pPHLARE: A New Biosensor Reveals Decreased Lysosome pH in Cancer Cells
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Abstract

Many lysosome functions are determined by a lumenal pH of ~5.0, including the activity of
resident acid-activated hydrolases. Lysosome pH (pHlys) is often increased in
neurodegenerative disorders and predicted to be decreased in cancers, making it a potential
target for therapeutics to limit the progression of these diseases. Accurately measuring pHlys,
however, is limited by currently used dyes that accumulate in multiple intracellular
compartments and cannot be propagated in clonal cells for longitudinal studies or used for in
vivo determinations. To resolve this limitation, we developed a genetically encoded ratiometric
pHlys biosensor, pHLARE (pH Lysosomal Activity REporter), which localizes predominantly
in lysosomes, has a dynamic range of pH 4.0 to 6.5, and can be stably expressed in cells. Using
pHLARE we show decreased pHlys with inhibiting activity of the mammalian target of
rapamycin complex 1 (mTORC1), in breast, pancreatic, colon, and glioblastoma cancer cells
compared with untransformed cells, and with the activated oncogenes H-RasV12 and R-
RasV12. pHLARE is a new tool to accurately measure pHlys, for improved understanding of

lysosome dynamics that could be a promising therapeutic target.



Introduction

Lysosomes function as catabolic hubs independently as well as downstream of autophagy and
nutrient sensing by mammalian target of rapamycin complex 1 (mTORC1). Additionally,
lysosomes contribute to trafficking of intracellular vesicles, plasma membrane repair, pathogen
degradation, resistance to chemotherapies, and a broad range of homeostatic responses to
environmental cues (Xu and Ren, 2015; Perera and Zoncu, 2016). The lumenal pH of lysosomes
(pHlys) is a major determinant of many lysosome functions, including catabolism by lumenal
acid-activated hydrolyases (Mindell, 2012), fusion with endosomes and cargo sorting
(Marshansky and Futai, 2008; Scott and Gruenberg, 2011), and roles in Ca** homeostasis (Lee
et al., 2015). Although pHlys in normal cells is thought to be tightly regulated at ~ 5.0, it is
increasingly recognized to be dysregulated in diseases. Dysregulated lysosomes are common in
neurodegenerative disorders (Nixon, 2013). Although controversial, increased pHlys is
suggested with neurodegeneration (Majumdar et al., 2007; Wolfe et al., 2013; Lee et al.,
2015), which is predicted to attenuate activity of lumenal acid-activated hydrolases and decrease
protein degradation leading to protein aggregation. Increased pHlys is also reported with
diabetic nephropathy (Liu et al., 2015) and is a determinant in some pathologies of lysosomal
storage diseases (Colacurcio and Nixon, 2016) and in osteopetrosis (Kornack et al., 2001). In
contrast, decreased pHlys may occur in cancers compared with untransformed cells, based on
changes in autophagosome activity (Kenific and Debnath, 2015), roles in multidrug resistance
(Daniel et al, 2013; Zhitomirsky and Assaraf, 2016), and reversed pHlys and cytosolic pH
dynamics (Liu et al., 2018), with the latter confirmed to be higher in most cancers (Webb et al.,
2011; White et al., 2017b). A lower pHlys in cancer would be consistent with cancer cells

having increased lysosomal catabolism of macromolecules (Perera and Zoncu, 2016), which



likely contributes to metabolic reprograming for increasing biomass to fuel rapid proliferation.
Accordingly, targeting mechanisms of dysregulated pHlys dynamics is proposed as a
therapeutic approach to limit some disease pathologies (Wolfe et al., 2013; Appelqvist et al.
2013; Piao and Amaravadi, 2016; Fraldi et al., 2016).

Accurately determining pHlys, however, is currently limited by the lack of selective and
effective probes, particularly for longitudinal or in vivo studies. This is in contrast to a number
of highly reliable reagents for accurately measuring cytosolic pH, including fluorescent dyes
and genetically encoded biosensors (Grillo-Hill et al., 2014). Commonly used reagents for
measuring pHlys have a number of caveats (Wolfe et al., 2013). Fluorescent dextran conjugates
are taken up by endocytosis or macropinocytosis and accumulate in lysosomes but also other
types of intracellular vesicles. Oregon green dextran conjugates are an improvement over the
originally used fluorescein dextran that has a low signal in acidic compartments and
photobleaches rapidly, and are ratiometric for quantitative measurements (Johnson, et al., 2016).
However, all dextran conjugates require >24 h pulse-chase labeling protocols through endo-
lysosomal trafficking and cannot be propagated in cells (Nilsson et al., 2010; Wolfe et al, 2013;
Johnson et al., 2016). Using the membrane permeant dyes LysoTracker and LysoSensor that
accumulate in acidic compartments resolves caveats with uptake; however, they have
considerable background fluorescence outside lysosomes. LysoTracker, however, is not
ratiometric and hence allows only qualitative determinations. Lysosensor is ratiometric and it
has the best dynamic range of dyes used to measure pHlys, but it is not suitable for
measurements of more than a few minutes because it induces an increase in pHlys (Wolfe et al,
2013). Additionally, because LysoSensor and LysoTracker are substrates for P-glycoprotein and

actively transported out of cells (Zhitomirsky et al., 2018), their use in determining the role of



pHlys in resistance to cancer therapies is problematic. Nanoprobes that are pH sensitive have
also been used for determining organelle pH, but lysosome targeting remains problematic, and a
recently developed two-photon fluorophore conjugated to a lysosome targeting morpholine
(Wang et al., 2018) achieves specificity, but cellular uptake is similar to dyes and nanoprobes,
and as reported is not quantitative.

For an improved method to accurately and selectively quantify pHlys in real-time over
long time periods we developed a genetically encoded and ratiometric pHlys biosensor
designated pHLARE (pH Lysosome Activity REporter). Here, we describe the pHLARE design
of the lysosomal associated membrane protein 1 (LAMP1) tagged at lumenal and cytosolic
domains with distinct fluorophores, validate that pHLARE is predominantly localized in
lysosomes and has strong sensitivity with a broad dynamic range, and use pHLARE to show
changes in pHlys with known pharmacological regulators, including a decrease with inhibiting
mTORCI1 activity. We also confirm a lower pHlys in clonal cancer cells from different tissue
backgrounds and with different mutational signatures as well as epithelial cells expressing

oncogenic RasV12.

