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Acid-adapted cancer cells alkalinize their cytoplasm
by degrading the acid-loading membrane
transporter anion exchanger 2, SLC4A2
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In brief

It remains unclear how cancer cells can
maintain a physiological intracellular pH,
despite their acidic microenvironment.
Michl et al. show that extracellular acidity
triggers the lysosomal degradation of
anion exchanger 2 (AE2), an acid-loading
membrane transporter. Reduced AE2
activity raises intracellular pH toward
physiological levels in cells under chronic
acidosis.
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SUMMARY

Acidic environments reduce the intracellular pH (pHi) of most cells to levels that are sub-optimal for growth
and cellular functions. Yet, cancers maintain an alkaline cytoplasm despite low extracellular pH (pHe). Raised
pHi is thought to be beneficial for tumor progression and invasiveness. However, the transport mechanisms
underpinning this adaptation have not been studied systematically. Here, we characterize the pHe-pHi
relationship in 66 colorectal cancer cell lines and identify the acid-loading anion exchanger 2 (AE2,
SLC4A2) as a regulator of resting pHi. Cells adapt to chronic extracellular acidosis by degrading AE2 protein,
which raises pHi and reduces acid sensitivity of growth. Acidity inhibits mTOR signaling, which stimulates
lysosomal function and AE2 degradation, a process reversed by bafilomycin A1. We identify AE2 degradation
as a mechanism for maintaining a conducive pHi in tumors. As an adaptive mechanism, inhibiting lysosomal

degradation of AE2 is a potential therapeutic target.

INTRODUCTION

Increased acid production and impaired capillary washout
produce an acidic tumor microenvironment.'~ Considering ther-
modynamic constraints, such conditions should reduce the
intracellular pH (pHi). If uncorrected, this would impose unfavor-
able consequences on cancer cells because many biological
functions are suppressed at low pHi.*® Studies of aggressive
cancers provided in vivo evidence for alkaline intracellular condi-
tions despite low extracellular pH (pHe),”* indicating that tumors
overcome the aforementioned challenge. Raised pHi is consid-
ered necessary for cancer progression because it is permissive
for proliferation, evading death, invasiveness, and migration.®'*
Furthermore, certain gain-of-function mutations exploit pHi
sensitivity. For instance, the R237H substitution in the tumor
suppressor p53 reduces DNA binding at raised pHi.">'®

A mechanism for raising pHi in cancer cells would offer a sur-
vival advantage under acid stress. However, its identity remains
unknown, not least because of inconsistent data quality. Accu-
rate pHi measurements pose multiple challenges; for example,
those carried out on tissues lack single-cell resolution. Some
in vitro recordings have used inappropriate buffering condi-
tions."” For instance, the use of bicarbonate-free buffers can
lead to flawed estimates of resting pHi because HCO3;™ -depen-
dent transporters become inactivated.'”~'® Another cause of
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concern relates to CO, stability while transferring cells from incu-
bators (56%-10% CO,) to CO,-free measurement devices, which
inevitably overestimates pHi. Moreover, pHi must be reported in
the context of pHe since the two are coupled.'” Without accurate
reporting standards, it has been difficult to identify the transport
process underpinning acid adaptation.

Several studies have described how H* ions can be re-
distributed within a cell by means of acid (or base) sequestra-
tion into organelles, such as lysosomes?® or the Golgi appa-
ratus.”' However, these organelles have finite volume and buff-
ering, and when faced with a continuous source of acid (like
metabolism), their capacity to take up excess acid is saturable,
unless a secondary process expunges their contents (e.g.,
exocytosis). In this sense, the act of pHi regulation is performed
by the exocytotic event, which is complex and resource inten-
sive. The most direct mechanism for stably alkalizing cells un-
der a continuous (e.g., metabolic) source of acid involves the
transport of H* equivalents across the plasma membrane. Sur-
face-expressed transporters are the gatekeepers of pHi
because they export excess acid (or base) into the extracellular
space, which is essentially infinite in vivo (due to perfusion) and
in vitro (due to large extracellular volumes or superfusion).
Rightly, many studies of pHi regulation have focused on the
role of ion transporters at the cell surface, such as Na*/H*
exchanger 1 (SLC9A71, NHE1), monocarboxylate transporter 1

Cell Reports 42, 112601, June 27, 2023 © 2023 The Authors. 1

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:pawel.swietach@dpag.ox.ac.uk
https://doi.org/10.1016/j.celrep.2023.112601
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112601&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Cell Reports

All cell lines

HDC9

Colo678

- ¢? CellPress
OPEN ACCESS

S —
o £ 2 ° -60QH o l1onNs
© w & O € ° -GG 1H o Fv8L
o 5 ® © 8 ° ~ONO1 o : FezziMs
23 o S ° 81 o 138920
o © o 8 = ° ~€9ZONNS ° F¥SH0ZEOT0D
g S o o2 ° -1 dv0 o : F6LVaH
< %v s = 2 F ° ~621H O : F8YSHION
S : o o i
5 e e O P 01D O: 18000
Iy ° L © ® —/E8MS o 2000
~ I ° o ©® oS ) —/7/HION e -80SHION
To ° ° —10DMS [} FLLLOGH
2 o © ® ~91 1 1OH H [6elH
c 0 % & L o ~866200H ° FVPOOVA
= O o ‘e c o ° -aed9 ‘0 -200XO
ot = o e e ) o 139920 o 280aH
° 3 N QNUQ*O > » - 1X9 ° : -9SOOH
© o o % (o) ° L2 0 . -Z00V0 ° : L1avD
© = 090 o0 o% o ® -YPOOVA o : Lerzimy
< o ) 14 ~€ZSINNO ° : F92ONNS
Hd Jejnjjsoeiu ~ ° FLLPST w : ”wwﬁw,_%
w ° e | © : Ryl ° £8650100
° - : F
Lo I ) -10%% o 285
~ I - - <) H CELONANd e [o8isT
- o IS o S s C§rM%n o 200v0
N uoleIABp piepuelS < e | 029MS s [LPLHION
o S ~ . Lot NS o Ferms
R o~ T e -GSO e A
o N N2 ‘e : |mw,_oeoo<> ° : FINQ0Z€0T0D
o © TN © ] : : L e FOMY
T~ £ Olu 2 - Cee S ° : -SINOLOOVA
3§ o 3 ° - LAOTODHP :
w D > = C ° : FLLpST
© Zlee ~ g e \mmwﬁm °: F7110QH
L © T3 C °: Qzdd
© @ o £ m |mw_mw_>>m o : I LAOTOOHT
@ © £ L o : -08¥MS
© * « o _ . Cogia o LGEZLNNS
~N N~ N~ K o © o -2€0 % [SOOVA
& B & s © ° FWd02e0100 o [SYONS
Hd Jejnjjeoenu| > 4 I e ummoo%> o Cozome >
w (%) Aouanbaiy o ItV ote) 3 FSSLH
3 T
© ° —7LLOaH 4 N
B <« 0 -200X0 M O
~ w C r\,\u,_wﬂw ® Fiv/LS]
< T ° -Z86zMy
e o ~ I 4 ~dsdo ® 01D
5 < o N 9 C9019 ® 0220
~ 2 9 . o ~LLLOaH o LI s
LN S = |~ © S o -6l YHH ® Ceresy
~ 3 Qin S 3 ° ~0¥10 ® FE0YMS
S Hle o ~ g ° -08vMS ° FSOaH
S BLIES: : s s [
N~ [ee] I~ “ -
i S 2 o —87GHION . [SLLoH
| ®© _ - ° B ‘e FeZSNNO
© M L
; ; e 90207100 S A
T T T +T@—t o o o o 82907100 T T T T
© < o~ o © © < N IS S L <2 8 8
N N ~ N © (%) Aousnbaliq = o IS} IS} IS} o
Hd JejnjeoenU| (] T uopelnap plepuels

(legend on next page)

2 Cell Reports 42, 112601, June 27, 2023



Cell Reports

(SLC16A1, MCT1),"*>?®* and Na*/HCO;~ co-transporters
(NBCs that import HCO3 ™, the chemical equivalent of H extru-
sion).?*?® In the context of pHi regulation in tumors, emphasis
on acid-extruding mechanisms is intuitive because cancer cells
are net acid producers. Inadvertently, less attention has been
given to acid loaders, such as anion exchangers of the SLC4
and SLC26 gene families, whose activity reduces pHi.*?%*’
Since anion exchangers contribute to steady-state pHi by
balancing the activity of acid extruders,'®?® we speculate that
the alkalization observed in acid-adapted cancer cells arises
from a suppression of acid loading. Anion exchangers (AEs)
of the SLC4 family comprise the Na*-independent CI~/HCO3~
exchangers AE1, AE2, and AE3, which have well-documented
roles in acid-base transport.”> Whereas AE1 is primarily ex-
pressed in erythrocytes, AE2 and AE3 are widely distributed
in epithelia, particularly in the kidney and gut.”® Members of
the SLC26 family include anion (CI"/HCO3;™) exchangers, with
high SLC26A3 expression in the colon and duodenum.?”
Recent literature has implicated AE2 activity in leaking H*
ions across the Golgi membrane, thereby alkalinizing the Golgi
lumen.®® This system can be very effective in re-distributing
H* ions between the cytoplasm and the Golgi. Unless the con-
tents are expunged, this pHi-regulatory strategy is not sustain-
able under continuous metabolic acid production. In contrast,
AE2 activity at the surface membrane is strategically placed
to oversee acid-base traffic between the cell and its environ-
ment. However, the role of surface-expressed AE2 in setting
steady-state pHi of cancer cells is poorly understood.

Using a panel of 66 colorectal cancer (CRC) cell lines, covering
various permutations of mutations, we characterized the steady-
state relationship between pHi and pHe. We identified AE2
(SLC4A2) as a regulator of steady-state pHi. In acidic environ-
ments, surface-expressed AE2 undergoes lysosomal degrada-
tion that raises pHi back into the physiological range. This pro-
cess is triggered by inhibition of the mTOR pathway and can
be reversed with lysosomal inhibitors. As a mechanism confer-
ring a survival advantage in acidic microenvironments, we pro-
pose inhibition of AE2 degradation as a strategy for cancer
treatment.

