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Abstract
Acidic pH is an important feature of tumor microenvironment and a major determinant of tumor
progression. We reported that cancer cells upregulate autophagy as a survival mechanism to acidic
stress. Inhibition of autophagy by administration of chloroquine (CQ) in combination anticancer
therapies is currently evaluated in clinical trials. We observed in 3 different human cancer cell
lines cultured at acidic pH that autophagic flux is not blocked by CQ. This was consistent with a
complete resistance to CQ toxicity in cells cultured in acidic conditions. Conversely, the
autophagy-inhibiting activity of Lys-01, a novel CQ derivative, was still detectable at low pH. The
lack of CQ activity was likely dependent on a dramatically reduced cellular uptake at acidic pH.
Using cell lines stably adapted to chronic acidosis we could confirm that CQ lack of activity was
merely caused by acidic pH. Moreover, unlike CQ, Lys-01 was able to kill low pH-adapted cell
lines, although higher concentrations were required as compared to cells cultured at normal pH
conditions. Notably, buffering medium pH in low pH-adapted cell lines reverted CQ resistance. In
vivo analysis of tumors treated with CQ showed that accumulation of strong LC3 signals was
observed only in normoxic areas but not in hypoxic/acidic regions. Our observations suggest that
targeting autophagy in the tumor environment by CQ may be limited to well-perfused regions but
not achieved in acidic regions, predicting possible limitations in efficacy of CQ in antitumor
therapies.
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Introduction
Tumor tissues are characterised by high heterogeneity in terms of physical, biochemical and
biological properties. Tumor cells localized in proximity of blood vessels are supplied with
oxygen and nutrients which contribute to support growth and proliferation. As tumor mass
increases, dysplastic growth will result in the formation of poorly oxygenated areas with
reduced perfusion capacity, due to the lack of an organized and sufficient vasculature.
Tumor cells located in these regions are exposed to low oxygen tension (hypoxia) and lack
of nutrients, responsible for a metabolic shift towards sustained glycolysis with consequent
extracellular accumulation of metabolic acids.1-3 Such acidic microenvironment exerts a
selective pressure and represents an important mechanism for malignant progression and for
intrinsic therapy resistance of many tumors.4-7 Moreover, the acidic environment also
protects cancer cells from immune system control, thus favoring immune escape and tumor
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progression.8 For these reasons, counteracting tumor acidic pH is being evaluated as a
feasible therapeutic strategy in clinical settings using different approaches.8-11

Recently, others and we have reported that autophagy is an important mechanism for cancer
cells’ adaptation to acidosis.9, 12 This has been shown for metastatic breast carcinoma and
human melanoma, suggesting that inhibition of autophagy and buffering of tumor pH may
synergize in reducing tumor growth. Inhibition of autophagy is currently considered as a
promising approach to treat cancer in combination therapies.13, 14 Autophagy sustains tumor
growth and progression by providing essential survival signals in metabolically and
therapeutically stressed cells 13-16 and by contributing to the maintenance of the cancer stem
cell phenotype.17-19 Inhibition of autophagy has been demonstrated to increase
chemosensitivity and radiosensitivity and cause tumor regression in several preclinical
models.14, 15, 20-23 Chloroquine and its derivative hydroxychloroquine (HCQ) are the only
autophagy-inhibiting agents currently investigated in clinical trials in solid tumors.13, 24 CQ
is the most widely used anti-malaria drug and it has also been used in the treatment of other
human diseases (rheumatoid arthritis and lupus erythematosus) due to its anti-inflammatory
properties. Because of its chemical properties as a weak base, CQ acts as lysosomotropic
agent and inhibits lysosomal activity.24 For this reason, CQ inhibits degradation of the
autophagic cargo and induces a block of autophagic flux.25 Of note, compounds with similar
mechanism of action as CQ are able to restore drug sensitivity in several models of human
cancers by inhibiting the ion-trapping mechanism and increasing the intracellular targeting
of specific drugs.26-28 We report here that tumor acidic conditions interfere with the
autophagy-inhibiting activity of CQ, suggesting that CQ may be ineffective as autophagy
inhibitor in solid tumors characterized in vivo by acidic regions.

