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ABSTRACT
Autophagy is considered a target for cancer treatment, although few compounds 
manipulating this process have been added to the anticancer arsenal in humans. 
Pharmacological manipulation of autophagy has therefore been considered in the 
treatment and chemosensitization of hepatocellular carcinoma (HCC), 
a heterogeneous malignancy that remains difficult to treat (limited impact of 
genomic discoveries for the implementation of personalized precision medicine). 
We analyzed the autophagy marker proteins p62 and LC3 in paired tumor and 
adjacent cirrhotic non-tumor tissues of human HCC. We show strong variability in 
p62 and LC3-II levels between tumor parts of different HCC patients and between 
tumor and non-tumor HCC in the same patient, suggesting heterogeneity in 
autophagy flux. This diversity in flux led us to consider a non-personalized method 
of autophagy targeting, combining simultaneous activation and blockade of autop-
hagy, which could, in theory, benefit a substantial number of HCC patients, 
irrespective of tumor autophagic flux. We show that the combination of sodium 
butyrate (NaB, autophagy inducer) and chloroquine (CQ, autophagy blocker) has 
a marked and synergistic cytotoxic effect in vitro on all human liver cancer cell lines 
studied, compared with the cellular effect of each product separately, and with no 
deleterious effect on normal hepatocytes in culture. Cancer cell death was asso-
ciated with accumulation of autophagosomes, induction of lysosome membrane 
permeabilization and increased oxidative stress. Our results suggest that simulta-
neous activation and blockade of autophagy may be a valuable approach against  

CONTACT Jamila Faivre jamila.faivre@inserm.fr INSERM UMR-S 1193, University Paris-Saclay, 
Paul-Brousse Hospital, Hepatobiliary Centre, 14 Av. Paul Vaillant-Couturier, Villejuif 94800, France

Supplemental data for this article can be accessed online at https://doi.org/10.1080/27694127.2024. 
2326241

AUTOPHAGY REPORTS                                    
2024, VOL. 3, NO. 1, 2326241 
https://doi.org/10.1080/27694127.2024.2326241

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License 
(http://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and 
reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

https://doi.org/10.1080/27694127.2024.2326241
https://doi.org/10.1080/27694127.2024.2326241
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/27694127.2024.2326241&domain=pdf&date_stamp=2024-03-28


HCC, and that microbiota-derived products improve the sensitivity of HCC cells to 
antitumor agents.

Abbreviations AV: annexin V; CI: combination index; CTSB: Cathepsin B; CTSD: 
Cathepsin D; CTSF: Cathepsin F; CQ: chloroquine; DEN: N-diethylnitrosamine; 
DMEM: Dulbecco’s modified eagle medium; FBS: fetal bovine serum; FSC: for-
ward scatter; GNS: N-acetylglucosamine-6-sulfatase; HCC: hepatocellular carci-
noma; HDACi: histone deacetylase inhibitor; HCQ: hydroxychloroquine; LMP: 
lysosomal membrane permeabilization; LAMP1: lysosome-associated mem-
brane protein; LIPA: Lysosomal acid lipase; LSR: Lysosomal staining cells; 
MAP1LC3A: microtubule associated protein 1 light chain 3 alpha; NaB: sodium 
butyrate; NASH: non-alcoholic steatohepatitis; NRF2: nuclear factor erythroid 2– 
related factor 2; PI: propidium iodide; PMSF: phenylmethanesulfonyl fluoride; 
ROS: reactive oxygen species; SCARB2: Scavenger receptor class B member 2; 
SQSTM1/p62: sequestosome 1; SMPD1: Sphingomyelin phosphodiesterase 1; 
SSC: side scatter; TFEB: transcription factor EB.
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Introduction

Primary liver cancer is the sixth most common cancer worldwide and the second 
most common cause of cancer death in men. Hepatocellular carcinoma (HCC), 
which accounts for 80% of primary liver cancers, is very difficult to treat and, to 
date only a few drugs have been approved for clinical use [1]. Their success is 
generally unsatisfactory due to the advanced stage of the disease at diagnosis, 
low median overall survival rates, high recurrence rates and the limited set of 
often non-recurrent mutations and drivers that precision medicine can target [2– 
5]. All these factors make the development of more effective treatments for HCC, 
particularly for advanced stages, a major concern for research in this field.

Autophagy is an evolutionarily conserved process that plays a wide range of 
fundamental physiological and pathophysiological functions [6]. Almost all cells 
maintain a basal rate of autophagy to preserve quality control of proteins and 
organelles in the cytoplasm [7]. Cells increase autophagy to cope with stressful 
conditions, including starvation, hypoxia, metabolic stress and chemotherapeutic 
agents [8]. In cancer, autophagy can play an antagonistic and dynamically adap-
tive role as tumor suppressor or promoter, depending, among other things, on 
the cellular context, tumor type, stage of tumor development, somatic genetic 
alterations and tumor microenvironment. Weak basal autophagy is generally 
thought to act as a tumor suppressor by eliminating damaged organelles and 
mutated cells, thus preventing the increase of reactive oxygen species and, 
indirectly, DNA damage and genome instability. In advanced cancers, autophagy 
enhances the survival and fitness of tumor cells, enabling them to overcome
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nutrient deprivation and hypoxia, maintain the cancer stem cell pool and ensure 
chemoresistance [9–14]. Autophagy is also closely associated with the therapeu-
tic response induced by various anticancer agents acting as a mechanism of cell 
death or survival. In the liver, autophagic degradation is essential due to the high 
metabolic activity and energy requirements of hepatocytes. Hepatic autophagy 
supports the diverse metabolic functions of this vital organ, and its dysfunction is 
associated with the pathogenesis of liver diseases such as viral hepatitis, non- 
alcoholic steatohepatitis (NASH), cirrhosis and HCC [9,15]. Analyses of expression 
levels of the autophagy marker proteins p62 and LC3 in tumors and adjacent non- 
tumor areas suggest heterogeneity of autophagy flux in HCC [16–20]. It is 
significant to note, however, that the number of studies simultaneously compar-
ing p62 and LC3 expression levels in human liver cancers is small, and in the case 
of HCC, which develops in a chronically diseased liver, none to our knowledge 
compares the non-tumor (cirrhosis, fibrosis) and tumor T parts in the same 
patient. This knowledge could help to better understand the heterogeneity of 
autophagy in liver cancer cells, and to identify HCC patients most likely to benefit 
from available autophagy-targeted therapies.

Pharmacological modulation of autophagy in different ways has been con-
sidered an attractive option for the treatment and chemosensitization of HCC. 
Autophagy inhibitors have been used as single agents to destroy autophagy- 
dependent tumors [21–23], or in combination with cytotoxic chemotherapy or 
targeted therapy (e.g. the multikinase inhibitor sorafenib in HCC) to circumvent 
resistance or improve cancer treatment [24–35]. The antimalarials chloroquine 
(CQ) and hydroxychloroquine (HCQ) are the few FDA-approved autophagy block-
ers and have been evaluated in a number of cancer clinical trials, unfortunately 
without significant therapeutic benefit as monotherapy [36]. Another approach 
explored in cellular and preclinical systems involves activation of autophagy by 
PI3K/Akt/mTOR inhibitors, leading to induction of autophagic cell death (ACD) 
[37–47], apoptotic/necrotic death or inhibition of cell proliferation [48–51]. In 
addition, several studies show that simultaneous induction of autophagy and 
disruption of autophagic flux trigger lysosomal cell death [52–56]. These results 
indicate that appropriate levels of autophagosome degradation are required to 
support autophagy in cellular homeostasis. Conversely, they suggest that 
impaired autophagic flux shifts autophagy from a cell-protective process to one 
that is detrimental to the cell.

