microfluidic channels (Figures S3E-S3L). To
extend the physiological relevance of our findings, we evaluated the effects of extracellular
acidosis on cell dissemination from 3D breast cancer spheroids embedded in 3D collagen
gels (Figure 1F) in media with pH, of 7.4 or 6.4. This model, which mimics aspects of cell
dissociation from a primary tumor, reveals that short-term (24 h) or prolonged (10 weeks)
extracellular acidosis suppressed MDA-MB-231 cell dissemination from spheroids (Figures
1F-1H). This result is further corroborated by data showing that the change of the spheroid
area and circularity (Figures S3M-S3P) was more pronounced at the physiological pHe,
which is consistent with a more invasive phenotype.

To determine whether the suppressed /n vitro migratory and invasive potentials of cancer
cells preconditioned at an acidic pH, extend to the /n7 vivo setting, we employed the chick-
embryo and mouse tail-vein-injection models.29-30 MDA-MB-231 breast cancer cells or
HT1080 fibrosarcoma cells, pre-treated at a pH, of 7.4 or 6.4 for 24 h, were injected into
the chick chorioallantoic membrane (CAM) vasculature (Figure 11). Cells, preconditioned
at an acidic pHe prior to their injection, displayed a reduced extravasation potential /n vivo
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(Figures 1J, 1K; S3Q, and S3R). In agreement with the findings in the chick embryo model,
a lower number of MDA-MB-231 cells preconditioned to pH, of 6.4 as opposed to 7.4
colonized the lungs of mice 48 h after tail-vein injection (Figures 1L and 1M). In contrast

to some studies suggesting that the markedly prolonged (3 or 6-10 weeks) culture at an
acidic pH, selects cancer cells with enhanced migratory/invasive potentials, 141 our data
show that MDA-MB-231 cell preconditioning at pH, of 6.4 relative to 7.4 for 23 days

or 210 weeks still resulted in reduced lung colonization of mice (Figures 1N-1P), further
corroborating to the notion that prolonged exposure to acidosis does not universally promote
an aggressive cancer cell phenotype. We next aimed to elucidate the signaling pathway by
which extracellular acidosis suppresses migration and extravasation.

Acidosis reduces NHE1 activity, polarization, and expression

NHE1 regulates cell migration via both ion transport and cytoskeletal anchoring of its

C terminus to F-actin via binding to the ezrin, radixin, and moesin (ERM) protein
family.24 According to the osmotic engine model, NHE1 polarization at the cell anterior
promotes water uptake, cell protrusion, and migration.23:39 Because NHE1 mediates the
electroneutral exchange of extracellular sodium for intracellular hydrogen, we assessed the
impact of cell exposure to an acidic microenvironment on NHEL1 activity, polarization,

and expression. Using the NH4CI prepulse technique to induce intracellular acidification in
pHrodo-loaded MDA-MB-231 cells exposed to pH, of 6.4 or 7.4, we quantified their pH;
recovery upon NH,4CI removal (Figure 2A), which serves as a measure of NHE1 activity.
The recovery of pH; (ApHi/min) was markedly lower in cells acutely exposed to pH, of
6.4 or in those cultured at pH, of 7.4 in the presence of the NHEZX inhibitor 5-(N-ethyl-
N-isopropyl)amiloride (EIPA) (Figure 2B). The observation that acidosis reduces NHE1
activity was confirmed by using the same NH4ClI prepulse protocol in pHRed-expressing
MDA-MB-231 cells preconditioned for 24 h at pH, of 7.4 or 6.4 (Figures S4A-S4C).

Because NHE1 polarization at the cell leading edge is required for optimal migration,23:30
we assessed the relative abundance of cells exhibiting enrichment of NHE1 and its binding
partner ezrinZ0 at the cell front during confined migration. Immunofluorescence analysis
revealed that the percentage of cells displaying NHE1 and/or ezrin polarization was
drastically lower under acidosis (Figures 2C and 2D; Figures S4D and S4E). Moreover,
quantitative PCR (qPCR) and western blot analyses showed that extracellular acidosis
reduced NHE1 mRNA expression in MDA-MB-231 cells (Figure 2E; Figure S4F). Given
that acidosis downregulated the more prominent, fully glycosylated, functional NHE1, our
western blot analyses focused on this higher-molecular-weight band (Figure S4G). Also,
SUM159 cells preconditioned for 24 h at pH, of 6.4 versus 7.4 displayed decreased

NHE1 expression (Figure S4H). Cumulatively, these data suggest that exposure to an acidic
microenvironment for 24 h downregulates NHE1 mRNA levels, protein expression, and
activity as well as NHE1 preferential enrichment at the cell front, which all contribute

to decreased migration /n vitro. This concept is further substantiated by data showing

that NHE1 knockdown at pH, of 7.4 suppressed cell migration in confinement down

to the levels detected with scramble control (SC) cells at pH, of 6.4, whereas NHE1
depletion had no inhibitory effect on cell motility in acidic microenvironments (Figure
S41). Consistent with the role of ezrin as an actin-binding protein that anchors NHEL1 to
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the cell cortex?2 and is critical to NHE1 polarization,29 ezrin knockdown (Figure S4J) or
inhibition with NSC668394 (NSC) suppressed both 2D and confined migration only for cells
preconditioned at physiological, but not acidic, pHe (Figures S4K-S4R) and phenocopied the
migratory behavior of ShNHEL1 cells (Figures S4S-S4V). No additive inhibitory effect on

2D or confined migration was noted in NHE1-depleted cells treated with the ezrin inhibitor
(Figures S4S-S4V), suggesting that the inhibitory effect of ezrin on cell migration may be
due to the loss of NHEL1 polarization.

To further verify the downregulation of NHE1 expression/activity in acidosis, and in view of
the established role of NHE1 in isosmotic regulatory volume increase (RV1),30 we quantified
cell volume under physiological and acidic pHg from confocal 3D image reconstructions of
Lifeact-GFP-labeled cells. The results indicate that cells inside confining microchannels
exhibited reduced cell volume at pH, of 6.4 relative to 7.4 (Figures S4W and S4X),
consistent with the role of NHE1 in RVI and its downregulated expression/activity in
acidosis. As an additional verification step, we examined the migratory potential of MDA-
MB-231 cells under physiological and acidic pH, in the absence and presence of a high
concentration (2 uM) of Latrunculin A (LatA), which abolishes actin polymerization.23:30
According to the osmotic engine model, NHE1 supports confined migration even after
complete disruption of F-actin.23:30 In line with this model, LatA-treated MDA-MB-231
cells at physiological pHe migrated, albeit at lower velocities relative to vehicle control cells,
whereas the motility of LatA-treated cells at pH of 6.4 was essentially stalled (Figure S4Y),
which is consistent with the downregulated expression/activity of NHEL in acidosis.

The bi-directional crosstalk between NHE1 and pAkt

In addition to its role as an ion exchanger, NHEL1 is a well-known scaffold molecule that
interacts with ezrin20 and Akt.31:32 Therefore, we used the Duolink Proximity Ligation
Assay (PLA) to detect the /n situ interaction (at distances <40 nm) between endogenous
NHE1 and phosphorylated-Akt (pAkt) at pH, of 7.4 and 6.4. The interaction between
NHEZ1 and pAkt was markedly reduced at pH 6.4 (Figures 2F and 2G). As a control,
reduced NHE1-pAkt interaction was observed in NHE1-KD cells, which was not modified
by changes in pH, (Figures 2F and 2G). The interaction between NHE1 and pAkt or ezrin
was also evaluated as a function of the NHE1 activity. Removal of Na* from the bathing
solution, to halt the NHE1 exchanger activity, reduced the interaction between the NHE1
and both pAkt and ezrin (Figures S5A-S5C).

Because extracellular acidosis suppressed cell proliferation (Figure S2) and motility (Figure
1), and in light of the role of the phosphatidylinositol 3-kinase (P13K)/Akt pathway in
regulating both of these processes,33 we examined its potential involvement in acidosis-
mediated cell responses. Extracellular acidosis induced by switching the cell culture medium
from pH, of 7.4 to 6.4 reduced pAkt levels within 2 h (Figures 2H and 2I) without affecting
total Akt (Figures 2H and 21) or NHE1 expression (Figures 2J and 2K). Moreover, inhibition
of NHEZ1 activity suppressed pAkt expression within 1-2 h of EIPA treatment (Figures

2L and 2M), consistent with the reduced interaction of NHE1 with pAkt observed in

the PLA assay in cells acutely exposed to an acidic microenvironment (Figures 2F and

2G). These data suggest that inhibition of NHE1 activity alone triggers the suppression
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of pAkt expression. This concept is corroborated by data showing that NHE1 knockdown
diminished pAkt levels at physiological pH, without altering total Akt levels (Figures 2N
and 20). Taken together, acute cell exposure to acidosis rapidly downregulates NHE1
activity (Figures 2A and 2B), which in turn suppresses pAkt expression (Figures 2L and
2M). Inhibition of NHE1 activity is sufficient to impair cell migration on stiff substates as
predicted by the osmotic engine model,23:30

In accord with data obtained in response to acute exposure (1-2 h) to acidosis, MDA-
MB-231 cells, preconditioned to a pH, of 6.4 relative to 7.4 for 24 h, also displayed
reduced pAkt levels while total Akt remained unaffected by pH, (Figure 3A; Figure

S6A). Similar observations were made for SUM159 cells, thereby generalizing our findings
(Figures S6B and S6C). Although the ERK pathway has also been reported to regulate cell
proliferation,3* neither p-ERK nor total ERK levels were altered by pH, (Figure 3A; Figure
S6D). Consistent with the role of the PI3K/Akt pathway in regulating cell motility, cell
treatment with the relatively selective PI3K inhibitor LY294002 (10 uM)3® decreased 2D
and confined migration at physiological, but not acidic, pH. (Figure 3B; Figures S6E-S6G).

In light of our data showing that NHE1 activity regulates pAkt expression, and because
inhibition of either NHE1 or PI3K/AKkt function suppresses migration, we examined
whether PI3K/Akt modulates NHE1 expression at longer exposures to acidosis via a bi-
directional crosstalk. Indeed, MDA-MB-231 cells, incubated with LY29400235 for 24 h at
physiological pHe, exhibited reduced NHE1 expression (Figures 3C and 3D) and activity
(Figure 3E) relative to vehicle controls at physiological pHe. Of note, PI3K inhibition
failed to alter NHE1 expression at pH, of 6.4 (Figures 3C and 3D). Because PI3K/Akt
promotes YAP nuclear localization3® and given the established role of YAP in regulating
cell proliferation and tumorigenesis3” and that NHE1 is a target gene of YAP/TAZ 38

we examined its potential involvement under physiological and acidic microenvironments.
Immunofluorescence studies revealed that MDA-MB-231 cells preconditioned at pH, of 6.4
for 24 h displayed reduced YAP localization in the nucleus relative to cells at physiological
pH. (Figures 3F and 3G). Moreover, MDA-MB-231 cell treatment with LY 294002 for 24
h at physiological pH, also diminished the extent of nuclear localization of YAP relative

to vehicle control cells (Figures 3H and 31). To suppress the basal YAP activity detected

at the physiological pH, of 7.4, MDA-MB-231 cells were treated with the YAP-specific
inhibitor verteporfin (0.3 uM) for 24 h. This pharmacological intervention at pHg of 7.4
reduced NHEZ1 expression down to the levels detected for vehicle control cells in acidosis
(Figures 3J; Figure S6H) and suppressed motility only at physiological, but not acidic, pHe
(Figure 3K). Similar inhibitory effects on cell migration were observed using a different
YAP inhibitor, K975 (Figure S61). Of note, YAP inhibition had no appreciable effect on
NHEL1 expression at pH, of 6.4 (Figure 3J). Together, at longer (24 h) exposure times to
acidosis, suppression of PI3K/Akt blocks YAP translocation to the nucleus, which in turn
reduces NHE1 mRNA and protein expression, thereby impairing cell migration.