Results and discussion
CQ is unable to block autophagic flux in melanoma cells under acidic stress

Tumor acidosis represents an important mechanism involved in malignant progression and
resistance to therapy.29-31 We and others have recently reported that human tumor cells
activate autophagy as a protective and adaptive response to acidic stress,12, 32 suggesting
that autophagy inhibition may represent a therapeutic strategy to selectively kill cells
adapted to low pH conditions. While CQ as a single-agent treatment has shown antitumor
effects in some models,15 CQ is also reported to have no effect or even slightly increase
tumor growth, 33, 34 suggesting that efficacy of CQ to inhibit autophagy may also depend on
dosage, tumor types and tumor microenvironment factors. Acidification of tumor pH is
known to reduce entry of many weakly basic chemotherapeutic compounds,35-37 including
CQ,38 which may represent an obstacle to obtain proper antiautophagic activity in vivo.
Thus, we first measured in vivo and in vitro the effects of CQ on tumor cell growth and
viability. Administration of CQ as single agent did not affect tumor growth in 2 different
models of human colon carcinoma xenografts (Fig. 1A). Interestingly, we observed that
colon carcinoma (HCT116) and melanoma (Me30966) cells cultured under acidic conditions
were completely resistant to the cytotoxic activity of CQ (Fig. 1B). Since cancer cells under
acidic stress are sensitive to autophagy inhibition,12, 32, 39 we further evaluated the ability of
CQ to block autophagy under acidic conditions.

Autophagy is a dynamic process and the amount of LC3-II detected by western blot (WB)
reflects both synthesis and consumption of the protein by the lysosomal compartment.
Inhibition of lysosomal degradation mediated by bafilomycin A1 (BafA1) or CQ results in
accumulation of LC3-II. The ratio between LC3-II levels in the presence and absence of
lysosomal inhibitors can be used to estimate the autophagic flux, i.e. the amount of LC3-II
delivered from autophagosomes to lysosomes for autophagic degradation.25 In order to
analyze the status of autophagic flux in melanoma cells under acidic stress, we cultured
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Me30966 cells at physiological pH (pH 7.4) and acidic pH (pH 6.8 and 6.5) for 24 h, in the
presence or absence of BafA1 or CQ during the last 4 h incubation, and monitored the
accumulation of LC3-II by WB. BafA1 induced massive accumulation of LC3-II at all pH
culture conditions, indicating a sustained autophagic flux at acidic pH (Fig. 1C), as
previously reported by us.32 Interestingly, CQ was able to induce accumulation of LC3-II
only at the physiological pH 7.4 but not at acidic pH conditions (Fig. 1C). Quantification of
LC3-II accumulation showed that CQ did not induce changes in LC3-II levels at acidic pH
(Fig. 1C). A similar finding was observed in the human melanoma cell lines Sk-Mel-28 and
A375 (Fig. S1A-B).

Acidic conditions inhibit the autophagy-blocking activity of CQ in colon carcinoma and
osteosarcoma cells

CQ and HCQ are currently used in clinical trials in anticancer combination therapies as
autophagy inhibitors.13 Based on the findings reported in Figure 1 for CQ, we further
investigated the autophagy-inhibiting activity of both compounds at acidic conditions on
additional cell lines, HCT116 and HOS cells. We determined that in both HCT116 and HOS
cells the autophagy-blocking activity of CQ and HCQ was saturated at 50 μM (Fig. S2A,
S2B).

HCT116 cells under acidic conditions showed a detectable and unchanged autophagic flux
as determined in the presence of BafA1 (Fig. 2A). However, the activity of CQ dramatically
decreased at lower medium pH and it was not restored even at the highest concentrations
(100 μM), as shown by quantification of LC3-II expression (Fig. 2A). A similar observation
was made by using HCQ in HCT116 and HOS cells (Fig. S2C, S2D).

To confirm this observation, we performed experiments by culturing cells in the presence of
CQ, BafA1 and the combination of CQ and BafA1 as an additional control. As clearly
depicted in Figure 2B and 2C, all 3 combinations blocked the autophagic flux at pH 7.4 in
both HCT116 and HOS cells. As expected, the autophagy-inhibiting activity of CQ was pH-
dependent, being dramatically reduced at pH 6.8 and totally abolished at pH 6.5. Moreover,
the autophagic flux in the CQ-treated cells was blocked in the acidic pH conditions only
when BafA1 was added together with CQ. To further support this observation, we
investigated the cleavage of pro-CTSB (cathepsin B) to mature CTSB, a lysosomal cysteine
protease whose mature form is detected in acidic lysosomes.40 In HCT116 cells at pH 7.4,
the addition of CQ and BafA1 induced disappearance of mature CTSB, indicating that both
CQ and BafA1 cause inhibition of lysosomal activity (Fig. S3A). At acidic pH only cells
treated with BafA1 but not with CQ showed strong reduction of mature CTSB, indicating
that in these conditions CQ does not affect lysosomal activity.