As autophagy flux can differ from one cancer patient to another and according 
to the stage of carcinogenesis, and as there are no biomarkers to measure 
autophagy flux [57] accurately in archived samples and in vivo and to verify the 
effectiveness of a therapeutic intervention, we evaluated a non-personalized 
method of autophagy targeting, combining simultaneous activation and block-
ade of autophagy, which, in theory, could benefit many liver cancer patients. 
Chloroquine was chosen as autophagy blocker and sodium butyrate as autop-
hagy activator. Sodium butyrate is a histone deacetylase inhibitor (HDACi),
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produced by bacterial fermentation of dietary fibers, which induces autophagy in 
cancer cells, including hepatoma cells, by inhibiting the Akt/mTOR pathway and 
increasing the expression of autophagy-related proteins [58]. Furthermore, gut 
dysbiosis in patients with early-stage HCC is characterized by a decrease in the 
abundance of butyrate-producing commensal bacteria compared with healthy 
control individuals, and thus by a depletion of the short-chain fatty acid butyrate, 
which could be involved in HCC development [59].

In this study, we demonstrate that LC3-II and p62 levels differ between the 
HCC tumors of different patients and between tumor and non-tumor parts of the 
same patient, suggesting a variable and heterogeneous intra-patient and inter- 
patient autophagy flux in HCC. We then conduct a series of in vitro experiments to 
assess the effects of the combination of sodium butyrate (NaB) and chloroquine 
(CQ) on cell lines derived from primary liver cancer. We confirm that butyrate 
activates autophagy and chloroquine blocks autophagic flux in the late phase of 
the autophagic process, leading to the accumulation of autophagosomes and cell 
death in all lines tested. A basis for the increased apoptotic death of cancer cells 
was found to be the effectiveness of the NaB/CQ combination in inducing 
autophagosome accumulation, lysosomal membrane permeabilization and 
increased reactive oxygen species.

Results

Autophagic flux is highly heterogeneous in human HCC

To obtain an accurate picture of autophagy flux in human HCC, we analysed the 
autophagy markers p62, also known as SQSTM1/sequestome 1, and LC3-II in pairs 
of tumor (T) and non-tumor (NT) HCC samples (n=23) by Western blot analysis 
and immunohistochemistry. We show that, although the sample cohort was 
relatively small, it was able to detect differences in p62 and LC3 levels between 
the T and NT parts of an individual patient, as well as between the T parts of 
different patients (Figure 1A,B). With all due caution given the small sample size, 
we did not find any significant association between tumor and non-tumor 
expression levels of p62 and LC3 with the clinical annotations available, in 
particular tumor grade (Edmondson-Steiner grade), etiological factor of HCC, 
4-point Metavir fibrosis score. As the use of lysomotropic agents is the only 
means of deducing the basal autophagy flux in a patient and comparing this 
flux between the T and NT parts and between patients, which is obviously not 
feasible in humans, it is not possible to state with certainty the type of flux present 
at a given time in the liver of patients with HCC. For example, in the livers of P6, 
P15 and P21 patients, the levels of p62 and LC3 are increased in the T parts 
compared with the NT parts. On the one hand, the increase in LC3-II levels in the 
T part compared with the NT part may indicate either accumulation of autophagic 
vesicles and blockade of autophagy at late stages, or the formation of autophagic
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vesicles indicating activation of autophagy. On the other hand, the increase in p62 
levels in the T part compared with the NT part may indicate either a blockade of 
autophagy or an increase in p62 expression. It is therefore impossible to draw 
conclusions about autophagic flux from the analysis of patient tissue samples. 
Another example is the livers of patients P9, P11, P16 and P17 in which the levels 
of p62 and LC3-II are decreased in the T parts compared with the NT parts. On the 
one hand, the decrease in LC3-II levels in the T part compared with the NT part 
could indicate either degradation of LC3-II during the autophagy process and 
therefore induction of autophagy, or a decrease in the formation of autophagic 
vesicles and therefore inhibition of autophagy. On the other hand, the decrease in 
p62 levels in the T part compared with the NT part may indicate either degrada-
tion of p62 by the autophagy process and therefore induction of autophagy, or 
a decrease in p62 expression levels. The p62 immunostaining profiles show that 
p62 is variably expressed in HCC, both in tumor parts of different patients and 
between tumor and non-tumor parts of the same patient, which is consistent 
with the immunoblot data (Figure 1B). In the livers of patients P3 and P14, the

Figure 1. Diversity and variability of autophagic flux in human HCC. (A) Western blotting 
of anti-p62 and anti-LC3 on extracts of tumor (T) and non-tumor (NT) liver tissue from 24 
HCC patients. P2: patient number 2. (B) Representative immunohistochemical staining 
of p62 in tumor and non-tumor areas from the indicated patients (scale bars, 50µM).
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level of p62 is increased in the tumor part compared with the non-tumor liver, 
whereas it is decreased in the P9 tumor and is not modulated in the P12 tumor 
compared with the non-tumor liver. Although it is complex, if not impossible with 
the current tools available to us, to define the basal autophagy flux in a tumor and 
its variation between NT and T parts of the same liver, our results reveal intra- 
tumor heterogeneity in autophagy flux between HCC patients as well as hetero-
geneity in changes in autophagy flux between the T and NT areas of the same 
liver.

The combination of sodium butyrate and chloroquine is a potent 
cytotoxic agent for liver cancer cells

