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Oblongifolin C suppresses lysosomal function independently
of TFEB nuclear translocation
Man Wu1,2, Yuan-zhi Lao1,2, Hong-sheng Tan1,2, Guang Lu3, Yi Ren3, Zhao-qing Zheng1,2, Juan Yi3, Wen-wei Fu1,2, Han-ming Shen3 and
Hong-xi Xu1,2

Lysosomes are the terminal organelles of the autophagic-endocytic pathway and play a key role in the degradation of autophagic
contents. We previously reported that a natural compound oblongifolin C (OC) increased the number of autophagosomes and
impaired the degradation of P62, most likely via suppression of lysosomal function and blockage of autophagosome-lysosome
fusion. However, the precise mechanisms of how OC inhibits the lysosome-autophagy pathway remain unclear. In the present
study, we investigated the effect of OC on transcription factor EB (TFEB), a master regulator of lysosomal biogenesis, lysosomal
function and autophagy. We showed that treatment with OC (15 μM) markedly enhanced the nuclear translocation of TFEB in HeLa
cells, concomitantly reduced the interaction of TFEB with 14-3-3 proteins. We further demonstrated that OC caused significant
inhibition of mTORC1 along with TFEB nuclear translocation, and OC-mediated TFEB nuclear translocation was dependent on
mTORC1 suppression. Intriguingly, this increased nuclear TFEB was accompanied by reduced TFEB luciferase activity, increased
lysosomal pH and impaired cathepsin enzyme activities. In HeLa cells, treatment with OC (7.5 μM) resulted in about 30% of cell
death, whereas treatment with hydroxycitrate, a caloric restriction mimetic (20 μM) did not affect the cell viability. However,
cotreatment with OC and hydroxycitrate caused significantly great cytotoxicity (>50%). Taken together, these results demonstrate
that inhibition of lysosome function is mediated by OC, despite evident TFEB nuclear translocation.
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INTRODUCTION
Autophagy occurs in eukaryotic cells in a wide variety of
physiological and pathological processes; it can be induced by
normal developmental processes and by external stresses [1].
Autophagy has a dual role in tumor initiation and development.
On the one hand, autophagy can protect normal cells from
malignant transformation by removing toxic substances in cells
and maintaining genome stability. On the other hand, autophagy
can increase tumor cell viability, especially in chemotherapy and
radiotherapy, during which autophagy protects tumor cells from
the cytotoxicity of chemotherapy drugs. It is generally believed
that at the early stage of cancer, autophagy inhibits the initiation of
tumorigenesis, whereas during cancer development, autophagy
protects tumor cells against environmental stress (such as nutrient
starvation before angiogenesis, hypoxia and chemotherapy) and
thereby promotes the survival of cancer cells [2].
Lysosomes are the terminal organelles of the endocytic pathway

responsible for the degradation of autophagic materials. Over the
past few decades, autophagy studies have focused on the molecular
mechanisms of autophagosome formation. Recently, researchers
have made significant progress in understanding the role of
lysosomes in autophagy [3]. Transcription factor EB (TFEB), a master
regulator of lysosomal biogenesis as it drives the expression of

related genes, has received extensive attention. Some studies
show that TFEB is regulated by the lysosome via the mTORC1
pathway [3, 4]. It has been reported that mTORC1 drives cellular
growth by controlling numerous processes that regulate protein
synthesis and degradation. Under normal conditions, mTORC1
phosphorylates TFEB at serines 221 and 142, thereby retaining TFEB
on the lysosomal surface [5, 6]. During nutrient deprivation, TFEB
is dephosphorylated and subsequently translocates to the nucleus
to drive the expression of transcriptional target genes.
Oblongifolin C (OC), a natural compound found in Garcinia