Accumulation of autophagosomes in the presence of lysosomal inhibitors can be monitored
in HOS cells stably transfected with GFP-LC3 plasmid. Mild saponin extraction of GFP-
LC3-I allows quantification of autophagosome-associated GFP-LC3-II by flow cytometry.41

In order to reduce potential quenching of GFP fluorescence at acidic cytosolic pH when
cells are cultured at pH 6.5,42 this experiment was performed at the conditions of pH 7.4 and
6.8. As shown in Figure 2D, BafA1 and CQ treatment induced a comparable increase in
autophagosome accumulation indicated by an overlapping GFP fluorescence signal in cells
cultured at pH 7.4. Conversely, in cells cultured at pH 6.8, BafA1 treatment induced
accumulation of autophagosomes similarly to the pH 7.4 condition whereas treatment with
CQ failed to do so (Fig. 2D).
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Autophagy inhibition by Lys-01 is detectable at acidic conditions
We have so far shown that CQ is unable to block the autophagic flux in cancer cells cultured
at acidic pH, suggesting that CQ may be a poorly effective inhibitor of autophagy in the
acidic tumor microenvironment in vivo. Recently, a dimeric CQ derivative named Lys-01
(or its water-soluble form Lys-05) has been described as a much more potent autophagy
inhibitor with a strong single-agent antitumor activity.34 Interestingly, this compound
accumulates at much higher concentrations as compared to HCQ in whole-cell homogenates
and lysosomes within tumors grown in mice. This activity is partially explained by the
increased capacity of Lys-01 to deacidify lysosomes, although the authors do not exclude
targeting of unknown lysosomal proteins.34

Therefore, we compared the autophagy-blocking activity of CQ and Lys-01 under different
pH culture conditions. Since the activity of CQ was undetectable already at pH 6.8 we
restricted our analysis to pH 7.4 and pH 6.8 conditions. We observed that Lys-01 induced
accumulation of LC3-II at pH 7.4 in the range 5 to 50 μM (data not shown). However, in
contrast to CQ the autophagy-blocking activity of Lys-01 was maintained in cells cultured at
pH 6.8 (Fig. 3A, 3B). These results were confirmed using HOS-GFP-LC3 cells cultured at
pH 7.4 or 6.8 in presence of BafA1, CQ and Lys-01. In line with its reported activity and the
data in Figure 3B, Lys-01 showed a higher autophagy-inhibiting capacity as compared to
CQ, since even at pH 6.8 Lys-01 could efficiently induce autophagosomes accumulation
with the same extent as BafA1 treatment (Fig. 3C, 3D). However, the GFP-LC3 signal
detected in cells treated with Lys-01 significantly decreased from pH 7.4 to pH 6.8,
suggesting that also the activity of Lys-01 is pH-dependent.

CQ and Lys-01 cellular uptake
Considering the reported action of Lys-01 in vivo where tumors develop in hypoxic and
acidic conditions, we reckoned that the increased capacity to enter cancer cells also at low
pH and block autophagy might contribute to the stronger antitumor activity reported for
Lys-01. In order to test this possibility, we performed high-performance liquid
chromatography (HPLC) analysis of intracellular CQ and Lys-01 concentration in HCT116
cells cultured at pH 7.4 and pH 6.8. Cells were exposed to the different medium and treated
for 4 h with 50 μM CQ or Lys-01. We observed a clear pH-dependent intracellular
accumulation of CQ (Table 1). In fact, CQ concentrations in the whole-cell lysate were
seven-fold lower at pH 6.8 as compared to pH 7.4 (P<0.05). This finding suggests that the
lack of autophagy inhibition at acidic pH may be due to the dramatic reduction of CQ uptake
in acidic conditions. As previously reported34 intracellular Lys-01 concentration was
significantly higher than CQ at pH 7.4 (P<0.05, Table 1), consistently with its higher
basicity. Lys-01 also showed a pH-dependent cellular accumulation. However, the amount
of compound entering cells at acidic pH was significantly higher with respect to CQ
(P<0.05), which may explain its ability to block autophagy at pH 6.8. In line with this,
analysis of CTSB in HCT116 cells at pH 6.8 showed that mature CTSB was present in CQ-
treated cells but strongly reduced in Lys-01-treated cells (Fig. S3B). This suggests that,
likely because of a higher intracellular concentration Lys-01 still targets the lysosomes at pH
6.8.