Results

pHLARE design and validation

To selectively quantify pHlys we generated pHLARE, a genetically encoded and ratiometric
biosensor that can be stably expressed in cells. pHLARE encodes rat LAMPI1, a lysosome
transmembrane protein, tagged at the lumenal amino-terminus with superfolder GFP (sfGFP)
(Fig. 1A), a GFP variant having a pKa ~ 5.9. We tested tagging the lumenal domain of LAMP1
with several fluorophores and found that sfGFP was optimal for dynamic range and limited

photobleaching, as well as having increased thermostability and improved folding kinetics
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compared with EGFP (Pédelacq, et al., 2006). The cytosolic pH probe pHluorin has a more
neutral pKa of ~ 7.0 (Grillo-Hill, et al., 2014) that is too high for the low lysosome lumenal pH.
mT-Sapphire and mCherry each have an appropriate pKa ~ 4.5 (Shaner et al., 2004), but mT-
Sapphire had a very low signal and substantial photobleaching. mCherry aggregated in the
lysosome lumen and responded poorly for calibrating fluorescent signal to pH. In contrast,
mCherry did not aggregate in the cytoplasm, hence we tagged the cytoplasmic carboxyl-
terminus of LAMP1 with mCherry (Fig. 1A). The low pKa of mCherry makes it insensitive to
changes in the cytosolic pH range and with sfGFP allows ratiometric analysis normalized for
abundance of the biosensor. When expressed in human retinal pigment epithelial (RPE) cells,
rat pHLARE localized predominantly in lysosomes, as indicated by co-labeling with
endogenous human LAMP1 (Fig. 1B). By incubating cells in buffers at known pH values and
containing the protonophore nigericin that allows intracellular membrane-bound compartments
to equilibrate with extracellular pH, total cell pHLARE fluorescence had a ratiometric dynamic
range between pH 4.0 and 6.5 (Fig. 1C) and no apparent degradation of a predicted ~ 150 kD
band, as indicated by immunoblotting cell lysates with antibodies to RFP (Fig. 1D). Two bands
for pHLARE likely represent different levels of LAMP1 glycosylation.

To develop methods to measure pHlys using pHLARE, we first analyzed how much
pHLARE fluorescence signal originated from lysosomes in live cells by determining the
fraction of pHLARE fluorescence within objects defined by SiR-lysosome, a highly specific
membrane-permeant far-red-tagged pepstatin A that binds cathepsin D (Fig. 1E). Nearly half of
the pHLARE mCherry fluorescence signal was associated with lysosomes (Fig. 1F) with the
other half mostly localized to the cell membrane. Importantly, using the same analysis, the

acidophilic dye LysoTracker was less specific with a substantial cytoplasm background and



only a third of the total LysoTracker fluorescence signal originating from lysosomes (Fig. S1E).
The distribution of the pHLARE mCherry lysosome signal remained the same in pH 7.0 and pH
5.0 nigericin buffers (Fig. 1F) and the total fluorescence signal remained nearly unchanged (Fig.
S1B), confirming pH independence of the mCherry channel within this calibration pH range. In
contrast, the fraction of pHLARE sfGFP signal in lysosomes increased significantly following
pH equilibration (Fig. 1F) while the total pHLARE sfGFP fluorescence signal decreased nearly
10-fold at low pH (Fig. SIB). Object-based quantification of the overlap of pHLARE mCherry
with SiR-lysosome showed high pH-independent co-localization of the mCherry channel with
SiR-lysosome (86 + 4% overlap) similar to co-localization between SiR-lysosome and
LysoTracker (78 + 6% overlap) (Fig. S1C). Together, these data demonstrate that pHLARE is at
least as specific for lysosomes as LysoTracker although a small contribution from pHLARE-
positive endosomes that have not yet fully matured into cathepsin D containing lysosomes
cannot be ruled out.

The fluorescence ratios of pHLARE were calibrated to pH with nigericin (Fig. 2A, B),
similar to calibrating measurements of cytosolic pH (Grillo-Hill et al., 2014). After each
experiment, cells are sequentially incubated with nigericin-containing buffers at higher (~ 6.5)
and lower (~ 5.0) pH. Nigericin, a protonophore, equilibrates extracellular and intracellular pH,
which provides fluorescence ratios at know pH values and calibration of pHLARE fluorescence
ratios to absolute pHlys, which is determined for each cell. However, because lysosomes have
differences in size, shape, aggregation and localization, and approximately half of the whole cell
pHLARE fluorescence signal does not originate from lysosomes, calibrating pHLARE
fluorescence is more complex than calibrating fluorescent probes for cytosolic pH. We therefore

developed an image analysis algorithm to objectively and reproducibly define lysosome objects



in the pHlys-insensitive mCherry channel (Fig. 2A). The average fluorescence intensities of
these objects minus corresponding backgrounds defined as the contour around each lysosome
object in the two pHLARE fluorescence channels were used to determine fluorescence ratios.
The pH value for each lysosome object is calculated based on the nigericin calibration for each
cell, as described above. It is important to note that during calibration, mCherry on the cytosolic
side of pHLARE is exposed to low pH. To minimize skewing the calibration curve, to quantify
pHlys we use calibration lower pH values between 5.0 to 5.2 (Fig. S1B). Although we typically
detected up to a hundred lysosome objects per cell, lysosomes are often close to one another and
therefore lysosome objects frequently contain many lysosomes especially in central cell areas
where lysosomes tend to cluster. While it may be possible to estimate the number of individual
lysosomes based on the area of a lysosome cluster, we did not attempt this. In addition, because
pHLARE fluorescence channels are acquired sequentially, a very small number of lysosomes
that move substantially between the two image acquisitions will yield erroneous and unrealistic
measurements (Fig. 2B) and individual lysosome object pH values within a cell should be
interpreted cautiously. To minimize the impact of such outliers, we use the median pH of all
lysosome objects per cell to calculate a cell pHlys. Thus, the median pHlys is based on
lysosome objects and not individual lysosomes and individual pHlys values within a cell should
be interpreted cautiously. Because all lysosome objects are weighted equally, individual
lysosomes and small clusters contribute more to the median cell pHlys. We were concerned that
pHlys equilibration would be incomplete in nigericin due to potentially high lysosome buffering
capacity and, therefore, tested two different calibration methods either using the local
background around lysosomes to measure pHLARE fluorescence ratios in nigericin or the

lysosome signal itself. We validated this analysis by comparing pHlys measurements in



nineteen RPE cells (Fig. 2B, C). With ~0.1 pH units the difference between these two
calibration methods was consistently small (4.92 + 0.17 [mean and s.e.m.]; lysosome signal
calibration pHlys = 5.03 + 0.17), although it reached statistical significance in this population of
cells. For consistency, going forward we used the local background calibration. Fluorescence at
the plasma membrane, which is excluded from the pHlys analysis by local background
subtraction, could be due to lysosome exocytosis (Rodriguez et al., 1997; Jaiswal et al., 2002) or
direct trafficking of LAMP1 to the plasma membrane (Rohrer et al., 1996). It should be noted
that this plasma membrane signal is more obvious in the sfGFP channel because of reduced
contrast with the quenched sfGFP signal in acidic lysosomes but is present in both pHLARE
channels (Figure 1F). In general, thirteen or fewer frames were acquired for steady-state pHly
and nigericin calibrations, during which time there was minimal photobleaching, determined at
488 nm and 561 nm excitation (Fig. S2).