oblongifolia and later isolated from the pericarp of Garcinia
yunnanensis, has been found to exhibit antitumor activity in many
cancer cell lines [7, 8]. Our previous studies have shown that OC
could induce caspase-dependent cancer cell death [9] and inhibit
tumor metastasis by inducing expression of keratin 18 and tubulin
in cancer cells [10]. OC not only triggered the DNA damage
response but also inhibited DNA damage repair [11]. Moreover, a
recent investigation has revealed that OC could inhibit autophagic
flux, possibly by blocking autophagosome–lysosome fusion and
attenuating lysosomal proteolytic activity [12]. However, it remains
unclear whether this inhibition of autophagy is associated with its
antitumor activity, and the detailed mechanisms of OC-mediated
inhibition of autophagy are still unknown.
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In this study, we investigated the influence of OC on lysosome
activity. We observed that OC treatment not only inhibits the
autophagosome–lysosome fusion but also suppresses lysosome
biogenesis via regulation of TFEB translocation. Importantly, OC
enhances the sensitivity of HeLa cells to hydroxycitrate, a caloric
restriction mimetic (CRM) that can induce autophagy and improve
anticancer chemotherapy. Our study thus reveals the mechanism
by which OC regulates autophagy and the potential for OC
combination with CRMs as a novel strategy for anticancer therapy.

MATERIALS AND METHODS
Reagents and antibodies
OC was isolated from fruit extracts of Garcinia yunnanensis Hu.
Torin1, PP242 and Anti-FLAG® M2 Affinity Gel were purchased
from Sigma (MO, USA). TFEB-luciferase and pCMV-3× Flag-TFEB
plasmids were gifts from Dr. A Ballabio (Baylor College of
Medicine).
The following antibodies were used in our experiments (used at

a 1:1000 dilution for Western blot): TFEB (A303–673A) was
purchased from Bethyl Laboratories (TX, USA); TSC2 (4308),
phospho-S6 (S235/236) (2211), S6 (2217), phospho-P70S6K
(9205), P70S6K (9202) and 14-3-3 (8312) were purchased from
Cell Signaling Technology (MA, USA); β-actin (A5441), FLAG
(F1804), STX17 (HPA001204) and LaminA+ C (L1293) were
purchased from Sigma (MO, USA); and GAPDH (ab128915,
1:10,000) was purchased from Abcam (Cambridge, UK).

Cell culture
HeLa cells and MEF cells were obtained from the American Type
Culture Collection (ATCC). TSC2-wild-type (TSC2+/+) and TSC2-
knockout (TSC2-/-) mouse fibroblasts (MEFs) were obtained from
Dr. DJ Kwiatkowski (Brigham and Women’s Hospital, Harvard
University). The cells were maintained in DMEM (HyClone, PA,
USA) supplemented with 10% fetal bovine serum (HyClone,
PA, USA) and 10 U/mL penicillin-streptomycin (Gibco/Invitrogen,
NY, USA) in a humidified atmosphere containing 5% CO2 at 37 °C.

Immunoprecipitation and western blotting
For immunoprecipitation (IP) of TFEB protein, 293T cells were
transiently transfected with pCMV-3× Flag-TFEB for 24 h, followed
by the designated treatment. The cells were lysed using IP lysis
buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2.5 mM MgCl2, 0.05%
Triton-100, protease inhibitors) and sonicated four times. Whole
cell lysates obtained by centrifugation were incubated with 10 μL
Flag beads overnight at 4 °C with rotation. The protein/bead
complexes were washed with IP lysis buffer three times and eluted
by boiling with 2× sample-loading buffer. The samples were
resolved by SDS-PAGE and transferred onto PVDF membranes.
After blocking with 5% nonfat milk, the membrane was
probed with the designated primary and secondary antibodies,
developed with the enhanced chemiluminescence method and
visualized with an ImageQuant LAS 4000 (GE Healthcare, PA, USA).

Immunofluorescence and confocal microscopy
For the immunofluorescence assay, cells were grown on cover-
slips, rinsed in PBS and fixed with 4% PFA for 30min at room
temperature. Cells were washed three times with PBS and then
blocked and permeabilized in PBS containing 3% BSA (Sigma, MO,
USA) and 0.1% Tween-20 for 30 min at room temperature. The
blocking solution was rinsed off with PBS, and the corresponding
antibodies diluted in 1% BSA in PBS were added. Fluorescence
images were captured using laser scanning confocal microscopy
(OLYMPUS, Japan).