Being a weak base CQ may be further protonated in the acidic extracellular space
surrounding cancer cells, thus significantly reducing its capacity to freely cross the plasma
membrane.24 It is reported that the intracellular accumulation of CQ is pH-dependent and
that CQ accumulates at lower concentrations in cancer cells cultured at acidic pH,38 as also
shown by our HPLC analysis. This may explain the lack of autophagy-inhibiting activity by
CQ in cancer cells cultured in acidic conditions and might potentially hinder the clinical
efficacy of CQ in combination anticancer therapies. In line with this observation, the activity
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of CQ in combination therapies may be dependent on both intrinsic cancer cell sensitivity to
drugs and on whether the CQ levels achieved within the tumor are effective in blocking
autophagy. Despite the expected anticancer effects of CQ, CQ-mediated autophagy
inhibition does not increase sensitivity to radiation therapy in a model of breast cancer.33

Moreover, some published data indicate that CQ per se might slightly increase tumor
growth,33, 34 suggesting that efficacy of CQ to inhibit autophagy may also depend on tumor
types and tumor microenvironment factors.

CQ does not block autophagy during chronic acidosis
The results described so far have been obtained in cells exposed for relatively short time (24
h) to an acidic environment and demonstrate the lack of autophagy inhibition by CQ in
acidic conditions. However, cancer cells in vivo have the ability to adapt to chronic acidosis
and acquire a more aggressive phenotype that may per se affect drug-
sensitivity.5, 10, 30, 31, 43 Moreover, it has been reported that acidosis increases the activity of
P-glycoprotein, thus inducing multi-drug resistance in cancer cells.44, 45 In order to evaluate
the activity of CQ and Lys-01 in cancer cells exposed to chronic acidosis, we used the low
pH-adapted HCT116pH6.8 and Me30966pH6.8 cells. To exclude major involvement of factors
other than pH, the activity of different lysosomal inhibitors was tested in HCT116pH6.8 and
Me30966pH6.8 cells exposed to medium at pH 6.8 or medium at pH 7.4. As illustrated in
Figure 4A and 4B, these cells maintain a normal autophagic flux detected as LC3-II
accumulation in presence of BafA1. As expected, while the autophagy-blocking activity of
CQ and HCQ was totally abolished at pH 6.8, Lys-01 was still able to reduce the autophagic
flux in cells adapted to chronic acidosis, although to a lesser extent with respect to BafA1.
On the other hand, culturing HCT116pH6.8 and Me30966pH6.8 cells at pH 7.4 restored
completely the sensitivity to the autophagy inhibition mediated by CQ and HCQ, suggesting
that pH is a major factor modulating CQ and Lys-01 activity in acidic conditions.

Low pH-adapted cancer cells are resistant to CQ cytotoxicity
In order to correlate the autophagy-inhibiting activity of Lys-01/CQ with their effects on cell
viability we used HCT116pH6.8 and Me30966pH6.8 cells and their parental cell lines (Table
S1). As previously reported,34 Lys-01 showed an increased cytotoxicity in cells cultured at
pH 7.4 with respect to CQ (Fig. 5A,B). However, while cells adapted to acidic pH showed
total resistance to CQ, they were sensitive to the cytotoxic effects of Lys-01, although to a
lesser extent as compared to cells at pH 7.4 (Fig. 5A and B). Since in vivo CQ is
administered at repeated doses we tested also whether CQ and Lys-01 treatment repeated
with a one day interval improved their cytotoxicity. As shown in Figure S4 we could not
observe any major difference between the 2 treatment schedules in all cell lines tested.

Therapeutic strategies aiming at buffering tumor pH before administration of standard
chemotherapy are under investigation in both preclinical 11, 28, 29, 46 and clinical settings
(Clinical trials NCT01069081, NCT01198821). In order to simulate pH modulation in vivo
we exposed low pH-adapted cancer cells to medium buffered at pH 7.4 and analyzed cell
viability following exposure to CQ and Lys-01. Interestingly, as predicted by data shown in
Figure 4, when low pH-adapted cells were exposed to medium at pH 7.4 the cytotoxicity of
CQ was almost completely restored while that of Lys-01 was further increased (Fig. 5C).
These data suggest that buffering tumor pH may significantly potentiate the autophagy-
blocking activity of CQ and Lys-01.