Using pHLARE, we determined steady-state pHlys in untransformed cells from
different species and tissue origins. Human RPE and MCFI10A mammary epithelial cells and
canine MDCK kidney epithelial cells (Fig. 3A) as well as human HPDE pancreatic ductal
epithelial cells (Fig. SE) had a mean cell pHIys between 5.0 to 5.4. These values are similar to
the pHlys of 5.1 to 5.2 in HeLa cells determined using cresyl violet (Ostrowski et al., 2016) or
Oregon green-dextran (Johnson et al., 2016) but substantially higher than the ~4.3 in
keratinocytes determined using FITC-conjugated dextran and flow cytometry (Nilsson et al.,
2010). For MCF10A cells there was no difference in pHlys when pHLARE was transiently or
stably expressed in cells (Fig. S2B). In contrast, the mean cell pHlys in mouse NIH 3T3
fibroblasts and hamster CCL39 lung fibroblasts was ~ 6.0-6.1 and significantly higher

compared with RPE epithelial cells (Fig. SA). These values for fibroblasts are also higher than



that of ~ 4.9 in mouse Swiss 3T3 fibroblasts determined by fluorescence-conjugated dextran
(Lin et al., 2003), in embryonic fibroblasts determined using LysoSensor (Wolfe et al., 2013)
and the ~ 4.4 in human skin fibroblasts determined using LysoSensor (Coffey et al., 2014).
The distinct difference in pHlys of epithelial cells compared with fibroblasts is unclear and
warrants further investigation to determine a possible functional significance.

The values described above are averages for all lysosomes in the indicated cell types;
however, recent findings suggest that pHlys within each cell may be heterogeneous (Johnson
et al., 2016). In many cell types lysosomes have a predominantly perinuclear localization, but
smaller populations are scattered within the cytosol and are also peripheral near the plasma
membrane. Perinuclear lysosomes are suggested to have a lower lumenal pH than peripheral
lysosomes (Johnson et al., 2016), although this was not quantitatively determined but rather
predicted from qualitative differences in the fluorescence of Alexa Fluor-conjugated dextran
and also measured in a Hepes buffer in the absence of HCO3;". We found that in growth
medium containing NaHCO3, RPE cells with clear membrane protrusions, lysosomes within 3
um of the distal membrane have an average pHlys of 5.48 + 0.12 (mean + s.e.m.) that is
significantly higher than the pHlys 4.80 + 0.12 of perinuclear-clustered lysosomes in RPE cells
(Fig. 3B), indicating spatially distinct lysosomes have different steady-state lumenal pH values.
However, spatially heterogeneous pHlys may depend on cell type and conditions. For human
osteocarcoma cells, lowering extracellular pH of the medium causes a redistribution of
lysosomes from predominantly perinuclear to predominantly peripheral (Walton et al., 2018).
We confirmed that pHLARE expression did not change lysosome motility. Using spinning disc
confocal microscopy and live-cell tracking every 3 s for 5 min LysoTracker loaded in wild-

type RPE cells and RPE cells expressing pHLARE we found no difference in mean speed
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(Figure 3C), maximum speed (Figure 3D) or displacement (Figure 3E).

pPHLARE measures dynamic changes in pHlys

We used pHLARE to confirm increased pHlys when RPE cells were incubated with NH4Cl,
both 30 mM for 15 min and 5 mM for 18 h (Fig. S3A, B), which increases the pH of
membrane-bound compartments as NH; entering compartments complex with H™ (White et
al., 2017a). We also confirmed increased pHlys in RPE cells treated for 60 min with
bafilomycin (100 nM), a V-ATPase inhibitor, and with chloroquine (100 uM), which
neutralizes acidic intracellular compartments (Fig. 4A, B). In control RPE cells, lysosome size
was within the reported range of 100-1000 nm (Appelqvist et al., 2013; Bandyopadhyay et al.,
2014; Xu and Ren, 2015), and the majority of lysosomes had a mean size of 784 + 133

nm. With chloroquine but not with bafilomycin, however, lysosomes were larger with a mean
size of 934 + 244 nm and there were fewer lysosomes smaller than 600 nm and more
lysosomes larger than 1000 nm (Fig. 4A, C). Lysosome size can increase as a result of
accumulated undigested material. However, the increased pHlys with bafilomycin and
chloroquine were similar; hence, both presumably decreased catabolism but not an increase in
lysosome size, which suggests a different mechanism for increased size with chloroquine. A
previous report (Gallaher et al., 2017) found that lysosome swelling with chloroquine is
dependent on glucose in the medium but also that increased pHlys with chloroquine is
independent of lysosomal swelling. Additionally, possible mechanisms include swelling from
chloroquine accumulating in the lumen or activation of the transcription factor EB (TFEB)
pathway that increases lysosome biogenesis in response to lysosomal storage dysfunction

(Sardiello et al., 2009).

Lysosome functions in nutrient sensing and responses are in part determined by
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mTORCI, which when active is associated with the lysosomal membrane. Inside (lysosome)
to outside (cytoplasm) signaling regulates mTOCRI activity (Settembre et al., 2013; Wang et
al., 2015; Rebsamen et al., 2015). Whether mTORCI activity regulates pHlys, however, has
received limited attention. Pharmacologically inhibiting mTOCRI1 increases autophagy and
decreases pHlys; however, the latter was determined qualitatively by increased LysoTracker
and LysoSensor staining but not quantitatively by calibrating the fluorescence signal to pH
(Zhou, 2013). We used RPE cells stably expressing pHLARE and quantitative measurements
to show that Torin-1, an ATP-competitive inhibitor of mMTORCI1 activity (Thoreen et al., 2009),
decreased pHlys from 5.22 + 0.10 in controls to 4.63 + 0.09 (mean + s.e.m., 4 cell
preparations) (Fig. 4D, E). We confirmed that Torin-1 decreased phosphorylation of ribosomal
protein S6 kinase beta-1 (S6K1) (Fig. 4F), an mTORCI1 substrate, and treated RPE cells with
250 nM Torin-1 for 2 h, as previously described (Thoreen et al., 2012). Decreased pHlys with
inhibiting mTORCI activity is consistent with the established role of active mTORCI in
stimulating biosynthetic pathways and inhibiting cellular catabolism (Saxton and Sabatini,
2017). Accordingly, our findings suggest that active mTORC]1 might increase pHlys to limit
catabolism. However, pHlys was not different in RPE cells maintained for 24 h in medium
containing 0.2% FBS compared with cells maintained in growth medium containing 10% FBS
(Fig. S3C). Previous findings indicate that acute (2-6 h) serum-deprivation markedly changes
lysosome morphology from circular to tubular and increases pHlys, although the latter was
determined qualitatively but not quantitatively using LysoTracker, and by 24 h lysosome
morphology and lumenal pH was restored to steady-state conditions by a feedback loop
involving increased mTOR activity (Yu et al., 2010). Our findings suggest that pHlys

dynamics over longer periods may be more responsive to signals related to nutrient
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deprivation and not general growth conditions.