Biochemical fractionation
The nuclear and cytosolic extracts were prepared with NE-PER®
nuclear and cytoplasmic extraction reagents (Thermo Fisher, MA,

USA) according to the manufacturer’s protocol. Briefly, cells were
lysed in cytoplasmic extraction reagent I on ice for 10 min, and
then, ice-cold cytoplasmic extraction reagent II was added. The
tubes were then centrifuged, and the supernatant (cytoplasmic
extract) was recovered. The cell pellet was suspended in ice-cold
nuclear extraction reagent and centrifuged. The supernatant
containing the nuclear extract was saved.

Quantitative real-time PCR (qRT-PCR)
RNA was extracted with RNeasy (Qiagen, Germany). A reverse
transcription reaction was performed using 1 μg of total RNA with
a High Capacity cDNA Reverse Transcription kit (Thermo Fisher,
MA, USA). The mRNA expression levels were determined by a
CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, CA,
USA). TATA-Box Binding Protein (TBP) was used as an internal
control of RNA integrity, and the assay was performed in triplicate.
The primers used were based on previous reports [4, 6]. The
following primer sequences were used in our experiments:
ATP6V1H: 5′-CAGAAGTTCGTGCAAACAAAGC-3′, 5′-TCAGGGCTTC

GTTTCATTTCAA-3′; LAMP1: 5′-ACGTTACAGCGTCCAGCTCAT-3′, 5′-T
CTTTGGAGCTCGCATTGG-3′; CTSD: 5′-TGCTCAAGAACTACATGGA
CGC-3′, 5′-CGAAGACGACTGTGAAGCACT-3′; VAMP8: 5′-TGTGCG
GAACCTGCAAAGT-3′, 5′-CTTCTGCGATGTCGTCTTGAA-3′; CTSB:
5′-ACAACGTGGACATGAGCTACT-3′, 5′-TCGGTAAACATAACTCTC
TGGGG-3′; MCOLN1: 5′-TTGCTCTCTGCCAGCGGTACTA-3′, 5′-GCAG
TCAGTAACCACCATCGGA-3′; TBP: 5′-CCACTCACAGACTCTCACAAC-
3′, 5′-CTGCGGTACAATCCCAGAACT-3′; LC3: 5′-ACCATGCCGTCGG
AGAAG-3′; 5′-ATCGTTCTATTATCACCGGGATTTT-3′; and P62: 5′-AG
AGACAGCTCAGCAGCTCCT-3′, 5′-GCCTTGTCAGCCTCCATCAG-3′.

Transient transfection and TFEB luciferase assay
293T cells were transiently cotransfected with pCMV-3× Flag-TFEB
and Renilla plasmids using Lipofectamine 2000 (Invitrogen, NY,
USA) for 24 h, followed by the designated treatment. The
luciferase activity was measured via a Dual-Luciferase Reporter
Assay System (Promega, WI, USA) according to the manufacturer’s
protocol.

Lysotracker staining
The lysosomal acidity was estimated by LysoTracker. Cells cultured
in cover glass slide chambers were first treated as indicated and
then incubated for 30 min with 50 nM LysoTracker® Red DND-99
(Invitrogen, NY, USA). Labeled cells were harvested and measured
by flow cytometry (BD Biosciences, NY, USA).

Cathepsin activity assay
Enzymatic activity of lysosomal cathepsin B or cathepsin L was
detected by Magic Red® reagent using a method described
previously with modifications. Cells in 24-well plates with
designated treatments were incubated with Magic Red® cathepsin
B/L reagent for 15 min. The fluorescence intensities of 10,000 cells
per sample were quantified using a BD FACS cytometer (BD
Biosciences, NY, USA).

Statistics
Data were expressed as the mean ± SEM. Statistical analyses were
performed using GraphPad Prism 5 (GraphPad Software, CA, USA).
Western blot and image data were presented as at least three
independent experiments. A P-value < 0.05 was considered to
indicate significance.

RESULTS
OC blocks autophagosome–lysosome fusion by engaging STX17
It has been shown that the SNARE protein syntaxin 17 (STX17) is
localized at the outer membrane of the completed autophago-
some and is required for autolysosome formation [13, 14]. In the
course of autophagosome formation, LC3 undergoes lipidation,

Oblongifolin C suppresses lysosomal function independent of TFEB activation
M Wu et al.