Analysis of CQ effects on autophagy in vivo
In order to understand whether the observations reported might have significance in vivo, we
performed IHC staining of HCT116 tumor sections from control mice and mice treated with
CQ. Since markers specifically detecting acidic regions in tissues are not available we used
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the expression of hypoxia-induced CA9 (carbonic anhydrase IX) to identify tumor regions
with expected low pH.12, 47 Notably, CA9 is a major mediator of the extracellular
acidification in tumors.10, 48 Sequential tumor sections were immunostained for CA9 and
LC3 and the presence of blood vessels was identified from the haematoxylin staining. As
expected, CA9 expression was absent or very mild in the close proximity of vessels but its
expression was nicely and strongly detected in the outer regions characterised by hypoxia
(Fig. 6A). To quantify LC3 expression in the vascularized viable tumor regions we applied a
method recently described.12 Briefly, we performed a pixel intensity analysis in the
normoxic areas close to vessels (inner region) and in the hypoxic area delimiting the tumor
tissue (outer region). First, the analysis of tumor tissues from untreated animals indicated
that the expression of LC3 was significantly increased in the outer regions as compared to
the inner regions by 7 fold (medians 1169 vs 7038, Fig. 6B). This observation suggests an
increased autophagic compartment or the presence of a higher number of autophagic
vesicles in cells in the hypoxic/acidic areas and confirms results recently reported by
Wojtkowiak and colleagues.12 The autophagy-inhibiting activity of CQ may be detected in
vivo by an increased LC3 positivity.25 In CQ-treated tumors, we observed a 5-fold increase
in LC3 signal intensity in inner regions with respect to untreated tumors (medians 5191 vs
1169), indicating the ability of CQ to inhibit autophagy in areas with normal oxygen tension
and an expected physiological pH (Fig. 6B). Interestingly, only a 1.4-fold increase in LC3
signal intensity was observed in outer regions of CQ-treated versus untreated tumors
(medians 9602 vs 7038), suggesting a dramatically reduced ability of CQ treatment to
inhibit autophagy in hypoxic/acidic regions (Fig. 6B). Given the high volume distribution of
CQ 49 the effects reported are unlikely to be due to different perfusion to tumor regions.

Inhibition of autophagy is currently being evaluated as a potent tool in anticancer therapies
and CQ/HCQ are used as autophagy inhibitor in combination with chemotherapy in ongoing
clinical trials. We and others have reported recently that autophagy is a mechanism for
tumor cell adaptation to an acidic environment, suggesting that targeting autophagy and
buffering pH in these malignant cells may be a therapeutic strategy.12, 32 However, CQ and
HCQ are unable to block autophagy in cancer cells in acidic conditions in vitro and in
hypoxic/acidic tumor regions in vivo. Moreover, cancer cells under acidic conditions are
totally resistant to CQ cytotoxic activity, thus questioning its in vivo efficacy. Such results
are somehow predicted by the chemical properties of CQ, a weak base whose protonation
equilibrium is shifted towards the fully protonated form in acidic conditions, thus limiting its
penetration through the plasma membrane. A similar pH-dependent mechanism is
responsible for the lack of efficacy of many chemotherapeutic drugs that are chemically
weak bases.28, 31, 35, 36, 43, 50 Moreover, cancer cells exposed to chronic acidosis may
acquire mechanisms of resistance to CQ (or Lys-01) other than those merely dependent on
extracellular acidic pH or to the chemical properties of drugs. It should also be considered
that CQ effects on increased drug sensitivity may occur through cellular functions other than
autophagy, as reported in vitro for breast cancer cells.51 CQ may affect drug sequestration
and distribution, and promote cell death through other mechanisms,24 which make more
complex the interpretation of data from combination therapies in cancer patients. For
instance, the first study testing CQ in combination therapy in cancer patients grounded its
rationale on the DNA-intercalating activity of CQ.52 In addition, although the concentrations
of CQ needed to inhibit tumor growth are achievable in humans, very little is known about
the actual autophagy inhibition in tumors, also because of the lack of reliable methods to
measure autophagic flux in tumor tissues.53 In line with this, there is a general consensus
that CQ/HCQ are not the ideal drugs to inhibit autophagy.54 For instance, suboptimal CQ
concentrations may indeed have dramatic effects on lysosomal functions, leading to
increased lysosomal activity and possibly to reactivation of autophagy. This might explain
why low pH-adapted cell lines grow slightly faster at low CQ concentrations and why in
some tumor models CQ treatment may increase tumor growth. We found that the newly
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reported CQ-derivative Lys-01, despite being still characterized by a pH-dependent activity,
is more active than CQ as inhibitor of autophagy in cancer cells exposed to acidosis and also
exerts a better cytotoxicity on these cells, supporting the notion that this compound might
also target tumor cells in acidic areas in vivo. Unfortunately, we were unable to confirm this
hypothesis in HCT116 xenografts because of the high toxicity of Lys-05 (the water soluble
salt of Lys-01) in mice. We found that cells adapted to acidosis restore their sensitivity to
CQ and increase sensitivity to Lys-01 after buffering of the growth medium. This
observation suggests that the in vivo efficacy of CQ (or other similar drugs) as autophagy
inhibitor might be improved by pretreatment with tumor pH-modulating agents.

