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Stromal uptake and transmission of acid is a pathway
for venting cancer cell-generated acid
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Proliferation and invasion of cancer cells require favorable pH, yet
potentially toxic quantities of acid are produced metabolically.
Membrane-bound transporters extrude acid from cancer cells, but
little is known about the mechanisms that handle acid once it
is released into the poorly perfused extracellular space. Here, we
studied acid handling by myofibroblasts (colon cancer-derived Hs675.T,
intestinal InMyoFib, embryonic colon-derived CCD-112-CoN), skin
fibroblasts (NHDF-Ad), and colorectal cancer (CRC) cells (HCT116,
HT29) grown in monoculture or coculture. Expression of the acid-
loading transporter anion exchanger 2 (AE2) (SLC4A2 product) was
detected in myofibroblasts and fibroblasts, but not in CRC cells.
Compared with CRC cells, Hs675.T and InMyoFib myofibroblasts had
very high capacity to absorb extracellular acid. Acid uptake into CCD-
112-CoN and NHDF-Ad cells was slower and comparable to levels in
CRC cells, but increased alongside SLC4A2 expression under stimula-
tion with transforming growth factor 1 (TGF$1), a cytokine involved
in cancer-stroma interplay. Myofibroblasts and fibroblasts are
connected by gap junctions formed by proteins such as connexin-
43, which allows the absorbed acid load to be transmitted across
the stromal syncytium. To match the stimulatory effect on acid up-
take, cell-to-cell coupling in NHDF-Ad and CCD-112-CoN cells was
strengthened with TGFf1. In contrast, acid transmission was absent
between CRC cells, even after treatment with TGF$1. Thus, stromal
cells have the necessary molecular apparatus for assembling an acid-
venting route that can improve the flow of metabolic acid through
tumors. Importantly, the activities of stromal AE2 and connexin-
43 do not place an energetic burden on cancer cells, allowing
resources to be diverted for other activities.

colorectal cancer | myofibroblast | anion exchanger 2 | gap junctions |
TGFp1

ancer cells produce vast quantities of acid (H* ions) (1, 2).

Because of the chemical reactivity of H* ions, a substantial
fraction of energetic and synthetic resources is directed to keeping
intracellular pH (pH;) within a narrow range (typically 7.0-7.4)
that is permissive for biological activity. Indeed, dysregulated pH;
has been shown to perturb or even kill cancer cells (3, 4). Current
models of acid handling in tumors are centered on cancer cell
mechanisms, which effectively transfer acidity from cytoplasm to
the surrounding milieu. An additional process, referred to herein
as acid venting, is responsible for carrying acid toward capillaries
for washout. At steady state, H* production must be balanced by a
matching venting flux; as a consequence, metabolic rate is con-
strained by the tissue’s capacity to remove acid. In well-perfused
tissues, acid venting occurs rapidly by passive diffusion over short
distances. However, in hypoxic tumors, the relatively long diffu-
sion path to the nearest functional capillary (2, 5) is a bottleneck
for venting large quantities of acid generated by cancer cells (6).
This diffusive restriction produces the characteristically acidic
extracellular tumor microenvironment (7). Although an acidic
milieu is conducive for cancer disease progression (4), there is a
homeostatic requirement for regulating extracellular pH (pHe)
within the tolerance limits of cancer cells. For instance, excessively
low pH. makes it thermodynamically more costly for cells to
maintain favorable pH; (8). The emerging consensus is that tumor
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growth has an optimal cancer cell pH; and microenvironment pHe,
and that both must be regulated (1, 9). In summary, acid venting in
diffusion-limited tumors must be adequate to support high met-
abolic rates, without overloading the extracellular compartment
with H* ions.

The task of facilitating acid venting from cancer cells, without
excessively acidifying their microenvironment, could be met by the
tumor stroma (10). In many cancers, the stroma occupies a sub-
stantial fraction of the tumor volume and holds a large reservoir of
H*-binding moieties available for buffering excess extracellular
acidity. In colorectal cancers (CRCs), the myofibroblast stroma
surrounding epithelial cells may offer an alternative route for
venting acid, that bypasses the extracellular space (11). For this to
be a viable pathway, stromal cells would need to preferentially
absorb acid released by cancer cells and transmit this acidity across
a large and coupled intracellular volume (“syncytium”). Stromal
cells have been shown to interact with cancer cells on many lev-
els (12-14), but their role as sinks for siphoning acid has not
been tested.

Here, we compare acid-handling mechanisms in CRC cells,
with those in gut myofibroblasts and skin fibroblasts. The recent
characterization of markers (40C3, NKX2-3, SHOX?2) allows a
robust definition of stromal cells as either myofibroblasts or fi-
broblasts; this is important as the former is the relevant stromal
cell type in colorectal tumors (11). Compared with CRCs, myo-
fibroblasts have higher expression of anion exchanger 2 (AE2), a
major acid-loading transporter, and connexin-43 (Cx43), a gap
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junction-forming protein that couples cells into a syncytium. Addi-
tionally, stroma cells contain diffusible pH buffers for carrying H*
ions across this syncytium. The combined activity of these molecules
allows the stroma to absorb extracellular acidity and transmit this acid
load across the highly buffered syncytial volume. In some stromal
cells with lower AE2 and Cx43 basal function, flux through this
pathway is stimulated with transforming growth factor 1 (TGFp1)
(15), a cytokine involved in cancer-stroma interactions (16, 17). The
stroma may thus provide a major route for venting tumor acidity.

Results

In Myofibroblasts and Fibroblasts, Expression of SLC4A2 Is Highest
Among Members of the SLC4 and SLC26 Families Coding for Acid-
Loading Transporters. A viable stromal mechanism for handling
acid requires cells to express genes coding for acid-loading
transporters. High activity of these transporters is necessary to
preferentially divert extracellular acidity into the stromal com-
partment. Several members of the SLC4 and SLC26 gene super-
families code for acid-loading transporters (18, 19). Expression
profiling of these genes was performed by whole-genome micro-
array of myofibroblasts from normal and cancerous colon, and
fibroblasts obtained from skin and foreskin (11). The highest ex-
pression was detected for SLC442 (Fig. 1). Thus, transport by
AE2, coded by the SLC4A42 gene, is a candidate for acid loading
into fibroblasts and myofibroblasts.