Cancer cells with decreased pHlys

Cancer progression and metastasis are associated with striking changes in lysosomes,
including their volume, composition, cellular distribution, and lumenal enzyme activities
(Appelqvist et al., 2013; Perera and Bardeesy, 2015; Hamalisto and Jaattela, 2016). Despite
many of these properties being determined by pHlys, there are limited data on pHlys in cancer
compared with tissue-matched untransformed cells (Nilsson et al., 2010). We used pHLARE
to measure steady-state pHlys in clonal human cancer cells from different tissue origins and
with different mutational signatures. The pHlys of MDA-MB-157 and MDA-MB-453 basal,
triple negative, and invasive breast cancer cells (4.56 £ 0.11 and 4.31 + 0.28, respectively,
mean * s.e.m.) was significantly lower than in immortalized but not transformed MCF10A
mammary epithelial (5.36 + 0.09) (Fig. SA, B). In contrast, the pHlys of MCF7 lumenal,
estrogen receptor- and progesterone receptor-positive, and benign breast cancer cells (5.34

+ 0.12) was not different than MCF10A cells (Fig. A, B), which was also reported (Altan et.
al., 1999). In MDA-MB-157 but not MCF7 cells there were more peripherally localized
lysosomes compared with MCF10A cells (Fig. 5C), determined by mCherry fluorescence
within 3 um of the plasma membrane, which is consistent with the increased invasiveness of
basal breast cancer cells (Neve et. al., 2006). In contrast with RPE cells, however, in MDA -
MB-157 cells there was no difference in pHlys in peripheral compared with perinuclear
lysosomes. Additionally, we did not see an increase in the number of peripheral lysosomes in

in pancreatic (Fig. 6A) or other cancer cells (Fig. 6B).

These breast cancer cell lines have different mutational signatures. To determine

whether a single activated oncogene is sufficient to change pHlys, we used MCF10A cells
13



stably expressing H-RasV12. We previously reported that these cells have a higher cytosolic
pH (pHi) compared with wild-type MCF10A cells (Grillo-Hill et. al., 2015), which we
confirmed in the current study (Fig. S4A). We found that pHlys was significantly lower (4.67
+ 0.07) compared with wild-type MCF10A cells (5.36 £ 0.09) (Fig. 5A). To further test the
effect of oncogenic Ras, we found that canine MDCK cells stably expressing K-RasV12,
which have a higher pHi (Fig. S4B), also have a significantly lower pHlys (4.84 £ 0.10)
compared with the pHlys of wild-type MDCK cells (5.58 + 0.10) (Fig. 5D). These data
indicate that a lower pHlys can be induced by a single activated oncogene and does not require

the complex mutational signature of a cancer cell.

For clonal pancreatic ductal carcinoma cells the pHlys of PANC-1 (4.39 £0.19) and
MIA PaCa-2 (4.24 £0.17) but not BxPC3 (5.33 £ 0.14) was significantly lower than HPDE
normal pancreatic ductal epithelial cells (5.12 = 0.18) (Fig. 6A). Additionally, the pHlys of
HCT116 colon cancer cells (4.64 £ 0.12) and U-251 human glioblastoma cells (4.65 + 0.19)
but not H1299 lung cancer cells (5.46 £ 0.13) was significantly lower than RPE cells (Fig.
6B). Although we compared pHlys of these cancer cells with RPE cells and not tissue-
matched untransformed cells, the lower pHlys was not significantly different comparing
MDA-MB-157, MDA-MB-453, PANC-1, HCT116, and U-251 cells. Additionally, all pHlys
measurements were made with cells in growth medium containing FBS, suggesting that the
lower pHlys in the indicated cancer cells was not a result of limited nutrient availability.
However, distinct from MDA-MB-157 cells (Fig. 5B), other cancer cells with a decreased
pHlys did not have a notable increase in the abundance of peripherally-localized lysosomes

(Fig. 6A, B).
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An unresolved question is whether pHlys and pHi dynamics are related. The higher
pHi of cancer cells is decreased with loss of Stat3, which also increases pHlys by attenuating
V-ATPase activity (Liu et al., 2018). Whether the effects of Stat3 on pHi and pHlys are
mediated by similar or distinct mechanisms, however, remains undetermined. We found that
all cancer cells included in our study had a significantly higher pHi compared with
untransformed cells (Fig. 6C), including those not having a lower pHlys such as pancreatic
BxPC3 cells and lung H1299 cells. Additionally, treating RPE cells with EIPA (10 uM; 18 h),
which inhibits H™ efflux by the plasma membrane Na-H exchanger NHE1, decreased pHi
(Fig. 6C) but did not change pHlys (Fig. 6D). These data suggest that pHi and pHlys are not

directly related and that their regulation by oncogenes is likely through distinct mechanisms.

Discussion

We report the design, validation, and use of pHLARE, a new genetically encoded pHlys
biosensor. As a ratiometric biosensor localized predominantly in lysosomes with a broad
dynamic range, pHLARE resolves a number of limitations of currently used fluorescent dyes
for measuring pHlys, including improved organelle specificity, quantitative determinations,
and stability with the ease of being stably expressed in cells. The lumenal pH of each organelle
is different, requiring the use of organelle-specific pH indicators, and is crucial for organelle
function, including the pH-dependent function of proteins that reflect adaptations to the
cellular compartment where they are localized (Chan and Warwicker. 2009). The steady-state
pHlys of ~5.0, the lowest of any cellular organelle, is particularly critical for the activity of

lumenal acid-activated hydrolases, but recent findings suggest that pHlys may also contribute

to Ca’" homeostasis (Lee et al., 2015) as well as the localization of lysosomes in cells
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(Johnson et al., 2016), with the latter suggested to be important for cancer metastasis (Tu et al.,
2008; Pu et al., 2016: Hamalisto and Jaattela, 2016). pHLARE was developed by fusing sfGFP
and mCherry to lumenal and cytosolic domains, respectively, of LAMP1. The predominant
localization of pHLARE in lysosomes was confirmed by co-localization with endogenous
LAMPI1 and with SiR-lysosome, a fluorescent pepstatin A that binds cathepsin D. Although
LAMP1 is predominantly localized in organelles considered to be lysosomes or at the
transition of late-endosomes to lysosomes, recent findings indicate that LAMP1 is not
exclusively in degradative lysosomes containing detectable hydrolases (Cheng et al., 2018;
Yap et al., 2018). Hydrolase-deficient lysosomes raise questions on catabolic-independent
functions requiring a low lumenal pH that use of pHLARE could contribute to resolving.

A number of diseases, including neurodegenerative disorders and cancer have
dysregulated lysosome functions in catabolism, nutrient sensing, and trafficking (reviewed in
Kallunki et al., 2012; Appelqvist et al., 2013; Perera and Zoncu 2016). Despite many of these
functions being regulated by pHlys, whether pHlys is also dysregulated in these diseases, and
the determinants and consequences of dysregulated pHlys remain incompletely understood. As
a new tool, pHLARE could contribute to resolving a number of current questions on the role of
lysosomes in disease pathologies. A constitutively increased pHlys is reported to occur with
neurodegenerative disorders (Majumdar et al., 2007; Wolfe et al., 2013; Lee et al., 2015) and in
diabetic nephropathy (Liu et al., 2015). The predicted consequence of increased pHlys in these
diseases i1s decreased activity of lumenal acid-activated hydrolases and catabolism of proteins
and macromolecules.