Materials and Methods
Cell cultures

Me30966, A375, SK-Mel-28, HCT116 and HOS cell lines were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (HyClone, SV30160.03) and
antibiotics. HOS cells were kindly provided by Sofia Avnet (IOR, Bologna, Italy). The HOS
cell line stably expressing the GFP-LC3 plasmid (HOS-GFP-LC3) was a kind gift from
Gerry McInerney (MTC, Karolinska Institute, Stockholm). All cells lines were grown at 37
°C in presence of 5% CO2. The low pH adapted HCT-116 (HCT116pH6.8) and Me30966
(Me30966pH6.8) cell lines were obtained by growing the parental cells in RPMI-1640
medium buffered at pH 6.8 for 3 months. The different pH in media was achieved by adding
a different concentration of NaHCO3 and letting the media equilibrate overnight in the
incubator at 5% CO2. Actual pH in media was measured before and after each experiment.

Chemicals and antibodies
RPMI-1640 (SH30255.01), trypsin (SH40003.12), and phosphate-buffered saline (PBS,
SH40003.12) were from HyClone. RPMI-1640 without NaHCO3 (51800) and Sodium
Bicarbonate (25080) were from Gibco. BafA1 (B1793), CQ diphosphate salt (C6628), HCQ
(H0915), protease cocktail tablets EDTA-free, phosphatase inhibitors (P5726, P0044) and
bovine serum albumin (A7906) were from Sigma. The Lys-01 was synthesized by
OncoTargeting AB (Sweden) and dissolved in DMSO. Protein assay standard I (5000-0007)
and dry milk (170-6404) were from Bio-Rad. The following antibodies were used: LC3B
(Cell Signaling Technology, 2775), cathepsin B (CTSB) (Calbiochem, PC41) and β-actin
(ACTB) (Sigma, A5441). HRP-conjugated anti-rabbit (NA934V) and anti-mouse (NXA931)
antibodies, ECL system (RPN2106) and PVDF membranes (RPN303F) were from GE
Healthcare.

Treatment with acidic media and autophagy inhibitors
Cells were plated in standard RPMI buffered at pH 7.4. The next day the medium was
replaced with media buffered at different pH (7.4, 6.8 and 6.5). After 20 h of exposure to
medium at different pH, cells were treated with BafA1, CQ, HCQ and Lys-01 for 4 h and
then collected for further analysis.

Western blotting
Cells were washed on ice and collected by scraping in cold PBS. The cell pellet was lysed in
RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1% Nonidet P-40 [Sigma, I3021], 0.1%
SDS and 0.5% sodium deoxycholate) in presence of protease and phosphatase inhibitors.
The protein concentration was determined by Biorad Protein Assay (Bio-Rad Laboratories,
500-0006) and an equal amount of proteins (20 μg) was loaded on precast acrylamide gels
(4-12% SDS-PAGE, NuPage; Life Technologies, NP0335-NP0336). The proteins were
transferred from the gel to PVDF membrane for 2 h at 4 °C. Red Ponceau staining of the
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membranes verified the proper loading and transfer. Membranes were blocked in 5%
blotting grade dry milk in TBS with 0.1% Tween (TBS-T) for 1 h at room temperature and
then incubated with primary antibodies diluted in 5% bovine serum albumin in TBS-T
overnight at 4 °C. The next day membranes were washed and incubated for 1 h at room
temperature with the appropriate HRP-conjugated secondary antibody and the binding was
detected by the ECL system.