To further establish the critical role of Akt in this process, we generated optogenetics

tools to regulate the spatiotemporal activation of Akt using the cryptochrome (Cry2)/CIBN
light-gated dimerizer system. Cry2 is attached to the inter-SH2 (iSH2) region of the p85a
regulatory subunit of PI3K,3% which constitutively binds the p110a catalytic subunit,

Cell Rep. Author manuscript; available in PMC 2026 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 9

whereas GFP-CIBN is anchored to the plasma membrane via CAAX. Light stimulation
brings p110a to the plasma membrane where it triggers P1(3,4,5)P3 formation and Akt
activation.3 Optogenetic stimulation of Akt at the leading edge of migrating cells in
confinement restores their migratory potential in the presence of extracellular acidosis,
which is blocked by NHE1 knockdown (Figures 3L and 3M). Along these lines, constitutive
activation of Akt via expression of myristoylated (Myr)-Akt*0 (Figure S6J) rescued cell
motility under acidosis (Figure 3N) by restoring NHE1 and ezrin polarization (Figures S6K
and S6L).

RNA-sequencing identifies integrin-linked kinase as a key pathway regulated by acidosis

In contrast to the prevailing notion that extracellular acidosis promotes a more aggressive
cancer cell phenotype,347:15 our data show that acidosis suppresses cancer cell dissociation
from 3D spheroids and migration /in vitro and lowers extravasation /17 vivo across

multiple cancer cell types. To decipher the transcriptional changes induced by pHg, we
performed RNA sequencing (RNA-seq) to compare the transcriptomes of MDA-MB-231
cells preconditioned for 24 h or 10 weeks at pH, of 6.4 and 7.4. Principal-component
analysis (PCA) indicated that the first and second principal components (PC1 and

PC2) together accounted for 72.6% of the variation among these datasets (Figure S7A).
Paired comparisons between cells at a pH, of 6.4 versus 7.4, after 24 h or 10 weeks

of preconditioning, revealed 6,809 and 7,294 differentially expressed genes (DEGS),
respectively, with a false discovery rate (q) <0.1 (Figure S7B). There were 3,109 DEGs
that were shared between 24 h and 10 week treatments groups and acted in same direction
(i.e., similarly, upregulated, or downregulated in both treatment groups; odds ratio = 2.42,
p=9.4x 107174 Fisher’s exact test; Figure S7B). Using Kaplan-Meier survival analysis,
we evaluated the prognostic role of these DEGs in a cohort of breast cancer patients

using The Cancer Genome Atlas (TCGA) archived by National Cancer Institute (NCI) with
updated patient information.*! Specifically, we used RNA-seq and clinical data from 190
breast cancer patients classified as “basal” subtype representing mostly triple-negative breast
cancer (TNBC). The 216 genes upregulated by cell preconditioning to pH, of 6.4 correlate
with better overall survival (OS) over a 10-year post-diagnosis period (hazard ratio [HR]
=0.2, p= 2.3 x 1074, Cox proportional-hazards regression; Figure S7C). Moreover, 167
genes downregulated at pH, = 6.4 correlated with better OS (HR = 0.03, p=5.8 x 10711,
Cox proportional-hazards regression; Figure S7D), further suggesting that an acidic pH is
associated with better patient prognosis.

Ingenuity pathway analysis (IPA) revealed the top pathways (p < 0.05, combined score =3)
repressed by pH, = 6.4. These pathways include cell-cycle regulation, which is consistent
with reduced cell proliferation by acidosis; PPAR and AMPK signaling implicated in cell
metabolism; PTEN related to PI3K signaling; and cholesterol pathways, which are linked
to NHE1 activity*2 and integrin-linked kinase (ILK) signaling (Figure S7E). Within these
pathways, 23 acidosis-downregulated genes are associated with better OS outcome in breast
cancer patients, including NHE1 (SLC9A1) as revealed by Kaplan-Meier survival analysis
(Figures S7F and S7G). Moreover, the Hippo pathway was identified among the ones
significantly enriched by acidosis and associated with patients with better OS outcomes
(Figure S7F).
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ILK is present at sites of cell-matrix interactions that are involved in several crucial cellular
processes including proliferation and migration, both affected by extracellular acidosis. In
agreement with RNA-seq data, gPCR and western blot analyses confirmed that extracellular
acidosis reduced ILK mRNA expression and protein levels (Figures 4A and 4B; Figure
S8A). The acidosis-mediated reduction of ILK expression was recapitulated at physiological
pHe by either knocking down NHEZX or inhibiting PI3K/Akt or YAP (Figures 4C-4H),
suggesting that ILK is part of the NHEL1/pAkt/YAP pathway downregulated at pHg = 6.4.
Consistent with this model, ILK colocalized with NHE1 as well as its binding partner
ezrin*3 and B1-integrin in the plasma membrane at physiological pH (Figures 41 and 4J;
Figures S8B-S8E). However, these co-localization patterns were disrupted at pHe = 6.4
(Figures 41 and 4J). As a control, we further show that ILK co-immunolocalized with
B1-integrin and paxillin at physiological, but not acidic, pHe (Figure S8F). Given that
paxillin typically localizes at the tips of stress fibers, acidosis also reduced the number

of stress fibers (Figures S8G and S8H). ILK inhibition using CPD2244 suppressed 2D

cell migration at physiological, but not acidic, pHe, thereby phenocopying the migratory
behavior of sShNHEL1 cells (Figure 4K). Importantly, ILK inhibition did not further reduce
the 2D migration of NHE1-knockdown cells (Figure 4K), further supporting the notion

that NHEZ and ILK are in the same signaling pathway. Like p1-integrins,234% ILK was
dispensable for cell motility through stiff, confining channels at pH, = 7.4 (Figures S8l and
S81J), which is consistent with the osmatic engine model of cell migration in confinement
that is driven by NHE1 polarization at the cell leading edge. Nevertheless, ILK was critical
to cell dissociation from 3D breast cancer spheroids at physiological, but not acidic, pHe
(Figures 4L and 4M), which is in accordance with our model. Together, these results
suggest that acidosis disrupts NHE1, ezrin, and ILK co-localization and downregulates ILK
expression via NHE1/pAkt/YAP signaling. The reduction in ILK expression bears particular
significance to cell migration under conditions that rely heavily on the establishment of

cell contacts with the matrix, and it suggests that acidosis is able to shut down different
modalities of cancer cell migration.

Cell adaptation to acidosis leads to persistent migratory defects

Although cells adjust within minutes their pH; in response to pH, changes (Figure S1),
migratory defects were detected upon switching the culture medium of cells preconditioned
at pH, of 6.4 to physiological pH, (Figure S9A), most likely reflecting changes in the
expression of key elements involved in cell motility. Considering the central role of NHE1
in both 2D and confined cancer cell migration, we first tested the time course of NHE1
recovery in cells preconditioned to acidosis for prescribed durations varying from 24 h to
10 weeks followed by culture at pHe = 7.4. Even after short-term durations (24-72 h) of
acidic preconditioning, NHEL expression levels remained suppressed for at least 24 h after
switching the culture medium to pHe = 7.4 (Figures S9B-S9E). This delayed NHE1 recovery
helps explain the deficient migratory potential of cells preconditioned to acidosis for 72

h followed by cell culture at pH, = 7.4 for 24 h prior to migration (Figure S9F). This
migratory defect was eliminated after 48 h of cell culture at pHe = 7.4. Interestingly, NHE1-
overexpressing cells recovered their migratory potential faster, within 24 h after switching
the pHe to 7.4 (Figure S9F), thereby illustrating the critical role of NHE1 expression

levels in the process. In concert with our proposed model, ILK expression also remained
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suppressed for 224 h following the switch from acidic to physiological pHg, consistent with
the reduced 2D cell migration velocity (Figures S9G-S9l). In distinct contrast to the delayed
restoration of NHE1 and ILK levels, the transition from an acidic back to physiological
pHe resulted in rapid, albeit transient, activation of PI3K/Akt pathway, as shown by
measurements of pAkt expression levels (Figures S9J and S9K). Cells preconditioned
under acidosis for 23 days also displayed markedly reduced NHE1 expression and cell
migration (Figures S9L-S9N). A migratory deficit was also observed after 10 weeks of

cell preconditioning (Figure S90). However, cells, preconditioned at an acidic pH, for 23
days or 10 weeks, retained the migratory defect for several days after the culture medium
was switched to physiological pH, (Figures S9N and S90). In summary, the duration of
cell preconditioning to acidosis controls the time-dependent recovery of NHE1 and ILK
expression levels after culture medium switch to pHg = 7.4, which are responsible for the
persistently reduced migration /n vitro and extravasation /n vivo.

Acidosis-mediated inhibition of cell function is rescued by hypoxia

Because hypoxia can generate a locally acidic microenvironment, we examined how acidosis
in the presence of hypoxia (1% O,) modulates cell migration. We focused on the three

main determinants of cell motility affected by extracellular acidosis: expression of NHE1
and ILK as well as NHE1 polarization. Exposure of MDA-MB-231 cells to hypoxia at

pH, of 7.4 for 72 h was sufficient to promote both confined and 2D migration (Figures

5A and 5B), in accordance with the well-established role of hypoxia in promoting tumor
progression and metastasis.® The enhanced migration of cells preconditioned under hypoxia
is presumably due to NHE1 upregulation (Figure 5C and 5D). In line with these findings,
hypoxic induction of NHE1 expression has also been observed with pulmonary arterial
myocytes.*6 Although acidosis (24 h) alone suppressed NHE1 and ILK expression and
reduced migration under normoxia, concurrent exposure to acidic and hypoxic conditions
restored NHE1 and ILK expression levels and cell motility (Figures 5A-5F). Moreover,
hypoxia rescued NHEZ1 polarization levels in the presence of acidosis in confinement (Figure
5G) and restored YAP nuclear localization (Figures 5H and 5I).

Because cell migration is an energy-dependent process,*’ we examined how acidosis in the
absence or presence of hypoxia affects cellular bioenergetics. Acidosis under normoxia
reduced total ATP production rate (Figure 5J), as quantified by a Seahorse Analyzer.
Consistent with the notion that hypoxia promotes glycolysis, it increased the glycolytic

ATP production rate (Figure 5J). Moreover, the reduction of total ATP production rate
observed under acidosis alone was restored in the presence of hypoxia by compensatory
upregulation of glycolysis (Figure 5J). Inhibition of glycolysis via 2-deoxyglucose (2-

DG) abolished the hypoxia-mediated restoration of cancer cell migration, presumably

by blocking NHEL1 activity (Figures 5K and 5L). Conversely, NHE1 inhibition reduced
extracellular acidification rate (ECAR), which is a proxy for glycolytic flux, under combined
hypoxia and acidosis (Figures 5M and 5N). Together, these suggest the existence of a
positive feedback loop between NHE1 activity and glycolysis that sustains cancer cell
migration in the presence of both hypoxia and acidosis. Importantly, cells that either adapt
or do not adapt to chronic acidosis, such as HCT116 colon carcinoma, and A375 melanoma,
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respectively, also exhibit a reduced migratory potential following short-term (24 h) exposure,
which is overridden by hypoxia (Figures 50 and 5P).