RESULTS

Relationship between pHe and pHi in CO,/HCO; buffer
across a panel of colorectal cancer cell lines
Mechanisms of acid adaptation could be inferred by screening a
large panel of cell lines for pHi-regulatory phenotype and seeking
those that are more capable of maintaining physiological pHi at
low pHe. Using a high-throughput fluorescence imaging plat-
form, we captured steady-state pHi at single-cell resolution
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over a range of pHe in a panel of 66 CRC cell lines (Figure S1).°"
Medium pH was adjusted by varying [HCO3; "] under an atmo-
sphere of 5% CO,. Figures 1A and 1B show exemplar data
from a cell line with a shallow (Colo678: +0.18) and with a steep
(HDC9: +0.5) pHe-pHi slope.

We first tested the degree to which the pHe-pHi slope reflects
the pHi-regulatory phenotype of CRC cells. Measured pHi was
plotted against the pHe-pHi slope for all 66 lines, grouping
data by pHe. This produced six regression lines, one per pHe
level, with y-axis intercepts that were not significantly influenced
by pHe (Figure 1C). Treating this intercept as a cell-line-indepen-
dent constant, it is possible to predict a cell line’s pHi at a given
pHe using information about the slope. The most striking obser-
vation is that no cell line was able to maintain a physiological pHi
(~7.2) in acidic medium (pHe <7). Restoring pHi into the physio-
logical range under acid stress would require a transcriptional or
post-translational adaptation. A second parameter describing a
cell line’s pHi-regulatory phenotype relates to cell-to-cell hetero-
geneity, which may reflect variation in the activity of transporters.
Figures 1D and 1E show histograms of pHi in DLD1 or SNUC1
cells incubated at pHe 7.4 or 6.9. Wider distributions indicate
greater heterogeneity of pHi control. Game theory, which can
model carcinogenesis, argues that greater variation facilitates
evolution.®? Thus, cell lines manifesting greater cell-to-cell varia-
tion in pHi control may be more successful in evolving fitter
phenotypes under acid selection. Using information about the
pHe-pHi slope and pHi standard deviation, we grouped CRC
lines by k-means clustering into “regulators” (shallow pHe-pHi
slope), “trackers” (steep pHe-pHi slope), “tight controllers” (nar-
row pHi distribution), and “loose controllers” (wide pHi distribu-
tion) (Figure 1F). Slopes ranged from 0.18 to 0.5 (Figure 1G) and
standard deviations spanned from 0.05 to 0.18 (Figure 1H).
There was no correlation between slope and standard deviation
(R? = 0.00053). Table 1 lists the CRC cell lines according to their
pHi-regulatory phenotype.

Next, we tested whether the pHi-regulatory phenotype was
hardwired. For this, we used fluorescence-activated cell sorting
(FACS) to extract the 10% most alkaline and 10% most acidic
HCT116 cells, using the cSNARF1 fluorescence ratio. Strikingly,
the disparity in pHi of the sorted sub-populations was not main-
tained in subsequent culture (Figure S2). This indicates that dif-
ferences in pHi-regulatory phenotype are unlikely to arise from
clonal expansion of specific mutations or stable epigenetic
differences, but rather stochastic variation linked to transient
changes in gene expression, protein abundance, and/or activity.
The reason acidic and alkaline sub-populations return to the
parent heterogeneity may relate to underlying cyclic events
that influence pHi, such as the cell cycle or metabolic
rhythms. %34

Figure 1. Relationship between pHe and pHi in CO,/HCO;  buffer across a panel of colorectal cancer cell lines

(A and B) pHe-pHi relationship in (A) Colo678 cells and (B) HDC9 cells measured using cSNARF1 fluorescence, showing best-fit line. Mean of three independent
repeats (triplicate technical repeats). Error bars represent standard deviation in the population.

(C) Relating steady-state pHi with slope across all cell lines, grouped by pHe. Multivariate regression indicates common y-axis intercept. pHi can be predicted
from the pHe-pHi slope (a cellular variable) and pHe (an environment variable), with a cell line-independent y-axis intercept.

(D and E) Histograms of pHi (measured at pHe 7.4 and pHe 6.9) for (D) DLD1 and (E) SNUC1 cells.

(F) k-means clustering of cell lines according to their pHe-pHi slope and standard deviation of steady-state pHi (each data point represents a cell line).

(G and H) Ranking cell lines according to (G) slope of pHe-pHi relationship and (H) standard deviation of pHi.
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Table 1. Lists of colorectal cancer cell lines according to pHi
phenotype determined by k-means clustering shown in Figure 1F

Regulators Trackers Tight control Loose control
CL40 C10 C32 C106
COLO205 CARt1 C99 C2BBE1
COLO206 COLO320HSR CACO2 CCK81
COLO678 HCC56 CC20 CCo7
GP5D HCT116 COLO320DM HDC111
LS513 HDC9 CX1 HDC82
SW1417 HT29 DLD1 HRA19
SW403 HT55 GP2D NCIH508
SW480 LOVO HCC2998 NCIH548
NCIH747 HCT15 OXCc02
SKCO1 HDC114 RCM1
SNUC2B HDC54 RW7213
SW837 HDC57 SNUCH1
T84 JHCOLOY1 SW1222
LS174T VACO4S
LS180
LS411
OUMS23
PMFKO14
RKO
RW2982
SNU1235
Sw48
SW620
SW948
VACO10MS
VACO4A
VACO5

Correlating pHi-regulatory phenotype with gene
expression
Correlating gene expression with phenotype in a large panel of
cell lines is an unbiased approach for identifying novel genes
linked to pHi regulation. To that end, we performed a statistical
analysis of differentially expressed genes (DEGs) for “regulator”
vs. “tracker” and “tight controller” vs. “loose controller” pairs.
Comparing regulator vs. tracker cell lines (Figure S3), we iden-
tified significantly higher expression of BCL2-interacting protein
(BNIP3) and PEG10 in the former, but neither is canonically
linked to pHi regulation. Among genes linked to pHi, SLC16A7
(MCT2) had higher mRNA levels in tracker cell lines. However,
correlation does not imply causality, and small interfering RNA
(siRNA) knockdown of these genes did not change the pHe-
pHi slope (Figure S4A). Thus, these DEGs may have only an indi-
rect link to pHi or represent compensatory mechanisms. We
found higher expression of V-type ATPase isoform ATP6V0A2
in regulator cells. Its knockdown increased the pHe-pHi slope,
suggesting a mechanistic link to pHi (Figure S4B). Cell lines
showing a wide distribution of pHi had higher expression of CEA-
CAMBS6, but lower expression of PMP22. Among genes with es-
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tablished links to pHi, CA9 was highly expressed in tight regula-
tors. We validated these correlations using siRNA knockdowns.
Inactivation of CEACAMS led to a narrower pHi distribution, an
effect that may relate to changes in cell adhesion (Figure S4C;
significant effect detected at pHe 7.4). In contrast, CA9 knock-
down widened the pHi distribution, which is consistent with the
enzyme’s role in facilitating CO,/HCO3™ diffusivity (Figure S4D;
significant effect detected at pHe 6.4).

It was striking that some of the key genes deemed important
for pHi regulation (e.g., SLC9A1, SLC4A2, SLC4A7) did not
emerge in our gene expression-phenotype correlations (Fig-
ure S5). Moreover, gene ontologies related to pHi regulation or
glycolytic acid production were not enriched in any of the CRC
categories (Tables S1 and S2). Gene enrichment analysis did,
however, indicate a tendency for tracker cells to be associated
with genes belonging to certain metabolic pathways, such as
regulatory systems. It is plausible that such pathways contribute
to the tracker pHi-regulatory phenotype, because many meta-
bolic processes are net producers of acid or base.

Finally, we performed Fisher’s exact test to determine whether
there was a correlation between pHi-regulatory phenotype and
common driver mutations. We observed no significant correla-
tion between PIK3CA, p53, KRAS, BRAF, (3-catenin, or APC
mutation status and readouts of pHi (Table S3). We therefore
focused on post-transcriptional and post-translational mecha-
nisms as candidates for acid adaptation of pHi control under
acid stress.

Anion exchanger activity sets steady-state pHi

Resting pHi is ultimately set by surface-expressed proteins that
transport H* equivalents. Yet, gene expression analyses found
no compelling genetic correlation with pHi-regulatory pheno-
type. To further investigate the transporters responsible for
setting resting pHi, we interrogated the mechanisms functionally
using ion substitutions and inhibitor drugs. We inhibited the key
acid extruder NHE1 (SLC9AT) with cariporide under a CO,/
HCO3; ™ -buffering regime (Figures 2A and S6). However, only a
small decrease in pHi was observed in three tracker (HDC9,
LOVO, HT55) and two regulator cell lines (Colo206, Colo678).
While NHE1 is required for extruding bouts of intracellular acid-
ity, it appears to be less important for fine-tuning steady-state
pHiin CRC lines.

HCO3; -dependent acid extruders have been linked to pHi
control. If these played a critical role in setting resting pHi, then
removal of their substrate is expected to acidify cells. Substrate
(HCO3™) was removed at constant pHe by replacing COo/HCO3™
buffer with HEPES/MES. Strikingly, this intervention alkalinized
both tracker and regulator cell lines (Figures 2B and S6). This
observation indicated that the net direction of HCOz; -depen-
dent transport is acid loading. Such a flux could be carried by
members of the SLC4 and SLC26 family of AEs.

To confirm the involvement of CI/HCO3;~ exchangers, we
performed measurements in CO,/HCO3; -buffered medium
that had reduced levels of Cl ™, iso-osmotically replaced with glu-
conate salts. Removal of CI™ raised the steady-state pHi, consis-
tent with a reduction in the acid loading by AEs (Figures 2C and
S6). The response was more prominent in cell lines with steeper
pHe-pHi slopes (HDC9, LOVO, and HT55), whereas in lines of
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shallow slope (Colo678 and Colo206), it was apparent in the
acidic range of pHe. Taken together, the results implicate a
role for AEs in setting resting pHi. A plausible mechanism of alka-
lization in acid-adapted cells may involve AE inhibition or
downregulation.