Cell viability assay
HCT116 and Me30966 cells (parental and low-pH adapted) were plated into 96-wells plates
and the next day treated with different concentrations of CQ and Lys-01. Forty-eight h after
treatment cell viability was evaluated by using the acid phosphatase assay as previously
described.55

HPLC analysis of CQ and Lys-01 intracellular content
HCT116 cells were plated overnight and the next day medium was replaced with fresh
medium at pH 7.4 and pH 6.8. Immediately after, CQ or Lys-01 (50 μM for both) were
added to the cells for 4 h. Cells were then collected and whole cell lysate (5 μg/μl) was
processed for HPLC analysis (OncoTargeting AB). Briefly, proteins were precipitated with
acetonitrile containing the internal standard. Samples were subsequently shaken vigorously,
centrifuged and the resulting supernatant was transferred to HPLC-vials for analysis. Stock
concentrations of 150 μM CQ and Lys-01 were used to prepare the calibration curves. All
samples were analyzed by first separating them by reversed phase gradient LC and
subsequently detecting them using positive electrospray ionization and multiple reaction
monitoring (MRM) of the transitions m/z: 440.5 to 205.2 (Lys-01) and 320.5 to 247.2 (CQ).

Flow cytometry
HOS-GFP-LC3 cells (100,000 cells/dish) were plated into 20 cm2 dishes. The next day
medium was replaced with medium at pH 7.4 or 6.8 for 24 h. BafA1 (50 nM), CQ (50 μM)
or Lys-01 (50 μM) were added during the last 4 h incubation. Cells were collected by
trypsinization and treated with 0.05% saponin (Biochemika, 47036) in PBS for 10 min at
RT. After wash in PBS the cells were collected and immediately analyzed by a
FACSCalibur instrument using Cellquest software (Becton Dickinson, Mountain View,
CA). GFP fluorescence was collected from at least 10,000 cells/sample.

Animal experiments
HCT116 and HT29 colon carcinoma cells (5 × 106) were injected subcutaneously in the
right rear flank of female NMRI nu/nu mice. When tumours reached the size of 0.1 mL,
mice were randomized into control or treatment groups and injected i.p. with CQ (20 mg/kg)
every second day. Tumor volume was measured every second day and experiments were
stopped 16 days after start of treatment. Animal studies were approved by the Stockholm
North ethics committee and performed by Adlego AB (Stockholm), in accordance with
Swedish governmental and European statutory regulations on animal welfare.