Whether pHlys is dysregulated in cancer cells, which rely on increased catabolism of

macromolecules to generate biomass for rapid proliferation, remains unresolved. To our
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knowledge, only one report compared pHlys in tissue matched normal and cancer cells and
found that clonal head and neck cancer cells have a higher pHlys than untransformed
keratinocytes (Nilsson et al., 2010). However, in this previous study pHlys was determined
after flow cytometry of cells loaded with FITC-conjugated dextran, and flow cytometry
requires disrupting cell-matrix adhesions and using cells in suspension, which could change
steady-state pHlys. We used pHLARE in adherent cells maintained in growth medium to show
that human MDA-MB-157 and MDA-MB-453 breast cancer cells and PANC-1 pancreatic
cancer cells had a significantly lower pHlys compared with tissue-matched untransformed
MCFI10A and HPDE cells, respectively. We also observed a lower pHlys in human HCT166
colon cancer cells and U-251 glioblastoma cells and in human mammary epithelial cells
expressing oncogenic H- and K-RasV12. However, the pHlys of human MCF7 breast cancer
cells, BxPC3 pancreatic cancer cells, and H1299 lung cancer cells was not different compared
with untransformed cells. Additionally, clonal HeLa cervical cancer cells have a normal-like
pHlys of 5.1-5.2 (Ostrowski et al., 2016; Johnson et al., 2016). The causes and consequences
of these differences in pHlys between distinct cancer cells remain to be determined. Although
MCEFT7 cells are estrogen receptor- and progesterone receptor- positive and MCA-MB-157 and
MDA-MB-453 are triple negative, their different pHlys is likely not determined by their
mutational signature, as suggested by a single oncogene, RasV12, inducing a lower pHlys.
However, different pHlys values could be related to invasiveness. MDA-MB-157 cells are
basal-type and more mesenchymal and invasive than lumenal MCF7 cells that have tight cell-
cell junctions (Neve et al., 2006) Also, PANC-1 cells are more invasive and migrate as single
cells compared with BxPC3 cells that have tighter cell-cell contacts and migrate as collective

cell sheets [Deer et al., 2010]. Lysosomes can contribute to cell invasion by the exocytic
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release of lysosomal hydrolases degrading the extracellular matrix (Tu et al., 2008; Pu et al.,
2016; Hamalisto and Jaattela, 2016). Although we found that MDA-MB-157 have significantly
more pHLARE within 3 pum of the plasma membrane compared with MCF7 and MCF10A
cells, we did not observe increased peripheral lysosomes in other cancer cells types that had a
lower pHlys. We also did not observe a correlation between pHi and pHlys in cancer or
untransformed RPE cells.

Differences in pHlys between cancer cells could also reflect drug resistance, as
lysosomes contribute to resistance by sequestering and degrading chemotherapeutics
(Zhitomirsky and Assaraf, 2016; Piao and Amaravadi, 2016). We favor the possibility that
differences in pHlys are related to cancer cell-specific metabolic requirements and cellular
mechanisms for generating biomass, according to the view that lysosomes contribute to
metabolic reprogramming in some cancer cells along with changes in glycolysis and
mitochondrial respiration (Perera and Bardeesy, 2015). Supporting the prediction that a lower
pHlys may function as an alternative metabolic reprogramming mechanism, BxPC3 cells but
not PANC-1 cells rely on a classically defined metabolic reprogramming of increased
glycolysis and decreased mitochondrial respiration (Kovalenko et al., 2016; Tataranni et al.,
2017), and inhibiting glycolysis decreases proliferation of BxPC3 cells but not PANC-1 cells
(Tataranni et al., 2017, Nishi et al,, 2018).

As a new reagent to more accurately measure pHlys that can be propagated in cells
and used over long time periods, pHLARE will be invaluable for many objectives. First is to
identify resident lysosome proteins regulating pHlys. The V-ATPase is currently the only
well-accepted regulator of pHlys, with roles for a number of lysosome-localized transporters

and pumps being controversial (Xu and Ren, 2015). Endogenous regulators of pHlys could be
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targets for therapeutics to restore dysregulated pHlys in diseases such as neurodegeneration
and cancer. Second is to determine lysosome exocytosis, particularly in the context of cancer
metastasis, by measuring increased sfGFP fluorescence upon exposure to the extracellular
space. Third, because pHLARE is genetically encoded it can be expressed in animal models to
study lysosome dynamics in diseases and also pHlys dynamics during development, which

remains unknown.

Methods and Materials

Cloning and DNA constructs

Mammalian expression plasmids encoding rat LAMP1 (mCherry-Lysosomes-20, Addgene;
55073), mApple-LAMP1-pHluorin (Addgene; 54918), superfolderGFP (sfGFP, Addgene;
54579) were obtained from the Michael Davidson collection at UCSF. Gibson assembly was
used to generate pHLARE. Briefly, PCR was used to amplify the prolactin endoplasmic
reticulum (ER) signal peptide (MDSKGSSQKGSRLLLLLVVSNLLLCQGVYVS) from
mApple- LAMP1-pHluorin, sfGFP from sfGFP-C1, and rat LAMP1 without the ER signal
peptide (amino acids 22-407) from mCherry-Lysosome-20. The PCR inserts were assembled
with restriction enzyme digested pmCherry-N1 backbone in Gibson Assembly Master Mix
(New England Biolabs; E2611S) as per manufacturer recommendations and the assembled
plasmids transformed into NEB5a cells (New England Biolabs; C3019). DNA sequencing was

performed to verify the integrity of the construct.

Cell culture and transfection
All cell lines were maintained at 37°C and 5% CO2 except MDA-MB-157 and MDA-MB-

453, which were maintained at 37°C and atmospheric CO2. Media obtained from Thermo

19



Fisher Scientific were supplemented with Penicillin-Streptomycin. RPE cells, obtained from
Sophie Dumont (UCSF), and MCF7 cells, obtained from the UCSF Cell Culture Facility, were
maintained in DMEM/F21 supplemented with 10% heat inactivated fetal bovine serum (FBS,
Atlanta Biological) and 2 mM L-Glutamine. MDCK cells, obtained from the UCSF Cell
Culture Facility, MDCK cells stably expressing K-RasV12, obtained from Zev Gartner
(UCSF) and previously described (Schoenenberger et al., 1991), PANC-1 and MIA PaCa-2
cells, obtained from Rushika Perera (UCSF), and NIH-3T3 cells, obtained from Jeroen Roose
(UCSF), were maintained in DMEM-H21 medium supplemented with 10% FBS. CCL39
cells, obtained from ATCC, were maintained in DMEM-H21 medium supplemented with 5%
FBS. BxPC3 cells, obtained from Rushika Perera (UCSF), and H1299 cells, obtained from
Torsten Wittmann (UCSF), were maintained in RPMI medium supplemented with 10% FBS.
HCT 116 cells, obtained from Bert Vogelstein (Johns Hopkins University), were maintained
in McCoy’s 5a medium supplemented with 10% FBS, and U-251 cells, obtained from Robert
Judson-Torres (University of Utah) were maintained in EMEM supplemented with 2 mM
glutamine, 1% non-essential amino acids, | mM sodium pyruvate and 10% FBS. MDA-MB-
157 cells, obtained from the J. M. Bishop Lab (UCSF), and MDA-MB-453 cells, obtained
from ATCC, were maintained in Leibovitz L15 medium supplemented with 15% FBS. HDPE
cells, obtained from Rushika Perera (UCSF), were maintained Keratinocyte medium
supplemented with 10% FBS. MCF10A cells, wild type and stably expressing RasV12, were
obtained from Jay Debnath (UCSF) and maintained and studied in 2D cultures as previously
described (Debnath et al., 2003; Grillo-Hill et al., 2015). Mycoplasma contamination was
tested 2X/year using media obtained from cells maintained for 48h in the absence of