Characterizing Fibroblast-Related Cell Lines as Either Myofibroblasts
or Fibroblasts. Functional characterization of acid handling was
performed on four commercially available cell lines of fibroblast-
like morphology (colorectal carcinoma-derived Hs675.T, in-
testinal InMyoFib, embryonal colon CCD-112-CoN, and normal
skin NHDF-Ad) and compared with the phenotype of two co-
lorectal carcinoma cell lines (HCT116 and HT29) (8, 20). The
fibroblast-related lines were categorized as either myofibroblasts
or fibroblasts on the basis of recently described markers (11).
Expression, measured by reverse transcription—quantitative PCR
(RT-gPCR), of the myofibroblast markers AOC3 (Hs675T >
CCD-112-CoN > InMyoFib > NHDF-Ad) and NKX2-3 (CCD-
112-CoN > InMyoFib > Hs.675.T, not detected in NHDF-Ad),
and the fibroblast marker SHOX?2 (detected only in NHDF-Ad)
indicated that Hs675.T, InMyoFib, and CCD-112-CoN are
myofibroblast lines, whereas NHDF-Ad was confirmed as a skin
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Fig. 1. Expression of SLC4/SCL26 genes in myofibroblasts and fibroblasts.
Expression (MRNA level) of members of the SLC4 and SLC26 superfamilies
measured by microarray in myofibroblasts from cancerous colon (Myo2020
and_Myo2156), CCD-18Co_myofibroblast_line, myofibroblasts from normal
colon (Myo6024 and Myo1998), and foreskin and skin fibroblasts (number
refers to volunteer).
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fibroblast (Fig. S14). Analysis of immunofluorescence in nuclear
regions of fixed cells (Fig. S1B) supported this cell type classifi-
cation (SHOX2-positive/NKX2-3-negative NHDF-Ad fibroblasts,
and SHOX2-negative/NKX2-3—positive InMyoFib, Hs675.T, and
CCD-112-CoN myofibroblasts). In the case of CCD-112-CoN
cells, a subpopulation was distinctly less NKX2-3 positive.

Compared with CRC Cell Lines, InMyoFib and Hs675.T Myofibroblasts
Have High Acid Uptake Capacity and SLC4A2 Expression. In hypoxic
tumors, low pH, is associated with metabolic acidosis (i.e., re-
duced [HCO;7]) resulting from the chemical titration between
lactic acid and HCO;™ ions. Thus, the pH; response to a low-
[HCO;7] superfusate (at constant pCO,) measures the capacity of
a cell to absorb H* ions or their chemical equivalents (e.g., se-
cretion of HCO;™) under conditions relevant to the tumor mi-
croenvironment. Uptake of extracellular acid was measured in
cocultures of CRC cells and myofibroblasts grown in the presence
of serum. Myofibroblasts expressed eGFP for positive identifica-
tion. An exemplar experiment performed on a coculture of HT29
CRC cells and InMyoFib myofibroblasts is shown in Fig. 24.
Cocultures were loaded with cSNARF1 (a pH;-reporter dye) and
superfused in 5% CO,/22 mM HCO;™ buffered solution (pH 7.4).
Rapid switching to an acidic (pH 6.4) superfusate (containing
2.2 mM HCO5") evoked a pH; response that was larger and faster
in myofibroblasts compared with CRC cells (Fig. 24). In both cell
types, the pH; response was fully reversible. Retention of in-
tracellular cSSNARF1 fluorescence during the protocol confirmed
that the surface membrane remained intact. Cellular acid uptake
was quantified in terms of H* flux by multiplying the initial rate of
pH; change (calculated by best fit of pH; response to exponential
curve) and buffering capacity (measured in separate experiments;
Fig. S2). Acid uptake was an order of magnitude faster in
InMyoFib cells compared with HT29 cells. Thus, in a solid tumor,
extracellular acid would be absorbed preferentially into the highly
buffered myofibroblast compartment.

H*-monocarboxylate transporters, expressed in many tissues,
can carry a lactate-coupled H* flux. According to the “lactate
shuttle” hypothesis (21, 22), stromal cells express MCT4 whereas
cancer cells express MCT1, and this juxtaposition is proposed to
transfer lactate and H* ions from the stroma to the cancer
compartment. NHDF-Ad and InMyoFib cells express higher
levels of MCT4 protein compared with MCT1 (Fig. S3), con-
sistent with lactate being exported. Thus, the acid handling by
stromal cells described above (operating in the absence of ex-
tracellular lactate) is unlikely to involve MCTs.

In the absence of CO/HCO;™ (substituted with Hepes buffer),
the pH; response was considerably reduced in InMyoFib cells, but
unchanged in CRC cells. This result indicates that the myofibro-
blast transport mechanism has a preference for HCO;™ over OH™
(Fig. 2Bi). Acid uptake into InMyoFib myofibroblasts was reduced
in the presence of 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid
(DIDS) at 300 uM, a broad-spectrum inhibitor of HCO;™ transport
(18, 23, 24) (Fig. 2Bii). Replacing superfusate [Na*] with [K*]
(140 mM), which depolarizes membranes and depletes intracellular
Na*, did not affect acid uptake, suggesting an electroneutral and
Na*-independent mechanism (Fig. 2Bii). The extent of acid loading
was greatly reduced in Cl™-free solutions (Fig. 2Bii). The organic anion
transport inhibitor probenecid (1 mM) and the gap junction inhibitor
carbenoxolone (CBX) (100 pM) had no effect on acid loading into
InMyoFib myofibroblasts (Fig. S4). Collectively, these observations
are characteristic of the CI'/HCO;™ anion exchangers belonging to the
SLC4 and SLC26 superfamilies of transporters (18, 19).

Measurements of acid uptake were repeated on two additional
myofibroblast lines (Hs675.T, CCD-112-CoN), a fibroblast line
(NHDF-Ad), and another CRC line (HCT116), all grown in the
presence of serum. The kinetics of the pH; response to extra-
cellular acidification (pH 7.4 to 6.4) fell into two groups: “fast” in
InMyoFib and Hs675.T myofibroblasts, and “slow” in NHDF-Ad
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fibroblasts, CCD-112-CoN myofibroblasts, and CRC lines (Fig. 2C).
To further characterize the acid uptake process, fluxes were mea-
sured in response to a more modest acidification (pH 6.8 attained
with 5.5 mM HCOj3 ™). Additionally, the HCO3™~ dependence of flux
was established by repeating experiments in the absence of
CO,/HCO;3™. An exemplar analysis for Hs675.T cells is shown in
Fig. 2Di. The slope of the near-linear relationship between pH, and
the acid uptake flux (Fig. 2Di) provides a measure of the rate of
H*-equivalent uptake per unit of pH, disturbance, normalized to
cell volume (units of mmol/l/min pH, unit). This acid uptake pa-
rameter (herein given symbol a) was highest in Hs675.T and
InMyoFib myofibroblasts, compared with CCD-112-CoN myofi-
broblasts, NHDF-Ad fibroblasts, and the CRC cells (Fig. 2Dii).
The expression profiling shown in Fig. 1 highlighted SLC442
as a candidate gene coding for an acid-loading transporter in
myofibroblasts and fibroblasts. In agreement with this finding,
the protein product of SLC4A42, AE2, was confirmed by immu-
noblot in InMyoFib, Hs675.T, NHDF-Ad, and CCD-112-CoN
cells, but was absent in CRCs (Fig. 2E). AE2 levels correlated
with a-smooth muscle actin («®SMA), a highly expressed protein