Adaptation to acidosis depends on a cell’s ability to restrain ROS overproduction

Prior work has shown that cells, such as HCT116, adapt to acidosis by promoting
lipid-droplet accumulation whose breakdown fuels fatty acid oxidation,1® which in turn

not only enhances OxPHOS but also prevents excessive mitochondrial reactive oxygen
species (ROS) generation.*® Long-term acidosis enhances lipid droplet content across cell
types, as assessed by boron-dipyrromethene (BODIPY) staining (Figure 6A; Figure S10A),
irrespective of their adaptation to acidosis (Figures 6B-6D). In line with previous work,48
inhibition of fatty acid oxidation via etomoxir exacerbates ROS production in acidosis-
adapted HCT116 cells (Figure 6E; Figure S10B). Interestingly, this pharmacological
intervention has no effect on ROS accumulation in cells that do not adapt to acidosis
(Figures 6F-6H; Figures S10C-S10E) and display reduced OxPHOS and mitochondrial
activity (Figures S2K-S20). We thus hypothesized that excessive ROS levels in these cells
are responsible for their impaired migration. Indeed, ROS scavenging via N-acetyl cysteine
(NAC) restores the migratory potential of these cells following their exposure to long-term
acidosis (Figures 61 and 6J).

DISCUSSION

In summary, this study demonstrates that adaptation to long-term acidosis is not universal,
varies across cell types, and depends on the cell’s ability to restrain ROS overproduction via
fatty acid oxidation. Moreover, we herein report a mechanism across the tested cell types,
whereby hypoxia overrides the inhibitory effects of short-term acidosis. Cancer cells that fail
to adapt to long-term acidosis display reduced dissociation from 3D spheroids and migration
in vitro as well as lower extravasation /77 vivo. In the acute phase (within ~2 h), acidosis
inhibits motility by disrupting NHE1 and ILK polarization and downregulating NHE1
activity, which in turn triggers the suppression of the PI3K/Akt pathway. The deficient
migratory potential under acidosis can be restored by constitutively active Akt, thereby
revealing the bi-directional crosstalk between NHE1 and PI13K/Akt. PI3K/Akt inhibition
interferes with YAP translocation to the nucleus, which in turn reduces NHE1 and ILK
protein expression levels, which are responsible for a sustained migratory defect observed /in
vitro as well as /n vivo following injection of preconditioned cells at an acidic pHe. While
acidosis suppresses migration by limiting ATP production, hypoxia overrides this defect by
restoring not only cellular bioenergetics but also ILK expression as well as NHE1 activity,
polarization, and expression. These findings suggest that the aggressive nature of cancerous
cells present in an acidic microenvironment is attributed to the local co-existence of hypoxia,
especially for those cells that fail to adapt to acidosis.

While long-term extracellular acidosis has been regarded as a universal driver of

cancer aggressiveness, 31 our findings challenge this prevailing view. Although HCT116
colon carcinoma cells indeed display a pro-aggressive response to prolonged acidosis
preconditioning, consistent with previous work,1 we herein demonstrate that many other
widely used cancer cell lines fail to exhibit this response and provide a mechanistic
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explanation for these divergent outcomes. Together, our work challenges this long-standing
dogma and highlights the need for further research into the context-specific responses of
cancer cells to acidic microenvironments.

Limitations of the study

Our study reveals a conserved inhibitory effect of short-term extracellular acidosis on
cancer cell migration across diverse cancer cell types, derived from distinct tissue origins,
including breast cancer, colon carcinoma, fibrosarcoma, osteosarcoma, and melanoma.
While prolonged (>3 weeks) exposure to acidosis leads to metabolic adaptation in HCT116
colon carcinoma cells, such adaptation is not observed across all other cancer types tested
here. Whether this capacity to rewire metabolism is a cell-intrinsic property specific to
colon carcinoma cells or instead reflects pre-existing differences in basal fatty acid oxidation
or mitochondrial plasticity that confer a selective advantage under acidic stress, even for
cells of the same tissue origin such as colon, warrants further investigation. Although

our transcriptomic analysis identified key genes in MDA-MB-231 cells whose differential
regulation is associated with better OS, it will be important to identify the functional genes
that drive migration and invasion of cancer cell types that adapt to prolonged acidosis.
Moreover, determining whether these survival-associated gene programs are context and
cell-type dependent merits further exploration. Lastly, our study focuses on cancer cell-
intrinsic responses to extracellular acidosis and does not address the complex interactions
between cancer cells and immune cells in vivo. How acidic microenvironments influence
cancer cell-immune cell crosstalk, and how such interactions may modulate cancer cell
migration and metastatic progression, remains to be studied.

STARXMETHODS

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines and cell culture: Human MDA-MB-231 breast cancer, human HT1080
fibrosarcoma, human HCT116 colon carcinoma, human osteosarcoma (HOS), human
A375 melanoma and human SUM159 breast cancer cells were purchased from American
Type Culture Collection (ATCC). Cell lines were initially authenticated by ATCC. Cell
morphology was routinely monitored to ensure proper cell state and confirm authentication.
All cultured cells were routinely screened for mycoplasma using PCR.

EXPERIMENTAL ANIMALS

Chick embryo: Fertilized White Leghorn chicken eggs were acquired from the University
of Alberta Poultry Research Center and maintained at 38°C. Embryos were isolated from
their shells after 4 days of incubation and maintained under shell-less conditions in a
covered dish placed in an air incubator at 38°C and 60% humidity. All the procedures

were approved by the University of Alberta Institutional Animal Care and Use Committee
(IACUC).

Mice: For intravenous injections, 10- to 12-week-old female NOD-SCID Gamma (NSG)
mice were obtained from Johns Hopkins animal core facility (Figures 1L-1P). Mice were
maintained in a pathogen-free facility. All mouse studies were designed and conducted
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consistent with protocols approved by the Johns Hopkins University Animal Care and Use
Committee (IACUC). No humane end-point signs were observed during any experiment.

METHOD DETAILS

Cell culture and pharmacological inhibitors: Human MDA-MB-231, HT1080,
HCT116, HOS, and A375 cells were cultured in high glucose DMEM 4.5 g/L (11995073,
Gibco) with 10% Fetal Bovine Serum (FBS; 16140071, Gibco) and 1% penicillin/
streptomycin (P/S; 10,000 U/mL; 15140122, Gibco). SUM159 cells were cultured in

Ham’s F-12 (11-765-054, Gibco) with 5% FBS (Gibco), 1% P/S (Gibco), 1 pg/mL
hydrocortisone (H-0135, Sigma Aldrich) and 5 pg/mL insulin (1-9278, Sigma Aldrich). Cells
were incubated at 37°C with 5% CO» unless otherwise stated. In select experiments, cells
were exposed to hypoxic conditions for 72 h in an InvivO, 200 hypoxia workstation (Baker
Ruskinn) equipped with an ICONIC digitally controlled gas mixer maintained at 1% O,, 5%
COy and 94% N, at 37°C. At 48 h into hypoxia, the cell medium was changed inside the
hypoxic workstation, and cells were incubated with media of pH = 7.4 or 6.4 for the next 24
h. Of note, the aforementioned media of prescribed pH had been kept into T25 flasks (free of
cells) in the hypoxic chamber for 24 h prior to their use.

Unless otherwise indicated, the cell culture medium with prescribed pH was prepared as
previously described.15:25 |n brief, cell culture medium was supplemented with 25 mM
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES; 15630080, Gibco) and 25
mM PIPES; P1851, Millipore Sigma), and pH was adjusted to 7.4 or 6.4 with addition of
NaOH and HCI. In select experiments (Figures 2F, 2G, S4G; Figures S5A-S5C), an isotonic
medium made from DMEM without NaHCO3 (12800-058, Gibco) and supplemented with
either 16.5 mM NaHCO3, 20 mM NaCl (pHg = 7.4) or 2 mM NaHCO3, 2 mM HCl and 30
mM NaCl (pH, = 6.4) was used.

The following drugs were used to inhibit the functions of key proteins along with
corresponding vehicle controls: LY294002 (10 uM; L9908, Sigma-Aldrich) for PI3K/Akt
pathway, NSC668394 (10 uM; 341216, Calbiochem) for ezrin, 5-(N-Ethyl-N-isopropyl)
amiloride (EIPA; 40 uM; A3085, Sigma-Aldrich) for NHE1, CPD22 (2.5 uM; 407331,
Sigma-Aldrich) for ILK, verteporfin (0.3 uM; SML0534, Sigma-Aldrich) or K975 (10 pM;
HY 138565, MedChem Express) for YAP, latrunculin A (LatA; 2 uM, Millipore Sigma)
for actin, 2-Deoxy-D-Glucose (2-DG; 10 mM, 14325, Cayman Chemical) for glycolysis,
n-acetyl cysteine (NAC; 1 mM, 20261, Cayman Chemical) for ROS, etomoxir (10 pM,
11969, Cayman Chemical) for fatty acid oxidation.

Live/dead staining and CCKS8: For live and dead staining, MDA-MB-231 and SUM159
cells were preconditioned at pHe = 7.4 or 6.4 for 24 or 48 h. The LIVE/DEAD™
Viability/Cytotoxicity Kit (L3224, Invitrogen) was used in /n vitro assays following the
manufacturer’s protocol. For Cell Counting Kit-8 assay (CCK8; CK04-11, dojindo), cells
were preconditioned at pH, 7.4 or 6.4 for 24 h. Cells were then collected and seeded (5,000
cells/well) into a 96-well plate after the wells had been coated with 20 pg/mL of type-I rat
tail collagen for 1h. After allowing cells to spread for 20-30 min, the assay was conducted
according to the manufacturer’s protocol.
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Cloning, lentivirus production and cell transduction: Cells expressing Lifeact-
GFP and pHRed were generated as previously described.20 Myr-HA-Akt1 in a lentiviral
backbone was created by amplifying Myr-HA-AKkt1 (plasmid #9008, Addgene)*® and
inserting it into pLV-EFla-IRES-blast (plasmid #85133, Addgene).>! Fresh medium
with blasticidin S HCI (10 pg/mL; 30-100-RB, Corning) was added to the cells 48

h post transduction to select stably transduced cells with Myr-HA-Akt1. The plasmid
for overexpressing NHE1 was a gift from John Orlowski (McGill University, Montreal,
Quebec). Lentiviral sShRNAs targeting NHE1 and ezrin were generated by subcloning
the following sequences into pLKO.1 puro (plasmid #8453, Addgene) as previously
described.20:30

non-targeting scramble control: 5" -GCACTACCAGAGCTAACTCAGATAGTACT-3.
human shEZRIN: 5" -CCGTGGGATGCTCAAAGATAA-3’.
human shINHE1: 5" -GACAAGCTCAACCGGTTTAAT-3".
human sh2NHE1: 5" -CCAATCTTAGTTTCTAACCAA-3’.

Calcium phosphate or lipofectamine 3000 transfection of HEK293T cells was used to
generate lentiviruses. MDA-MB-231 cells were incubated with polybrene (10 pg/mL) and
virus-containing media for 24 h to allow infection. All cultured cells were routinely screened
for mycoplasma using PCR.

Photolithography and device fabrication: Microfluidic devices were designed,
fabricated and bonded as previously described.20-3045 Briefly, microchannels were patterned
onto a silicon wafer by photolithography. Multichannel devices contained microchannels of
prescribed length (L = 200 pm), height (4= 10 pm) but different widths (W= 3, 6, 10,

or 20 um), with W= 3 um representing the confining microchannels. Polydimethylsiloxane
(PDMS; 2065622, Ellsworth Adhesives) was poured onto the silicon wafer and polymerized
for ~75 min at 85°C after bubbles trapped in the PDMS were completely removed by
vacuum chamber for 40-50 min. A 5 mm biopsy punch was then used to create 6 wells
(Figure 1A) that were used to add cells and cell culture media. PDMS devices were
sonicated in 100% EtOH for 5 min, washed with DI water, and activated with a plasma
cleaner (PDC-32G, Harrick). 25 x 75mm glass slides (72192-75, Electron Microscopy
Sciences) were also washed with 100% EtOH and DI water and activated with a plasma
cleaner. Activated PDMS devices and glass slides were bonded together and coated with 20
pg/mL type-I rat tail collagen (A1048301, Gibco) for 1-1.5 h at 37°C. Polyacrylamide-based
microchannels with a stiffness of 15 kPa were prepared as previously described.52

Single cell migration assays and quantification: Cancer cells were pre-conditioned
to pHe 7.4 or 6.4 for prescribed durations (typically 24 h, 72 h, 23 days or 10 weeks) prior
to each experiment. For 2D migration assays, cells were seeded into 24-well plates (10,000
cells/well; 3047, Falcon) coated with 20 pg/mL of type-I rat tail collagen (Gibco) for 1.5 h
at 37°C prior to each experiment. Cells were allowed to spread for 20 min at pH, of 7.4, and
subsequently washed 1x with their corresponding pre-conditioning medium and incubated
with it during cell imaging.
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In microfluidic assays, 100,000 cells (cell density: 5,000 cells/uL) were added to the seeding
channel inlet creating a pressure-driven flow of cells across the length of the cell seeding
region. As the flowing cell suspension reached the outlet, 7.5 pL of cell suspension were
transferred to the outlet to arrest flow. Cells inside the microfluidic devices were incubated
at 37°C with 5% CO, and 100% humidity for ~20 min at pH, of 7.4 to facilitate cell
spreading on the collagen I-coated seeding area near the entrances of microchannels. After
washing all 6 wells with 20 uL of the corresponding cell preconditioning culture medium,
~100 pL of medium at pH, of 7.4 or 6.4 were added to all the wells.