930

Acta Pharmacologica Sinica (2019) 40:929 – 937

1
2
3
4
5
6
7
8
9
0
()
;,:



whereby LC3-I converts to LC3-II [15]. Lipidated LC3 is localized to
both the inner and outer membrane of the mature autophago-
some and has been used as an autophagosome marker [16]. Our
previous data suggested that OC is an autophagy flux inhibitor
[12], but whether OC is involved in autophagosome maturation by
engaging STX17 is yet unknown. To address this question, we
tested the colocalization of LC3 with STX17 in HeLa cells stably
expressing GFP-LC3. Confocal images suggested that OC-treated
cells exhibited markedly increased colocalization of LC3 with
STX17, similar to the pattern observed in chloroquine (CQ)-treated
cells (Fig. 1a, b), suggesting that OC promotes autophagosome
maturation by engaging STX17. To test whether OC affects the
late stage of autophagy when the autophagosome fuses with
the lysosome, we used L929 cells stably transfected with mRFP-
GFP-LC3 (tfLC3B-L929 cells). GFP signals are quenched in an acidic
environment and thus are unstable in the lysosome; mRFP-GFP-
LC3, therefore, can only exhibit red signals in the acidic lysosome.
As shown in Fig. 1c, in response to PP242 starvation, both the
number of GFP and RFP puncta increased, but only very few
puncta colocalized with each other. In contrast, CQ could inhibit

the acidification of lysosomes and dramatically enhance the
colocalization of GFP and RFP puncta. Interestingly, OC treatment
led to a marked colocalization of GFP and RFP puncta (Fig. 1c),
suggesting that lipidated LC3 was absent in the lysosome
following treatment with OC. Consistent with this result, treating
HeLa cells with OC dramatically increased the levels of P62 in a
dose-dependent and time-dependent manner. This elevation of
P62 by OC was not further enhanced by CQ treatment (Fig. 1e),
further confirming the inhibition of autophagy at the late stage
by OC. Moreover, immunofluorescence images indicated that
exposure to OC obviously inhibited the colocalization of LC3
with LysoTracker Red staining, a lysosome dye, suggesting that OC
inhibited fusion of the autophagosome and lysosome (Figure S1).
Taken together, these data demonstrate that OC enhances
autophagosome maturation by engaging STX17 but blocks
autophagosome–lysosome fusion.

OC induces TFEB nuclear translocation
TFEB plays an important role in the regulation of lysosomal
biogenesis and the autophagy process [4, 6]. Because OC has the

Figure 1 OC mediates autophagosome maturation by engaging STX17 and blocks autophagosome-lysosome fusion. a OC mediated
autophagosome maturation by engaging STX17. HeLa cells stably expressing GFP-LC3 were treated with OC (15 μM) or CQ (50 μM) for 8 h and
then stained with anti-STX17 antibody. The cells were imaged by confocal microscopy. b Quantification of colocalization of LC3 with STX17
using Pearson’s correlation coefficient (Student t-test, **P < 0.01 compared to DMSO). c OC blocked autophagosome-lysosome fusion. The
tfLC3B-L929 cells were treated with OC (15 μM), CQ (50 μM), or PP242 (1 μM) for 8 h. The cells were imaged by confocal microscopy. d OC
induced the accumulation of P62 and LC3 II in HeLa cells. HeLa cells were treated with OC at the indicated concentration and time. The cell
lysates were analyzed by Western blotting using antibodies targeting P62, LC3 and β-actin. e OC inhibited autophagic flux. HeLa cells were
treated with OC (15 μM) or PP242 (1 μM) for 24 h in the presence or absence of CQ (50 μM). The cell lysates were analyzed by Western blotting
using antibodies targeting P62, LC3 and β-actin
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ability to affect lysosome activity and thereby inhibit autophagy,
we assessed the effect of OC on TFEB nuclear translocation by
immunostaining. In normal conditions, TFEB was mainly distrib-
uted in the cytosol in HeLa cells (Fig. 2a). However, most of the
endogenous TFEB translocated to the nucleus after OC treatment,
similar to the effects of Torin1 treatment (Fig. 2a). The subcellular
fractionation analysis revealed that OC treatment, similar to Torin1
or PP242 treatment, dramatically increased the expression of TFEB
in the nucleus (Fig. 2b, c). We then assessed TFEB phosphorylation
by evaluating the TFEB mobility-shift. Immunoblotting analysis
indicated that treatment with OC significantly promoted the TFEB
mobility-shift in HeLa and MEF cells (Fig. 2d), similar to the effect
of the mTOR inhibitor Torin1 on TFEB mobility. Furthermore,
cotreatment with OC and okadaic acid (OA), a potent inhibitor
of specific protein phosphatases, abolished the TFEB band-shift
induced by OC (Fig. 2e), indicating that the band-shift caused
by OC was due to TFEB dephosphorylation. Furthermore, the
subcellular fractionation analysis indicated that while OC treat-
ment induced the translocation of TFEB to the nucleus, a
combination of OC and OA treatments could attenuate TFEB