in fibroblasts and myofibroblasts. In fibroblast-related cells, AE2
expression levels were in agreement with acid uptake fluxes (Fig.
2Dii). The AE2-immunopositive band (~140 kDa) is of lower
molecular weight than predicted for a fully glycosylated AE2a/
AE2b protein (~170 kDa). Early studies have argued that this
lower band represents AE2 retained in the Golgi apparatus (25),
but more recent findings have concluded that targeting mecha-
nisms vary between different types of cell and do not depend
strictly on sequence-specific sorting motifs (26). In the fibroblast-
related cells selected for this study, there was no immunofluo-
rescence evidence for AE2 retention in the Golgi apparatus of
permeabilized cells (Fig. S5 A-D). As a control, AE2 immuno-
reactivity was absent in fixed HCT116 and HT29 monolayers
(Fig. S5 E and F). To test whether the absence of AE2 immu-
noreactivity in HT29 and HCT116 is representative of low
SLC4A2 expression in CRCs, microarray data for a panel of 92
CRC lines was analyzed. There was only a 3.5-fold difference in
SLC4A2 message between CRC lines at the 10th and 90th
percentiles. SLC442 message in HCT116 and HT29 cells was
1.1- and 1.4-fold of the median value, respectively, arguing that
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Initial H* influx measured as a function of extracellular
pH, in the presence (filled symbols) or absence (open
symbols) of CO,/HCOs™. Analysis shown for Hs675.T
myofibroblasts; parameter « is defined as the slope of
the pH-flux relationship. (ii) Parameter a for the six cell
lines studied. (E) Immunoblot for AE2, a-smooth muscle
actin (a-SMA), and loading controls (actin and tubulin).
(F) Knockdown in NHDF-Ad fibroblasts: shRNA con-
structs (#1 to #4), pooled constructs, scrambled (Scr)
construct, and untreated wild type (WT). Vectors also
contained eGFP gene. (G) cSNARF1-loaded (i) NHDF-Ad
and (ii) InMyoFib monolayers, showing eGFP-positive
cells among wild-type cells (cSNARF fluorescence only;
red). (H) Acid-loading protocol performed on NHDF-Ad
cells in the presence of 5% CO,/HCO5™. Mean + SEM of
37 SLC4A2 knockdown (KD) and 48 scrambled shRNA
cells from four platings. (/) Acid-loading protocol re-
peated in InMyoFib myofibroblasts. Dotted lines show
level of acid loading in CRCs (mean of HT29 and HCT116
data, offset to common starting pH;). Mean + SEM of
19 SLC4A2 knockdown cells and 57 scrambled shRNA
cells from four platings.
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these lines are not outliers among CRCs (Fig. S64). There was
no significant difference in SLC4A42 expression between repli-
cation error (RER)-positive lines and RER-negative lines (P = 0.18).
Thus, low SLC4A2 expression, and hence AE2 activity, is expected
to be typical of CRC epithelial cells.

SLC4A2 knockdown was performed to confirm AE2 as a major
stromal acid-loading mechanism. shRNA constructs, also containing
the gene for eGFP, were lentivirally delivered to NHDF-Ad and
InMyoFib cells (scrambled construct used as a control). AE2 ex-
pression (~140-kDa band) was reduced by knockdown, as shown for
NHDF-Ad cells in Fig. 2F. eGFP immunoreactivity, which measures
the yield of infection and genomic integration, was construct-
dependent. To study the effect of SLC4A42 knockdown on acid up-
take, pH; measurements were analyzed in eGFP fluorescent cells
[Fig. 2G; note that eGFP, excited at 488 nm, and cSNARF1, excited
at 555 nm, do not overlap spectrally]. The shRNA construct with the
greatest knockdown efficacy halved acid loading in NHDF-Ad fi-
broblasts (Fig. 2H) and InMyoFib myofibroblasts (Fig. 2I), relative to
scrambled controls, bringing activities close to the rates measured in
the presence of 300 uM DIDS (Fig. 2B). The remaining acid-loading
flux is due to a combination of incomplete SLC4A42 knockdown and
the activity of other acid-base transporters that collectively
produce a “basal” level of acid loading, also observed in CRC
cells. Indeed, SLC4A2 knockdown in InMyoFib myofibroblasts

brought acid-loading rates to levels measured in CRCs (Fig. 2I).
Thus, AE2 expression in wild-type myofibroblasts is related to their
ability to absorb extracellular acid preferentially over CRC cells.

Cells with a more powerful acid uptake mechanism are also
expected to attain a more acidic steady-state pH; when presented
with a sustained extracellular acid challenge. The steady-state
pH.—pH; relationship (Fig. S7) was steep and linear in InMyoFib
and Hs675.T myofibroblasts, curvilinear in CCD-112-CoN myofi-
broblasts and NHDF-Ad fibroblasts, but shallow in CRCs. Thus,
the pH; of CRC:s is relatively insensitive to pH, changes, whereas
the pH; of Hs675.T and InMyoFib myofibroblasts was highly re-
sponsive to pH, disturbances. These phenotypes are consistent
with the magnitude of acid-loading fluxes (Fig. 2F).