Cell migration tracking and analysis: Cells were imaged every 10 or 20 min for up

to 24 h on an inverted Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan) with automated
controls (NIS-Elements; Nikon) and a 10x/0.45 NA Ph1 objective. A temperature- and CO,-
controlled stage-top incubator (Tokai Hit, Shizuoka-hen, Japan) was utilized to maintain
cells at 37°C with 5% CO, during experiments. Cells were manually tracked in ImageJ
(National Institutes of Health, Bethesda, MD) using the Manual Tracking plugin (MTrackJ).
Data were analyzed in MATLAB (v. R2022b; Mathworks, Natick, MA) to determine the
average velocity, speed, and mean squared displacement (MSD) of each cell.

Cell volume measurements: Cell volume measurements were performed as previously
described.20:30.53 Briefly, Lifeact-GFP expressing MDA-MB-231 cells were allowed to
migrate inside confining devices. z-stacks of cells were imaged in a Nikon Al confocal
microscope using a Plan Apo 60x/1.4 NA objective with 488 nm laser. Cell volume was
measured from z-stacks using a custom MATLAB code.

Spheroid generation and 3D collagen invasion assays: Spheroids were generated
as previously described.30 Briefly, growth factor reduced Matrigel was diluted 1:3 with
DMEM containing 10% FBS and 1% P/S. 50 uL of diluted Matrigel was transferred to
each well of a 96-well plate (Falcon) and polymerized for 1 h at 37°C with 5% CO in

a cell culture incubator. The remaining of the diluted Matrigel solution was kept on ice.
Cells were harvested, resuspended in ice-cold diluted Matrigel solution, gently plated into
different wells (50 uL of solution/well to deliver 2000 cells) pre-coated with polymerized
Matrigel, and incubated for ~1.5 h at 37°C with 5% CO in a cell culture incubator. Finally,
150 pL of prewarmed DMEM containing 10% FBS and 1% P/S was added to each well.
The cell culture medium was replaced every two days, and spheroids were tested in invasion
assays after about 10-15 days. In select experiments, an ultra-low attachment 96-well plate
(Sigma-Aldrich) was used instead of the 96-well plate (Falcon), which enabled the faster
generation of spheroids.

Spheroid isolation and cell dissociation from spheroids on 2D: Spheroids
embedded in Matrigel were collected into 1.5 mL Eppendorf tubes by gently disrupting

the Matrigel with ice-cold DMEM, and specimens were centrifuged for 5 min at 5,000 rpm.
The cell culture medium in the Eppendorf tubes was then gently removed without disturbing
the spheroid pellet. Isolated spheroids were gently resuspended in cell culture medium at
pH, of 7.4 or 6.4 and seeded into 24 well plates (Falcon) pre-coated with 20 pg/mL type-I
rat tail collagen for 2 h at 37°C. Time-lapse images were recorded as described for single
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cell migration assays above. Images were manually analyzed in NIS Elements Software
(Nikon) to quantify how many single cells detached from the spheroids.

3D cell invasion: 3D collagen invasion assays using spheroids were carried out as
previously described.30 In brief, 3 mL of rat tail collagen type | (354236, Corning) was
added to 375 pL of 10x low-glucose DMEM (1 g/L; D2429, Sigma-Aldrich). The pH of
the collagen mixture was slowly adjusted to physiological levels with NaOH. After 1h
incubation on ice, 25 L of the collagen mixture was then added to each well of a 24 well
plate (Falcon) and incubated at 37°C for 1 h. Isolated spheroids were suspended in 100 pL
of the collagen mixture, added to each well, and incubated at 37°C for 1-1.5 h to form

3D collagen gels. After collagen polymerization, 1 mL of cell culture medium at pH, of
7.4 or 6.4 was added to each well. Time-lapse images were recorded as described above.
Images were manually analyzed in NIS Elements Software (Nikon) to determine how many
single cells were detached from spheroids. The shape factors of spheroids were quantified by
manually drawing an ROI in ImageJ.

Analysis of pH;: To estimate pH; at different pHe, the ratiometric pHRed genetic probe26
or the BCECF-AM (B1170, Thermo Fisher) and pHrodo™ Red-AM (P35372, Molecular
Probes) fluorescent dyes were used. 70,000 pHRed-expressing cells were seeded onto 35
mm glass bottom dishes (D35-10-1.5-N, Cellvis) coated with 20 ug/mL type | rat tail
collagen and cultured overnight. The following day, cells were pre-conditioned at pH,

of 7.4 or 6.4 for 24 h and imaged on a Nikon Al confocal microscope using a Plan

Apo 60x/1.4 NA objective, 561 nm and 405 nm lasers, and a 600/50 emission filter. In
select experiments and at prescribed time points, the cell culture medium was changed as
indicated in the legend of Figure S1. An ROI around each cell was then drawn in NIS
Elements Software (Nikon). Ratiometric values (1495/l561) were calculated by dividing the
fluorescence of images obtained with the 405 nm laser (l4g5) by that of images obtained with
the 561 nm laser (Isg1). Measured l405/1561 Values were imported into Excel and normalized
to the control case (pHe = 7.4). To validate pHRed measurements, MDA-MB-231 cells
were incubated with BCECF-AM (2 uM) for 30 min at pH, of 7.4 or 6.4, and analyzed

by measuring the ratiometric values (l4gg/l405). Alternatively, cells were incubated with
pHrodo™ Red AM probe (10 uM) in an isotonic HEPES-buffered solution.

Intracellular pH; calibration was performed by slightly modifying a previously published
protocol.2” After pre-conditioning of pHRed-expressing MDA-MB-231 cells at pH, of
either 7.4 or 6.4 for 2-3 h to achieve a stable pHj;, we imaged cells using a Nikon A1
confocal microscope equipped with a Plan Apo 60%/1.4 NA objective. After imaging, a
high potassium buffer containing nigericin (10 uM; N1495, Thermo Scientific) and 10x
low-glucose DMEM (1 g/L; Sigma-Aldrich) was prepared at five different pH values: 7.5,
7.2,6.9, 6.5 and 6.1.27 To ensure accuracy in the measurements, the pH values of the
nigericin containing high potassium buffer were measured right after each experimental run.
Cells were then analyzed in NIS Elements Software (Nikon).

Additional pH calibration experiments in pHrodo™ Red loaded cells -using isotonic HEPES-
buffered solutions (in mM: 140 NaCl, 5 KCI, 1.8 CaCl,, 0.5 MgCly, 5 glucose and 10
HEPES, 320 mOsm/L, adjusted at pH 7.4 or 6.4 with Tris) were performed following
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manufacturer’s instructions. Briefly, MDA-MB-231 cells grown in 13 mm g coverslips were
loaded in 1 mL of isotonic solution containing a dilution of 1 uL of 5 mM of probe in 10

uL of PowerLoad™ 100x concentrate at 37°C for 30 min. Cells were washed twice with
isotonic solution and allowed to settle for 5 min at RT in a customized perfusion chamber.
Cells were subsequently imaged under an Olympus 1X70 inverted microscope (Hamburg,
Germany) with a 20x objective (Olympus). To monitor probe’s signal, ROIs of positive cells
were excited at 572 nm using a xenon arc lamp coupled to a microprocessor-controlled
filter wheel (Lambda Series, Sutter Instrument) and directed toward the cells under study

by a 505DR dichromatic mirror (Omega Optical, Brattleboro, VVT). Fluorescence images
were collected by a digital charge-coupled device camera (Hamamatsu Photonics) after
being passed through EGFP/mCherry dual emission filter (Omega Optical) by using HCI
software (Hamamatsu Photonics). Images were acquired every 10 s using 55 ms of exposure
time. Basal fluorescence was recorded at rest for 2 min at iso pH 7.4 and then following
perfusion of pH 7.4 or 6.4 iso solution for 8 additional min before calibration. Subsequent
intraexperimental calibration of the probe was performed using pH Calibration Buffer Kit
(P35379, Molecular Probes). Briefly, 2-3 mL of 7.5, 6.5, 5.5 and 4.5 pH standard solutions
containing 10 uM valinomycin and 10 uM of nigericin were gently perfused for 3-5 min.
Average of the last ten data points of each standard measurement were plotted and fitted in
a standard linear curve. Linear trend equation was used to extrapolate the experimental pH
values.

NHE1 activity measurements using NH4ClI treatment: pHRed-expressing MDA-
MB-231 cells were used to measure NHEL1 activity under physiological and acidic pHe.
40,000 cells were seeded onto 35 mm glass bottom dishes (Cellvis), coated with 20 pg/mL
type | rat tail collagen, and cultured overnight. One day after seeding, cells were incubated
with medium of pH, 7.4 or 6.4 for 24 h. On the day of the experiment, cells were incubated
with 2 mL of DMEM containing 10% FBS and 1% P/S for 10 min, and immediately
imaged on a Nikon A1 confocal microscope with a Plan Apo 60%/1.4 NA objective every
30 s for 2 min. Cell culture media was then gently aspirated off and replaced with 2 mL

of DMEM containing 15 mM NH4CI; treated cells were imaged every 30 s for 4 min.
Finally, DMEM media containing 15 mM NH4CI was gently removed and replaced with

2 mL of DMEM with 10% FBS and 1% P/S; cells were imaged for every 30 s for 5

min. An ROI was manually drawn around each cell in NIS Elements Software (Nikon)

to measure ratiometric (1495/1561) Values. Data were then imported into GraphPad Prism
(v. 9.5.1; GraphPad, San Diego, CA) to determine the rate of pH recovery when DMEM
containing 15 mM NH4Cl was replaced with regular DMEM. pH recovery curves were fit
using simple linear regression.

Measurements of NHE1 activity under acute changes of pHe or NHEL inhibition were also
performed using MDA-MB-231 cells loaded with pHrodo™ Red AM. These cells, bathed
for 2 min in isotonic solution at pH of 7.4, were exposed to 15 mM NH4CI for 4 min and
then recovered with isotonic solution at pH 7.4, 6.4 or pH 7.4 containing EIPA (40 uM)
(Figures 1A and 1B). The ApH/min obtained after removal of NH4Cl was calculated from
linear regression fitting of the initial recovery phase for each cell. Data were calibrated and
acquired at the same pH; for each cell. In select experiments, at 48 h into hypoxia, the cell
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medium was changed inside the hypoxic workstation, and cells were incubated with media
of pH = 7.4 or 6.4 for the next 24 h.