Penicillin-Streptomycin by using a PCR Mycoplasma Detection Kit (abm # G238). Cell lines
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were authenticated commercially by IDEXX BioAnalytics.

Heterologous expression of proteins was achieved by transfecting cells with 1 pg of
plasmid DNA/35 mm using FuGENE HD (Promega; E2311), as previously described (Webb
et al., 2015). For transient expression of pHLARE, cells were washed 24 h after transfecting
and imaged after an additional 24 h. For stable expression of pHLARE, 24 h after transfection
cells were sorted for sfGFP and mCherry fluorescence on a FACS Aria II (BD Biosciences) at
the UCSF Parnassus Flow Cytometry Core.

Immunolabeling and Immunoblotting

For immunolabeling, RPE cells stably expressing pHLARE were plated at a density of ~40 X
104 cells/well of a 6-well plate containing 100 mm glass coverslips were maintained in
complete growth media in a 37°C/5% CO?2 incubator. Cells plated for 48 h were fixed in 4%
paraformaldehyde in PBS for 10 min, permeabilized in 0.1% Triton X-100 in PBS for 10 min,
and incubated with blocking buffer (3% bovine serum albumin, 1% non-immune goat serum,
and 1% cold water fish gelatin) for 1 hour. After washing in PBS, cells were incubated
overnight at 4°C with primary antibodies to mCherry (Thermo Fisher Scientific, M11217) and
human LAMPI1 (Cell Signaling Technologies; 9091) diluted in blocking buffer. After 24 h
cells were washed with PBS and incubated with Alexa Fluor 568 goat anti-mouse (Thermo
Fisher Scientific; A-11077) and Alexa Fluor 647 goat anti-rabbit (Thermo Fisher Scientific;
A-21244) for 1 h. Coverslips were washed 3X in PBS, with Hoechst 33342 (Thermo Fisher
Scientific; 62249) included in the second wash. and mounted on glass sides in ProLong gold
antifade mountant (Thermo Fisher Scientific; P36930). Where indicated, RPE cells in growth
medium were incubated with far-red SiR-lysosome (Cytoskeleton) for 60 min and washed
before imaging live cells expressing pHLARE. Images were acquired by spinning disk
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confocal microscopy as described for imaging pHLARE.

For immunoblotting, proteins in total cell lysates were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes. The membranes were incubated with
antibodies to RFP (Abcam 62341) or total and phosphorylated S6K1 (Cell Signaling
Technologies; 9292 and 9205, respectively) for 24 h at 4°C. After washing, membranes were
incubated with peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories, Inc.) for 1 h at RT, and bound antibodies were developed by enhanced
chemiluminescence using SuperSignal West Femto (Thermo Fisher Scientific) and imaged

using an Alpha Innotech FluorChem Q (Alpha Innotech).

Microscopy and pH measurements

For live-cell imaging of pHLARE, cells were plated on 35 mm MatTek dishes (MatTek
Corporation; P35G-1.5-10-C). Fluorescent images were acquired using a customized spinning
disk confocal (Yokogawa CSU-X1) on a Nikon Ti-E microscope with a 60X Plan TIRF
1.49NA objective equipped with a Photometrics cMYO cooled CCD camera, largely as
described (Stehbens et al., 2012). Image acquisition settings that caused less than 5%
photobleaching were used all experiments. Conditions for experimentally changing pHlys
included incubating cells in growth medium and prior to imaging with NH4Cl1 (30 mM for 15
min or 5 mM for 18 h), or 100 nM bafilomycin A1l (Sigma-Aldrich; B1793), 100 uM
chloroquine (Sigma-Aldrich; C6628), or 250 nM Torin-1 (Tocris Bioscience; 4247) for 2 h.
Fluorescence ratios of pHLARE were first acquired in cell culture medium and then
cells were sequentially incubated in a potassium-phosphate buffer (50 mM potassium
phosphate, 80 mM potassium chloride, | mM magnesium chloride) containing 20 uM

nigericin free acid (Thermo Fisher Scientific; N1495) at pH 6.5 and 5.0. Cells were
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incubated in nigericin buffers for 5 minutes before imaging to equilibrate extracellular and
intracellular pH. Nigericin incubations to calibrate fluorescence ratios to pHlys were
included at the end of each acquisition to obtain a calibration conversion formula for each
imaging experiment and for each cell. Minimal photobleaching during the number of frames
for image acquisition, including nigericin calibrations, was determined at 488 nm and 561
nm excitation (Fig. S2).

Steady-state intracellular pH (pHi) was measured as previously described (Grillo-Hill

et al., 2015; White et al., 2017a). In brief, cells plated for 48 h in 24-well dishes were washed

and incubated for 15 min in a NaHCO3-containing buffer containing 1 pM of the pH-sensitive

dye BCECF. BCECF fluorescence ratios, measured on a SpectraMax fluorescence plate reader
(Molecular Devices), were calibrated to pHi by treating cells at the end of each measurement
in a potassium phosphate buffer containing the protonophore nigericin (10 uM) at pH 6.5 and

7.5, as previously described [Grillo-Hill, 2014].

Lysosome Tracking

For lysosome tracking experiments, live RPE cells, wild-type and stably expressing pHLARE, were
incubated with 50 nM Lysotracker Red DND-99 (Molecular Probes Cat. No. L-7528) for 1 hr at 37°C.
Imaging was then performed without further washing of cells using a spinning disk confocal microscope
as described above. Images were recorded every 3 sec over 5 min (101 frames in total) with 100 ms
exposure time at 561 nm excitation. Movies were analyzed with FIJI software using the TrackMate
v3.5.1 plugin for recognition and tracking as described (Tinevez at al., 2017). Settings were as follows:
Pixel width: 0.094um, Pixel height: 0.094um, Voxel Depth: 1um, Crop settings: not applied, Select a
detector: DoG detector with estimated blob size: 1.5um, Threshold: 50, median filter: no, subpixel

localization: yes, Initial thresholding: none, Select view: HyperStack Displayer, Set filters on spots:
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none, Select a tracker: Simple LAP tracker, Linking max distance: 8um, Gap-closing max distance: 8pum,
Gap-closing max frame gap: 2. Filter settings on tracks were as follows: Max number of gaps: 2,
Duration: 50, Displacement: 4, Mean quality: 500. More than 500 tracks per movie were analyzed with
respect to track displacement and mean speed. Results were in Excel and bulk statistics analyzed and

displayed as box plots in GraphPad Prism 6 software.