We sought to identify the AEs responsible for setting pHi.
Based on mRNA levels, SLC4A2, SLCA3, SLC26A3, and
SLC26A6 are candidates for such transporters in CRC lines (Fig-
ure 2D). Whereas SLC4A2 and SLC26A6 are expressed in all cell
lines, SLC4A3 and SLC26A3 expression was above background
in only a subset of cell lines (Figure 2D). Moreover, Gaussian
mixture modeling suggested a bimodal pattern of SLC26A3
gene expression, suggesting a link with inactivating mutations
or stable epigenetic changes.®® We tested the effects of
siRNA-mediated knockdown of these transporters in seven cell
lines representative of shallow (Colo678, Colo206), intermediate
(C99, SW1222, DLD1), or steep pHe-pHi slope (HDC9, HT55)
(Figure S7). SLC4A2 knockdown raised the pHi in Colo678,
Colo206, C99, SW1222, and DLD1 cells (Figures 2E, 2F, and
S7). SLC4A2 knockdown had a weak or no effect on pHi in cells
with a steep pHe-pHi slope (e.g., HDC9 and HT55; Figure S7).
These cell lines nonetheless express AE2 and demonstrate
high siSLC4A2 knockdown efficiency (Figure S8). Loss of
SLC4A3 in Colo206 cells led to a comparable pHi shift as with
SLC4A2 knockdown (Figure 2F). However, SLC4A3 is expressed
only in a subset of the cell lines and is unlikely to be a general
mechanism (Figure S8). Knockdown of SLC26A3 and
SLC26A6 had a considerably smaller effect on pHiin all cell lines
tested (Figures 2E, 2F, and S7).

To summarize, our results argue that pHi control in tracker cell
lines (i.e., steep pHe-pHi slope) is relatively unresponsive to ge-
netic inactivation of AE2. At physiological pHe, the cytoplasm of
these lines is already alkaline, indicating that AE2 is not contrib-
uting significant acid-loading flux toward lowering pHi. SLC4A2
knockdown in these cells does not affect pHi phenotype. In
contrast, regulator cell lines have a lower pHi at physiological
pHe, which indicates a larger acid-loading flux carried by AE2.
Here, SLC4A2 inactivation is expected to raise pHi.

Intracellular alkalization in acid-adapted cells arises
from loss of AE2 activity

Analysis of pHe-pHi relationships (Figure 1C) reveals that a
reduction in pHe inadvertently reduces pHi. However, this
response was measured within tens of minutes, which precludes
any longer-term adaptive mechanisms. To identify slower-onset
adaptive responses that may influence pHi homeostasis, we

Cell Reports

cultured cells under acidic (pHe 6.4) conditions for 1 week and
thereafter measured pHi over a range of pHe varied acutely (Fig-
ure 3A). Control experiments used cells that had been kept at pH
7.4 for 1 week. Prolonged exposure to acidic medium led to a
robust rise in pHi in cell lines with steep (HT55; Figure S9) and in-
termediate slope (SW1222, DLD1; Figures 3B and S9). In HT55
cells, the acid-adaptation response of pHi was uniform across
the pHe range, whereas in SW1222 and DLD1, it tended to be
more prominent over the alkaline pHe range.

Next, we tested the reversibility of these adaptive responses.
A second series of experiments included a 1-week recovery
period in pH 7.4 for both control and acid-adapted cells. In all
cell lines tested, we observed indistinguishable pHe-pHi rela-
tionships in the two groups on day 14 (Figures 3C and S9). These
findings confirm that the alkaline shift in acid-adapted cells is
reversible and, therefore, unlikely to arise from permanent
changes, such as selection, although irreversible changes may
arise when cancer cells are grown in acidic medium for consid-
erably longer periods. Instead, we speculate that acid adaptation
of pHi is evoked by a transcriptional response or altered protein
function. We also observed an alkaline shift in pHi in acid-adapt-
ed pancreatic ductal adenocarcinoma (PDAC) cell lines, sug-
gesting a more general phenomenon (Figure S9).

The effect that acid adaptation has on pHi resembles that of
SLC4A2 knockdown. Therefore, we speculated a role for
reduced AE2 function in the acid-adaptation mechanism. In all
cell lines tested, exposure to acidic medium for 1 week strongly
reduced AE2 protein levels (Figures 3D and S10). In two cell lines
(COLO678, DLD1), a lower-molecular-weight AE2 band was
visible after acid adaptation, possibly indicating protein degra-
dation. The reduction in AE2 protein level was not due to a reduc-
tion in SLC4A2 mRNA, as determined by gRT-PCR (Figure S10).
This may explain why SLC4A2 was not detected as differentially
expressed between CRC cell line categories. Long-term expo-
sure to low pHe reduced AE3 protein levels in a subset of cell
lines (Colo206, C99), but raised levels in others (HT55,
Colo678; Figures 3D and S10). We observed strong induction
of SLC26A3 in HT55 cells upon treatment with acidic medium.
Acid adaptation did not evoke a consistent change in expression
of the protein product of SLC26A6 (Figure S10).

Next, we tested whether the reduction in AE2 protein was trig-
gered by a fall in pHi secondary to medium acidification or was a
direct effect of low pHe. We observed a reduction in AE2 in cells
with genetically inactivated respiration (SW1222 NDUFS1~"7),
which forces a compensatory increase in glycolysis that acidifies
the cytoplasm. The loss of AE2 protein is likely a direct response

Figure 2. Anion exchanger activity sets steady-state pHi

(A) pHe-pHi relationship in HDC9 cells under physiological buffering (COo/HCO3") in the presence or absence of 30 uM cariporide (NHE1 inhibitor). Error bars

represent standard deviation.

(B) pHe-pHi relationship in HDC9 cells measured in physiological buffering or CO,/HCO3 ™ -free buffer (HEPES/MES).
(C) pHe-pHi relationship in HDC9 cells in COo/HCO3™~ buffer containing normal or reduced [Cl ] (replaced with gluconate salts). Mean + SEM of three biological

repeats (triplicate technical repeats).

(D) mRNA levels for SLC4A2, SLC4A3, SLC26A3, and SLC26A6 in a panel of 120 CRC cell lines. Black dotted line represents background levels of gene

expression, separating “low” and “high” expressing lines.

(E and F) pHe-pHi relationships measured under physiological buffering conditions in (E) SW1222 cells or (F) Colo678 cells treated with siRNAs for SLC4A2,
SLC4A3, SLC26A3, or SLC26A6. Mean + SEM of three biological repeats (triplicate technical repeats). Significance testing by two-way ANOVA and Tukey'’s test
for multiple comparisons (*p < 0.05, **p < 0.01, ****p < 0.0001; ns, non-significant). Error bars represent standard deviation.
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to low pHi, rather than low pHe (Figures 3D and S10). To verify
that the alkalization of acid-adapted cells was due to AE2 loss,
we transfected acid-adapted and control cells with siSLC4A2.
SLC4A2 knockdown led to a significant increase in pHi in control
cells, but not in acid-adapted cells (Figure 3F).

AE2 is present in various subcellular compartments, including
the surface membrane and organelles. Previous studies have
implicated a role for AE2 in maintaining the structural integrity of
the Golgi apparatus,®® where it also contributes to regulating intra-
luminal pH.%° However, the abundance of AE2 in this organelle is
cell-type specific.®” To test for AE2 compartmentalization, we per-
formed immunofluorescence on DLD1 and SW1222 cells. We
found a widespread distributionin both cell lines (Figure S11). Spe-
cifically, AE2 co-localized with the membrane marker EPCAM and,
to alesser degree, the Golgi marker GM130. In DLD1 cells, 25% of
the AE2 signal was associated with EPCAM and only 5% with
GM130; these numbers for SW1222 are 20% and 9%.

We sought functional evidence for AE2 activity at the surface
membrane by measuring CI"/HCO3;~ exchange flux and its
response to acid adaptation. Flux was tracked by live-cell fluores-
cence imaging of pHi (Figure 3G). A series of solution maneuvers
controlled the thermodynamic driving force that applies to sur-
face-expressed AE protein only. DLD1 cells, under superfusion
with CO,/HCO3™ -buffered solutions, were acid loaded by means
of an acetate pre-pulse. Switching the superfusate to acetate-
free, chloride-free solution caused a rebound alkalinization of
cells. The absence of CI™ inactivates any AE proteins present.
Upon re-introduction of Cl™-containing solution, the combination
of an inward CI~ gradient and raised pHi is a strong driving force
for CI"/HCO3;™ exchange by AE, if the proteins are expressed at
the surface membrane. In wild-type DLD1 cells that had been
adapted to physiological pHe, Cl~ re-addition evoked an immedi-
ate and fast acid-loading response, which can be explained only in
terms of surface-expressed AE. To quantify AE activity, we calcu-
lated H*-equivalent flux as the product of pHi change and buff-
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ering capacity (Figure S13D). The Cl™-activated acid influx was
reduced by 66% in SLC4A2-knockout (KO) DLD1 cells (Fig-
ure S13C), indicating that two-thirds of AE activity in wild-type
DLD1 cells can be attributed to AE2. In wild-type DLD1 cells
that had been adapted to low pHe, Cl™-activated acid influx was
reduced ~90%. Thus, acid adaptation of wild-type DLD1 cells
arises from the loss of surface-expressed AE2 activity and protein.

Genetic inactivation of SLC4A2 leads to reduced acid
sensitivity of growth and metabolic changes

We investigated whether the rise in pHi, triggered by AE2 loss,
has consequences for cell survival and metabolism. In DLD1
and SW1222 cells, SLC4A2 knockdown shifted the pHe sensi-
tivity of cellular growth to a more acid-resistant phenotype
(Figures 3H and S9H). In contrast, SLC4A2 knockdown in
HT55 cells did not change the pHe dependence of growth,
consistent with the lack of effect on pHi in these cells (Figure 3I).
These results indicate that AE2 activity influences growth
through changes in pHi. Loss of AE2 function could underpin a
survival mechanism under acid stress.