Stimulation with TGFB1 Increases Acid Uptake into Fibroblast-Related
Cells That Have Lower Baseline Activity. Cancer cells can influence
the phenotype of stromal cells by factors such as the cytokine
TGFp1 (15-17). The protocols described above were performed to
investigate the effect of TGFp1 on acid handling by myofibroblasts,
fibroblasts, and CRC cells. Cells were serum deprived and then
grown in low-serum or serum-free conditions with recombinant
TGFp1 (6 ng/mL) for 48 h, and time-matched control experiments
were performed in the absence of TGFp1. Sensitivity to TGFp1
was assayed in terms of SMAD?2 phosphorylation (pPSMAD?2) at
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TGFp1 - + - + - + - + - + - +
50= -
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g +TGFpA S E —~ i . . .
o 8 +TGFp1 T = g Fig. 3. Acid uptake in CCD-112-CoN myofibroblasts
= 2 £ and NHDF-Ad fibroblasts is increased by TGFB1 sig-
§' 4 o naling. (A) Immunoblot showing the effect of TGFp1
o b o8 ez g @@ on SMAD2 phosphorylation at S465/5467 (p-SMAD2)
g § S gf;}' uo‘. e and total SMAD?2 levels. (Bi) Acid uptake into NHDF-
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(D) Immunoblot showing effect of TGFB1 stimulation
on total AE2 expression. TGFp1 treatment also in-
creased the expression of a-smooth muscle actin
(@SMA), a known downstream target, in NHDF-Ad
and CCD-112-CoN cells. (E) Densitometric quantifica-
tion of total AE2 levels, determined by immunoblot.
Mean + SEM from three experiments. (F) In TGFp1-
treated cells, H" influx was inhibited by DIDS (300
pM) and was reduced in the absence of CO,/HCO5™.
Mean + SEM of 10-50 myofibroblasts or 200-300
CRGs, repeated three times for each condition.
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S465/S467, a downstream reporter of TGFp1 signaling (Fig. 34).
Under TGFp1 stimulation, the pPSMAD2/SMAD? ratio increased
sixfold in Hs675.T and NHDF-Ad cells, fourfold in InMyoFib
cells, approximately threefold in CCD-112-CoN cells, twofold in
HCT116, and was unchanged in HT29 cells. Thus, the fibroblast-
like cells show robust TGFp1 responses, whereas HCT116 cells show
only a weak response and HT29 are essentially TGFp1-insensitive.
Refractoriness to TGFp1 is commonly observed in CRC cells,
and is consistent with mutations in the type II TGFp1 receptor in
HCT116 cells and other RER-positive lines, and SMAD4 mutations
described in HT29 cells (17, 27, 28).

Treatment with TGFp1 increased acid uptake into NHDF-Ad
fibroblasts (Fig. 3Bi) and CCD-112-CoN myofibroblasts, but not in
InMyoFib and Hs675.T myofibroblasts, where flux was already
high in serum-free conditions (Fig. 3C). The stimulatory effect of
TGFp1 on acid uptake into CCD-112-CoN and NHDF-Ad cells
was not associated with a change in cell dimensions (Fig. S8 A and
B) but, instead, correlated with an increase in the total level of AE2
protein (SLC4A2 product) measured by immunoblot near ~140 kDa
(Fig. 3 D and E). In SLC4A2 knockdown NHDF-Ad cells (con-
struct 2 in Fig. 2F), the effect of TGFf1 on acid loading was
greatly reduced (Fig. 3Bii), confirming the involvement of AE2 in
this pH; response. Since the acid-loading protocol measures the
activity of transporters at the cell surface, the TGFp1 effect on
wild-type cells relates to an increase in plasmalemmal AE2 activity.
In Hs675.T myofibroblasts, a heavier AE2-positive band became
apparent with TGFp1 treatment, but this did not correlate with a
change in activity, indicating that the ~140-kDa band relates better
to the functional read-out. Acid uptake rates in HCT116 and
HT29 cells remained low even after TGFf1 treatment. Consistent
with this, TGFp1 did not induce SLC4A42 expression in the CRC
cells. DIDS (300 pM) greatly reduced acid uptake (quantified as
parameter ) in TGFp1-treated stromal cells but had no inhibitory
effect on acid loading in CRC cells (Fig. 3F). In summary, TGFp1
signaling stimulates acid uptake activity in fibroblast-like cells that
have lower baseline fluxes; in contrast, CRCs are refractory.

Cell-to-Cell Transmission of Acid Through Gap Junctions Is High Between
Fibroblast-Related Cells but Absent in CRC Cells. The cytoplasm of an
individual cell is a finite reservoir for H* ions that will, eventually,
become saturated under a sustained extracellular acid load. How-
ever, cells of a tissue can be coupled to produce a syncytium for
transmitting small solutes over long distances (e.g., from hypoxic to
well-perfused regions). Such coupling may provide a viable route
for carrying acid away from regions of metabolic production in lieu
of adequate vasculature. Diffusive coupling between cells was
measured in confluent monolayers, loaded with the fluorescent
marker calcein, in terms of the rate of fluorescence recovery fol-
lowing bleaching in a region of interest (ROI) wholly inside a central
cell. Fig. 44 shows an example time course of fluorescence recovery
after photobleaching (FRAP) in a CCD-112-CoN myofibroblast;
fluorescence recovery was blocked fully by the gap junction inhibitor
CBX (100 pM). By best fitting to an exponential curve, the recovery
time course yields a coupling constant «, proportional to cell-to-cell
calcein permeability (Materials and Methods). k was high and CBX-
sensitive in all four stromal cell lines, thus demonstrating strong cell-
cell coupling via gap junctions (Fig. 4Bi). This activity was sub-
stantially greater than in HEK293.T cells, a positive control for
epithelial coupling. In contrast, HCT116 and HT29 CRC cells had
negligible coupling.

Previous studies have demonstrated an acute effect of pH; on
cell-to-cell coupling (29, 30). To test whether acidification un-
couples the stromal syncytium, FRAP experiments were repeated
on NHDF-Ad and InMyoFib monolayers equilibrated (>10 min)
with acidic media. Under this protocol, both pH. and pH; are
reduced, but strong coupling persisted in both stromal cell types
(Fig. 4Bii). Thus, gap junctions remain open when cells are pre-
sented with an extracellular acid challenge.
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The highly buffered milieu inside cells hinders the movement of
free H* ions; therefore, the transmission of acid between cells
relies on H* ions being chaperoned aboard mobile (diffusible)
H* buffers (29, 31). These buffers include CO,/HCO3~ and
“intrinsic” molecules, such as amino acids, peptides, and phos-
phates. CO,/HCO;™ is present in all cells because CO, equili-
brates across membranes rapidly (32), but its efficacy as a mobile
buffer is restricted by low cytoplasmic carbonic anhydrase ac-
tivity in fibroblast-related cells (33) (Fig. S3). In contrast, the re-
action kinetics of intrinsic buffers are rapid (34), but their
concentration in fibroblast-related cells is not known. To assay the
content of intrinsic buffers, cytoplasmic H* diffusivity was mea-
sured in sparsely cultured cells loaded with ¢SNARF1 and
superfused with CO,/HCO;™ -free (Hepes-buffered) solution.
Superfusates also included 0.5 mM 6-nitroveratraldehyde (NVA),
a membrane-permeant photolabile caged H* compound that re-
leases acid upon exposure to UV light (35) (0.5 mM NVA or its
photolytic product do not cause abnormal changes in cell mor-
phology, such as blebbing or loss of membrane integrity; Fig. S9).
A point-source of acid was produced by alternating between
whole-field imaging for pH; (c¢SNARF1 fluorescence) and UV
excitation in a small ROI to uncage H* ions (34) (exposure to UV
light in the absence of NVA does not acidify cells; Fig. S9). Dis-
sipation of acid away from the photolysis site was quantified in
terms of a cytoplasmic diffusion coefficient (D.y,) by best-fitting
[H*] time courses (Fig. 4Ci) to a diffusion algorithm (Materials
and Methods). Intrinsic Dy, plotted in Fig. 4Cii, demonstrates
adequate mobile buffering, which was higher in fibroblast-related
cells compared to CRC cells.