We assessed autophagy flux in a set of cell lines derived from human liver cancer. 
The relative accumulation of LC3-II protein after chloroquine (CQ) treatment is an 
indication of autophagy flux. All cell lines tested showed activated autophagy 
with lineage-dependent variation in the rate of autophagy flux (Figure 2A). We 
measured the cytotoxicity of sodium butyrate (NaB) and CQ as individual treat-
ments on Huh-7 cells at concentrations within the range of previously reported 
studies [23,58]. As cancer cells become resistant to drugs by different mechan-
isms, we selected for each agent the concentration causing around 20% cell 
death at 72 hours and tested whether cytotoxicity increased when cells were 
treated with the combination of the two agents. The addition of 4 mM NaB alone 
to Huh7 cells caused 20% cell death and that of CQ at 10 μM and 20 μM 13% and 
17% cell death, respectively, at 72h after stimulation, compared with 4-10% cell 
death in untreated cells (Figure S1A,S1B). The doses chosen for subsequent 
experiments were for NaB 4mM and for CQ 10 and 20µM. 4mM NaB alone 
reduced Huh7 cell viability to 76 ± 4% and 70 ± 11%, and 20µM CQ alone to 
74 ± 5% and 71 ± 4% after 48h and 72h of stimulation, respectively. The cytotoxic 
effect was significantly enhanced in the presence of both agents combined, with 
cell viability reduced by 46 ± 3% and 31 ± 5% after 48h and 72h of stimulation, 
respectively (Figure 2B). Since the combination with 10µM CQ produced no 
significant change, we conducted further experiments with CQ 20µM. 
Measurements of cell death by propidium iodide uptake and flow cytometry 
confirmed the anticancer potential of the combination compared to the indivi-
dual components (cell death: 4mM NaB = 19 ± 1%; 20µM CQ = 13 ± 2%; 4mM NaB 
+ 20µM CQ = 52 ± 1%) (Figure 2C). FACS analysis after labeling cells with annexin 
V-FITC/propidium iodide (AV/PI) showed that the combination significantly 
increased cell death, as evidenced by the marked increase in the percentage of 
AV+/PI- (14±2.4%) and AV+/PI+ (26±2.2%) Huh7 cells compared with that 
induced by each agent separately (NaB: AV+/PI- = 4 ± 0.4%; AV+/PI+ = 12 ± 1%. 
CQ: AV+/PI- = 3.2 ± 0.5%; AV+/PI+ = 7 ± 0.8%) (Figure 2D). This is in line with the 
cleavage of the pro-apoptotic proteins caspase-3 and PARP by immunoblot 
(Figure 2E). We assessed the interaction between NaB and CQ by calculating
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Figure 2. Liver cancer cells are highly susceptible to death by the combined action of 
sodium butyrate and chloroquine. (A) Representative Western blotting analysis with the 
indicated antibodies on cell lysates from the indicated liver cancer cell lines, exposed or 
not to chloroquine (CQ; 5µM) for 48h. The bottom graph represents the mean ± SEM 
densitometric quantification of LC3-II versus the b-actin control in three independent 
experiments. (B-E) HuH-7 cells were exposed to sodium butyrate (NaB; 4mM), chlor-
oquine (CQ; 10µM or 20µM) separately or in combination. From panel C onwards, the 
only CQ concentration used was 20µM. CT: unexposed control cells. (B) Top images: 
representative photographs of crystal violet-stained cells exposed to the indicated 
agents for 72h. Three independent experiments. Scale bars, 200µm. Graphs below: 
two representations (histograms on the left and curves on the right) of the percentage 
of live HuH-7 cells as a function of time. All conditions: a single histogram is shown, as 
viability is the same between CT cells and those exposed to NaB or CQ alone or in 
combination at 24h. Data are means ± SEM of three independent experiments. (C) 
Representative cytometric analysis of propidium iodide (PI)-stained cells. Graphs 
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the combination index (CI), which measures synergy (CI < 1), additive effect (CI 
= 1) or antagonism (CI > 1). We found that NaB and CQ given in combination were 
synergistic (CI = 0.7) in inducing HuH7 cell death. The cytotoxic capacity of the 
drugs was then tested on other liver cancer-derived lines, two cholangiocarci-
noma lines, CC-SW-1 and CCLP-1 (Figure 2F), and three HCC lines, Hep3B, HepG2, 
and PLC/PRF/5 (Figure 2G), in the presence of NaB and CQ, alone or in combina-
tion for 72h. The sensitivity of each cell line to NaB and CQ was determined in 
a dose-response study. The combination had a large and significant cytotoxic 
effect on all the cell lines tested (around 40% cell death for Hep3B, 60% for all 
other lines), compared with that induced by the drugs incubated separately 
(around 25% cell death) (Figure 2F,G). The cytotoxic activity induced by the 
combination on cancer cell lines was not found on human hepatocytes in primary 
culture, whose viability was 85±1% compared with that of hepatocytes unstimu-
lated or stimulated with a single drug (98±3%) (Figure 2H). These data demon-
strate that the combination of NaB and CQ has a substantial synergistic cytotoxic 
effect on all the hepatic cancer cell lines tested, which have distinct genotypic 
profiles, with no deleterious effect on normal hepatocytes in culture.

The NaB/CQ combination boosts the accumulation of autophagosomes

Exposure of Huh7 cells to NaB alone induced a remarkable increase in the 
protein level of the transcription factor EB (TFEB) known to induce autophagy 
by activating autophagy- and lysosome-related genes (Figure 3A). 
Consistently, NaB caused increased mRNA levels of a set of lysosomal genes 
and the autophagy-related gene LC3 (Figure 3B). A significant increase in the 
number of lysosome-associated membrane protein 1 (LAMP1) puncta per

represent the mean ± SEM of five independent experiments. (D) Cytometric quantifica-
tion of apoptosis by annexin V plus PI staining. AV+/PI-: early apoptotic cells (green). AV 
+/PI+: late apoptotic and necrotic cells (orange). Mean ± SEM of three independent 
experiments. P-value <0.01 for percentage cell death with NaB and CQ combination 
versus a single NaB or CQ agent. (E) Western blot analysis of PARP, cleaved PARP (clv 
PARP) and cleaved caspase 3 (clv Casp-3). Mean ± SEM of densitometry quantification 
from four independent experiments. (F,G) Quantification of cell death by propidium 
iodide staining and flow cytometry of cholangiocarcinoma (F) and HCC (G) cell lines 
exposed to sodium butyrate (NaB) and chloroquine (CQ) separately or in combination 
for 72h. Data are means ± SEM of three independent experiments. (H) Percentage of 
primary human hepatocytes alive after exposure to the indicated compounds for 72h 
versus control cells (CT), assessed by crystal violet absorbance. The graph shows the 
mean ± SEM of three independent experiments (corresponding to perfused liver pieces 
from three different surgical subjects). *denotes statistical comparison with untreated 
cells (CT), $ denotes statistical comparison with cells treated with [Bu 4mM+CQ 20µM]. 
Statistical comparisons were made using Student’s t-test (A) and Anova (B-C, E-H); *, $ 
p<0.05; **, $$ p<0.01; ***, $$$ p<0.001.
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cell, reflecting a greater number of lysosomes (Figure 3C), as well as an 
increase in LC3 protein levels (Figure 3D) support an NaB-mediated transcrip-
tional regulatory effect. Autophagy flux is monitored in protein levels of 
autophagosomal or autolysosomal membrane-associated LC3-II and the
autophagy substrate, p62, with or without a late-stage autophagy 
blocker, vitro by measuring such as CQ or bafilomycin A1 (60). In this study, 

Figure 3. Dramatic increase in LC3-positive vesicular structures in cancer cells exposed 
to NaB and CQ. (A) Anti-transcription factor EB (TFEB) Western blot of HuH-7 cell 
extracts, untreated (CT) or treated with sodium butyrate (NaB; 4mM). (B) mRNA expres-
sion levels of the indicated lysosomal gene markers and the autophagy-related LC3 
gene in cells treated with sodium butyrate (NaB; 4mM) or untreated (CT). Mean ± SEM of 
three independent experiments. (C) Representative anti-LAMP1 immunofluorescence 
for late lysosomes and endosomes and Hoechst images of HuH-7 cells exposed or not to 
4mM NaB. Mean ± SEM of the number of LAMP-1-positive puncta per cell from two 
independent experiments. Scale bars, 10µM. (D) Representative Western blotting ana-
lysis with indicated antibodies on HuH-7 cell lysates, exposed to sodium butyrate (NaB, 
4mM) or chloroquine (CQ, 20µM) or both for 72h. Mean ± SEM densitometry quantifica-
tion of LC3-I, LC3-II and p62 versus b-actin control in four independent experiments. CT: 
unexposed control cells. (E) Representative anti-LC3 immunofluorescence for autophagy 
and Hoechst images. Quantification of the mean number of LC3-positive puncta per cell 
from 3 independent experiments using the ImageJ quantification tool. Scale bars, 10µM. 
CTSB: Cathepsin B; CTSD: Cathepsin D; CTSF: Cathepsin F; GNS: N-acetylglucosamine- 
6-sulfatase; LIPA: Lysosomal acid lipase; SMPD1: Sphingomyelin phosphodiesterase 1; 
LAMP2: Lysosomal-associated membrane protein 2; SCARB2: Scavenger receptor class 
B member 2; MAP1LC3A: Microtubule associated protein 1 light chain 3 alpha. * denotes 
statistical comparison with untreated cells. $ denotes statistical comparison with [Bu 
+CQ]-treated cells. Statistical comparisons were made using Student’s t-test (A-C) and 
Anova (D, E). *, $ p<0.05; **, $$ p<0.01; ***, $$$ p<0.001.