Given that cytoplasmic pH modulates glycolytic enzymes,®*®
raising the pHi by SLC4A2 knockdown is expected to make
glycolysis less pH sensitive. To test this, we used a fluorimetric
assay of pHe and dissolved O, to measure glycolytic and respi-
ratory rates. In cells with normal SLC4A2 expression, a reduction
in pHe strongly inhibited glycolysis (Figure 3J) without affecting
respiration (Figure 3K). Low pHe thus reduces the ratio of “car-
bon” flux through glycolysis relative to respiration (Figure 3L).
While SLC4A2 knockdown did not affect acid production at
low pHe, it notably decreased O, consumption. Consequently,
the ratio of carbon flux through glycolysis relative to respiration
became pHe insensitive. We infer that the loss of AE2 in acid
adaptation allows glycolysis to make a greater contribution to
overall energetics. Consequently, relative flows through glycol-
ysis and respiration remain largely pHe insensitive in

Figure 3. Intracellular alkalization in acid-adapted cells arises from loss of AE2 activity

(A) Experimental workflow for acid adaptation and recovery. Cells were cultured in CO,/HCO3 ™ -buffered medium supplemented with 10 mM MES (to augment
buffering) at either pH 7.4 or pH 6.4 for 7 days. Culture was extended for another 7 days in medium at pH 7.4 to investigate reversibility.

(B and C) pHe-pHi relationship in SW1222 cells measured (B) after acid adaption (day 7) and (C) after recovery (day 14). Mean of four biological repeats, each
carried out in triplicate. ****p < 0.0001. Error bars represent standard deviation.

(D) Western blot showing protein products of SLC4A2 (AE2), SLC4A3 (AE3), SLC26A3, and SLC26A6 in acid-adapted or control cells.

(E) Western blot showing AE2 and NDUFS1 levels in SW1222 wild-type (WT) and NDUFS1~"~ cells.

(F) Acid-adapted or control SW1222 cells were transfected with non-targeting siRNA or siSLC4A2 for 72 h prior to pHi measurements at pHe 7.4. Data shown are
mean + SEM of three biological repeats, carried out in triplicate; *p < 0.05.

(G) Protocol for interrogating AE-dependent acid-loading flux, a functional assay of AE proteins at the surface membrane. Wild-type DLD1 cells were adapted to
either pH 7.4 or pH 6.4 for 72 h prior to measurements and plated in superfusion chambers. Cells were loaded with cSNARF1 to image pHi and superfused with a
sequence of solutions to measure chloride-evoked AE activity. The protocol consisted of 8 min in 80 mM acetate-containing solution, followed by 3 min in
acetate-free, chloride-free solution and then in solution containing normal [CI~]. All superfusates were COo,/HCO3~ buffered at pH 7.4. Data shown are mean +
SEM of four biological repeats; the mean represents the average of 150-250 cells.

(H and 1) Normalized growth (sulforhodamine B [SRB] absorbance) at 6 days as a function of pHe in siSLC4A2-treated (H) DLD1 cells or scrambled controls and
(I) in HT55 cells (normalized to growth at optimum pHe). Mean + SEM of three to six independent repeats (triplicate technical replicates). Significance determined
with two-way ANOVA using Sidak’s multiple comparisons test (“p < 0.05, **p < 0.01; ns, non-significant). Error bars represent SEM.

(J and K) Paired time courses of (J) acid production and (K) O, consumption at different starting pHe in DLD1 cells. pHe and O, were measured using
8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) and tris(bipyridine)ruthenium (1l) chloride (RuBPY) fluorescence, respectively, in medium buffered
with 0.5% CO, and 8 MM HCO; . Cells were treated with siRNAs for Scramble (solid lines) or SLC4A2 (dashed lines) 72 h prior to measurements. Error bars
represent SEM.

(L) Ratio of cumulative glycolytic to respiratory activity (expressed in terms of glucose metabolism) over the studied range of pH in SLC4A2 knockdown and
scrambled control DLD1 cells. Calculated assuming lactic acid/glucose stoichiometry of 2 and O,/glucose stoichiometry of 6. Mean of six independent repeats,
carried out in five technical repeats. Significance determined with two-way ANOVA using Sidak’s multiple comparisons test (**p < 0.01; ns, non-significant).
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SLC4A2-deficient cells, whereas control cells must redirect flux
toward respiration at low pHe.

Blocking lysosomal function reverses AE2 degradation
To further investigate the mechanism of AE2 downregulation, we
used DLD1 cells, which belong to the tight control pHi-regulatory
phenotype and have excellent dye-retention properties. There
are a myriad of potential links between low pHe and AE2 degra-
dation. Low pHe has been shown to reduce histone acetyla-
tion.*® However, reducing histone acetylation pharmacologically
using the p300/CBP inhibitor A485 did not meaningfully affect
AE2 levels (Figures 4A and S12). Since SLC4A2 mRNA levels
did not respond significantly to acid adaptation, an alternative
mechanism explaining the loss of AE2 function is protein degra-
dation. Treating cells with the protein synthesis inhibitor cyclo-
heximide decreased AE2 levels over time, regardless of whether
the cells had been adapted to medium at physiological or low
pHe (Figure S12). We therefore conclude that AE2 protein
undergoes considerable turnover, but its de novo synthesis en-
sures higher surface expression at physiological pHe.

Acid adaptation in the presence of the proteasome inhibitor
MG132 did not rescue AE2 levels in acid-adapted cells
(Figures 4A and S12). Immunoprecipitation of endogenous
AE2, followed by probing with an anti-ubiquitin antibody,
showed that AE2 is not ubiquitinated. These results provide
further evidence against proteasomal degradation as a mecha-
nism for regulating AE2 levels (Figure S12). In contrast, blocking
lysosomal function using bafilomycin A1 rescued AE2 protein
levels in acid-adapted cells (Figures 4A and S12). Immunofluo-
rescence staining for AE2 and the lysosomal marker LAMP2 re-
vealed low AE2 abundance in acid-adapted cells, but levels were
restored when bafilomycin A1 was added during acid adaptation
(Figure 4B). Furthermore, bafilomycin A1-treated cells had raised
LAMP2 levels co-localizing with AE2. Consistent with previous
reports linking acidosis and lysosomal function,?® acid-adapted
cells showed a modest increase in LAMP2 expression and the
autophagy marker LC3*° (Figures 4C and S12). LC3 and
LAMP2 levels increased further with bafilomycin A1 treatment,
indicating that bioavailability of the drug had not been compro-
mised at low pHe. Strikingly, cells cultured in medium at physio-
logical pHe are exquisitely sensitive to bafilomycin A1, to the
extent that 72 h of treatment at 10 nM invariably led to cell death
(Figure 4D). As a result, AE2 expression and pHi (Figures 4C and
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4E) had to be recorded in a small population of surviving cells,
which may cause AE2 levels to be underestimated. In striking
contrast, acid-adapted cells were able to survive bafilomycin
A1 treatment, although cell growth was reduced compared
with untreated cells.

We next tested whether the changes in AE2 levels evoked by
bafilomycin A1 also affected pHi. In wild-type DLD1 cells
cultured under physiological pHe, bafilomycin A1 reduced pHi
(Figure 4E). The magnitude of this effect may be underestimated,
as the analysis excluded dying cells that may have succumbed
to acidosis. In acid-adapted cells, bafilomycin A1 reversed the
effect of acid adaptation and reduced pHi back to “non-adapt-
ed” levels. Conversely, in DLD1 cells with SLC4A2 genetically in-
activated using CRISPR-Cas9 (Figure S13), bafilomycin A1 did
not significantly affect the pHi in acid-adapted or non-adapted
cells (Figure 4F).

Taken together, our data show that long-term exposure to
acidic conditions leads to a degradation of AE2 protein by lyso-
somes and that inhibiting lysosomal function with bafilomycin A1
can rescue AE2 protein levels. Furthermore, cytoplasmic acidifi-
cation evoked by bafilomycin A1 is, at least partly, mediated
through AE2 activity.

We sought to confirm the link between lysosomal function and
pHi through genetic inhibition of TFEB, a transcription factor
responsible for lysosomal biogenesis.*’ Similar to the effects of
bafilomycin A1 on pHi, siRNA-mediated TFEB knockdown
decreased the pHi of cells cultured under physiological pHe but
not in acid-adapted cells (Figure 4G). We also explored other
means of inhibiting lysosomal function, such as treatment with
glycyl-L-phenylalanine 2-naphthylamide (GPN), to disrupt lyso-
somal integrity, or the autophagy inhibitor chloroquine (CQ). Treat-
ment with GPN or CQ did not rescue AE2 protein levels in acid-
adapted cells (Figures 4H, S13, and S14). The ineffectiveness of
CQ may relate to its weakly basic chemistry, which leads to
reduced bioavailability at low pHe. This is evident from the
reduction in LC3 signal (Figure 4H) and resistance to CQ toxicity
at acidic pHe (Figure S13). Furthermore, CQ mainly inhibits auto-
phagosome fusion with lysosomes, rather than affecting the
degradative activity of lysosomes.*? We therefore tested whether
autophagy is involved in AE2 degradation by genetic ablation of
ATG5, which codes for a protein involved in the formation of auto-
phagic vesicles. However, ATG5 knockdown did not affect AE2
protein levels in acid-adapted cells (Figures 41 and S14). Given

Figure 4. Blocking lysosomal function reverses AE2 degradation

(A) Western blot showing AE2 protein levels in DLD1 cells adapted to pH 7.4 for 72 h and treated with 5 uM A-485 (p300 inhibitor). Acid-adapted cells were treated

with 50 nM MG132 or 10 nM bafilomycin A1.

(B) Immunofluorescence staining for AE2 (green) and LAMP2 (red) in DLD1 cells adapted to pH 6.4 for 72 h, with or without bafilomycin A1 treatment (10 nM).

Images are representative of three independent repeats.

(C) Western blot showing AE2, LAMP2, and LC3 protein levels in acid-adapted or control cells, with or without 10 nM bafilomycin A1 treatment (72 h).

(D) Normalized growth (SRB absorbance) in acid-adapted or control cells, with or without treatment with 10 nM bafilomycin A1 (72 h). Data are plotted as relative
cell growth normalized to untreated controls (mean + SEM of four independent repeats, three technical replicates).