Transmission of acid between cells is the product of gap-
junctional conductance and mobile buffering capacity. This was
measured by NVA photolysis in confluent monolayers in the
presence or absence of CO/HCO;~. H* ions were uncaged in a
central cell and their spread into neighboring cells provided a
measure of H* diffusivity through the syncytial tissue (Dyg). An
example of this experiment in an NHDF-Ad monolayer super-
fused with CO,/HCO;5 -buffered solution is shown in Fig. 4Di.
Acid transmission was blocked with 100 pM CBX, confirming
a junctional route (Fig. S104). The alternative, parajunctional
route would involve an extracellular intermediate step, but the
involvement of this can be excluded on the basis that superfusion
promptly clears extracellular acidity before it could acidify neigh-
boring cells. Arguing against a parajunctional route, the Na*/H*
inhibitor dimethylamiloride and the HCO;™ transport inhibitor
DIDS did not affect cell-to-cell acid transmission (Fig. S10B). Dy;g
was high in fibroblast-related lines, but negligible in CRC mono-
layers (Fig. 4Dii), in agreement with FRAP data (Fig. 4B). The
spacing between the geometrical centers of cells is a measure of
how far apart their gap junctions are. These distances were longer
in fibroblast-related cells, compared to CRC cells (Fig. 4E), but
this cannot explain the observed differences in Dy;s. No significant
difference in Dy was observed in the presence or absence of
COyHCOs5™. The apparent ineffectiveness of CO,/HCO;™ in trans-
mitting H* ions between cells is likely to relate to low cytoplasmic
carbonic anhydrase activity (33). As a result, H* ions are preferen-
tially shuttled by rapidly reacting intrinsic buffers, a mechanism that
is equally active in the presence or absence of CO,/HCO;™.

Gap junctions are made of connexin proteins, including Cx26,
Cx43, and Cx45, which produce high-conductance gap junctions
in many different types of tissues (36). Myofibroblasts, fibro-
blasts, and CRC cells were tested for expression of Cx26, Cx43,
and Cx45 protein by immunoblot (Fig. 4F). The functional data
(Fig. 4B) correlated best with Cx43 expression. Levels of Cx45
protein in stromal cells were substantially lower than Cx43.
Weak Cx45 immunoreactivity was present in CRCs, but the ab-
sence of functional coupling in CRCs indicates that these levels
are inadequate to meaningfully facilitate H" transfer between
cells. Cx26 was absent in the cell lines studied. Microarray data for
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92 CRC lines showed that 72 lines including HCT116 and HT29
have very low GJAI message (coding for Cx43 protein) (Fig. S6B).
Weak or absent cell-to-cell diffusive coupling by Cx43 is therefore
predicted for a majority of CRC lines.

TGFp1 Stimulation Increases Gap-Junctional Acid Transmission
Between Cells That Also Respond with an Increase in Acid Uptake.
Cell-to-cell diffusive coupling and acid transmission were
measured in cells that were first serum deprived and then cul-
tured in serum-free/low-serum conditions in the presence or
absence of recombinant TGFp1 (6 ng/mL). TGFp1 increased
coupling x, measured by FRAP, in NHDF-Ad and CCD-112-
CoN cells, but did not affect coupling in Hs675.T or InMyoFib
myofibroblasts. Confluent CRC monolayers remained uncou-
pled even after TGFp1 treatment (Fig. 54). TGFp1 did not
affect intrinsic mobile H" buffering, quantified in terms of the
cytoplasmic H* diffusion coefficient (Deyo; Fig. 5B). In agreement
with a strengthening of coupling x, TGFp1 increased cell-to-cell
acid transmission (Dy;s) measured by photolytic H* uncaging in
NHDF-Ad (Fig. 5C) and CCD-112-CoN cells, but did not affect

Hulikova et al.

muscle actin («(SMA).

acid transmission between CRCs (where it was absent) or the
other myofibroblasts (where basal activity was already high; Fig.
5D). Comparable values of Dy;ss were obtained in the presence and
absence of CO,/HCO;5~ (Fig. 5D), in agreement with findings
shown in Fig. 4D. The effect of TGFf1 on acid transmission be-
tween fibroblasts was not due to a change in the spacing between
geometrical centers of coupled cells (Fig. S8C). Immunoblotting
for Cx43 demonstrated a TGFp1-evoked change in the intensity of
Cx43-specific bands representing a range of posttranslational
states (Fig. 5Ei). Previous studies (37, 38) have demonstrated that
Cx43 activity is related to Cx43 phosphorylation state, which can
be quantified in terms of the ratio of the upper bands (referred to
in the literature as P1 and P2) to the total signal of all Cx43-
immunopositive bands. In NHDF-Ad cells, treatment with TGFp1
increased the relative intensity of the upper Cx43 band by 2.3 +
0.55-fold (from 15% to 32% of total signal; P = 0.003; Fig. S5Eii).
No consistent TGFp1-related change in Cx45 expression was ob-
served (Fig. SEi). In summary, TGFf1 stimulation can increase
cell-to-cell coupling between fibroblast-like cells, but not between
CRC cells.