dephosphorylation and nuclear translocation (Fig. 2f). Altogether,
these results suggest that OC induces TFEB dephosphorylation
and subsequent translocation.

OC-induced TFEB translocation is dependent on mTORC1 activity
TFEB binding to 14-3-3 proteins leads to its cytosolic retention. To
investigate whether OC affects the interaction of TFEB and 14-3-3
proteins, we transiently transfected a Flag-TFEB expression
plasmid into HEK293T cells and then treated them with either
DMSO, OC or PP242. Immunoprecipitation results revealed that
both OC and PP242 treatment reduced the binding of 14-3-3
proteins to TFEB (Fig. 3a), suggesting that OC reduced the interac-
tion of TFEB with 14-3-3. This interaction of TFEB with 14-3-3 is
dependent on TFEB phosphorylation at Ser142 or Ser211,
mediated by mTORC1 [17]. Once mTORC1 activity is inhibited,
TFEB undergoes dephosphorylation and translocates to the
nucleus [4, 6]. We therefore explored whether OC induces TFEB
nuclear translocation by modulating mTORC1 activity. Western
blot analysis showed that OC treatment suppressed the phos-
phorylation of two well-known mTORC1 substrates, namely, p70S6

Figure 2 OC induces TFEB nuclear translocation. a OC enhanced TFEB nuclear translocation. HeLa cells were treated with OC (15 μM) or Torin1
(1 μM) for 8 h and then stained with anti-TFEB antibody for immunofluorescence analysis. b, c HeLa cells were treated with OC (15 μM), Torin1
(1 μM) or PP242 (1 μM) for 8 h. Nuclear fractions and cytoplasm lysates were prepared and then analyzed by Western blot using anti-TFEB, anti-
LaminA+ C and anti-GAPDH antibodies. *P < 0.05, treatment with OC, Torin1 and PP242 compared to DMSO. d OC mediated the TFEB
mobility-shift. HeLa or MEF cells were treated with OC (15 μM) or PP242 (1 μM) for 8 h, and endogenous TFEB was analyzed by Western
blotting using anti-TFEB and anti-actin antibodies. e Cotreatment with OC and okadaic acid (OA) inhibited TFEB dephosphorylation. HeLa cells
were treated with 15 μM OC alone or in combination with OA for 8 h and subjected to Western blot analysis. f The combination of OC and OA
inhibited TFEB nuclear translocation. HeLa cells were treated with 15 μM OC alone or in combination with 100 nM OA for 8 h and then
subjected to Western blot analysis
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Figure 3 OC-induced TFEB nuclear translocation is dependent on mTORC1 activity. a OC attenuated the interaction of TFEB and 14-3-3 proteins.
293 T cells were transfected with a Flag-TFEB plasmid and the next day treated with OC (15 μM) or PP242 (1 μM) for 8 h. Cells were lysed and
Flag-TFEB was immunoprecipitated with anti-Flag beads. Cell lysates (input) and immunoprecipitated proteins were immunoblotted with anti-
14-3-3, anti-Flag and anti-GAPDH antibodies. Relative 14-3-3/Flag (IP) ratios were measured using ImageJ software. *P < 0.05, treatment with OC
and PP242 compared to DMSO. b, c HeLa or MEF cells were treated with OC (15 μM) or Torin1 (1 μM) for a certain time period. TFEB, P-p70S6K
and P-S6 were analyzed by Western blotting with the indicated antibodies. *P < 0.05, treatment with OC compared to DMSO. d TSC2+/+ or
TSC2-/- MEF cells were treated with OC (15 μM) or PP242 (1 μM) for a certain time period. P-p70S6K and P-S6 were analyzed by Western blotting