PHLARE Image analysis

To reproducibly define lysosome objects and corresponding local background regions that
were then used to calculate fluorescence ratios and pHlys values, we implemented an image
analysis algorithm in NIS Elements software based on mCherry fluorescence intensity
thresholding and morphometric manipulation of the resulting binary images. Briefly, the
mCherry channel was thresholded at an intensity three times above the non-lysosomal cell
membrane pHLARE background. The thresholded binary was smoothened and dilated such
that each lysosome area included sufficient surrounding background, and a corresponding
local background was defined as the outer 1-pixel contour of each lysosome object.
Fluorescent intensity measurements from both pHLARE channels of all lysosome and
corresponding local background objects were exported into Microsoft Excel for further
analysis.

The pHLARE fluorescence ratio r for each lysosome object was calculated as

SfGFP

o — IstFP)/(ImCherry ImCherry)

bkgn lysp = ‘bkgn

=
in which n is the index for each lysosome object, Iiys is the fluorescence intensity of the
lysosome object and Ibkg the fluorescence intensity of the corresponding local background.

The lysosome pH was calculated in two different ways, either using the mean local
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background signal or the mean lysosome signal minus camera offset of all lysosome objects
to calibrate the pHLARE fluorescence ratio based on the fluorescence intensities in the
nigericin images. pH values for each lysosome object were then calculated assuming a
linear relationship between pH and pHLARE fluorescence ratio. To reduce the impact of
measurement error outliers, the cellular lysosome pH was calculated as the median of all
individual lysosome object pH values per cell. An NIS Elements Macro

‘PHLARE analysis.mac’ performing the image operations semi- automatically that also
allows masking the cell of interest in the measurement and nigericin images, an example
Excel worksheet for the pHlys calculations ‘pHLARE analysis worksheet.xlsx’, an
example data set ‘RPE_cell.zip’ as well as further step-by-step instructions on how to
utilize the macro and excel worksheet are included in the supplemental information.

To determine spatially localized pHlys in RPE cells we used the analysis pipeline
described above to measure lysosomes selectively within 3 um of the distal margin of
membrane protrusions and 3 pm of the nuclear membrane, and in MDA-MB-157 and
MCF10A cells we measured the total mCherry fluorescence of pHLARE within 3 um of the
plasma membrane relative to the total mCherry fluorescence of the cell. To determine
lysosome size, we also used the analysis program described above that includes the area of
lysosome objects. To evaluate the size of single lysosomes and not lysosome clusters we used
only the area of objects with a shape value between 0.9 to 1.0.

Object-based analysis of pHLARE overlap with SiR-lysosome was done with
MATLAB using the adaptive thresholding function to define objects above the surrounding
background fluorescence. Single pixels were removed and objects smoothed before

calculating the fraction of area overlap.
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Data presentation and statistical analysis

Box-and whisker plots were generated using Analyse-It for Microsoft Excel and show
median, first and third quartile, observations within 1.5 times the interquartile range, and all
individual data points. Significance of multiple comparisons was calculated by Tukey—
Kramer honest significant difference (HSD) test in Analyse-It for Microsoft Excel or by

Student’s Paired ¢-test. Figures were assembled in Adobe Illustrator CS5.
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Figure Legends

Figure 1. pHLARE localizes to lysosomes. (A) Schematic of pHLARE with rat LAMP1
tagged at the lumenal amino-terminus with sfGFP and at the cytoplasmic carboxyl-terminus
with mCherry. (B) pHLARE stably expressed in human RPE cells, visualized with anti-
mCherry antibodies, co-localizes with endogenous LAMP1, visualized with anti-human
LAMPI1 antibodies. (C) Fluorescence ratios of pHLARE in RPE cells in nigericin-containing
buffers between pH 4.0 to 7.0. Data are means + s.e.m. of 15 cells from three separate cell
preparations. Statistical analysis by Tukey-Kramer HSD indicates significant differences at all
pH values except between pH 6.5 and 7.0. (D) Representative RFP immunoblot of three
preparations of lysates from RPE cells, wild type (WT) and stably expressing pHLARE, and
untreated or treated with nigericin buffer at the indicated pH values for 5 min. The asterisks
indicate nonspecific bands seen also in RPE wild-type cells not expressing pHLARE and
GAPDH is used as a loading control. (E) Images of live RPE cells stably expressing pHLARE
and stained with SiR-lysosome, a far-red pepstatin A that binds cathepsin D. The magenta
outline in the insets at higher magnification indicate lysosomes detected in the SiR Lysosome
channel showing overlap with pHLARE. (F) Analysis of the amount of pHLARE fluorescence
signal associated with SiR Lysosome objects. As expected, the fluorescence distribution in the
mCherry channel is insensitive to pH equilibration, while the SiR lysosome-associated sfGFP
fluorescence increases. Statistical analysis by Tukey-Kramer HSD. n = 19 cells.

Figure 2. Cell-based pHLARE pH calibration. (A) pHLARE-expressing RPE cell in
NaHCOj;-containing buffer (described for pHi measurements) and in nigericin buffers of two
different calibration pH values showing sfGFP (green) and mCherry (magenta) fluorescence.
The three images are scaled identically showing the increase of sfGFP signal in lysosomes at
near neutral pH equilibration and the dramatic overall decrease of sfGFP fluorescence at low
pH. Insets show the indicated region at higher magnification. The yellow outline in the top
row indicates lysosome objects detected in the mCherry channel. Note that lysosome size is
near the resolution limit of optical microscopy and pHLARE lysosome membrane localization
is only resolved in larger lysosomes. (B) Frequency histogram of lysosome object pH
distribution in RPE cells obtained with the two different calibration methods as indicated.
Bars are the average of n = 19 cells and error bars indicate the standard deviation. (C) Box
plot of the median pHlys of the same set of cells. Statistical analysis by unpaired t-test.

Figure 3. Cell-specific pHlys (A) Average steady-state pHlys in RPE cells stably expressing

pHLARE (n = 74 cells) and in MCF10A (23 cells), MDCK (n = 17 cells), NIH-3T3 (15 cells)

and CCL39 (n=11 cells) transiently expressing pHLARE and maintained in growth medium.
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Box plots show median, first and third quartile, with whiskers extending to observations within
1.5 times the interquartile range, and all individual data points include data for individual cells
(each closed circle) obtained from three to seven separate cell preparations. Statistical analysis
by Tukey-Kramer HSD test. (B) Steady-state pHlys of lysosomes within 3 um of the nuclear
membrane (perinuclear) and 3 um of the distal margin of membrane protrusions in RPE cells,
indicated by hatched lines. Data are expressed as described in A and obtained from six separate
cell preparations. (C-E) Lysosome motility, including mean speed (C), maximum speed (D),
and displacement (E) of RPE control cells and RPE-pHLARE cells. Plots indicate mean and
SEM with Student’s t-test from 3 separate cell preparations.