PNAS | Published online August 19, 2016 | E5349
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Discussion

Metabolism by CRC cells releases large amounts of acid into the
extracellular tumor microenvironment (39), which must be cleared
efficiently. The findings of this study propose a role for the tumor
stroma as a high-capacity reservoir for absorbing and transporting
acid. The stromal compartment absorbs excess extracellular
acidity by means of AE2 activity, the product of the SLC4A42 gene.
Essentially all cells undergo some degree of acid loading when
bathed in acidic media through the combined activity of many
different acid-base transporters, but our results demonstrate that
high SLC4A2 expression gives stromal cells a competitive advan-
tage over CRCs in absorbing tumor acidity. This effect resembles
competition for a common substrate (in this case, acid): the
compartment with the highest acid uptake rate will absorb the
greatest share of extracellular acidity. The capacity of a stromal
cell to take up acid is enhanced by cell-to-cell coupling, which
dissipates H" ions across the syncytial volume. Coupling is
attained by gap junctions formed by connexins, such as Cx43
(product of GJAI). The diffusive transport of H" ions through gap
junctions and across the syncytium is facilitated by mobile buffers
(29), which are present in stromal cytoplasm. Because stromal
cytoplasmic carbonic anhydrase activity is low (33), the majority of
H" traffic is carried aboard membrane-impermeant (intrinsic)
buffers rather than by membrane-permeant CO,/HCO5™, and is
consequently routed through the syncytial cytoplasm. Collectively,

E5350 | www.pnas.org/cgi/doi/10.1073/pnas. 1610954113

the stroma has the acid-handling apparatus necessary for estab-
lishing an acid-venting route that is an alternative to the tortuous
extracellular space (40-42). In contrast, CRC cells, with low acid
uptake rate and absence of gap-junctional coupling, are unable to
vent acidity this way. As a result, the stromal syncytium, but not
CRC cells, is able to conduct a transcellular flow of acid.

The model of stromal acid handling was inferred from mea-
surements in two CRC cell lines (HT29 and HCT116) and a
panel of fibroblast-related cell lines (colonic Hs675.T, colonic
CCD-112-CoN, intestinal InMyoFib, and skin NHDF-Ad), and
further supported by gene expression studies on a wider panel of
CRC cells, myofibroblasts, and fibroblasts (Fig. 1 and Fig. S6).
Using recently validated markers (11), Hs675.T, CCD-112-CoN,
and InMyoFib were identified as myofibroblasts, whereas
NHDF-Ad was confirmed as a skin fibroblast cell line (Fig. S1).
Microarray analysis of primary colonic myofibroblasts and skin
fibroblasts confirmed that SLC4A42 is the most highly expressed
gene among candidates for acid-loading transporters of the
SLC4 and SLC26 superfamilies (Fig. 1). All four fibroblast-related
cell lines were positive for AE2 (product of the SLC4A42 gene),
which correlated with aSMA expression (Fig. 2E). Previous
studies have found stromal «SMA expression to have prognostic
value (12, 43, 44), and we speculate that higher AE2 levels in these
cells may be beneficial in terms of acid handling. Hs675.T and
InMyoFib myofibroblasts had the highest AE2 protein levels and
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very high acid uptake activity (Fig. 2), which persisted in the absence
of serum and were unaffected by TGFp1 treatment (Fig. 3). The
magnitude of acid uptake into myofibroblast is substantial,
reaching levels of several tens of millimoles per liter per minute.
The HCO;~ dependence of this flux indicates that the process
involves secretion of HCO;™ ions into the extracellular space for
titrating H* ions. SLC4A42 knockdown in InMyoFib myofibro-
blasts reduced acid uptake activity to the same level as in CRC
cells, confirming that AE2 expression is related to the propensity
of the stroma to absorb acid (Fig. 2). Because the stromal uptake
of extracellular acid must occur across the plasma membrane, a
population of surface-expressed AE2 protein underlies the mea-
sured activity in wild-type cells. Furthermore, the pH.—pH; re-
lationship in myofibroblasts was steep, indicating that acid uptake is
highly responsive to changes in pH. (Fig. S7). The acid uptake
process is fully reversible (Fig. 24); therefore, the stromal syncytium
would release its acid load into a well-perfused microenvironment
of pH. closer to 7.4. CCD-112-CoN myofibroblasts, in contrast to
InMyoFib and Hs675.T cells, had lower AE2 expression and acid
uptake activity, but these were raised by TGFp1 signaling (Fig. 3).
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Fig. 6. Role of the myofibroblast syncytium in absorbing and transporting
acid. (A) Myofibroblasts produce a syncytial cytoplasmic volume by means of
gap-junctional coupling (GJs). Acid uptake (Up) across the cell membrane loads
the myofibroblasts syncytium with acid, produced primarily by cancer cell
metabolism. The transmyofibroblast route is an alternative pathway for re-
moving acid, in parallel to the extracellular route. (B) Mathematical model of
pH in tumor compartments consisting of extracellular space, myofibroblasts
(MFs), and colorectal cancer (CRC) cells. See Supporting Information for further
details. (/) Extracellular pH and (ii) cancer cell pH modeled as a function of
tumor depth. Cancer cell metabolic rate set as 4 mmol H*-L~".min~", and 10-fold
lower for myofibroblasts. Volume fraction of myofibroblasts was varied to
show the effect of stromal acid handling on steady-state pH. Effect of cancer
cell metabolic rate on the (i) extracellular pH and (iv) cancer cell pH at the
hypoxic region of the tumor.

Hulikova et al.

This behavior resembles the response of normal skin NHDF-Ad
fibroblasts (Fig. 3). The acid-loading response to TGFf1 was
substantially reduced in SLC4A42 knockdown fibroblasts, which
argues for the involvement of plasmalemmal AE2 activity in the
TGFp1 response observed in wild-type cells (Fig. 3Bii). It is note-
worthy that among the myofibroblasts, CCD-112-CoN cells showed
the greatest variability in expression of the myofibroblast marker
NKX2-3, which may relate to differences in acid handling between
CCD-112-CoN cells and the other two myofibroblast lines.

HT29 and HCT116 lines have been used extensively in many
previous studies of CRC (45). These lines were selected for this
investigation because their pH; regulation is well characterized
(8, 20) and their TGFp1 sensitivity is ablated, but for different
reasons. AE2 protein was not detected in HCT116 and HT29
cells, in agreement with their low acid uptake rates and shallow
pHe—pH; relationship. Thus, CRC cells absorb acidity slowly and
to a limited extent, such that their steady-state pH; is relatively
insensitive to fluctuations in microenvironment pH, (Fig. S7). A
microarray of 92 CRC lines confirmed that, in terms of SLC4A2
message, HCT116 and HT29 were not outliers; thus, low AE2
activity may be considered typical of CRC cells (Fig. S64).
Treatment with TGFp1 did not affect acid loading into HT29 and
HCT116 (Fig. 5), which is consistent with the observations that
CRC lines have reduced sensitivity to TGFp1 (17) as a result of
genetic changes, such as mutations in the TGFB1RII receptor
(associated with RER-positive lines such as HCT116) or SMAD4
(e.g., in HT29 cells) (27, 28). Indeed, refractoriness to TGFf1 is a
feature of many human colorectal tumors (17, 46-48), and several
other CRC lines (e.g., LS180, Lovo, SW480, SW949, and CaCo2)
are even less responsive to TGFp1 compared to HCT116 and
HT?29 cells (17). These observations suggest that the absence of
TGFp1-evoked SLC4A42 expression may be a more general
CRC phenomenon.