AUTOPHAGY REPORTS 9



CQ was used in combination as an established late-stage autophagy blocker. 
As expected, CQ induced an increase in LC3-II and p62 compared with 
untreated cells, indicating late-stage autophagy blockade (Figure 3D). NaB 
induced a high autophagy flux, as shown by the significant decrease in LC3-II 
and p62 levels in NaB-treated cells compared to untreated cells, and finally 
cells exposed to the NaB/CQ combination showed a marked accumulation of 
LC3-II levels compared to those exposed to CQ alone (Figure 3D). 
Furthermore, p62 levels in cells subjected to the NaB/CQ combination com-
pared with those treated with NaB alone returned to basal levels, indicating 
that CQ prevented NaB-mediated p62 degradation and that the combination 
simultaneously activated and blocked autophagy at late stages, leading to 
the accumulation of autophagic vesicles (Figure 3D). The increase in LC3- 
labeled autophagic vesicles, illustrated by an increase in the number of LC3- 
positive puncta in combination-treated cells, is consistent with biochemical 
data (Figure 3E). Impaired autophagosome-lysosome fusion, leading to 
autophagosome accumulation, and impaired autolysosome degradation, 
leading to autolysosome accumulation, have both been shown to occur in 
response to CQ [61,62]. We established a Huh-7 cell line stably expressing red 
fluorescent protein (RFP)-GFP tandem fluorescent-LC3 (RFP-GFP-LC3) to 
assess the different types of autophagy vesicles, then treated these cells 
with NaB, CQ or combination of both. We found that the accumulated 
autophagic vesicles were autophagosomes, as shown by the accumulation 
of vesicles double-stained by GFP and RFP in cells treated with CQ and the 
combination NaB/CQ (Figure 4A). Autophagosome accumulation in CQ- 
treated cells does not appear to have involved pH modification, since we 
did not observe in these cells an increase in the population of low lysosomal 
staining cells (L-LSR) representing pH-modified cells compared to untreated 
cells. We did observe an increase in the population of high lysosomal staining 
cells (H-LSR) in CQ-treated cells, indicating an increase in acidic compart-
ments and confirming the accumulation of autophagosomes in CQ-treated 
cells (Figure 4B). In contrast, cells treated with the combination showed an 
increase in the cell population exhibiting L-LSR (33±2%) (Figure 4B), indicat-
ing a change in pH and suggesting the induction of lysosomal membrane 
permeabilization (LMP), a process that can lead to cell death (56). We then 
examined the dysfunction of lysosomal enzymes in CQ-treated cells and 
found that CQ remarkably prevented maturation of the lysosomal enzyme 
cathepsin D (Figure 4C). Overall, these data show that NaB induces a high 
autophagy flux and that, at the same time, CQ inhibits lysosomal enzymatic
activity, and prevents fusion between autophagosomes and lysosomes, lead-
ing to increased accumulation of autophagosomes.
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NaB/CQ-induced cell death involves autophagosome accumulation 
and LMP induction

To substantiate the link between modulation of autophagy and induction of 
cell death by the NaB/CQ combination, we examined the effect of spautin-1, 
a potent, early-stage-specific inhibitor of autophagy, on NaB/CQ-treated cells. 
We first confirmed the efficacy of spautin-1 in inhibiting autophagy, insofar as 
it reduced the accumulation of LC3-II protein representing autophagosomes 
(Figure 5A). Spautin-1 can inhibit autophagy in a Beclin-1-dependent or 
Beclin-1-independent manner. In our system, as shown in Supplementary 
Figure 2, the addition of Spautin-1 did not affect Beclin-1 levels. We demon-
strated the efficacy of spautin-1 in reducing levels of autophagosome accu-
mulation in NaB/CQ-treated cells, as evidenced by the decrease in LC3-II 
levels in the presence of spautin-1 in these cells (Figure 5B). The decrease in 
autophagosome accumulation was confirmed by the decrease in accumula-
tion of LC3-positive structures but not Lamp-1-positive organelles in NaB/CQ 
and spautin-1-treated cells (Figure 5C). These results are consistent with those 
of the GFP-RFP-LC3 puncta assay in Figure 4A indicating an accumulation of

Figure 4. NaB combined with CQ causes autophagosomes to accumulate in cancer cells. 
(A) Representative immunofluorescence images showing RFP/GFP-LC3 and Hoechst 
(blue) in HuH-7 cells stably transfected with Lv-RFP/GFP-LC3 incubated with sodium 
butyrate (NaB, 4mM), chloroquine (CQ, 20µM), or both for 72h. CT: untreated control 
cells. Lv: lentivirus. Three independent experiments. Scale bars, 10µM. (B) Representative 
flow cytometric analysis of lysosomal compartments using the fluorescent probe 
Cytopainter Lysodeep red (lysosomal red staining reagent, LSR) for non-transfected 
Huh-7 cells treated with the indicated agents. Right: graphs showing the mean ± SEM of 
the percentage of cells showing high (top) and low (bottom) LSR fluorescence from two 
independent experiments. FSC: forward scatter. (C) Western blot analysis of the lysoso-
mal enzyme cathepsin-D (CatD). * indicates statistical comparison with untreated cells. $ 
indicates statistical comparison with [Bu+CQ]-treated cells. Statistical comparisons were 
made using Anova. ***, $$$ p<0.001.
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Figure 5. Autophagosome accumulation and lysosomal membrane permeabilization are 
consistent with cell death triggered by the combination of NaB and CQ. (A) Anti-LC3 
Western blot analysis of extracts from HuH-7 cells treated with the autophagy inhibitor 
spautin1 (Sp1, 5µM) or not (-; DMSO) for the times indicated. Right: Mean ± SEM 
densitometry quantification from 2-3 independent experiments. (B) Anti-LC3 Western 
blot analysis of HuH-7 extracts incubated with spautin1 (Sp1) or not (-; DMSO) exposed 
with sodium butyrate (NaB, 4mM), chloroquine (CQ, 20µM), or both for 72h. Right: Mean 
± SEM densitometry quantification from 2-3 independent experiments. (C) 
Representative immunofluorescence images showing LC3 (red), LAMP-1 (green) and 
Hoechst (blue) in HuH-7 cells incubated with spautin1 (Sp1) or not (-; DMSO) exposed to 
sodium butyrate (NaB, 4mM), chloroquine (CQ, 20µM), or both for 72h. CT: untreated 
control cells. Three independent experiments. Scale bars, 10µM. (D) Cytometric 