(E and F) pHiin DLD1 (D) WT or (F) SLC4A2~/~ cells adapted to either pH 7.4 or pH 6.4 for 72 h. Cells were either untreated or treated with 10 nM bafilomycin A1 for
72 h (mean + SEM of four to six independent repeats, three technical replicates).

(G) pHi in DLD1 WT cells adapted to either pH 7.4 or pH 6.4 for 72 h. Cells were treated with siRNAs for Scramble or TFEB 72 h prior to measurements (mean of
three independent repeats, three technical replicates). Significance determined with two-way ANOVA using Tukey’s multiple comparisons test (“p < 0.05; ns, non-
significant).

(H and ) Western blots showing AE2, LAMP2, and LC3 protein in cells adapted to pH 7.4 or pH 6.4, untreated or treated with (H) 25 uM chloroquine for 72 h or
(I) siRNA for ATG5.
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Figure 5. mTORCH1 inhibition increases lysosomal function and AE2 degradation
(A) Images of lysosomes (LysoTracker Green DND-26) in acid-adapted or control cells treated for 72 h prior to imaging. Measurements were recorded in HEPES-
buffered medium (pH 7.4).

(B) Quantification of data. Mean + SEM of four independent repeats. Significance determined using paired t test (“p < 0.05).
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(C) Radial distribution of lysosomes (relative to Hoechst-stained nucleus) in acid-adapted or control cells (mean + SEM of four independent repeats).
(D and E) Western blots for AE2 and markers of mTOR pathway activity in DLD1 WT and DLD1 SLC4A2~'~ cells adapted to pH 7.4 or pH 6.4.
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the localization of AE2 at the surface membrane, degradation is
likely to occur through endosomal internalization, rather than auto-
phagy. Our results indicate that AE2 degradation is dependent on
lysosomal acidity but unresponsive to autophagy inhibition.

mTORC1 inhibition increases lysosomal function and
AE2 degradation

Given the link between AE2 expression and lysosomal func-
tion, we sought to identify the mechanisms triggering AE2
degradation. Acid-adapted cells had more lysosomes
(LysoTracker fluorescence), compared with cells cultured
Funder physiological pHe (Figures 5A and 5B). As expected,
bafilomycin A1 abrogated LysoTracker fluorescence. Previous
reports®®“® observed a peripheral redistribution of lysosomes
in response to acidity. However, in DLD1 cells, the radial dis-
tribution of lysosomal signal (expressed as distance from the
nucleus) was only mildly affected by acid adaptation (Fig-
ure 5C). These results indicate that acid adaptation stimulates
ensemble lysosomal activity, promoting acid-mediated AE2
degradation.

Previous studies have linked acid-evoked signaling to lyso-
somes through the inhibition of mTOR signaling.”® Consistent
with these reports, we found a reduction in several markers of
mTOR pathway activity in acid-adapted cells (Figures 5D, 5E,
and S15). Strikingly, we observed an increase in phospho-S6
(Ser240/244) in DLD1 SLC4A2~'~ cells, which likely related to
their more alkaline cytoplasm and the role of mMTORC1 as a pHi
sensor.** Recent studies have shown that mTORC1 activity con-
trols the protein product levels of SLC4A7, a bicarbonate trans-
porter of the same gene family as AE2.*° Given the link between
AE2 and lysosomal function, we tested whether pharmacological
mTORC1 inhibition (rapamycin) also affects AE2 levels. To
confirm efficacy, rapamycin reduced S6 phosphorylation
(Figures 5F and S15). Rapamycin treatment decreased AE2
levels (Figures 5F and S15), akin to the effect of acid adaptation.
While rapamycin had only a minor effect on pHiin DLD1 WT cells
cultured under physiological pHe, a larger increase in pHi was
observed in acid-adapted cells (Figure 5G). This could be ex-
plained by an additive effect of acid adaptation and rapamycin
treatment on AE2 degradation. Conversely, rapamycin did not
significantly change pHi in SLC4A2~'~ cells, implicating AE2 as
part of the response mechanism (Figure 5H). The combination
of rapamycin treatment and acid adaptation led to a strong
increase in the number of lysosomes, compared with control
conditions (Figure 5I).

Acidity-triggered AE2 degradation occurs in vivo

We next sought to investigate AE2 expression in CRC patient
samples (Figure 6A). In tumors matched with adjacent normal
tissues, we observed a tendency for higher AE2 levels in normal
tissue (Figures 6B, 6C, and S16). In contrast, LAMP2 levels were
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higher in most tumor tissues, compared with normal tissues (Fig-
ure 6C), which is in line with LAMP2 being a marker of acid adap-
tation.?® Overall, we found a decrease in AE2/LAMP2 ratio in six
of seven patient samples. We also investigated LAMP2 and AE2
expression in mouse xenograft tumors obtained from SW1222
and COLO320HSR tumors (Figure 6D). Strikingly, LAMP2 and
AE2 signals occurred in distinct regions of the tumor, with very
little overlap (Figures 6D and 6E). This indicates that high AE2
protein levels occur in alkaline tumor regions, whereas acid-
adapted regions (marked by high LAMP2 levels) express less
AE2 protein. These data demonstrate that AE2 degradation trig-
gered by tumor acidity also occurs in vivo. In a clinical setting,
high LAMP2 and low AE2 levels could be considered a biomarker
for highly acidic tumors for use in disease diagnosis, targeted
therapies, or guided surgery.

DISCUSSION

Here, we show that CRC cells adapt to acidic environments
through lysosomal degradation of surface-expressed AE2, as-
sayed functionally and by immunofluorescence. This process
eliminates a widely expressed acid-loading transporter from
the surface membrane, causing steady-state pHi to rise. In
cancer cells adapted to acidic tumor microenvironments, this
mechanism restores a physiological pHi that is conducive for
progression and metastasis. We propose that acid-triggered
AE2 degradation is a more general mechanism in cancer, as
we also observed it in PDAC cells. The finding that cancer cells
raise pHi by inactivating an acid-loading process represents a
paradigm shift. Most prior research focused on the role of acid
extruders, such as NHE1 or NBCn1."%®*" Activating acid
extrusion and reducing acid loading have equivalent effects
on pHi, but the former raises ATP demand.

The mechanism that maintains an alkaline cytoplasm in an
acidic environment was first investigated by screening a large
panel of CRC cells for pHi-regulatory phenotype. The aim was
to relate high pHi in a subset of CRC lines with DEGs that could
arise from mutations or stable epigenetic changes. A screen of
66 CRCs revealed that no cell line was able to maintain a phys-
iological pHi (7.2) when pHe was reduced below 7.0, at least on
an acute timescale. By classifying cell lines according to pHi-
regulatory phenotype, we identified gene correlations. These
included the carcinoembryonic antigen 6 (CEACAMS6), consid-
ered a promising avenue for cancer therapy,*® and carbonic an-
hydrase 9 (CA9), a biomarker for tumor hypoxia.’® Since the
inactivation of correlating genes had only minor consequences
for pHi homeostasis, we concluded that the mechanism for
maintaining alkaline cytoplasm at low pHe was not linked to
transcription.

By studying the processes that set resting pHi, we found
that AE2 inactivation produced a robust rise in pHi, similar to

(F) Western blot for AE2, phospho-S6 (Ser240/244), and LAMP2 in DLD1 cells adapted to pH 7.4 or pH 6.4 for 72 h. Cells were either untreated or treated with

50 ng/mL rapamycin.

(G and H) pHi in DLD1 (G) WT and (H) SLC4A2~'~ cells adapted to pH 7.4 or pH 6.4 for 72 h. Cells were either untreated or treated with 50 ng/mL rapamycin
(mean + SEM of six independent repeats). Significance determined with two-way ANOVA using Tukey’s multiple comparisons test (*p < 0.05; ns, non-significant).
(I) Number of lysosomes per cell in DLD1 cells adapted to pH 7.4 or pH 6.4 for 72 h. Cells were either untreated or treated with 50 ng/mL rapamycin (mean + SEM

of four independent repeats, *p < 0.05).
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Figure 6. Acidity-triggered AE2 degradation occurs in vivo

AEZ2 fluorescence

(A) Representative images of AE2 (red), LAMP2 (green), and DAPI (blue) fluorescence in matched pairs of human normal colon and tumor formalin-fixed and

paraffin-embedded (FFPE) tissue sections from colorectal cancer patients.

(B and C) Histograms of (B) AE2 and (C) LAMP2 fluorescence intensity per cell in matched pairs of human colon tumor tissues. Data shown for two individual

patients.

(D) Representative images of AE2 (red), LAMP2 (green), and DAPI (blue) fluorescence in fresh-frozen tumor sections obtained from SW1222 and COLO320DM

mouse xenografts.

(E) AE2 vs. LAMP2 fluorescence intensity per cell in SW1222 xenografts. Each dot represents one individual cell. Data shown are representative of xenografts

from four animals.

that evoked by acid adaption. While AE2 degradation upon
acid treatment was a general phenomenon, genetic inactiva-
tion of SLC4A2 raised pHi in only a subset of cell lines.
Notably, cell lines with a steep pHe-pHi slope (trackers) did
not respond to SLC4A2 knockdown, ostensibly because they
are characterized by a high pHi. Thus, any further loss of
AE2 activity would not have a meaningful effect on pHi. Using
western blotting and immunofluorescence assays, we deter-
mined that acid adaptation triggers a degradation of AE2 pro-
tein. Since extracellular acidosis did not affect SLC4A2 mRNA
levels, this adaptive mechanism would have been overlooked
by transcriptomic methods. We also established that the link

between acidosis and AE2 degradation involves the mTOR
pathway and lysosomes. AE2 degradation has been reported
before,’®°" but its physiological trigger had not been
described. The effect of acidity on inhibiting mTORC1#%:4%:52:53
and lysosomal function is well established,’®*® but its link to
AE2 had not been demonstrated. Our study links mTORC1 ac-
tivity to pHi control via lysosomal-dependent AE2 degradation.
We found that blocking lysosomal activity with bafilomycin A1
stabilized AE2 protein and reversed the acid-adaptation effect
on pHi. Consistent with our model, the robust effect of bafilo-
mycin A1 on pHi was absent in cells with genetically inacti-
vated SLC4A2. Inhibitors of autophagy (e.g., CQ) did not
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phenocopy the actions of bafilomycin A1, indicating that acid-
evoked AE2 internalization involves an autophagosome-inde-
pendent form of endocytosis.