All four fibroblast-related cells were capable of producing a
well-coupled syncytium that can conduct a flow of acid between
cells. The appearance of acid in neighboring cells during a local-
ized, UV-controlled release of acid in a central cell indicates that
the transfer of H" ions takes place via channels, such as gap
junctions assembled from connexins including Cx43 (product of
GJAI). Passage through the extracellular space can be excluded
because the monolayers were under superfusion and any acid
ejected from a “source” cell would be washed away before it could
be captured by neighboring cells. A junctional mechanism is also
supported by CBX sensitivity (Fig. S104), insensitivity to inhibitors
of acid-base transporters (Fig. S10B), and the observation that
calcein, a relatively large molecule (0.6 kDa), is able to permeate
(Fig. 4). The fibroblast-related cells that responded to TGFp1 by
raising SLC4A2 expression and acid uptake activity (i.e., CCD-
112-CoN and NHDF-Ad) also increased their cell-to-cell coupling
in a bid to ensure that these two fluxes are closely matched (Fig. 5).
A likely mechanism for increased coupling is a change in the
phosphorylation state of Cx43 (Fig. 5E), a well-documented
posttranslational modification affecting Cx43 activity (37, 38).
Confluent HCT116 and HT29 monolayers, in contrast, did not
form such a coupled volume and were Cx43 negative, even under
TGFp1 stimulation (Figs. 4 and 5). Microarray analysis of 92 CRC
lines demonstrated that low GJ41 message was found in the ma-
jority of cases (Fig. S6B). Thus, only the tumor stroma is capable of
transmitting cytoplasmic H' ions over longer distances. Because the
stromal volume is large and rich in mobile H* carriers, it may
produce a viable route for siphoning acid in lieu of adequate
vasculature.

The measurements presented in this study have characterized
the individual elements of acid handling in stromal cells. A com-
putational model was used to investigate how these elements may
work together in producing a route for acid venting. The three-
compartment model (stromal, cancer, and extracellular space)
included variables describing compartment size, metabolic rate,
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acid uptake rate, and cell-to-cell acid transmission (Fig. 64; the
equations are given in Supporting Information and model param-
eters are listed in Table S1). Using the experimental data obtained
herein, the model simulated the effect on compartment pH of
including a myofibroblast syncytium among cancer cells. The
cancer cell-to-myofibroblast ratio and geometry of the model tis-
sue can be set to a level relevant to solid tumors in vivo. For a
tumor that is 30% extracellular fluid of tortuosity that reduces
diffusivity 10-fold (40—42), with an intracellular tortuosity of 2-fold
(49), of a capillary-to-core distance of 300 pm (i.e., beyond the O,
diffusion distance), and a metabolic rate that is an order of magni-
tude higher in CRCs compared to myofibroblasts, steady-state pH.
and cancer cell pH; reach acidic levels at the tissue core (Fig. 6 Bi
and Bii; here simulated for a cancer cell metabolic rate of 4 mmol
H*-L™"min™"). Increasing the myofibroblast-to-cancer cell ratio
produced less acidic pH levels. Consequently, incorporating myofi-
broblasts into the tumor mass would allow cancer metabolism to
operate at a higher rate, without excessively acidifying the immediate
milieu (Fig. 6 Biii and Biv). In summary, simulations based wholly on
experimental data support the proposal of an acid-absorbing
myofibroblast syncytium that is capable of transporting acid.

The molecules implicated in stromal acid handling (acid-
loading AE2 protein, acid-conducting Cx43 channels, and H"-carrying
intrinsic mobile buffers) are potential targets for influencing
tumor pH. These molecules have not been recognized thus far
because our understanding of tumor pH regulation has been
based mostly on acid extrusion processes measured in cancer
cell monoculture. Although DIDS and CBX block AE2 and Cx43,
respectively, these drugs have off-target effects and systemic tox-
icity in vivo. As shown for CCD-112-CoN myofibroblasts and
NHDF-Ad fibroblasts, the activity of AE2 and Cx43 is sensitive to
TGEFp1 stimulation, and this may provide an alternative means for
manipulating the stromal acid-handling process via modulators of
TGFp1 signaling. It is noteworthy that commercially available
culture sera can contain significant amounts of TGFf1 (11),
which may affect acid-handling measurements under conditions
assumed to be basal. To summarize, we propose that in solid
tumors the stromal route for venting acid may be significant in
lieu of adequate vasculature. By acting as pH,-gated acid res-
ervoirs, myofibroblasts may also be critical in dampening the
amplitude of transient acid/base challenges that coincide with
fluctuations in blood flow (50).

Materials and Methods

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 ug of fragmented
and labeled cDNA was hybridized to the Affymetrix GeneChip U133+2 arrays.
Partek Genomic suite software was used to compare expression profiles be-
tween the fibroblast and myofibroblast cultures. For detection of differentially
expressed genes, P values were adjusted for multiple testing using the
Benjamini and Hochberg step-up procedure with a false discovery rate-
corrected P value cutoff of 0.05.

RNA Isolation and RT-qPCR. TagMan (Applied Biosystems) real-time PCR (RT-
gPCR) probes and primers were used to measure gene expression. Total RNA
was extracted using Qiagen RNeasy Spin Columns according to the manu-
facturer’s instructions. RNA quality was determined by analysis with a Nano-
Drop spectrophotometer (Thermo Fisher). All reverse transcription reactions
were prepared using the Life Technologies High Capacity cDNA Synthesis kit
with random primers according to the manufacturer’s instructions. Compar-
ative real-time PCR was performed in triplicate. cDNA samples were used as
input for TagMan quantitative PCR using predesigned, manufacturer-val-
idated primers and probes. RT-qPCR-based expression levels are given as
ACt values converted to actual numbers by appropriate factors of 2, using
UBC as the endogenous control. Further details of method and analysis are
given in ref. 11.