12 H. SHALHOUB ET AL.



autophagosomes. We found that the addition of spautin-1 significantly res-
cued NaB/CQ-treated cells from death, underscoring the cytotoxic role of 
accumulated autolysosomes (Figure 5D). This was associated with 
a significant reduction in caspase-3 and PARP cleavage in cells incubated 
with NaB/CQ and spautin-1 compared to those incubated with DMSO 
(Figure 5E). Subsequently, genetic suppression of autophagy provided strong 
evidence for the involvement of autophagosome accumulation in NaB/CQ- 
induced cell death. The efficacy of autophagy suppression was evidenced by 
the reduction in autophagosome accumulation 72h and 96h after transfec-
tion with Atg7 and Beclin-1 siRNAs (Figure 5F). We show that after inhibition 
of the Atg7 and Beclin-1 genes by siRNA, NaB/CQ-treated cells were signifi-
cantly preserved from death, which is illustrated by a decrease in the levels of 
cleaved PARP and caspase3, and supports the cytotoxic role of accumulated 
autolysosomes following NaB/CQ treatment (Figure 5G). LC3-II levels 
decreased in NaB/CQ-treated cells following inhibition of Atg7 and Beclin-1 
gene expression compared to NaB/CQ-treated cells with CTRL siRNA, con-
firming a role for downregulation of Atg7 and Beclin-1 in the decrease of 
autophagosome accumulation (Figure 5G). We then studied the effect of 
altered autophagic flux and autophagosome accumulation on the lysosomal 
compartment, as Figure 4B suggests an induction of LMP in cells treated with 
the NaB/CQ combination. LMP induction was estimated by the release of 
cathepsin D from the lysosomal fraction into the cytosolic fraction once the 
lysosomal membrane had been damaged. As CQ alters the maturation of

quantification of cell death by propidium iodide staining 72h after exposure to NaB, CQ 
or both in the presence or absence of spautin. CT: control cells. Mean ± SEM of 3-4 
independent experiments. (E) Western blot analysis of PARP, cleaved PARP (clv PARP) 
and cleaved caspase 3 (clv Casp-3). Mean ± SEM densitometry quantification from 2-3 
independent experiments. (F) Anti-LC3 Western blot analysis on extracts from HuH-7 
cells transfected with (Atg7+Beclin-1 siRNA, 2µM) or not (Ctrl siRNA; 2µM) for the 
indicated times. (G) Anti-PARP, -cleaved caspase 3 and -LC3 Western blot analysis on 
extracts from HuH-7 cells transfected with (Atg7+Beclin-1 siRNA, 2µM) or not (Ctrl 
siRNA; 2µM) for 96h and exposed to the combination NaB/CQ for 72h. (H) Western 
blot anti-cathepsin-D (CatD) on cytosolic (cy) and lysosomal (ly) fractions of HuH-7 cells 
exposed to NaB, CQ or both for 72h. Two independent experiments. (I) Representative 
images of anti-CathepsinD and Hoechst immunofluorescence. Scale bars, 10µM. Three 
independent experiments. (J) Anti-cathepsin D Western blot analysis on cytosolic (cy) 
fractions from HuH-7 cells incubated with spautin1 (Sp1) or not (-; DMSO) exposed with 
sodium butyrate (NaB, 4mM), chloroquine (CQ, 20µM), or both for 72h. Right: Mean ± 
SEM densitometry quantification from 3 independent experiments. (K) Representative 
images of anti-CathepsinD and Hoechst immunofluorescence. Scale bars, 10µM. Three 
independent experiments. Data are averages ± SEM. <, p < 0.05; <<, p<0.01; <<<, 
p<0.001 by Student’s t test. NS or no statistical indication, no significance.
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procathepsin D into mature cathepsin D, the level of procathepsin released 
into the cytoplasm (and normally localized in lysosomes) was compared by 
Western blot analysis after sub-fractionation. Treatment of cells with the NaB/ 
CQ combination markedly increased the level of procathepsin D in the 
cytoplasmic fraction, confirming the induction of LMP (Figure 5H,I). Levels 
of cathepsin D released from the lysosomal fraction into the cytosolic fraction 
were measured in the presence and absence of spautin-1 to reinforce the link 
between autophagosome accumulation and LMP induction in NaB/CQ- 
treated cells. Treatment of cells with NaB/CQ and spautin-1 significantly 
decreased the levels of procathepsin D released into the cytoplasmic fraction 
compared with those not treated with spautin-1, confirming the role of 
accumulated autophagosomes in LMP induction (Figure 5J,K). These results 
indicate that the accumulation of autophagosomes induced by the NaB/CQ 
combination contributed to Huh-7 cell death along with LMP induction.

The NaB/CQ combination promotes cell death by triggering oxidative 
stress

The production of reactive oxygen species (ROS) in response to chemother-
apeutic drugs is a critical event in the induction of cancer cell death (63). In 
addition, it has been shown that autophagosome accumulation causes an 
energy deficit and increase levels of ROS (64) and that increased ROS levels 
are associated with the induction of LMP (65). We quantified the level of ROS 
produced in Huh-7 cells incubated with the NaB/CQ combination and 
showed that it was significantly higher in these cells than in those incubated 
with NaB or CQ alone, both of which are well known to induce an increase in 
ROS levels (Figure 6A). This increase in ROS largely contributed to the cell 
death induced by the NaB/CQ combination, this effect on cell death being 
significantly reduced in the presence of the antioxidant reduced 
L-glutathione (Figures S3 and 6B,C). The addition of reduced L-glutathione 
also significantly decreased the level of caspase-3 and PARP cleavage in NaB/ 
CQ-treated cells compared with untreated cells (Figure 6D). These results 
suggest that increased ROS production is an essential mediator in the induc-
tion of cell death by the NaB/CQ combination.

Discussion

In this study, the combined activation and blockade of autophagy by NaB/CQ 
provides an effective means of triggering liver cancer cell death without 
harming normal liver cells. We show that the autophagy inducer NaB induces 
an early activation of autophagy leading to the biogenesis of autophago-
somes, after which the autophagy blocker CQ blocks the fusion between 
autophagosomes and lysosomes, resulting in the accumulation of
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Figure 6. Oxidative stress-induced ROS generation induces death in cancer cells sub-
jected to NaB and CQ. (A) Reactive oxygen species (ROS) levels in HuH-7 cells exposed to 
sodium butyrate (NaB, 4mM), chloroquine (CQ, 20µM), or both for 72h, measured by 
flow cytometry with the green fluorescent probe CellROX. Top: Representative flow 
cytometry curves. Cells with high CellROX content (HIGH): the 7% most strongly 
fluorescent cells in the unexposed CT control condition. Bottom: Percentage of cells in 
the high intensity range in 3 independent experiments. (B) Representative photographs 
of crystal violet-stained cells exposed to the indicated agents in the presence or absence 
of reduced L-glutathione (RLG, 5mM) for 72h. Three independent experiments. Scale 
bars, 200µm. (C) Cytometric quantification of cell death by propidium iodide staining. 
Three independent experiments. (D) Western blot analysis of PARP, cleaved PARP (clv 
PARP) and cleaved caspase 3 (clv Casp-3). Mean ± SEM densitometry quantification from 
2-4 independent experiments. Statistical comparisons were made using Anova for A and 
Student’s t test for C and D. *, $ p<0.05; **, $$ p<0.01; ***, $$$ p<0.001. For panel 6A: < 
indicates statistical comparison with untreated cells (CT) and $ indicates statistical 
comparison with [Bu+CQ]-treated cells. NS or no statistical indication, no significance.
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autophagosomes in the cell cytoplasm. Ultimately, these altered autophagic 
fluxes lead to lysosomal membrane permeabilization and, together, increased 
levels of ROS cause significant toxicity in liver cancer cells.