Immunofluorescence: For 2D experiments, MDA-MB-231 cells (40,000) were seeded
onto 35 mm glass bottom dishes (Cellvis), coated with 20 ug/mL type | rat tail collagen,
and cultured overnight in medium of pH 7.4 or 6.4. After 24 h, cells were fixed

with 4% paraformaldehyde (J19943K2, ThermoFisher Scientific) for 10 min, washed 2x
with 1x PBS, and permeabilized with 1% Triton X-100 (Millipore Sigma) dissolved

in 1x PBS. Cells were then blocked for 1 h with 2% Bovine Serum Albumin (BSA;

AT7030, Sigma Aldrich) and 0.1% Triton X-100 and incubated overnight at 4°C with the
following primary antibodies diluted in blocking buffer: anti-YAP1 (1:50; sc-101199, Santa
Cruz), anti-NHE1 (1:50; sc-136239, Santa Cruz), anti-ezrin (1:300; 3145, Cell Signaling
Technology), anti-ILK (1:200; sc-20019, Santa Cruz or ab217025, Abcam), anti-B1-integrin
(1:50; ITGB1 AlIB2, Developmental Studies Hybridoma Bank) or anti-Ki67 (1:800; 9449,
Cell Signaling). Cells were washed 3x for 5 min with 1x PBS and incubated for 1 h at RT
with the following secondary antibodies or fluorescent molecules diluted in 2% BSA, 0.1%
Triton X-100 and 2% goat serum: Alexa Fluor 488 goat anti-rabbit (H + L) (1:200; A11034,
Invitrogen), Alexa Fluor 568 goat anti-mouse (H + L) (1:1000; A11004, Invitrogen), Alexa
Fluor Plus 647 goat anti-mouse (H + L) (1:100; A32728, Invitrogen), rhodamine phalloidin
(1:250; R415, Invitrogen), Alexa Fluor 488 phalloidin (1:250; A12379, Invitrogen), and/or
Hoechst 33342 (1:250; 561908, BD Biosciences). Finally, cells were washed 3% for 5 min
with 1x PBS and imaged with a Nikon Al or AXR confocal microscope using a Plan Apo
60x/1.4 NA (A1) or Plan Apo 40x/1.15 WI (AXR) objective, respectively. Images were
analyzed in ImageJ.

For microfluidic experiments, MDA-MB-231 cells were seeded into PDMS-based devices
and allowed to enter microchannels. Cells were then fixed with 4% paraformaldehyde for
10 min. Cells were then permeabilized, blocked, and incubated with primary and secondary
antibodies as described for 2D experiments. Cells were imaged with a Nikon A1 or AXR
confocal using a Plan Apo 60x/1.4 NA (A1) or Plan Apo 40%/1.15 WI (AXR) objective,
respectively. Images were analyzed in ImageJ.

Western blotting: Western blots were carried out as previously described.28:30 Cells
(200,000) were seeded into a 6 well plate (3046, Falcon) and allowed to reach 70-80%
confluence. Cells were then washed with 400 L of cell culture medium at pH, of 7.4 or
6.4 and subsequently incubated with medium of pH,, 7.4 or 6.4 for prescribed durations.
For drug treatments (LY294002 (10uM), verteporfin (0.3 uM), EIPA (40 pM)), cells were
treated with media-containing drugs for the designated durations indicated in the figure
legends. Cells were washed once with 1 mL of ice-cold 1x PBS, lysed with 133 pL of RIPA
buffer (R0278, Sigma-Aldrich) containing protease/phosphatase inhibitor (1:100; 58728,
Cell Signaling), scraped and collected into 1.5 mL Eppendorf tubes. After vortexing for 1
min, cell lysates were centrifugated for 10 min at 14,000 g at 4°C. Protein concentrations
were measured using the Pierce BCA Protein Assay (Thermo Scientific) to ensure loading
of an equal amount of proteins per condition. Protein samples were boiled at 97°C for 10
min, incubated on ice for 1 min, and centrifuged for 1 min at 14,000 g. Protein samples
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were loaded into a 4-12% Bis-Tris gel (NP0336BOX, Invitrogen); the apparatus was filled
with MES SDS running buffer (NP0002, Life Technologies) diluted to 1x with dH,0;

and the gel was run at 200 V for ~50 min. Proteins were transferred from the gel onto

a Nitrocellulose membrane (1620115, Bio-Rad) at 300 mA for 1-1.5 h at 4°C or onto a
PVDF membrane (1704272, Bio-Rad) at 1.3 mA for 10 min, as previously described.>*
Membranes were trimmed, blocked with 5% non-fat milk for 1 h, and incubated with

the following primary antibodies overnight at 4°C: anti-NHE1 (1:200; sc-136239, Santa
Cruz), anti-pAkt (Ser473) (D9E) (1:1000; 4060, Cell Signaling), anti-Akt (C67E7) (1:2000;
4691, Cell Signaling), GAPDH (14C10) (1:4000; 2118, Cell Signaling), anti-p44/42 MAPK
(L34F12) (1:2000; 4696, Cell Signaling), anti-phospho-p44/42 MAPK (Thr202/Tyr204)
(D13.14.4E) (1:1000; 4370, Cell Signaling), anti-ILK (1:200; sc-20019, Santa Cruz), anti-
[B-actin (1:1000; 4970, Cell Signaling), and/or anti-Ezrin (1:2000; 3145, Cell Signaling).
Membranes were then washed 5 times with 1x TBST for 5 min and incubated with the
following secondary antibodies for 1 h: anti-mouse 1gG HRP-linked antibody (1:2000; 7076,
Cell Signaling) or anti-rabbit IgG HRP-linked Antibody (1:2000; 7074, Cell Signaling).
Finally, the membranes were washed 5x with 1x TBST for 5 min, developed, and imaged.
Western blot images were quantified with ImageJ.

For the analysis of NHE1 glycosylated forms, cells were cultured in high-glucose DMEM
without NaHCO3 (12800-058, Gibco) supplemented with 16.5 mM NaHCO3, 20 mM NaCl
(pHe = 7.4) or 2 mM NaHCO3, 2 mM HCl and 30 mM NaCl (pH, = 6.4).5° Cell lysates
were treated with peptide-N-glycosidase F (PNGase F)to identify NHE1 glycosylated forms.
Briefly, 20 pg of protein samples from cells conditioned at pH, of 7.4 or 6.4 for 24h

were denatured for 10 min at 100°C using Glycoprotein Denaturing Buffer (B1704SVIAL,
New England Biolabs), and then incubated with GlycoBuffer 2 and 1% NP-40 in presence
or absence of 500 units of PNGase F (P0704LVIAL, New England Biolabs) for 1 h at

37°C prior to SDS PAGE analysis. Protein samples were boiled at 97°C for 10 min,
incubated on ice for 1 min, and centrifuged for 1 min at 14,000 g in NuPAGE LDS Sample
Buffer (NP0007 Life Technologies) with Reducing Agent (B0009, Life Technologies) before
loading into a 4-12% Bis-Tris gel (NP0336BOX, Invitrogen). The apparatus was filled with
MOPS (NP0001, Life Technologies) SDS running buffer diluted to 1x with dH,O. Proteins
were transferred from the gel onto a Nitrocellulose membrane using semidry Trans Blot
Turbo Transfer System for 10 min at 1.3A up to 25 V (1704150, Bio-Rad). Western blot
images were quantified with Quantity One (Bio-Rad).

Optogenetic regulation of pAkt: Optogenetic tools were utilized to control the
subcellular phosphorylation of Akt with high spatiotemporal accuracy, using the Cry2-CIBN
light gated dimerizer system.30:56.57 Cry2 is attached to the iSH2 region of the p85a
regulatory subunit of PI3K,3% which constitutively binds the p110a catalytic subunit,
whereas GFP-CIBN is anchored to the plasma membrane via CAAX. Light stimulation
brings p110a to the plasma membrane via the Cry2-CIBN heterodimer formation, where

it triggers PI(3,4,5)P3 formation and Akt activation. CAAX-CIBN-GFP was a kind gift
from Dr. Xavier Trepat (Institute for Bioengineering of Catalonia).>6:57 iSH2 was amplified
from mCherry-CRY2-iSH2 (plasmid 66839, Addgene)3? and then inserted into pLV-EFla-
Cry2-mCherry-puro to create Cry2-mCherry-iSH2 (opto-iSH2) in the lentiviral backbone.
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Puromycin (0.5 pg/mL; A1113803, Thermo Fisher) was added to fresh cell culture medium
48 h post-transduction to select cells stably expressing opto-iSH2. MDA-MB-231 cells
stably transduced with Cry2-mCherry-iSH2 and CAAX-CIBN-GFP were used to evaluate
the effect of spatiotemporal phosphorylation of Akt on cell migration under acidic pHe. To
this end, cells migrating inside confining microchannels were monitored by tracking the
mCherry signal in real-time every 30 s for 4 min to identify the migration direction. Light
stimulation with a 488 nm laser at 0.5% power for 1 s was performed on a rectangular area
placed at the cell leading edge (Figure 3L). Stimulations were repeated every 30 s for 16
min to ensure iISH2 enrichment at the cell leading edge, as evidenced by mCherry images
recorded after each stimulation (Figure 3L). Cell velocity was quantified using a custom
MATLAB script.

RNA extraction and quantitative PCR analysis: Cells (200,000) were seeded into 6
well plates and allowed to reach 70-80% confluence. Cells were then washed with 200 pL
of cell culture medium at pH, of 7.4 or 6.4, and subsequently incubated with medium of
pHe 7.4 or 6.4 for 24 h. Cells were washed 1x with 2 mL of 1x PBS and incubated with

1 mL of TrypLE™ Express Enzyme (12604013, Thermo Fisher Scientific) at 5% CO2 and
37°C. After cells were fully detached, 1 mL of DMEM containing 10% FBS was added to
each well, and cells were collected into 15 mL tubes and centrifuged for 5 min at 0.3 g.

Cell pellets were resuspended in 1 mL of 1x PBS and centrifuged once again for 5 min at
0.3 g. Finally, cell pellets were resuspended in 300 pL of TRIzol™ Reagent (15596026, Life
Technologies) and incubated for 5 min 300 pL of 100% ethanol was added to each tube and
RNA was extracted with Direct-zol RNA Miniprep Plus kit (R2070, Zymo Research). cDNA
was generated from extracted RNA with Iscript™ cDNA Synthesis Kit (1708891, Bio-Rad).
gPCR reactions were assembled in 96-well ICycler iQ PCR plates (2239441, Bio-Rad) with
the following components: 10 uL of Itag™ Universal SYBR (1725122, Bio-Rad), 7 uL of
dH,0, 2 pL of forward and reverse primers (20 pM) and 1 pL of cDNA.

NHE1 forward sequence 5" -GGCGGTGAGCAGATCAACAA-3’.
reverse sequence 5° -GACTCCCCAAAAACAAGGATGT-3.

ILK forward sequence 5" -GGACATGACTGCCCGAATTAGC-3".
reverse sequence 5" -GCGTCTGTTTGTGTCTTCAGGC-3’.

18S forward sequence 5 -CAGCCACCCGAGATTGAGCA-3'.
reverse sequence 5" -TAGTAGCGACGGGCGGTGTG-3’.

Three technical replicates were prepared for each biological replicate. The reaction was
performed in an iQ™5 Multicolor Real-Time PCR Detection System (Bio-Rad) with the
following conditions: 1 cycle at 95°C for 30 s; 40 cycles at 95°C for 10 s and 60°C for 30 s;
and 51 cycles starting at 70°C and increasing by 0.5°C every 30 s up to 95°C.