Primary Cells and Cell Lines. Three human normal skin fibroblast and foreskin
fibroblast cultures were established in the laboratory of W.F.B. Myofibroblasts
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were isolated from tumor and nontumor regions of whole colon tissues as
described in ref. 11. Fresh tissues were from patients operated on for primary
colorectal tumors at the Oxford University Hospitals. Project approval was
obtained from the local Research Ethics Board, National Health Service (NHS)
National Research Ethics Service (NRES) Committee South Central - Oxford C,
and informed consent was obtained from each patient. The successful primary
myofibroblast cultures were labeled myo1998 (normal), myo2020 (cancer),
myo6024 (normal), and myo2156 (cancer). Two colorectal carcinoma (HCT116
and HT29), one embryonal kidney (HEK293.T), four myofibroblast lines (Hs675.T,
InMyoFib, CCD-112-CoN, and CCD-18Co), and one fibroblast line (NHDF-Ad)
were obtained from the American Type Culture Collection (HCT116, Hs675.T,
CCD-112-Con, and CCD-18Co), Lonza (InMyoFib and NHDF-Ad), and Cancer
Research UK (HT29 and HEK293.T). Cells were grown in HCO3™-containing, high-
glucose DMEM in 5% CO, and 21% O, (Galaxy 48R; New Brunswick). Unless
indicated otherwise, media contained 10% (wt/vol) FCS. For coculture experi-
ments, HT29 and eGFP-expressing InMyoFib cells (lentiviral transduction) were
plated at a starting ratio of 1:50 and grown for 4-5 d until confluent mono-
layers were formed. For experiments testing effects of TGFp1, cells were first
cultured for 24 h in low-FCS (0% FCS for NHDF-Ad, CCD-112 Con, HCT 116, HT29;
1% FCS for InMyoFib; 2% FCS for Hs675.T cells; minimum FCS content that
supported growth was determined empirically). Subsequent to this, cells were
cultured for 48 h in low-FCS supplemented with 6 ng/mL human recombi-
nant TGFB1 (Life Technologies). TGFB1 was not added to time-matched
control experiments. Cell cultures were regularly tested for Mycoplasma
(MycoAlert Assay; Lonza).

Immunoblotting. Cells were lysed in RIPA buffer [Cell Signaling Technologies
(CST)] for 20 min on ice. Lysates were then centrifuged at 13,400 rpm for
20 min at 4 °C (IEC Micromax) to obtain supernatant, which was subjected to
protein measurement by BCA assay (Life Technologies). This was followed by
SDS/PAGE electrophoresis and blotting. PVDF membranes were blocked by
5% milk in PBS with 0.1% Tween 20, and then incubated with primary an-
tibody against SLC4A2/AE2, a-SMA, GJC-1/Cx45 (Novus Biologicals), GJA-1/
Cx43 (CST), GJB-2/Cx26 (Abcam), MCT1, and MCT4 (Millipore) overnight, or
against p-tubulin-HRP and actin-HRP (CST) for 1 h at room temperature.
Secondary antibodies were used according to manufacturers’ instructions.
Immunoreactivity was visualized using ECL (Life Technologies).

Immunofluorescence. Cells were grown to 50-80% confluency, fixed with 4%
paraformaldehyde in PBS (Pierce; Life Technologies) and permeabilized with
0.2% Triton X-100 in PBS. After blocking with 3% BSA in PBS for 2 h, cells
were incubated with primary antibodies against SHOX2 and NKX2-3 (Novus
Biologicals) or rabbit polyclonal antibody against human AE2 (RayBiotech)
overnight at 4 °C. Cells were then washed and incubated with goat anti-
rabbit Alexa Fluor 488 (NKX2-3, AE2) and chicken anti-mouse Alexa Fluor
488 (SHOX2) secondary antibodies (Life Technologies). Cell nuclei were
costained with Hoechst 33342 (Life Technologies).

shRNA Knockdown. HEK293T packaging cells were plated into 25T T/C flasks
and grown to 50% confluency, and transfected (CaPO, method) with
packaging plasmids pSPAX2 and pMD2.G (gift from A. H. Harris, Oxford) and
four shRNA expression constructs (Genecopoiea, HSH017367-LVRU6GP for
AE2/SLC4A2 knockdown; CSHCTR0O01-LVRU6GGP as scrambled control). Lentivirus-
containing media were collected, filtered through 0.45-um syringe filter, and
added to NHDF-Ad and InMyoFib cells for 72 h.

Solutions. CO,/HCOs -free solution contained 125 mM NaCl, 20 mM Hepes
(titrated to pH 6.4, 6.8, or 7.4 with 4 M NaOH), 4.5 mM KCl, 11 mM glucose,
1 mM CaCly, and 1 mM MgCl,. CO,/HCO;™-buffered solution was bubbled with
5% CO,/95% O,; Hepes was replaced with 2.2, 5.5, or 22 mM NaHCOs (final pH
6.4, 6.8, or 7.4); and total [Na*] was adjusted to 147 mM with NaCl. Super-
fusion was performed at 37 °C in 2-mL Lab-Tek chambers (Nunc; Thermo) that
allow fast solution exchange. FRAP experiments were performed in Ibidi slides
(Thistle Scientific) heated to 37 °C by thermal block. NVA was added from
0.5 M DMSO stock, dropwise, to a well-stirred warm solution at pH 7.4.

Imaging. Fluorescence was imaged confocally (Zeiss LSM 700) on an inverted
microscope (Zeiss Axiovert). To measure pH;, cells were AM loaded (10 min)
with 10 pM cSNARF1 (excitation, 555 nm; emission, 580 and 640 nm).
c¢SNARF1 fluorescence ratio was converted to pH; using a calibration curve
obtained using the nigericin method. For FRAP, cells were AM loaded
(10 min) with calcein (excitation, 488 nm; emission, >525 nm).
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Equations for Flux Analyses. Acid uptake flux J (units of millimoles H* per
liter per minute) was calculated as dpHi/dt x g, where g is buffering ca-
pacity (equal to intrinsic buffering in Hepes-buffered media or intrinsic
plus CO,/HCO3 -dependent buffering in CO,/HCO3 -containing media).
Cell-to-cell diffusive coupling « (units of micrometers per second): FRAP
recovery time course was best-fitted to an exponential curve. In the case
of large cells (such as fibroblasts), the fitting function was a biphasic ex-
ponential curve f(t) = Ag — Afast X eXP(=t/tfast) — Asiow X €XP(=t/7510w)- The
faster time constant z¢, reflects diffusion within the photobleached cell
and the slower time constant 4., is inversely proportional to cell-to-cell
calcein permeability through gap junctions, x. Using the perimeter/cell
area ratio p for the central cell, x was calculated as Agow/(tsiow X p X (1 — Ag +
Asiow)). HY diffusion coefficient D (units of square micrometers per
second): [H*] time courses in ROIs were fitted to a diffusion algorithm
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o[H*)/ot = 0*[H*1/ox? + I(x), where [ is a function describing localized H*
injection (photolysis) rate. For measurements of H* ion diffusivity in single
cells (Dcen), the equation was 1D and ROIls were selected in three regions of
the cell along the long axis. For measurements of H* ion diffusivity in
monolayers (Dyss), the equation was 2D and ROIs were the central and
neighboring cells in the monolayer. Data are reported as mean + SEM, and
significance was tested at 5% level by t test.
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