Manipulating autophagy as a therapeutic option has become an area of 
interest in liver disease research, including HCC [66]. As previously men-
tioned, autophagy has been shown to have a dual role in cancer. The tumor 
suppressor role was demonstrated by the development of benign liver ade-
nomas in mice with a systemic mosaic deletion of Atg5 and in mice with 
a specific deletion of Atg7-/- in the liver. This anti-cancer role has been linked 
in part to the role of autophagy in p62 digestion, in relation to p62’s involve-
ment in NRF2 stabilization and persistent activation of the antioxidant path-
way. In this model, only benign tumors develop, suggesting that activation of 
autophagy may be required to progress to a malignant state [67].

The P62 protein has been shown to be necessary and sufficient to induce 
HCC [18]. Other experimental models of specific deletion of autophagy genes 
in the liver have confirmed their crucial role in liver homeostasis and hepatic 
carcinogenesis [20,68,69]. Using the N-diethylnitrosamine (DEN)-induced rat 
model of HCC, autophagy was shown to have a pro-tumor effect during the 
tumor formation phase, illustrated by the induction of tumor destruction 
following autophagy inhibition [22]. In addition, autophagy plays a role in 
treatment resistance by reducing chemotherapy-induced ROS levels [30].

At present, there is no standardized, well-established method for measur-
ing autophagic flux in humans, which hinders dynamic studies during disease 
progression and in response to treatment, and prevents personalized care by 
targeting autophagy. In the case of HCC, the difficulty is even greater, since it 
is a cancer that develops mainly on a chronic liver disease, namely cirrhosis, 
the autophagic flux of which is poorly understood. It is therefore not known 
whether the autophagy flux reported as being impaired in HCC is similar (i.e. 
at the same stage) in malignant tissue and cirrhotic tissue adjacent to HCC, as 
pairwise studies are very rare. We also lack information on whether we should 
expect different responses to different autophagy manipulation strategies 
depending on the current autophagy flux in the tissues of HCC patients. Here, 
we show that autophagy flux is a heterogeneous component in the liver of 
HCC patients, based on differences in p62 and LC3-II expression levels 
between tumor parts of different patients studied as well as between tumor 
and non-tumor parts of the same patient, raising the question of the applic-
ability of autophagy-based therapeutic interventions in HCC. Approaches 
based on the concomitant induction of autophagy and inhibition of autop-
hagic flux can promote cell death, opening up promising therapeutic pro-
spects [52,62,70]. We applied this method to several human liver cancer lines 
of different cancer genotypes and found a pronounced cytotoxic effect. 
Sodium butyrate NaB induced early activation of autophagy, autophagosome 
biogenesis, and chloroquine CQ, by blocking their fusion with lysosomes,
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allowed accumulation of autophagosomes, LMP, oxidative stress and cell 
death.

To our knowledge, this is the first study on human tissue comparing the 
expression of the two autophagy markers p62 and LC3 in HCC tumors and 
paired adjacent non-tumor tissues (mainly cirrhotic). In a previous study of 
autophagy-related markers as predictors of postoperative HCC recurrence, 
quantification of tissue immunohistochemistry showed that p62 and LC3 
levels varied from patient to patient [19]. In another study investigating p62 
levels and Nrf2 pathway activation in hepatocellular carcinoma cells, the 
authors found by immunohistochemistry that p62 accumulated in 25% and 
21% of HCC and HCC-adjacent tissue respectively, suggesting that autophagy 
is blocked (16). Others have shown, by focusing on p62 expression, that its 
level was heterogeneous among the HCC patients studied [20]. These results 
and other studies suggest a variable autophagy flux between HCC tumors, 
although the picture is not really established due to the absence of possible 
measurement of the autophagy markers p62 and LC3-II under the effect or 
not of lysosomotrophic agents in patients, which alone would provide an 
accurate reading of autophagy flux, and the often incomplete analysis pro-
vided by the analysis of a single autophagy marker, or the lack of comparison 
between the different sections of the diseased liver that form the tumor 
ecosystem of HCC. Although the cohort of HCC patients examined in this 
study was limited, we found differences in p62 and LC3-II levels between 
tumors from different patients and between non-tumor and tumor parts of 
the same patient, suggesting diversity and variability in autophagy flux 
in HCC.

Implementing a therapy based on autophagy modulation in a cohort of 
cancer patients with such heterogeneous autophagic flux can be considered 
challenging, not to mention the likely adverse effects of autophagy modula-
tors given the physiological role of autophagy in all organs [66] and in 
immune responses [71,72]. Cancer cells are associated with changes in the 
lysosomal compartment, such as changes in lysosomal membrane stability 
and an increased repertoire of hydrolases, making them more susceptible to 
LMP-induced cell death [73–77]. This could explain the greater sensitivity of 
liver cancer cell lines to cell death induced by combined activation and 
blockade of autophagy in late stages, compared with the lack of sensitivity 
of normal human hepatocytes, as treated cancer cells have been shown to 
undergo LMP. The accumulation of autophagy vacuoles, which in our case are 
autolysosomes, associated with death induction in cells treated with the NaB/ 
CQ combination, has been shown to occur during chemotherapeutic treat-
ments or spontaneously in degenerative neurological diseases that lead 
neurons with autophagosome accumulation to cell death [78]. It has been 
suggested that deficient autophagy and the accumulation of autophagy 
vacuoles over a long period led to an energy crisis in the cells, which in
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turn triggered positive feedback with increased autophagosome biosynth-
esis, amplified autophagosome accumulation and cell death [64]. Our 
hypothesis that the combination could have an antitumor effect in 
a significant number of patients, irrespective of the type of autophagy flux, 
is based on the assumption that the combination could ultimately lead to the 
accumulation of autophagic vesicles in many cases. In a tumor with normal 
autophagy flux, NaB will increase autophagosome formation, after which CQ 
will block fusion between autophagosomes and lysosomes, leading to the 
accumulation of autophagic vesicles. In a tumor where autophagy flux is 
activated, CQ blocks fusion between autophagosomes and lysosomes, lead-
ing to their accumulation. In a tumor where autophagy is blocked at the stage 
of fusion between autophagosomes and lysosomes or at the stage of auto-
lysosome degradation, NaB will further activate autophagy amplifying the 
levels of accumulated autophagosomes/autolysosomes. As for HCC tumors 
where the fux is completely inhibited during initiation, to our knowledge 
there is no evidence in the context of HCC of alterations in the mutational 
landscape of autophagy genes, or of mutation or loss of the BECN1 gene in 
humans, which would allow such a physiopathological situation to be 
envisaged.

The rationale for testing NaB/CQ against HCC is safety and selectivity. 
Chloroquine is a lysosomotrophic antimalarial that has been repurposed for 
cancer treatment alone or in combination with anticancer therapies [79]. The 
anti-tumor effect of chloroquine is mainly linked to its autophagy-inhibiting 
activity and induction of lysosomal membrane permeability [35,80]. Among 
the short-chain fatty acids (SCFAs), butyrate has several biological functions, 
including being a source of energy, inducing autophagy in several cell lines, 
including hepatocellular carcinoma cells, being an HDAC inhibitor and having 
antitumor activity [81].The gut microbiota or its products (including SCFAs, 
naturally present in our bodies) can pass from the intestine to the liver under 
pathological conditions and, to a lesser extent, under normal conditions, via 
the hepatic portal vein [82], making it possible to target liver diseases, 
including cancer, by modulating the dysbiotic gut microbiota of cancer 
patients using SCFA-producing probiotics and special diets. The idea is to 
exploit butyrate, a product derived from the microbiota, as an autophagy 
activator (not to mention the other functional benefits it could bring) to 
increase the sensitivity of hepatocellular cancer cells to treatment with chlor-
oquine, an autophagy inhibitor. Further studies will need to assess the safety 
and anti-tumor response of this combinatorial approach in preclinical studies 
on vivo models of HCC before moving on to the clinical stage.