Tail-vein injection experiments: In tail-vein injection experiments (Figures 1L-1P)
performed in a blinded manner without knowledge of cell pre-treatment conditions, the tail
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veins of 10-12 week-old female NSG mice were dilated by exposure to a heat lamp for 1-2
min 5 x 10° mCherry-expressing MDA-MB-231 cells, pre-conditioned at pH 7.4 or 6.4 for
24 h (Figures 1L and 1M), 23 days (Figure 1N) or 10 weeks (Figures 10 and 1P), were
resuspended in 200 pL of D-PBS and injected into the tail vein using a 26.5-gauge needle.
Lungs were excised 48 h (Figures 1L and 1M) or 7 days (Figures 1N-1P) post injection,
fixed in 1% paraformaldehyde for 24 h at 4°C, embedded into OCT compound, and frozen
at —80°C. Sections (20 pum thick) were cut onto Superfrost Plus Gold Microscope slides
(15-188-48, Thermo Fisher) at —20°C using a cryostat. OCT compound was removed from
these slides by washing 3x with PBS, 10 min each. Sections were stained with DAPI in
PBS for 10 min at RT. Samples were washed 3% with PBS and mounted with Fluoromount
Agueous Mounted Medium (F4680, Sigma-Aldrich) and covered with precision coverslips
(0107222, Marienfeld). Epifluorescence images were obtained using the Axio Scan.Z1
microscope (Zeiss) using Zen Blue 2.1 with the following configurations: Fluor 5x/0.27NA
M27 objective for coarse focus mapping, Plan-Apochromat 20x/0.80NA M27 objective for
fine focus mapping, Hamamatsu Orca Flash 4.0 (fluorescence) camera for image capture,
and Colibri 7 VIS-LED fluorescent light source. The images were analyzed in QuPath using
the Cell detection function.50

All mouse studies were designed and conducted consistent with protocols approved by the
Johns Hopkins University Animal Care and Use Committee (IACUC). No humane end-point
signs were observed during any experiment.

Ex ovo chick embryo cancer cell extravasation model: Fertilized White Leghorn
chicken eggs were acquired from the University of Alberta Poultry Research Center and
maintained at 38°C. Embryos were isolated from their shells after 4 days of incubation

and maintained under shell-less conditions in a covered dish placed in an air incubator at
38°C and 60% humidity. A protocol described before2? was adopted to image and quantify
tumor cell extravasation in chick embryos, which were randomly divided into experimental
groups prior to injection. Briefly, mCherry-expressing HT1080 or tdTomato-expressing
MDA-MB-231 cells, pre-conditioned with pHg 7.4 or 6.4 for 24 h, were re-suspended in
ice-cold PBS and injected intravenously (25-50 x 103 HT1080 or 7 x 10* MDA-MB-231)
into the Chick Chorioallantoic Membrane (CAM) vasculature. Tumor cell extravasation was
assessed by intravital confocal imaging 8 h post cell injection. 15 min prior to intravital
imaging, Lectin-649 was injected into the CAM vasculature for visualization of blood
vessels. At least seven animals were used for each condition for 3 independent experiments.
One to three random imaging fields (25x) were imaged by animal. All the procedures

were approved by the University of Alberta Institutional Animal Care and Use Committee
(IACUC).

PLA assays: shScramble control and shNHE1 MDA-MB-231 cells were cultured until
they reached confluency. shScramble and shNHE1 were treated for 24 h with a homemade
media prepared from a high glucose (4.5 g/L) without bicarbonate DMEM supplemented
with 10% FBS and 1% P/S. The media was further supplemented either with 16.5 mM
NaHCO3 and 20 mM NacCl to achieve pH 7.4 or with 2 mM NaHCOj3, 30 mM NacCl

and 2 mM HCI to achieve pH 6.4. To test the effect of extracellular Na* substitution,
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MDA-MB-231 cells were treated for 30 min with a homemade media called isotonic

media (pH 7.4, osmolarity 320 mOsm/L) with a composition of 140 mM NaCl, 1.2 mM
CaCly, 0.5 mM MgCly, 2.5 mM KCI, 10 mM HEPES and 5mM glucose; or N-Methyl-D-
glucamine (NMDGCI) media (pH 7.4, osmolarity 320 mOsm/L) with a composition of 140
mM NMDGCI, 1.2 mM CaCl,, 0.5 mM MgCl,, 2.5mM KCI, 10mM HEPES and 5mM
glucose. Cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with
0.1%Triton in PBS for 10 min. PLA (DU092101, Sigma-Aldrich) was performed following
manufacturer’s guidelines, using mouse anti-NHE1 (1:50; sc-136239, Santa Cruz) and rabbit
anti-Phospho-Akt (Ser473) (D9E) (1:500; 4060, Cell Signaling) or using mouse anti-NHE1
and rabbit anti-ezrin (1:300; 3145, Cell Signaling Technology). Stacks of 20 images (0.5
micrometers) were taken in a Leica SP8 confocal microscope using a 60x objective, and the
PLA dots and nuclei were analyzed with ImageJ.

RNA-seq and analysis: Cells (500,000) were plated into T75 flasks and allowed to reach
70-80% confluence using cell culture medium with pHg = 7.4. At that point, cells were
washed with 2.5 mL of cell culture media with pHg of 7.4 or 6.4, and then incubated with
media of prescribed pH, for 24 h or 10 weeks. Next, cells were washed 1x with 10 mL

of 1x PBS and incubated with 5 mL of TrypLE™ Express Enzyme (12604013, Thermo
Fisher Scientific) at 5% CO2 and 37°C. After cells were fully detached, 5 mL of DMEM
containing 10% FBS were added to each flask, and cells were collected into 15 mL tubes
and centrifuged for 5 min at 0.3 g. Cell pellets were resuspended in 1 mL of 1x PBS and
centrifuged once again for 5 min at 0.3 g. Finally, cell pellets were resuspended in 300 pL
of TRIzol™ Reagent (15596026, Life Technologies) and incubated for 5 min 300 L of
100% ethanol were added to each tube and total RNA was extracted with Direct-zol RNA
Miniprep Plus kit (R2070, Zymo Research). The RNA picochip (5061-1513, Agilent) was
used in Agilent 2100 Bioanalyzer to evaluate RNA integrity; the RNA integrity number
(RIN) ranged between 8.8 and 9.5 in these samples. 20 ng of RNA per sample were
subjected to lllumina TruSeq Stranded mRNA Library Prep Kit (20020594, 1llumina) and
TruSeq RNA Single Indexes Set A (20020492, Illumina) for RNA-seq on the Illumina
NextSeq500 using the NextSeq 500/550 High Output Kit v2.5 (75 Cycles; 75 bp read)
(20024906, Illumina).

Reads were mapped to the human GRCh38.p14 (hg38, obtained from GENCODE)
genome quantified using a custom pipeline (Pipeline outlined in “1-RNAseq-STAR”

of RNAseq GitHub repository, utilizing STAR alignment and Subread’s featureCounts
quantification). The DESeq2 R package version 1.46.0 (via R, v. 4.4.3) was used to generate
principal component analysis (PCA, Figure S7A) and normalized reads (represented as
log2 fold change) for comparison between cells preconditioned at different pH, with

the corresponding pp-value (corrected by False Discovery Rate, or g-value). The cells
preconditioned at pH, of 6.4 exhibited marked PCA differences from controls (pHe = 7.4).
A gene was considered to be significantly differentially expressed (DEG) between these
groups if q < 0.1. The read alignment and quantification code, DESeq?2 analysis pipeline,
and significant DEG lists are available on GitHub (https://github.com/bajpai-lab/Acidosis-
Cancer-RNAseq under “1-RNAseq-STAR” and “2-DESeq-R”). These DEGs were used
for pathway analysis via Ingenuity Pathway Analysis (IPA; QIAGEN) with corresponding
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z-scores and pp-values. The combined score for each enriched pathway and upstream equals
—log10(p)*-(2).

Survival analysis: Survival analyses based on patients’ overall survival (OS) information
and normalized gene expression (using transcripts per million reads or TPMs) were
conducted via survminer (version 0.5.0) and Survival (version 3.8-3) packages in R
(v.4.4.3), which performs the Kaplan-Meier (K-M) survival analysis and generates hazard
ratio (HR) and the 95% confidence interval (Cl) via the Cox proportional-hazards model.
We set the optimal cut-point for the gene expression in each patient via surv_cutpoint
function (within the survminer package) with the package’s default minimal proportion

of observation (10%). Genes whose high expression that causes significant survival curve
difference (p< 0.1, evaluated by surv_pvalue function within the survminer package) were
selected as candidate genes for further evaluation of their prognostic significance. The
sequencing data and clinical information from ‘Basal’ subtype breast cancer patients were
extracted from TCGA (downloaded via TCGADbiolinks R package, version 2.34.1) and

Liu et. al*! About 51% of acidosis-upregulated genes and 46% acidosis-downregulated
genes were reported in the breast cancer (subtype: Basal) patients’ sequencing data that
separate the survival curves by p<0.1. A patient with a high expression of >50% of the
candidate acidosis-upregulated genes was defined as having a high expression of the overall
acidosis-upregulated genes. A candidate gene resulting in a significantly worse OS outcome
was defined as the one whose high expression separated the K-M survival curve by p<
0.05 and HR = 1.2. Conversely, a candidate gene whose high expression separated the K-M
survival curve by p<0.05 and HR < 1/1.2 was considered the gene whose high expression
brought a significantly better OS outcome for the patient. Survival analysis code, gene

list associated with clinical outcomes extraction are available on GitHub (https://github.com/
bajpai-lab/Acidosis-Cancer-RNAseq under “3-TCGA-R").

Mitochondrial membrane potential: Mitochondrial membrane potential was assessed
using Tetramethylrhodamine methyl ester perchlorate (TMRM; T668, Thermo Fisher) per
manufacturer’s instructions. In brief, cells were incubated for 30 min at 37°C with 50 nM
TMRM, and imaged with an AXR confocal using a Plan Apo 40x/1.15 WI (AXR) or Plan
Apo 20% objective. Excitation was performed with a 561 nm laser line. TMRM intensities
were analyzed in ImageJ.

Bioenergetic analysis: ATP rate assays and glycolysis stress tests were conducted

using the Seahorse XF Pro Analyzer (Agilent Technologies) according to manufacturer’s
instructions. After treatments to acidosis in the absence or presence of hypoxia for
prescribed periods of time, cells (10,000/well) were seeded into collagen-coated Seahorse
XFe96 cell culture microplates (20 ug/mL type-I rat tail collagen for 1h), and then incubated
in a non-CO2 incubator for 2 h to allow cell spreading prior to running the assay. The
glycolysis stress test was conducted in an XF base medium (103335-100, Agilent) (pH 7.4).
The final concentrations of 2.5 mM glucose (103577-100, Agilent), 1.5 uM oligomycin
(11342, Cayman Chemical) and 25 mM 2-DG (14325, Cayman Chemical) were used

as injected compounds. ATP rate assay was conducted in Seahorse XF base medium,
supplemented with 10 mM glucose, 1 mM pyruvate (103578-100, Agilent) and 2 mM

Cell Rep. Author manuscript; available in PMC 2026 March 24.


https://github.com/bajpai-lab/Acidosis-Cancer-RNAseq
https://github.com/bajpai-lab/Acidosis-Cancer-RNAseq

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 25

glutamine (103579-100, Agilent). The final concentrations of 1.5 uM oligomycin and
0.5 uM rotenone/antimycin A (13995, 34799, Cayman Chemical) were used as injected
compounds. The Seahorse Wave Desktop software was used to analyze the data.

Lipid droplet staining: Lipid droplet content was assessed using BODIPY 493/503
(D3922, Thermo Fisher) per manufacturer’s instructions. In brief, cells were incubated for
30 min at 37°C with 5 uM BODIPY and imaged with an AXR confocal using a Plan Apo
20x/objective. Excitation was performed with a 488 nm laser line. BODIPY intensities were
analyzed in ImageJ.