Immunohistochemistry
HCT116 tumors were fixed in 2% buffered formalin, dehydrated, embedded in paraffin and
sequential sections were obtained. The sections were deparaffinized with xylene, rehydrated
and microwaved. Sections were immunostained with rabbit anti-human LC3B (Cell
Signaling Technology, 2775) and mouse anti-CA9 (clone M75, BioScience Slovakia) and
visualized by the avidin–biotin–peroxidase complex technique (Vector Laboratories,
Burlingame, CA, USA). Mayer haematoxylin was used for counterstaining. Histological
slides were analyzed independently by 2 operators using the software Aperio ImageScope as
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previously described.12 For each vascularized tumor region, 5 inner regions and 5 outer
regions containing 45000 pixels were randomly selected. Statistical analysis was performed
on a total of 50 inner and 50 outer regions for each treatment group. Differences between
groups were analyzed by the Mann-Whitney test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lack of cytotoxic and autophagy-inhibiting activity of CQ in acidic conditions.
(A) HCT116 and HT29 human colon carcinoma xenografts were treated with vehicle (n=8)
or with CQ (20 mg/kg, n=8) administered i.p. every second day and tumor volume was
monitored for 16 days. (B) The effects of CQ treatment on cell viability were analyzed in
HCT116 and Me30966 cells cultured at pH 7.4 or pH 6.8 for 48 h. Data are presented as
means ± standard deviations from 2 independent experiments. (C) Me30966 cells were
plated in normal RPMI medium and the next day the medium was replaced with media at
the indicated pH. Cells were incubated with fresh media for 24 h and BafA1 (50 nM) or CQ
(50 μM) added during the last 4 h before collection of cells for WB analysis of LC3
expression. Representative WB analysis shows that CQ does not cause LC3-II accumulation
at acidic pH. LC3-II signal in the histograms was quantified by densitometric analysis of 3
independent experiments using Adobe Photoshop and the ratio LC3-II/ACTB was
calculated, using the values of the control cells at pH 7.4 for data normalization.
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Figure 2. CQ is unable to block autophagy in acidic conditions.
(A) HCT116 cells were cultured for 24 h at different pH conditions. BafA1 (50 nM) and CQ
(25, 50, 100 μM) were added during the last 4-h incubation. (B, C) WB analysis of LC3-II
accumulation in HCT116 and HOS cells was performed on cells cultured at different pH
medium in presence of BafA1 (50 nM), CQ (50 μM) and a combination of BafA1 + CQ.
Data in panels (A) to (C) are representative from 2 independent experiments. (D) HOS-
GFP-LC3 cells were cultured at pH 7.4 and 6.8 for 24 h and BafA1 and CQ were added
during the last 4 h in culture. Cells were treated with saponin as described in Materials and
methods and analyzed by flow cytometry to quantify autophagosome-associated GFP-LC3
(data are from 3 independent experiments).
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Figure 3. Autophagy inhibition by Lys-01 is detectable at acidic pH.
HCT116 (A) and HOS (B) cells were cultured at different pH conditions and the ability of
BafA1, CQ and Lys01 to induce LC3-II accumulation was analyzed by WB. Data in panels
A-B are representative from 2 independent experiments. (C) HOS-GFP-LC3 cells were
exposed to media at pH 7.4 and pH 6.8 for 24 h and different autophagy inhibitors were
added during the last 4-h incubation. Cells were collected, permeabilised as described in
Materials and methods and the accumulation of GFP-LC3+ autophagosomes was analyzed
by flow cytometry. (D) The histograms show GFP-LC3 fluorescence from the experiments
described in panel (C). Data are reported as means ± standard deviations from 3 independent
experiments.
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Figure 4. Autophagy-blocking activity of CQ and Lys-01 in low pH-adapted cells.
The sublines HCT116pH6.8 (A) and Me30966pH6.8 (B) were used to evaluate accumulation
of LC3-II by WB upon treatment with BafA1 (50 nM), CQ (50 μM), HCQ (50 μM) and
Lys-01 (25 to 50 μM). Cells were exposed either to their medium buffered at pH 6.8 or to
medium at pH 7.4 during the 4-h treatment with the different inhibitors. Data shown are
representative from 2 independent experiments.
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Figure 5. Cytotoxic activity of CQ and Lys-01 is pH-dependent.
(A, B) Cell viability after 48-h exposure to CQ and Lys-01 was evaluated in HCT116 and
HCT116pH6.8 cells (A) and Me30966 and Me30966pH6.8 cells (B). (C) Cell viability was
evaluated in HCT116pH6.8 cells and Me30966pH6.8 cells cultured at their acidic pH or at pH
7.4. Data are expressed as means and standard deviations from 3 independent experiments.
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Figure 6. Effects of CQ treatment on LC3 expression in HCT116 tumors in vivo.
(A) Histological analysis of CA9 and LC3 expression in sequential sections of tumor
regions. HE staining was used to identify viable and necrotic regions. The expression of
CA9 identifies hypoxic regions about 100 μm away from the blood vessels while necrotic
areas surrounding the CA9+ ring are indicated by N. The right panel shows a positive pixel
analysis performed by using the Aperio ImageScope with the algorithm Positive Pixel Count
v9 where strong positive pixels are shown in red. Blood vessels are shown as a light red
shape with a blue outline. The white boxes and the black boxes represent inner regions and
outer regions, respectively. The figure shows representative images from a tumor region for
control and CQ-treated tumors. (B) The number of strong LC3 positive pixels in inner and
outer regions from untreated and CQ-treated tumors is shown. Data were obtained from a
total of 50 regions randomly selected from each group. Data are expressed as box plots
showing medians and 25 to 75% percentiles. Differences between groups were analyzed by
Mann-Whitney test and P values are shown.
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Table 1
Influence of pH on intracellular CQ and Lys-01 concentration.

HCT116 cells were exposed for 4 h to CQ (50 μM) or Lys-01 (50 μM) in medium buffered at pH 7.4 and 6.8.
Whole cell lysate was subjected to HPLC analysis. Data are expressed as means ± standard deviations.

pH 7.4 pH 6.8

CQ 34±6 μM 5±1 μM

Lys-01 89±15 μM 52±4 μM
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