The loss of AE2 activity is beneficial in acidic environments
because it raises pHi to the physiological range. However, loss
of AE2 activity in cells at pHe 7.4 would raise pHi excessively.
This overshoot may explain reports of very high pHi in cancer
cells,*”*** arising when pHi measurements are made at normal
pHe immediately following a period of acid adaptation. Exces-
sive alkalization may explain why loss of AE2 was found to sup-
press the growth of ovarian cancer cells, presumably at pHe
7.4.°° We found that CRC cells with genetically ablated AE2
have a growth disadvantage at physiological pHe, but not in
acidic environments. The lack of a growth effect at low pHe is
seen because AE2 would normally undergo degradation under
acidic conditions; thus both wild-type and AE2-null cells would
have similarly low AE2 levels.

Since acid adaptation is a major survival mechanism in can-
cer, specifically inhibiting degradation of surface-expressed
AE2 may have therapeutic value. Bafilomycin A1 treatment
will trigger a myriad of cellular responses, which will include
AE2 stabilization and cytoplasmic acidification. Selectively
blocking plasmalemmal AE2 degradation is desirable, but
challenging. This ambition may require further insight into the
mechanism that recruits AE2 for lysosomal degradation.
Recent studies suggest that ubiquitination could mark specific
membrane-bound proteins that become internalized through
endocytosis followed by lysosomal degradation.®® Inhibiting
endocytosis may provide a more targeted approach for block-
ing AE2 degradation therapeutically. Given the recent develop-
ment of lysosome-targeting chimeras for the degradation of
membrane proteins,®”*® it may also be possible to develop
molecules that inhibit the binding of a cell-surface lysosome-
shuttling receptor and the extracellular domain of the target
protein.

In summary, we have identified lysosomal degradation of
surface-expressed AE2 as the principal mechanism for raising
pHi in cancer cells adapted to tumor acidity. Targeting pHi
control by interfering with AE2 degradation is a promising
research avenue, with therapeutic potential for many types of
malignancies.

Limitations of the study

More specific approaches will be needed to fully assess the
consequences of AE2 stability at the surface membrane. As
bafilomycin A1 treatment will have a myriad of effects on mul-
tiple proteins, we were unable to determine the consequences
of selectively blocking AE2 degradation. It is worth pointing
out that AE2 is not the only acid-loading AE targeted by lyso-
somal degradation. We observed a degradation of AE3 pro-
tein in some cell lines following acid adaptation, which may
provide an additional means of reducing acid loading. There-
fore, studies should focus on reversing degradation of both
AE2 and AES3. To that end, it would be interesting to investi-
gate whether specifically blocking AE2 degradation could
affect tumor metabolism and metastasis in animal experi-
ments. In the absence of selective tools, this experiment is
not yet feasible.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-AE2 (used
for Western Blotting)

Rabbit polyclonal anti-AE2 (used
for immunofluorescence)

Rabbit polyclonal anti-SLC4A3
Mouse monoclonal anti-SLC26A3
Mouse monoclonal anti-SLC26A6
Rabbit polyclonal anti-NDUFS1
Rabbit polyclonal anti-LC3
Mouse monoclonal anti-LAMP2
Phospho-mTOR (S2481)
Anti-phospho-S6 (Ser240/244)
Anti-phospho-EIF3 (S422)
Anti-phospho-S6K (T389)

SeK

HRP-conjugated anti-p-actin
Mouse monoclonal anti-ubiquitin
Mouse monoclonal anti-EPCAM

Mouse monoclonal anti-GM130

Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody,
Alexa Fluor™ Plus 555

Goat anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody,
Alexa Fluor™ Plus 488

Novus Biologicals

Novus Biologicals

Invitrogen
Santa Cruz
Santa Cruz
Invitrogen
Invitrogen
Santa Cruz
Cell signalling
Cell signalling
Cell signalling
Cell signalling
Cell signalling
Proteintech
Invitrogen

In-house, Bodmer Lab
(Weatherall Institute of Molecular
Medicine, University of Oxford)

BD Biosciences
Invitrogen

Invitrogen

NBP2-15301

NBP2-92513

PA5-51351; RRID: AB_2636798
sc-376187; RRID: AB_10990725
sc-515230

PA5-22309; RRID: AB_11151879
PA1-16931; RRID: AB_2137583
Sc-18822; RRID AB_626858
#2974P

#5364P

#3591P

#9234P

#2708P

HRP-60008; RRID: AB_2819183
13-1600; RRID: AB_2533002
N/A

610822; RRID:AB_610822
A32727; RRID:AB_2633276

A32731; RRID:AB_2633280

Bacterial and virus strains

5-alpha Competent E. coli (High Efficiency) New England Biolabs C2987H
Chemicals, peptides and recombinant proteins

DMEM Life technologies, 41965-039
Sodium bicarbonate-free DMEM Sigma-Aldrich D7777
Sodium bicarbonate, glucose and phenol Sigma-Aldrich D5030

red-free DMEM

Foetal Bovine Serum
Penicillin-Streptomycin
Sodium bicarbonate
Sodium chloride
Glutamine

Polybrene

Puromycin
Sulphorhodamine B
Trichloroacetic acid

Merck Life Science
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck Life Science
Santa Cruz
Sigma-Aldrich
Merck Life Science

F9665-500ML
P0781

S5761

S5653

G7513
H9268-5G
sc-108071A
230162-5G
91230-100G

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Acetic acid Sigma-Aldrich A6283-500ML
Tris Base Sigma-Aldrich T1503-1KG
Radioimmunoprecipitation Cell Signalling 9806S
assay (RIPA) buffer
Acrylamide Geneflow Ltd A2-0074
8-Hydroxypyrene-1,3,6-trisulfonic Sigma-Aldrich H1529
acid trisodium salt (HPTS)
Tris(bipyridine)ruthenium(ll) Sigma-Aldrich 224758
chloride (RuBPY)
Sodium pyruvate Gibco 11360-070
Sodium gluconate Sigma-Aldrich 822058
HEPES Sigma-Aldrich H3375
MES Sigma-Aldrich M3671
D-(+)-Glucose Sigma-Aldrich G7021-1KG
Hoechst 33342 Invitrogen H3570
5-(and-6)-carboxy SNARF-1 Invitrogen c1272
acetoxymethyl ester, acetate
cariporide Tocris 5358
MG-132 Cambridge Biosciences HY-13259-10mg
Matrigel Corning 356234
A-485 Tocris 6387
Lysotracker green DND-26 Invitrogen L7526
Bafilomycin A1 Sigma-Aldrich B1793
Glycyl-L-phenylalanine 2- Bachem AG K-1325
naphthylamide (GPN)
Chloroquine Alfa Aesar J64459
Rapamycin Cell guidance systems SM83-5
TagMan master mix Applied Biosystems 4304437
TagMan probe SLC4A2 Life Technologies 4448489
Tagman probe Actin Applied Biosystems 4333762F
Protein A/G magnetic Pierce 78609
agarose beads
Cycloheximide Santa Cruz Biotechnology Sc-3508B
Critical commercial assays
QIAquick Gel Extraction Kit QIAGEN 28706X4
Bicinchoninic acid (BCA) Thermo Fisher Scientific 23225
protein assay kit
iScript cDNA Synthesis script Bio-Rad 1708891
RNeasy Kit QIAGEN 74104
Deposited data
Supplementary code 1 and 2 This paper Mendeley
https://doi.org/10.17632/n8nhp45bdrj.1
Supplementary code 3 and 4 This paper Mendeley
https://doi.org/10.17632/68crcOwf39.1
Supplementary code 5 This paper Mendeley

https://doi.org/10.17632/cw4b9tjygj.1

Experimental models: Cell lines

Human: C10
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Human: C106 WBL N/A
Human: C2BBE1 WBL N/A
Human: C32 WBL N/A
Human: C99 WBL N/A
Human: CACO2 WBL N/A
Human: CAR1 WBL N/A
Human: CC20 WBL N/A
Human: CCK81 WBL N/A
Human: CCO7 WBL N/A
Human: CL40 WBL N/A
Human: COLO205 WBL N/A
Human: COLO206 WBL N/A
Human: COLO320DM WBL N/A
Human: COLO320HSR WBL N/A
Human: COLO678 WBL N/A
Human: CX1 WBL N/A
Human: DLD1 WBL N/A
Human: GP2D WBL N/A
Human: GP5D WBL N/A
Human: HCC2998 WBL N/A
Human: HCC56 WBL N/A
Human: HCT116 WBL N/A
Human: HCT15 WBL N/A
Human: HDC111 WBL N/A
Human: HDC114 WBL N/A
Human: HDC54 WBL N/A
Human: HDC57 WBL N/A
Human: HDC82 WBL N/A
Human: HDC9 WBL N/A
Human: HRA19 WBL N/A
Human: HT29 WBL N/A
Human: HT55 WBL N/A
Human: JHCOLOY1 WBL N/A
Human: LOVO WBL N/A
Human: LS180 WBL N/A
Human: LS411 WBL N/A
Human: LS513 WBL N/A
Human: NCIH508 WBL N/A
Human: NCIH548 WBL N/A
Human: NCIH747 WBL N/A
Human: OUMS23 WBL N/A
Human: OXCO2 WBL N/A
Human: PMFKO14 WBL N/A
Human: RCM1 WBL N/A
Human: RKO WBL N/A
Human: Rw2982 WBL N/A
Human: RW7213 WBL N/A
Human: SKCO1 WBL N/A
Human: SNU1235 WBL N/A
Human: SNUCH1 WBL N/A
Human: SNUC2B WBL N/A
Human: SW1222 WBL N/A
Human: SW1417 WBL N/A
Human: SW403 WBL N/A
Human: SW48 WBL N/A
Human: SW480 WBL N/A
Human: SW620 WBL N/A
Human: SW837 WBL N/A
Human: SW948 WBL N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human: VACO10MS WBL N/A
Human: VACO4A WBL N/A
Human: VACO4S WBL N/A
Human: VACO5 WBL N/A
Human: MIA Pa-Ca-2 Prof. Alessandra Fiorio, N/A