Mitochondrial ROS staining: Mitochondrial reactive oxygen species (ROS) was
assessed using CellROX™ Deep Red Reagent (C10422, Thermo Fisher) per manufacturer’s
instructions. In brief, cells were incubated for 30 min at 37°C with 500 nM CellROX™ and
imaged with an AXR confocal using a Plan Apo 20x/objective. Excitation was performed
with a 561 nm laser line. CellROX™ intensities were analyzed in ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data represent the mean + S.D. of 3 or more experiments (reflecting independent biological
replicas) analyzed per condition per experiment unless otherwise indicated, and data points
denote values from each cell or experiment as specified in the figure legends. Shapiro-Wilk
test was used for normality testing where the number of data points were between 3

and 8. For sample with >8 data points, the D’ Agostino-Pearson omnibus normality test

was used to determine whether data are normally distributed. Data sets with Gaussian
distributions were compared using Student’s ftest (two-tailed) or one-way ANOVA followed
by Tukey’s or Sidak’s or Dunnett’s post-hoc test. For log normal distribution, statistical
comparison was made after logarithmic transformation of the data followed by unpaired
Student’s ttest (two-tailed) or one-way ANOVA followed by Tukey’s post-hoc test. For non-
Gaussian distributions, the nonparametric Mann-Whitney test was used when comparing two
conditions, while more than two groups were compared by Kruskal-Wallis test followed

by Dunn’s multiple comparison. Select experiments were analyzed using two-way ANOVA
followed by Sidak’s or Tukey’s multiple comparisons test. Analysis was performed using
GraphPad Prism 9 (GraphPad Software). Statistical significance was identified as p < 0.05.
*p<0.05, **p<0.01, ***p<0.001 and ****p < 0.0001.
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Highlights

Short-term acidosis reduces cancer cell proliferation, migration, and
extravasation

Acidosis inhibits NHE1 activity, reducing Akt-YAP signaling and NHE1/ILK
expression

Hypoxia rescues motility under acidosis by upregulating NHE1/ILK and
glycolysis

Chronic acidic adaptation is not universal but relies on cell-specific ROS
control
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(A) Schematic of microfluidic device. (B-E) Velocities of cells preconditioned at pHe = 7.4
or 6.4 for 24 h (B), 23 days (C), or 10 weeks (D and E) before migrating inside collagen
I-coated PDMS-based (B-D) or 15-kPa polyacrylamide-based (E) microchannels (width
[W] x height [H] = 3 x 10 um?) at their respective pHe. Data represent mean + SD of the
average value of each biological repeat (V=4 [B and C] or 3 [D and E]) each with 7= 20
cells. *p < 0.05, **p < 0.01 by unpaired ftest (B and C) or Mann-Whitney (D and E).
(F) Phase contrast images of MDA-MB-231 cells preconditioned at prescribed pH, for 24 h

dissociating from 3D breast cancer spheroids embedded in 3D collagen gels.
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(G and H) Effects of pH, after 24 h (G) or 10 weeks (H) preconditioning on the number

of dissociated cells from spheroids at t = 22 h. Data represent mean + SD of the average
value of each biological repeat (A = 3) each with 7> 9 spheroids. *p < 0.05, **p < 0.01 by
unpaired ftest.

(1) Hlustration of cell pre-treatment prior to injection in chick embryos or mice.

(J) 3D reconstructions of CAM vasculature with MDA-MB-231 cells preconditioned at pHg
= 7.4 or 6.4. Extravasated cells or cells still located within the vasculature are indicated

by yellow or white arrows, respectively. Lower panels show corresponding ZY-optical side
views. Extravasated cells appear outside the CAM vascular plexus. Optical plane guides are
shown in green.

(K) Quantification of the percentage of extravasated cells. Data represent mean + SD of the
average value of each biological repeat (/= 3) each with 7> 9 imaging fields (25%) from
using three different animals per condition/experiment. *p < 0.05 by unpaired #test.

(L and O) Images of whole mouse lung samples detected using blue (DAPI) and red
(mCherry-expressing MDA-MB-231) emission filters 48 h (L) or 7 days (O) post injection
of cells preconditioned at pHe = 7.4 or 6.4 for 24 h (L) or 10 weeks (O).

(M, N, P) Average number of human mCherry-positive cells/mm? in the lungs of mice 48 h
(M) or 7 days (N and P) post injection of cells preconditioned at pHg = 7.4 or 6.4 for 24 h
(M), 23 days (N), or 10 weeks (P).

Data represent mean £ SD for 10 (M), =28 (N), =9 (P) mice. *p < 0.05, **p < 0.01, ****p
< 0.0001 by unpaired ttest. Scale bars: 100 um (F), 50 um (J), or 2 mm (L and O). The
contrast of (L) and (O) was increased uniformly for visualization purposes. Originals are in
Figure SI.
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Figure 2. Acidosis acutely suppresses NHE1 activity, which in turn disrupts NHE1-pAkt complex
formation and pAkt expression

(A) Measurements of NHE1 activity at prescribed pH, in the absence or presence of EIPA
(40 uM) using NH4CI prepulse technique by quantifying the pH; recovery of pHrodo-loaded
cells.

(B) ApH/min values were obtained after removal of NH4Cl medium and calculated by linear
regression fitting of the initial recovery phase. Data represent mean + SD of the individual
averages from three experiments for 7= 51 cells. *p < 0.05, **p < 0.01 by one-way ANOVA
followed by Tukey’s test.

(C) Immunofluorescence images of cells in confinement at pHe = 7.4 or 6.4, and stained for
NHEL1 (red), ezrin (green), and Hoechst (blue).

(D) Percentage of cells displaying NHE1 and ezrin co-polarization at prescribed pH,. Data
represent mean = SD from three experiments. **p < 0.01 by unpaired #test.
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(E) Western blot images and quantification of NHE1 expression. Data represent mean + SD
from four experiments. *p < 0.05 by unpaired #test.

(F) Representative PLA images of NHE1-pAkt interaction after scramble control
(shControl) or shNHE1 cell preconditioning at prescribed pHe for 24 h.

(G) Quantification of PLA interaction normalized to total number of dots per nuclei. Data
represent mean = SD of multiple fields from four experiments. **p < 0.01 and ****p <
0.0001 by one-way ANOVA followed by Tukey’s test after log transformation.

(H and J) Western blot images of pAkt and tAkt (H), and NHE1 (J) before and after pH,
change from 7.4 to 6.4 at prescribed time points (0.5, 1, and 2 h).

(1) Quantification of pAkt and tAkt normalized by GAPDH (left yaxis) and of pAkt
normalized by tAkt (right y axis) from five experiments. *p < 0.05 and **p < 0.01 by
Kruskal-Wallis followed by Dunn’s.

(K) Quantification of NHEL expression from four experiments.

(L) Western blot images of pAkt and tAkt at pH, of 7.4 before and after EIPA (40 uM)
treatment for prescribed time points (0.5, 1, and 2 h).

(M) Quantification of pAkt and tAkt, as described in (1), from three experiments before and
after the addition of EIPA (40 uM). *p < 0.05 and **p < 0.01 by one-way ANOVA followed
by Tukey’s test.

(N) Western blot images of pAkt and tAkt for SC and NHE1-KD cells.

(O) Quantification of pAkt and tAkt normalized, as described in (1), from five experiments.
*p<0.05, **p < 0.01 by unpaired t test. Data represent mean + SD. Cell model: MDA-
MB-231.
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Figure 3. The role of PI3K/Akt in regulating NHE1 expression and cell migration following
exposure to acidosis
(A) Western blot images of Akt and ERK from cells preconditioned at pH, = 7.4 or 6.4 for

24 h before blotting.

(B) Confined migration velocity of cells preconditioned at pHe = 7.4 or 6.4 for 24 h in the
absence or presence of LY294002 (10 uM, 24 h). Data represent mean + SD of the average
value of each biological repeat (V= 4) each with n= 24 cells. *p< 0.05, **p < 0.01 by
one-way ANOVA followed by Tukey’s test.

(C-E) Western blot images (C) and quantification of NHE1 expression of wild-type (WT)
cells (D) and NHE1 activity of pHRed-expressing cells (E) at pH, = 7.4 following 24-h
incubation with vehicle control or LY294002 (LY; 10 uM, 24 h). Data represent mean + SD

Cell Rep. Author manuscript; available in PMC 2026 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 36

from three experiments (D and E) using 7= 44 cells per condition (E). **p < 0.01 and ***p
< 0.001 by one-way ANOVA followed by Tukey’s test (D), *p < 0.05 by unpaired ttest (E).
(F and H) Immunofluorescence images of cells in 2D collagen I-coated substrates at
prescribed pH, (F) or at pHe = 7.4 in the absence or presence of LY294002 (10 uM, 24

h) (H), and stained for YAP1 (red), actin (green), and Hoechst (blue).

(G and 1) Quantification of nuclear-to-cytosolic YAP1 ratio at prescribed pH, (G) or at pH,
= 7.4 in the absence or presence of LY294002 (10 uM, 24 h) (I). Data represent mean + SD
of the average value of each biological repeat (V= 3) each with 7= 37 cells. *p < 0.05, **p
< 0.01 by unpaired ftest.

(J and K) Western blot images (J) and migration velocity (K) following 24-h incubation with
verteporfin (0.3 uM) at prescribed pH,. Data represent mean + SD of the average value of
each biological repeat (V= 3) each with 7= 50 cells. **p < 0.01, ***p < 0.001 by one-way
ANOVA followed by Tukey’s test.

(L) Time-lapse montage of a representative cell expressing opto-iSH2 and CAAX-CIBN-
GFP and preconditioned at pH, = 6.4 before and after light stimulation at the cell leading
edge in a region enclosed by the yellow box. Enrichment of activated Akt is shown by the
yellow arrowheads, whereas white arrowheads denote the cell rear.

(M) Migration velocity of WT and NHE1-KD cells before and after light stimulation. Cells
were preconditioned at pHe = 6.4 for 3 h prior to the onset of the experiment. Data represent
mean + SD for 7= 12 cells from five experiments. ***p < 0.001 by paired #test.

(N) Migration velocity of WT and Myr-Akt-expressing cells after preconditioning at pH, =
7.4 or 6.4 for 24 h. Data represent mean + SD of the average value of each biological repeat
(V= 3) for n= 14 cells per condition. *p < 0.05, **p < 0.01 by one-way ANOVA followed
by Tukey’s test.

Scale bars: 10 pm. Cell model: MDA-MB-231.
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Figure 4. Acidosis downregulates ILK expression via NHE1/pAkt/YAP signaling
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(A-D) Western blot images (A and C) and quantification of ILK expression (B and D) in
WT (B), SC and NHE1-KD (D) cells following preconditioning at pHe = 7.4 or 6.4 for 24 h.
Data represent mean + SD from A/ = 3 experiments. *p < 0.05 and **p < 0.01 by unpaired ¢
test (B) or by one-way ANOVA followed by Tukey’s test (D).
(E-H) Western blot images (E and G) and quantification of ILK expression in cells
preconditioned at pH, of 7.4 or 6.4 for 24 h in the presence of LY294002 (LY; 10 uM,

24 h) (E and F), verteporfin (Vert., 0.3 uM, 24 h) (G and H), or vehicle control. Data

represent mean = SD from A= 3 experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by

one-way ANOVA followed by Tukey’s test.
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() Immunofluorescence staining of cells with NHE1 (magenta), ILK (white), and Hoechst
(blue) following their exposure to pHe = 7.4 or 6.4 for 24 h.

(J) Immunofluorescence staining with ezrin (green), ILK (white), p1-integrin (red), and
Hoechst (blue) following their exposure to pHe = 7.4 or 6.4 for 24 h.

(K) SC or NHE1-KD cell migration velocities on 2D following their preconditioning at
prescribed pH, for 24 h in the presence of either the ILK inhibitor CPD22 (2.5 uM) or
vehicle control (VC). Data represent mean £ SD of the average value of each biological
repeat (V= 3) each with n= 17 cells. *p < 0.05 by one-way ANOVA followed by Tukey’s
test.