The question of whether CQ blocks autophagy by preventing fusion 
between autophagosomes and lysosomes, and hence autophagosome accu-
mulation, or by preventing the final stage of cargo digestion, and hence 
autolysosome accumulation, remains unresolved as results differ between
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studies [61,62]. In our study, CQ acts by inhibiting fusion between autopha-
gosomes and lysosomes, leading to autophagosome accumulation, as shown 
by the colocalization of RFP and GFP signals in liver cancer cells stably 
expressing RGP/GFP-LC3 reporter and the absence of colocalization of the 
autophagosomal marker LC3 and the lysosomal marker LAMP-1 in cells 
treated with CQ or NaB/CQ. With regard to the effect of CQ on lysosomal 
pH, which varies from study to study [80,83], our results suggest that CQ 
blocks autophagy without increasing lysosomal pH.

In conclusion, we report here a method with a dual effect on autophagy 
initiation and degradation to preferentially and efficiently destroy HCC cancer 
cells. Given that HCC is an aggressive cancer with limited effective therapeutic 
options, our results suggest an additional promising avenue for pharmaco-
logical development against HCC.

Materials and methods

Tissue sample, cell culture and reagents

HCC tissue samples were collected from patients with hepatocellular car-
cinoma (HCC) operated on at the hepatobiliary centre, Paul-Brousse 
University Hospital. They were obtained after surgical resection or from 
liver explants during transplantation. All patients provided signed 
informed consent. The study was reviewed and approved by the 
Institutional Review Board (IRB) of the French Institute for Medical 
Research and Health INSERM (IRB number 11-047). The tissue biobank of 
the AP-HP Paris-Saclay Biological Resources Centre (BB-0033-00089) sup-
plied all fresh, frozen, formalin-fixed and paraffin-embedded liver samples. 
Normal primary human hepatocytes were obtained from fresh hepatic 
resection specimens of patients operated on for liver metastases of color-
ectal cancer managed at the Paul-Brousse Hospital, Hepatobiliary Center, 
Villejuif. Cells were cultured in William E + GlutaMax medium (Gibco, 
ThermoFisher scientific, 32551-020/32551-087) supplemented with 10% 
fetal bovine serum (FBS) (Serana, S-FBSP-EU-015). Huh-7, PLC/PRF/5 and 
CCLP-1 human cell lines derived from primary liver cancer were cultured in 
Dulbecco’s modified eagle medium (DMEM)-Glutamax (4.5g/L glucose) 
(Gibco, ThermoFisher scientific, 61965-026/61965-059) supplemented with 
10% FBS. HepG2 cells were cultured in DMEM (Gibco, ThermoFisher scien-
tific, 11966-025) supplemented with 10% FBS and 1% sodium pyruvate. 
Hep3B and CCSW-1 cells were cultured in DMEM-Glutamax (4.5g/L glu-
cose) supplemented with 10% FBS, 1% sodium pyruvate and 1% non- 
essential amino acids. All cells were grown at 37°C in an atmosphere 
containing 5% CO2. Sodium butyrate (NaB) (#303410), chloroquine
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diphosphate (CQ) salt (#C6628), spautin-1 (#SML0440) and reduced left 
glutathione (#G4251) were purchased from Sigma Aldrich.

Cell treatment and dose-response

Cells were seeded in 6-well plates (175,000 cells/well in 2.5 mL medium) or 
24-well plates (35,000 cells/well in 500µL medium). Concentrations of 4mM 
NaB and 10 or 20µM CQ were chosen on the basis of the results of cell death 
induction time and dose-response experiments. Concentrations inducing 
around 20% cell death were selected. The NaB and CQ concentrations we 
used were 2mM and 5µM for Hep3B, 1mM and 20µM for HepG2, 2mM and 
10µM for CC-SW-1, 2mM and 20µM for PLC/PRF/5 and CCLP-1. NaB and CQ 
were dissolved in DMEM prior to use. The 5mM concentration of Spautin-1 
was chosen after evaluation of time- and concentration-dependent cytotoxi-
city. Spautin-1 was dissolved in DMSO (Sigma Aldrich, D8418) and the work-
ing solution was prepared in DMEM medium and added twice, the first time 
with treatment and the second time 3h after treatment. The 5mM concentra-
tion of reduced left glutathione was chosen after evaluation of time- and 
concentration-dependent cytotoxicity. Reduced left glutathione was dis-
solved in sterile water before use and added 3 times, 1h before treatment, 
24h and 48h after treatment. For cell lines other than Huh-7 cells, NaB and CQ 
concentrations were chosen according to cell sensitivity to single treatment, 
so that when single treatment induced a high percentage of cell death, the 
concentration was decreased by ½ or ¼ with a threshold of less than 40% cell 
death in single treatment.

Combination index

The combination index (CI) was calculated according to the following for-
mula: CI= (D)1/(Dx)1+ (D)2/(Dx) where (D)1 and (D)2 are the concentrations of 
the combination that kill x% of cells, and (Dx)1 and (Dx)2 are the concentra-
tions of each product alone that kill x% of cells. In our study, we measured the 
CI at 50% cell death. The effect of the products is defined as synergistic when 
CI < 1, an additive effect when CI = 1 and an antagonistic effect when CI >1 
[12]. The concentration of each product alone that induced 50% cell death 
was calculated using concentration- percentage cell death curves. The con-
centrations of the combination of products that induce 50% cell death are the 
concentrations used in our study.

Cell viability assessment

After the various treatment, cells were washed with PBS, then fixed and 
stained with crystal violet solution (0.5% crystal violet, 30% ethanol and 3%
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of paraformaldehyde) for 5 min at room temperature. The cells were then 
washed with water and left overnight to evaporate. Next, crystal violet was 
resolved in 1% SDS and absorbance measured at 560nm using a microplate 
reader. The stained cells were then photographed under an optical micro-
scope using a camera.

Cell death assessment

After the cells had been exposed or not to the various drugs, they were 
collected and stained with propidium iodide (PI) (Sigma Aldrich, P4864) then 
analyzed by flow cytometry via the FL3 channel detector, followed by data 
processing using BD Accuri C6 software. The cell population to be analyzed 
was delimited after removing cell debris and aggregates in the forward side 
scatter (FSC) and side scatter (SSC) light plots. PI-positive cells were defined as 
those representing 5-10% of Huh-7 cells, 9-14% of Hep 3B cells, 8-15% of Hep 
G2 cells, 7-13% of PLC/PRF/5 cells, 7-16% of CC-SW-1 cells and 7-10.5% of 
CCLP-1 cells under untreated conditions. Cell apoptosis was analyzed using 
a PI/Annexin V kit (Invitrogen Thermofisher Scientific, V13242). Once labeled 
with propidium iodide and Annexin V, they were analyzed by flow cytometry 
via the FL-1 and FL3 channel detector. Dead HuH7 cells were defined as those 
representing 5% in untreated conditions.