University of Lille, France
Human PANC-1 Prof. Anna Trauzold, N/A

University of Kiel, Germany

Experimental models: Organisms/strains

Female athymic Nude Crl:NU(NCr)-Foxn1nu mice Charles River N/A

Biological samples

Matched Pair — Paraffin Tissue Section BioChain T8235090
Oligonucleotides

LentiCRISPR sgSLC4A2 Invitrogen N/A
AAGAATCTGCGCCCTTGGCG

LentiCRISPR sgNDUFS1 Invitrogen N/A
TAGAATGTATGCCTACTTGG

siGENOME siControl Dharmacon D-001210-01-05
siGENOME siBNIP3 Dharmacon M-004636-01-0005
siGENOME siPEG10 Dharmacon M-032579-01-0005
siGENOME siSLC16A7 Dharmacon M-007409-01-0005
siGENOME siATP6V0A2 Dharmacon M-019950-00-0005
siGENOME siCEACAM®6 Dharmacon M-015306-01-0005
siGENOME siPMP22 Dharmacon M-010616-02-0005
siGENOME siCA9 Dharmacon M-005244-02-0005
SiGENOME siSLC4A2 Dharmacon M-007582-01-0005
siGENOME siSLC4A3 Dharmacon M-007583-02-0005
siGENOME siSLC26A3 Dharmacon M-007492-00-0005
siGENOME siSLC26A6 Dharmacon M-007494-01-0005
siGENOME siTFEB Dharmacon M-009798-02-0005
siGENOME ATG5 Dharmacon M-004374-04-0005
Recombinant DNA

lentiCRISPR v2 Sanjana et al., 201 459 Addgene: 52961
lentiCRISPR constructs with gRNA insert listed above In this paper
Software and algorithms

Fiji ImageJ N/A

Genb5 v.10 Biotek N/A

MATLAB R2020b Mathworks N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pawel
Swietach (pawel.swietach@dpag.ox.ac.uk).

Materials availability
Plasmids generated in this study are available upon request from the lead contact.

Data and code availability

® This paper does not contain any standardized datasets. All data reported in this paper will be shared by the lead contact upon
request.
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e All original code has been deposited at Mendeley and is publicly available as of the date of publication. DOlIs are listed in the key
resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Cell lines and culture conditions

Human colorectal cells (listed under Key Resources) were obtained from Prof. Walter Bodmer’s collection at the Weatherall Institute
of Molecular Medicine (University of Oxford, UK). Cell lines were cultivated in DMEM (Gibco 41965-039), supplemented with 10%
FBS (Sigma-Aldrich) and 1% PS (100 U mL~" penicillin, 100 ng mL~" streptomycin; Sigma-Aldrich). For pHi measurements, cells
were treated with media based on NaHCO;-free DMEM (Sigma-Aldrich, Cat. No. D7777), supplemented with 10% FBS, 1 % PS
and various concentrations of NaHCO3; and NaCl, to achieve desired/calculated pHe values at 5% CO,, as indicated in figure leg-
ends. In addition, NaHCO3-free, glucose-free and phenol red-free DMEM (Sigma-Aldrich, Cat. No. D5030) supplemented with
10% FBS, 1 % PS, 25 mM glucose and various NaHCO3; and NaCl concentrations, as indicated in figure legends was used. Cells
were maintained at 37 °C and 5% CO.. Lines were authenticated by single nucleotide polymorphism (SNP)-based profiling and
tested routinely for mycoplasma contamination.

Animals

Female athymic Nude Crl:NU(NCr)-Foxn1nu mice were 12 weeks old before subcutaneous injection with either SW1222 WT or
COLO320HSR cells. Cells were resuspended in 100 pL of a 1:1 mixture of matrigel and serum-free DMEM medium before injection.
Each mouse was injected with 2 million SW1222 WT cells on the left flank and 2 million COLO320 HSR cells on the right flank. All
animal procedures were carried out in accordance with national and institutional guidelines, with the approval of ethics and welfare
board instructions, and with the authority of Home Office Project Licence PPL P0O1A04016.

METHOD DETAILS

Setting and measuring medium pH

Media were prepared by mixing NaHCO3-free Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, Cat. No. D7777), sup-
plemented with 10% FBS (Sigma-Aldrich) and 1% penicillin-streptomycin (PS) (100 U/mL penicillin, 100 mL/mL streptomycin; Sigma
Aldrich). Medium pH was set by adjusting [HCO3], achieved by mixing various ratios of stocks containing either 44 mM NaHCO; or
44 mM NaCl. This strategy ensures that osmolarity is constant. Medium pH was measured by Phenol Red absorbance at 430 nm and
560 nm using Cytation 5 imaging plate reader equipped with a CO, gas controller (Biotek). Measurement were taken from 200 mL
medium in a clear, flat-bottom 96-well plate (Costar) without lids at 37°C

Intracellular pH measurements

pH was measured using cSNARF1 in cell identified by particle analysis of fluorescence centered around nuclei visualized using the
DNA-binding stain Hoechst-33342. Cells were plated in triplicate at 50,000-100,000 cells per well in black wall, flat coverslip bottom
p-plate 96-well plates with a growth area of 0.56 cm? per well (Ibidi) and were left to attach overnight. They were then incubated in
media supplemented with cSNARF1-AM (5 ug/mL, Invitrogen) and the nuclear stain Hoechst-33342 (10 ug/mL, Molecular Probes),
for 15 min, and then replaced with medium of varying sodium bicarbonate concentration (twice). Images of fluorescence excited at
377 nm and collected at 447 nm (Hoechst-33342), and of fluorescence excited at 531 nm and collected at 590 nm and 640 nm
(cSNARF1), were acquired using Cytation 5 imaging plate reader (Biotek) and its bespoke software. Images were either acquired us-
ing a 4x objective, or a 10x objective. Measurements were performed in an atmosphere of 37°C and 5% CO,, established in the plate
reader. Further analysis of the population distribution of pH data was performed using a MATLAB script (Supplementary Code 1).
cSNARF1 fluorescence ratios were converted into pH; using a calibration curve obtained through the nigericin method. pH; distribu-
tions from replicate wells were pooled, and low intensity measurements were removed using a second MATLAB script (Supplemen-
tary Code 2).

Microarray gene expression analysis

Total RNA from cells was extracted using the RNeasy kit (Qiagen) according to the manufacturer’s instructions. All samples were
processed in accordance with the Affymetrix protocol, and 2 ng of fragmented and labeled cDNA was hybridized to the Affymetrix
GeneChip U133+2 arrays.

Statistical analysis of pHi-pHe data and correlation with mRNA expression data

For 66 CRC cell lines, average pHi, standard deviation, and number of cells was determined for six different pHe values (from 6.63 to
7.70). Experiments were carried out in triplicate and two to five biological repeats were carried out for each cell line. Linear
regression based on pHi at all 6 different pHe values was carried out in MATLAB (Supplementary Code 3). Slope, intercept, resting
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pHi (at pHe 7.4), and standard deviation were obtained as an average for multiple biological repeats. Slope was plotted against stan-
dard deviation, and k-means clustering was used to classify cell lines into four distinct groups. For detection of differentially ex-
pressed genes in cell lines with high or low slope and standard deviations, t-tests and Fisher’s exact test were carried out (Supple-
mentary Code 4).

Fluorescence-activated cell sorting

Cells were dissociated and loaded with cSNARF1-AM (10 pg/mL, Molecular Probes) for 10 minutes in M199 medium buffered with
20 mM HEPES and titrated to pH 7.4. After replacing the medium the cells were immediately FACS sorted into the top 10% most
acidic cells and the top 10% most alkaline cells. cSNARF1 fluorescence was excited at 561 nm and was collected at 585 nm
(15 nm bandwidth) and 640 nm (14 nm bandwidth) on a BD FACSDiva. Cells with a high 585/640 nm ratio were considered acidic,
and cells with a low 580/640 nm ratio were considered alkaline.

siRNA transfections

Cells were plated at 200 000 cells/well in a clear, flat bottom 6-well plate in 3 mL DMEM supplemented with 10% FBS and 1% PS.
10 nM Dharmacon smartpool siRNA was resuspended in 300 pL optiMEM. In a separate tube, 6 puL Lipofectamine RNAIMAX trans-
fection reagent were mixed with 300 uL optiMEM. siRNA and transfection reagent mixtures were combined and incubated at room
temperature for 10 min. Afterwards, the mixture was added to cells in suspension and incubated for 48 h. Experiments were per-
formed 72 h after siRNA-transfection.

Treatment with low chloride- and HEPES/MES-containing media

pHi was measured in response to treatment with medium containing reduced amounts of chloride or HEPES/MES buffering instead
of medium with physiological buffering. Low chloride medium was based on the D5030 formulation, with sodium chloride being re-
placed with sodium gluconate. HEPES/MES buffered medium was based on D5030, supplemented with 10 mM HEPES and 10 mM
MES and 24 mM NaCl. The medium was then titrated to the indicated pHe at 37°C.

Immunoblotting

Samples were prepared by lysing the cells using radioimmunoprecipitation assay (RIPA) buffer containing proteinase and phospha-
tase inhibitors. Protein concentration in the samples was measured using bicinchoninic acid (BCA) protein assay kit and adjusted
using water. Samples were not heated, and loaded onto a 10% acrylamide gel. The gel was run at 90 V for 15 minutes and at
120 V for 90 minutes. Afterwards, membrane transfer was performed at 90 V for 90 minutes. Primary antibodies against SLC4A2,
SLC4A3, SLC26A3, SLC26A6, B-Actin, LC3A/LC3B, LAMP2, phospho-mTOR, phospho-S6 (Ser240/244), phospho-EIF4B, phos-
pho-S6K (T384),S6K and ubiquitin were applied overnight. Afterwards, membranes were incubated in either and goat anti-rabbit
or anti-mouse secondary antibody (1:5000) were applied, and the membrane was visualized using horseradish peroxidase. Antibody
binding of B-Actin protein was used as a loading control. Western blot signals were quantified using the ImageJ Gel Analysis tool.