(L) Representative phase contrast images of cells dissociating from 3D breast cancer
spheroids embedded in 3D collagen gels at the indicated time points in the presence of
either CPD22 (2.5 uM) or VVC, following cell preconditioning at pH, 7.4 or 6.4 for 24 h.
(M) Number of dissociated cells from 3D spheroids embedded in 3D collagen gels at t = 22
h in the presence of CPD22 (2.5 uM) or VC at prescribed pH,. Data represent mean + SD of
the average value of each biological repeat (V= 3) each with 7> 7 spheroids. *p < 0.05 by
one-way ANOVA followed by Tukey’s test. Cell model: MDA-MB-231. Scale bars: 10 um
(I'and J) or 100 um (L).
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Figure 5. The reduced migratory potential due to acidosis is restored by hypoxia
(A-P) Cells cultured at pHg = 7.4 were exposed to hypoxia (1% O,) for 48 h before

the culture medium was switched to pH, = 6.4. Cells were then maintained under both
hypoxic and acidic conditions for the next 24 h. Immediately thereafter, cell lysates were
isolated, or cells were seeded in microchannels or in Seahorse XFPro microplates. Controls
included cells cultured under normoxia at pHe = 7.4 or 6.4. (A) Confined MDA-MB-231 cell
migration velocities. Data represent mean + SD of the average value of each biological
repeat (V= 4) each with n= 20 cells. *p < 0.05, **p < 0.01, ****p< 0.0001 by

one-way ANOVA followed by Tukey’s test. (B) MDA-MB-231 cell migration speeds on

2D substrates. Data represent mean £ SD of the average value of each biological repeat (V=
3) each with 7= 16 cells. **p < 0.01, ****p < 0.0001 by one-way ANOVA. (C-F) Western
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blot images (C and E) and quantification (D and F) of NHE1 expression normalized by
GAPDH (C) or ILK expression normalized by p-actin (E). Data represent mean + SD from
>3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-
way ANOVA followed by Tukey’s test. (G) Percentage of MDA-MB-231 cells displaying
NHEL1 polarization at prescribed pH,. Data represent mean + SD from four independent
experiments. *p < 0.05, ****p < 0.0001 by one-way ANOVA followed by Tukey’s test.

(H and 1) Immunofluorescence images (H) and quantification of nuclear-to-cytosolic YAP1
ratio (1) of MDA-MB-231 cells in 2D collagen I-coated substrates at prescribed pH,. Data
represent mean = SD of the average value of each biological repeat (A = 3) each with n=
37 cells. **p < 0.01, ****p< 0.0001 by one-way ANOVA followed by Tukey’s test. Scale
bar: 20 um. (J) Quantification of ATP production rate via Seahorse Analyzer showing the
relative contributions of glycolysis and OXPHOS at prescribed pH,. Data represent mean

+ S.D from three experiments. ****p < 0.0001 by one-way ANOVA followed by Tukey’s
test. (K) Confined migration velocities of VC and 2-DG (10 mM)-treated cells migrating in
collagen I-coated microchannels. Data represent mean + SD of the average value of each
biological repeat (V= 4) each with 7= 13 cells. *p< 0.05, **p < 0.01, ****p < 0.0001

by one-way ANOVA followed by Tukey’s test. (L) Measurements of NHE1 activity for VC
and 2DG-treated cells (10 mM) using NH4CI prepulse technique by quantifying the pH;
recovery of pHrodo-loaded cells. Data represent mean £ SD of the average value of each
biological repeat (V= 4) each with 7= 12 cells. *p < 0.05, **p < 0.01 by one-way ANOVA
followed by Tukey’s test. (M) Measurement of extracellular acidification rate (ECAR) using
Seahorse Analyzer for vehicle control (VC) or EIPA-treated (40 UM, 24 h) cells. Data
represent mean = SD from three experiments (=5 replicates per condition). (N) Calculation
of glycolysis from glucose administration based on ECAR data (M) for vehicle control and
EIPA-treated (40 uM, 24 h) cells. Data represent mean + SD from three experiments (=5
replicates per condition). ***p < 0.0001 by one-way ANOVA followed by Tukey’s test. (O
and P) Confined migration velocities of HCT116 colon carcinoma (O) and A375 melanoma
(P) cells. Data represent mean + SD of the average value of each biological repeat (V= 3)
each with 7= 21 cells. **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA
followed by Tukey’s test.
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Figure 6. Adaptation to acidosis depends on a cell’s ability to restrain ROS overproduction
(A) Quantification of BODIPY intensity of MDA-MB-231 (MDA), HOS, A375, and

HCT116 cells preconditioned at pH, of 7.4 or 6.4 for 23 days. Data represent mean +

SD of the average value of each biological repeat (A= 3) each with 7> 19 cells. *p < 0.05,
**p<0.01, ***p < 0.001 by unpaired ¢test.

(B-D) Velocities of HOS (B), A375 (C), and HCT116 (D) cells preconditioned at pH, of 7.4
or 6.4 for 23 days before migrating inside collagen I-coated PDMS-based microchannels (W
x H = 3 x 10 pm?) at their respective pH, . Data represent mean + SD of the average value
of each biological repeat (V= 3) each with 7= 20 cells. *p < 0.05, **p < 0.01 by unpaired ¢
test.

(E-H) Quantification of mitochondrial ROS intensity of HCT116 (E), MDA-MB-231
(MDA) (F), HOS (G), and A375 (H) cells in the presence or absence of etomoxir (Eto,

10 uM, 16 h) after their preconditioning at pHe of 7.4 or 6.4 for 23 days. Data represent
mean + SD of the average value of each biological repeat (A= 3) each with 7= 30 cells. *p
< 0.05, **p<0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA followed by Tukey’s
test.

(I'and J) Velocities of MDA-MB-231 (MDA) (1) and A375 (J) cells preconditioned at pH, of
7.4 or 6.4 for 23 days before migrating inside collagen I-coated PDMS-based microchannels
(W x H =3 x 10 um?) at their respective pH, in the presence or absence of NAC (1 mM).
Data represent mean £ SD of the average value of each biological repeat (A= 3) each with n
> 20 cells. *p < 0.05, **p < 0.01 by one-way ANOVA followed by Tukey’s test.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-YAP1 Santa Cruz Cat #5¢-101199; RRID: AB_1131430
anti-NHE1 Santa Cruz Cat # sc-136239; RRID: AB_2191254
anti-ILK Santa Cruz Cat # sc-20019; RRID: AB_627807
anti-ILK Abcam Cat # ab217025

anti-b1-integrin

anti-Ki67

anti-pAkt

anti-Akt

GAPDH

anti-p44/42 MAPK

anti-phospho-p44/42 MAPK

anti-b-actin

anti-Ezrin

anti-mouse 1gG HRP-linked antibody
anti-rabbit IgG HRP-linked Antibody
Alexa Fluor 488 goat anti-rabbit (H + L)
Alexa Fluor 568 goat anti-mouse (H + L)
Alexa Fluor Plus 647 goat anti-mouse (H + L)
rhodamine phalloidin

Alexa Fluor 488 phalloidin

Hoechst 33342

Developmental
Studies Hybridoma
Bank

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen

BD Biosciences

Cat # ITGB1 AlIB2

Cat # 9449; RRID: AB_2797703
Cat # 4060; RRID: AB_2315049
Cat # 4691; RRID: AB_915783

Cat # 2118; RRID: AB_561053

Cat # 4696; RRID: AB_390780

Cat # 4370; RRID: AB_2315112
Cat # 4970; RRID: AB_2223172
Cat # 3145; RRID: AB_2100309
Cat # 7076; RRID: AB_330924

Cat # 7074; RRID: AB_2099233
Cat # A11034; RRID: AB_2576217
Cat # A11004; RRID: AB_2534072
Cat # A32728; RRID: AB_2633277
Cat #R415; RRID: AB_2572408
Cat # A12379

Cat # 561908; RRID: AB_2869394

Chemicals, peptides, and recombinant proteins

LY?294002

NSC668394
5-(N-Ethyl-N-isopropyl) amiloride
CPD22

verteporfin

K975

latrunculin A

2-Deoxy-D-Glucose

n-acetyl cysteine

etomoxir

oligomycin

rotenone

antimycin A

NaHCO;

LIVE/DEAD™ Viability/Cytotoxicity Kit
BCECF-AM

Sigma-Aldrich
Calbiochem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
MedChem Express
Millipore Sigma
Cayman Chemical
Cayman Chemical
Cayman Chemical
Cayman Chemical
Cayman Chemical
Cayman Chemical
Gibco

Invitrogen

Thermo Fisher

Cat #1.9908

Cat # 341216
Cat # A3085

Cat # 407331
Cat # SML0534
Cat # HY138565

Cat # 14325
Cat # 20261
Cat # 11969
Cat # 11342
Cat # 13995
Cat # 34799
Cat # 12800-058
Cat #L.3224
Cat #B1170
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REAGENT or RESOURCE SOURCE IDENTIFIER
pHrodo™ Red-AM Molecular Probes Cat #P35372
Tetramethylrhodamine methyl ester perchlorate Thermo Fisher Cat #7668

Glucose Agilent Cat # 103577-100

Pyruvate Agilent Cat # 103578-100

Glutamine Agilent Cat # 103579-100

Seahorse XF DMEM Medium Agilent Cat # 103575-100

BODIPY Thermo Fisher Cat #D3922

CellROX™ Deep Red Reagent Thermo Fisher Cat #C10422

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid Gibco Cat # 15630080

PIPES Millipore Sigma Cat #P1851

Critical commercial assays

Duolink /n Situ Red Starter Kit Mouse/Rabbit Sigma-Aldrich Cat # DU092101

Cell Counting Kit-8 Dojindo Cat # CK04-11

Deposited data

RNA-seq analysis This paper https://github.com/bajpai-lab/Acidosis-Cancer-
RNAseq

RNA-seq raw data This paper GSE315655 (see https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE315655)

Experimental models: Cell lines

MDA-MB-231 wild-type ATCC Cat # HTB-26

MDA-MB-231 expressing Lifeact-GFP (Bera et al.)20 N/A

MDA-MB-231 expressing pHred (Bera et al.)20 N/A

HT1080 wild-type
HCT116

A375

HOS

ATCC
ATCC
ATCC
ATCC

Cat# CCL-121
Cat # CCL-247
Cat # CRL-1619
Cat # CRL-1543

Experimental models: Organisms/strains

NOD-SCID Gamma (NSG) mice

Jackson Laboratory

strain #005557

Chick embryo University of Alberta Gallus gallus
poultry research
facility
Oligonucleotides
shRNA targeting human EZRIN This paper N/A
CCGTGGGATGCTCAAAGATAA
ShRNA targeting human NHE1 (1) This paper N/A
GACAAGCTCAACCGGTTTAAT
ShRNA targeting human NHE1 (2)
CCAATCTTAGTTTCTAACCAA
non-targeting scramble control This paper N/A

GCACTACCAGAGCTAACTCAGATAGTACT

Recombinant DNA

Myr-HA-Aktl
mCherry-CRY2-iSH2

(Ramaswamy et al.)*°

(Idevall Hagren O et

al ')39

Addgene, plasmid # 9008
Addgene, plasmid # 66839

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

ImageJ NIH https://imagej.net/software/fiji/

NIS-Elements Nikon https://www.microscope.healthcare.nikon.com/
products/software/nis-elements/software-resources

MATLAB (R2025b) MathWorks https://www.mathworks.com/products/matlab.html

bioRender bioRender https://www.biorender.com/

Seahorse Wave Desktop Agilent https://www.agilent.com/en/product/cell-analysis/real-
time-cell-metabolic-analysis/xf-software/seahorse-
wave-desktop-software-740897

Prism 10 GraphPad https://www.graphpad.com

HCI software Hamamatsu Photonics  https://www.hamamatsu.com/jp/en/product/cameras/
software/imaging-software/U11158.html

QuPath Bankhead et al.50 https://qupath.github.io/
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