Establishment of a Huh-7 cell line with stable expression of the RFP/ 
GFP-LC3 reporter protein

Huh-7 cells and viral particles were mixed with equivalent volume (500µL 
+500µL for one well of a 6-well plate) to obtain a cell suspension containing 
50,000 cells/mL and 500,000 viral particles. Polybrene was added at a final 
concentration of 10µg/mL. After serial passages and cell number expansion, 
the transfected cells were used for the experiments. The lv-RFP/GFP-LC3 
construct was donated by Dr Jean-Emmanuel Sarry’s lab /CRCT in Toulouse 
and the recombinant virus was produced by the Pôle Technologique du 
Centre de Recherche en Cancérologie in Toulouse.

Reactive oxygen species quantification

Cells were stained with 500nM CellROX® Green reagent (Invitrogen 
ThermoFisher Scientific, C10492) for 1h at 37°C, 5% CO2 followed by flow 
cytometry analysis via the FL-1 channel detector, then data were processed 
using BD Accuri C6 software. The population of cells of interest to be analyzed 
was selected after removing cell debris and cell aggregates from the FSC and 
SSC light plots. From the selected cell population, another gate named HIGH
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was set to the 7% of cells most strongly fluorescing in the FL1 channel under 
untreated conditions for Huh-7 cells.

Lysosomal pH

Cells were stained with 50nM lysosomal staining reagent red (LSR) (Abcam, 
ab112137) for 10 min at 37°C, 5% CO2. Cells were then collected and analyzed 
by flow cytometry using an FL-2 channel detector, and data processed using 
BD Accuri C6 software. LSR fluorescence intensity was decomposed into low 
(L-LSR), moderate (M-LSR) and high (H-LSR). The LSR fluorescence intensity of 
the majority (94.3%) of untreated control cells was graded as moderate.

Western blot

Whole-cell lysates were made in ice-cold lysis buffer supplemented with phos-
phatase and protease inhibitors (50mM Tris-Cl pH7.4, 150 mM NaCl, 1% NP40, 
0.25% sodium deoxycholate, 1 mmoL/L Na3VO4, 20 mmoL/L NaF, 1 μg/mL 
aprotinin, 10 μg/mL pepstatin, 10 μg/mL leupeptin, 1 μM phenylmethylsulfonyl 
fluoride). Protein extracts from HCC patient tissues were prepared from frozen 
tumor and non-tumor samples. After addition of the same lysis buffer as that 
used for the cell lines, the tissues were mechanically homogenized using 
a Tissuelyser II (Qiagen®). Protein quantification was performed using the Bio- 
Rad protein assay kit and bovine serum albumin. 30-60µg of protein was 
resolved in a 7%-12%-15% polyacrylamide gel in Tris-Glycine SDS buffer 
(Invitrogen), before being electrotransferred onto nitrocellulose membranes 
(Whatman, Dominique Dutscher). Membranes were blocked in 5% non-fat 
milk in 0.1% Tween 20 Tris-buffered saline for 1h and probed with primary 
antibodies [LC3 (rabbit, Sigma-Aldrich, L7543); p62 (guinea pig, Progen, GP62); 
β-actin (Cell Signaling Technology, D6A8); PARP (rabbit, Cell Signaling 
Technology, #9542); cleaved caspase-3 (Asp175) (rabbit, Cell Signaling 
Technology, #9661); cathepsin D (mouse, Abcam, ab6313); TFEB (rabbit, 
Abcam, ab245350)] either for 1h or overnight, followed by a secondary anti-
body, bound to horseradish peroxidase, for 1h after washing. Immunoreactive 
bands were detected with ECL plus chemiluminescence reagent (ThermoFisher 
Scientific, 32432). Densitometric analysis was performed using ImageJ software.

Immunofluorescence

Cells were fixed/permeabilized in a solution of methanol 50% (v/v) and 
acetone 50% (v/v) previously cooled for 10 min at -20°C. Slides were then 
washed with PBS and incubated overnight at 4°C with the primary anti-
body [LC3 (rabbit, Sigma-Aldrich, L7543); LAMP-1(mouse, Cell Signaling 
Technology, D4O1S); cathepsin D (mouse, Abcam, ab6313) diluted in PBS.
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Slides were then washed in PBS and incubated with secondary antibody 
(goat anti-rabbit Alexa Fluor 555, Invitrogen, A32732; goat anti-mouse 
Alexa 488, Invitrogen molecular probes, A11029; donkey anti-mouse 
Alexa 555, Invitrogen ThermoFisher, A31570) diluted in PBS for 1h at 
37°C. Slides were washed with PBS and stained with Hoechst 33342 
(Invitrogen ThermoFisher, H3570) diluted in fluoromount-G (Southern 
Biotech, #H0120-V110). Slides were imaged under a confocal microscope 
using Leica software. Quantitative analysis was performed using ImageJ 
software.

Immunohistochemistry

Formalin-fixed, paraffin-embedded liver sections (4 µm) were dewaxed in 
xylene and rehydrated through graded alcohols. Tissue sections were 
pressure cooked in 10 mM citrate buffer pH 6 for 10 min, incubated 
with 3% H2O2 for 20 min to block endogenous peroxidase, and then 
incubated with an anti-p62 antibody (Abcam, ab56416). Secondary anti- 
mouse immunoglobulin G–horseradish peroxidase (HRP) was used 
according to the manufacturer’s instructions (DAKO, Glostrup, 
Denmark). Sections were counterstained with haematoxylin (Sigma) 
before mounting on coverslips.

Small RNA interference

Cells were cultured for 24 hours and then transfected with CTRL siRNA or the 
combination of Atg7 and Beclin-1 siRNA at a concentration of 2µM using the 
VIROMER® BLUE kit (Viromer Transfection). Cells were then treated with the 
combination of NaB and CQ 24 hours after transfection.

Cell fractionation

Cells were collected and washed twice in ice-cold extraction buffer (210  
mM mannitol, 70 mM sucrose, 1 mM EDTA, 20 mM Hepes, pH 7.5) supple-
mented with 100 mM PMSF and protease inhibitors (Roche Diagnostics). 
Cells were then disrupted in extraction buffer by passing the sample 10 
times through a G27 needle. After centrifugation at 1,000 g for 5 min at 4  
°C, supernatants were collected and centrifuged at 20,800 g for 1h at 4 °C. 
The supernatant (cytosolic fraction) was collected and the pellet (lysoso-
mal fraction) lysed in the same lysis buffer as for the Western blot
procedure.
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Quantitative real-time PCR

Total RNA was isolated following the TRIZOL-Chloroform RNA extraction 
protocol and purified using the TURBO DNA-free kit (Invitrogen 
ThermoFisher Scientific, AM1907) by DNase treatment. RNA was quanti-
fied using the NanoDrop instrument (Thermo Scientific). cDNA was 
synthesized using the RevertAid RT kit (Thermo Scientific, K1691) in 
accordance with the manufacturer’s instructions. cDNA was amplified 
by PCR using Faststart Essential DNA Green Master (Roche) according 
to the manufacturer’s instructions. Reactions were performed on 
a LightCycler 96 machine (Roche) and transcript levels were quantified 
using the delta delta Ct method using GAPDH as an internal control. The 
fold change was calculated relative to independent control untreated 
cells. The fold change was calculated relative to the untreated cells of 
the independent control. The primer sets used for PCR amplification are 
listed in Table S1.

Statistical analysis

Results are presented as means ± SEM. Differences between two sample 
groups were tested using Student’s one-tailed t-test or the Wilcoxon test. 
Differences between more than two sample groups were tested by ANOVA 
followed by Tukey’s test after comparison when conditions of normality were 
met.P values < 0.05 were statistically significant
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