Figure 4. pHLARE measures dynamic changes in pHlys. (A, B) RPE cells stably
expressing pHLARE were untreated (control, n = 27 cells) or treated with 100 nM of the V-
ATPase inhibitor Bafilomycin A1 (n = 15 cells) or 100 uM chloroquine (n = 15 cells) for 2 h
before acquiring images, which were used to calculate pHlys. (C) Lysosome size with
indicated conditions determined by measuring more than 1,000 lysosomes in four cell
preparations for controls and three cell preparations with bafilomycin and chloroquine
treatment. (D, E) pHlys of RPE cells stably expressing pHLARE untreated (control, n = 39
cells) or treated with 250 nM Torin-1 (n = 50 cells) for 2 h before acquiring images. (F)
Representative immunoblot of lysates from two separate RPE cell preparations untreated or
treated with the indicated concentrations of Torin-1 and probed with antibodies to total and
phosphorylated S6K. Box plots show median, first and third quartile, with whiskers extending
to observations within 1.5 times the interquartile range, and all individual data points.
Statistical analysis by Tukey-Kramer HSD test, with data obtained from three separate cell
preparations in B, C, and F, and four separate cell preparations in D.

Figure 5. Differences in pHlys in breast cancer cells and with oncogene transformation.
(A) The average pHlys of human untransformed MCF10A mammary epithelial cells (n =36
cells), breast cancer MDA-MB-157 (n = 24 cells), MDA-MB-453 (n = 6 cells), and MCF7 (n =
21) cells, and MCF10A cells stably expressing H-RasV12 (n = 24 cells). (B-C) Representative
images of MCF10A, MDA-MB-157, and MCF7 cells expressing pHLARE (B) and
quantification of lysosomes within 3 pum of the plasma membrane indicated by mCherry
fluorescence (C) (D) The average pHlys in canine MDCK epithelial cells wild-type (n = 23)
and stably expressing K-RasV12 (n = 23 cells). Box plots show median, first and third quartile,
with whiskers extending to observations within 1.5 times the interquartile range, and all
individual data points. Statistical analysis by Tukey-Kramer HSD test, with data obtained from
three to five separate preparations of all cells except for 2 preparations of MDA-MB-453.

Figure 6. pHlys and pHi in cancer and untransformed cells. (A) Images of pHLARE and
average pHlys of human untransformed HPDE pancreatic ductal epithelial cells (n = 19 cells)
and pancreatic adenocarcinoma PANC-1 (n= 17 cells), BxPC3 (n = 13 cells), and MIA PaCa-
2 (n= 20 cells) cells. (B) Images of pHLARE and average pHlys of human RPE untransformed
cells (n =12 cells), H1299 lung cancer cells (n = 19 cells), HCT116 colon cancer cells (n =22
cells), and U-251 glioblastoma cells (n = 9 cells). (C) Steady-state pHi of the indicated cell
types determined in a NaHCOj3-containing buffer. *** p <0.001. (D) Average pHlys of RPE
cells in the absence (Control; n = 20 cells) and presence of EIPA (10 uM, 18 h; n = 19 cells).
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Box plots show median, first and third quartile, with whiskers extending to observations within
1.5 times the interquartile range, and all individual data points. Statistical analysis by Tukey-
Kramer HSD test, with data obtained from three to five separate cell preparations.

Figure S1. pHLARE and LysoTracker overlap with SiR-lysosome. (A) Images of
pHLARE-expressing RPE cell stained with SiR-lysosome at physiological pH and in the
indicated pH nigericin buffers. The magenta outline indicates lysosomes detected in the SiR
Lysosome channel showing overlap with pHLARE. The sfGFP image at low pH is split to
show the fluorescence difference at the same scale as above (lower half) and scaled to show
fluorescence signal (upper half). (B) Analysis of total cell fluorescence in the two different
pHLARE channels at the two calibration pH values indicating that mCherry pHLARE signal
only changes minimally in this calibration pH range. (C) Object-based area overlap of the
mCherry pHLARE signal with SIR Lysosome after fluorescence thresholding showing similar
co-localization as LysoTracker and SiR Lysosome. (D) Scatter plots of the indicated
measurements as a function of the pHLARE expression level (i.e. the mean cell fluorescence).
The fraction of pHLARE associated with SiR Lysosome identified lysosomes is not correlated
with the pHLARE expression level. As expected, there is a small increase of the estimated
signal-to-noise ratio (defined as the mean lysosome signal minus mean cytoplasm background
divided by the standard deviation of the cytoplasm background) as a function of pHLARE
expression. A small increase of pHlys as a function of pHLARE expression was less than 0.2
pH units in moderately expressing cells. (E) Images of RPE cells stained with both
LysoTracker and SiR-lysosome. The graph on the right shows that LysoTracker has a
substantial cytoplasm background and that only ~30% of the LysoTracker signal is associated
with lysosomes.

Figure S2. Photobleaching in RPE cells and pHlys in MCF10A cells (A) Phtobleaching was
determined in RPE cells stably expressing pHLARE. Data are means of total field-of-view
fluorescence intensity normalized to initial fluorescence intensity over 13 consecutive images
from 2 separate cell preparations. (B) Average steady-state pHlys in MCF10A cells stably or
transiently expressing pHLARE. Box plots show median, first and third quartile, with whiskers
extending to observations within 1.5 times the interquartile range, and all individual data points
include data for individual cells (stable, n = 18 cells; transient, n=14 cells) obtained from three
separate cell preparations. Statistical analysis by Tukey-Kramer HSD test.

Figure S3. NH4Cl but not reduced FBS increases pHlys (A, B) Average pHlys in RPE cells
stably expressing pHLARE in control medium (n = 20 cells) and medium containing 30 mM
NH4CI for 15 min (n = 18 cells) (A) or 5 mM NH4CI for 18 h (n=18 cells). (B) pHlys of RPE
cells stably expressing pHLARE maintained for 24 h before imaging in growth medium (10%
FBS; n = 18 cells) or low serum medium (0.2% FBS; n = 15 cells). Box plots show median, first
and third quartile, with whiskers extending to observations within 1.5 times the interquartile
range, and all individual data points include data for individual cells (each closed circle)
obtained from three separate cell preparations. Statistical analysis by Tukey- Kramer HSD test.
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Figure S4. MCF10A cells expressing H-RasV12 have increased cytosolic pH. (A, B)
Cytosolic pH was determined in MCF10A wild-type (WT) cells and cells stably expressing H-
Ras-V12 (A) and in MDCK WT cells and cells stably expressing K-RasV12 (B) loaded with the
pH-sensitive dye BCECF in a NaHCO;-containing buffer. Box plots show median, first and
third quartile, with whiskers extending to observations within 1.5 times the interquartile range,
and all individual data points include data for individual cells (each closed circle) obtained from
three to five separate cell preparations. Statistical analysis by Tukey- Kramer HSD test.
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