Cell growth analysis using sulphorhodamine B (SRB)

Cells were plated in triplicate at densities of 2000-4000 cells/well in clear, flat bottom 96-well plates (Costar). The following day, the
medium was replaced with 200 pL medium of different sodium bicarbonate concentrations as indicated in figure legends. Cells were
cultured for six days and extracellular pH was monitored on each day using phenol red absorbance. After six days, the cells were
fixed using 10% trichloroacetic acid (TCA) at 4°C for 60 min. Afterwards they were washed with H,O four times and stained with
SRB (0.057% in 1% acetic acid) for 30 min. Residual SRB was removed by washing four times with 1% acetic acid. SRB was
then dissolved in 10 mM Tris base. SRB absorbance was read at 520 nm using Cytation5 imaging plate reader (Biotek).

qPCR

Total cellular RNA was isolated (RNeasy kit, Qiagen, 74104) from cells cultured for 72 h hours in sodium bicarbonate/CO, buffered
conditions of either pH 7.4 or pH 6.4 in 6-well plates. iScript Advanced cDNA synthesis Kit was used for the reversed transcription
reaction into cDNA. The resulting cDNA was diluted 1:10 in DNAse-free water before quantification by real-time PCR. gPCR was
carried out using Tagman probes for SLC4A2 and B-Actin. 2x Tagman Fast Advanced Mastermix was used for PCR reactions at stan-
dard cycling conditions using Applied Biosystems StepOne System. The transcript levels were normalized with the $-Actin transcript
level and data were represented as fold change relative to the average of control samples. Data are representative of at least 5 in-
dependent experiments.

Medium pH and oxygen usage monitoring using fluorimetric assay

Cells were cultured at high density (70,000 cells/well) in flat-bottom, black 96-well plates. To report extracellular pH and O,, media
contained 2 mM HPTS (8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt) and 50 mM RuBPY (tris(bipyridine)ruthenium(ll)
chloride), as described previously.®® Media were based on DMEM (D5030) and contained 25 mM glucose, 10% FBS, 1% PS,
1 mM pyruvate, 1% glutamax and 2 mM HEPES and MES, as indicated. NaCl was added to a concentration that maintains overall
osmolarity. Prior to measurements, each well was sealed with 150 puL mineral oil to restrict O, ingress. HPTS and RuBPY fluorescence
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were monitored for 17 h using a Cytation 5 device (BioTek, Agilent, Winooski, VT, USA). Excitation was provided by a monochro-
mator, and fluorescence emission was detected sequentially at five wavelengths, which were optimized for the dye combination
used. Optimal settings on our system were excitation wavelengths of 400, 416, 450, 460, and 540 nm, and the corresponding
emissions were 510, 510, 620, 510, and 580 nm.

Immunoprecipitation

DLD1 cells were lysed by scraping cells in a buffer consisting of 50 mM Tris-Hcl, 150 mM NaCl, 1 mM EDTA, 1% triton X-100 and 5%
glycerol. Afterwards, we added antibodies for AE2 or ubiquitin the protein lysate (1.2 mg total protein were used) and incubated the
mixture overnight at 4°C. The following day, antibody-antigen complexes were added to 100 pL of pre-equilibrated magnetic agarose
beads for six hours. Unbound proteins were removed by washing the bead-protein complexes four times in PBS. Protein complexes
were eluted from the beads by boiling the samples in 2x Laemmli buffer (containing 10% B-mercapto ethanol) for 5 min. Immunopre-
cipitated protein complexes were analyzed using western blotting. The obtained membranes incubated with primary antibodies for
AE2 and ubiquitin overnight.

Drug treatments
A485, MG132, rapamycin, chloroquine and bafilomycin A1 were dissolved in DMSO. GPN and cycloheximide were dissolved in wa-
ter. Drugs were stored at -20 degrees and used at concentrations and duration indicated in the figure legends.

Immunofluorescence

For immunofluorescence experiments on cultured cells, cells were cultured in Ibidi 12-well slides as indicated in figure legends. After
three days, cells were fixed with 4% paraformaldehyde for 10 minutes at RT. After 10 min of permeabilization with 0.2% Triton X-100,
1 h of blocking with 3% BSA, cells were incubated with primary antibodies for 1.5 — 24 h (Anti-LAMP2 1:250, anti-AE2, anti-GM130
and anti-EPCAM 1:400), followed by secondary antibodies for 1 h (anti-mouse Alexafluor 555, anti-rabbit Alexaflour 488, 1:500) and
staining with Hoechst 33342 for 1 min. Slides were mounted with Antifade Gold mounting medium. Images were acquired using a 40x
objective on the Zeiss LSM 700 confocal microscope.

Anion exchanger activity measurements

Cells were grown in Ibidi 4-well p-slide at conditions indicated in figure legends. Prior to measurements, medium was replaced to
HEPES-buffered D5030 medium titrated to either pH 7.4 or 6.4. Cells were loaded with cSNARF1 for 10 minutes to report intracellular
pH. Solutions were delivered at 37°C to an Ibidi p-slide. Cells were first equilibrated to Normal Tyrode solution for several minutes
before the start of recordings. Intracellular pH measurements were recorded for cells superfused for 1 min in Normal Tyrode (pH
7.4), 6 min in acetate-containing solutions, 3 min in chloride-free solutions, followed by a 5 min recovery period in Normal Tyrode
solution. Normal Tyrode contained (in mM) 135 NaCl, 4.5 KClI, 1 CaCl,, 1 MgCl,, 11 glucose, 20 HEPES at pH 7.4. In chloride-free
solutions, NaCl was iso-osmotically replaced with sodium gluconate. KCI, MgCl, and CaCl, were replaced with potassium gluconate,
magnesium gluconate and calcium gluconate, respectively. In acetate-containing solutions, NaCl was iso-osmotically replaced with
sodium acetate. Images were acquired using a 40x objective on the Zeiss LSM 700 confocal microscope.

CRISPR/Cas9-mediated gene knock-out
LentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid # 52961; http://n2t.net/addgene:52961; RRID:Addgene_52961).
sgRNA sequences were cloned into LentiCRISPR v.2 backbone using the following protocol: http://genome-engineering.org/
gecko/wp-content/uploads/2013/12/lentiCRISPRv2-and-lenti Guide-oligo-cloning-protocol.pdf. Briefly, LentiCRISPR v 2 backbone
was digested using BsmBI enzyme for 1 h at 37°C. After gel purification, the linearized DNA was ligated with oligo duplex using the
Quick Ligation Kit (NEB M2200S). Plasmid DNA was transformed into DH5alpha competent cells (NEB C2987H).

sgRNA sequences are listed in the key resources table. Virus aliquots were prepared by the Virus Production Facility at WIMM,
University of Oxford. DLD1 cells were plated in clear, flat-bottom 6-well plate at a density of 200,000 cells/well and transduced using
a 500 mL aliquot of lentivirus carrying the LentiCRISPR v2 construct encoding for a sgRNA sequence targeting SLC4A2. Polybrene
was added at a concentration of 4 mg/mL. The 6-well plate was incubated for two days before puromycin (5 ng/mL) was added for
selection, and cells were incubated for three days before the transduced cells were used for setting up further experiments. Infected
cells were seeded at 2 cells/well in 200 mL of media in wells of 96-well plates. Single-cell clones were established and tested for AE2
expression using Western blotting.

Lysotracker measurements

Cells were cultured in Ibidi 4-well p-slides at conditions indicated in figure legends for three days. Prior to imaging, the medium was
replaced with HEPES-buffered D5030 medium titrated to pH 7.4. Lysotracker Green DND 26 and Hoechst33342 were added to the
medium at concentration of 100 nM and 10 pg/mL, respectively. After 10 min of incubation, Lysotracker fluorescence was recorded
at 488 nm excitation, emission >510 nm using Zeiss LSM 700 confocal microscope. Number of lysosomes per cell and their distance
from the nucleus was measured using an in-house MATLAB script (Supplementary Code 5).
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Histology of human tissue sections and mouse xenograft tumors

Matched pairs of tumor and normal colon formalin fixed paraffin embedded human tissue (FFPE) sections were obtained from
BioChain. The sections were heated for 60°C for 1 h and de-waxed using xylene for 3x 5 min. After rehydration (5 min in 100/90/
70% ethanol), slides were washed 3 times in dH,0. Sections were boiled in 10 mM sodium citrate to achieve antigen unmasking.
After permeabilization in 0.1% triton-X100 for 10 min, sections were blocked in 10% FBS in PBS-Tween (0.1%) for 1 h.

Sections were incubated with primary antibodies against AE2 (Novus, NBP2-92513), LAMP2 (Santa Cruz, sc-18822) overnight
(1:200 in 3% BSA in PBS-Tween). After incubation with secondary antibodies for 1 h (anti-rabbit Alexafluor 555, anti-mouse Alexa-
fluor 488) and staining with DAPI for 10 min, slides were mounted with Antifade Gold mounting medium. Images were acquired using
a 10x and 40x objective on the Zeiss LSM 700 confocal microscope.

Tissues from mouse xenografts were cryo-sectioned. Fresh-frozen sections were first fixed in 10% formalin solution for 3 min. After
permeabilization in 0.1% Triton X-100 for 5 min, sections were blocked in 1% mouse serum for 30 min. Sections were incubated with
primary antibodies against AE2 (Novus, NBP2-92513), LAMP2 (Santa Cruz, sc-18822) for 1.5 h (1:200 in 3% BSA in PBS-Tween).
After incubation with secondary antibodies for 20 min (anti-rabbit Alexafluor 555, anti-mouse Alexafluor 488) slides were mounted
with Drop-n-stain mounting medium (containing DAPI). Images were acquired using a 10x objective on the Zeiss LSM 700 confocal
microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival curve fitting

The relationship between cell survival and medium pH for different cell lines and gene knock-outs was analyzed using an in-house
script written in Matlab. Data from individual repeats were pooled.

Statistics

Data was analyzed using GraphPad Prism 9. Data are represented expressed as mean + S.E.M. Data was compared using unpaired
t-test, Fisher’s exact test, one-way ANOVA or two-way ANOVA. *=P<0.05, *=P<0.01, **=P<0.001.
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