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Figure 4 OC fails to increase TFEB-luciferase activity and lysosome biogenesis. a HeLa cells were treated with OC (15 μM) for a certain time
period and analyzed by qRT-PCR for TFEB target gene expression. b 293T cells were transiently transfected with a TFEB-luciferase reporter
vector together with a Renilla luciferase vector for 24 h. Cells were then treated with OC (15 µM) for a certain time period or Torin1 (1 μM) for 4
h, and the luciferase activity was evaluated. *P < 0.05, treatment with OC and Torin1 compared to DMSO. (c) HeLa cells were treated with OC
(15 μM) or PP242 (1 μM) for 8 h, labeled with LysoTracker Red (50 nM) and analyzed by immunofluorescence and flow cytometry. d HeLa cells
were treated with OC (15 μM) or PP242 (1 μM) for 8 h. Cells were labeled with Magic Red Cathepsin B or L reagent for 30min and measured by
flow cytometry
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kinase (P-p70S6K) and ribosomal S6 kinase (P-S6). Torin1, which
strongly inhibits mTORC1 activity, was used as a positive control
(Fig. 3b, c). TSC2 forms a heterodimeric complex with TSC1 that
suppresses mTORC1 activity; a loss of either TSC1 or TSC2 leads
to constitutive mTORC1 activation [18, 19]. We next used TSC2-
knockout MEF cells (TSC2-/- MEF) to test the effect of OC on
mTORC1 activity. Similar to Torin1, OC effectively suppressed
mTORC1 activity and induced the TFEB mobility-shift in both
TSC2+/+ and TSC2-/- MEF cells (Fig. 3d). A previous study showed
that activated protein kinase C (PKC) inactivated GSK3β, leading
to reduced phosphorylation, nuclear translocation and activation
of TFEB [20]. We observed that OC treatment failed to alter PKC
activity in HeLa cells (Figure S2), suggesting that the effect of
OC on TFEB was independent of PKC. Collectively, these findings
suggest that OC-induced TFEB nuclear translocation is dependent
on mTORC1 activity [17].

OC fails to increase TFEB-luciferase activity and lysosome function
TFEB nuclear translocation is associated with TFEB transcriptional
activity, which is not only related to lysosomal biogenesis and
function but also involved in the autophagy process [4]. We then
investigated whether OC affects TFEB transcriptional activity. We
first tested the expression of TFEB lysosomal and autophagic
target genes by qRT-PCR. However, OC did not increase the
expression of the TFEB target genes (Fig. 4a). The luciferase assay
showed that OC treatment alone did not affect the TFEB-luciferase
activity. In contrast, mTOR inhibitor Torin1 clearly enhanced

expression of TFEB target genes and luciferase activity (Fig. 4b,
left). However, the Torin1-induced elevation in TFEB luciferase
activity could be suppressed by OC (Fig. 4b, left). Next, we
quantified lysosome biogenesis using LysoTracker, which is a
lysosome-specific fluorescent probe. Exposure to OC significantly
decreased the intensity of LysoTracker Red staining (Fig. 4c). In
addition, we measured the enzyme activities of lysosomal
cathepsin B and L, which were elevated by the mTOR inhibitor
PP242 (Fig. 4d). Treatment with OC blocked cathepsin B and L
activities; this result is consistent with our previous report showing
that OC blocks lysosomal function by altering lysosomal pH [12].
In summary, these findings suggest that OC fails to increase
TFEB-luciferase activity and lysosome function.

The combination of OC and hydroxycitrate inhibits the growth of
HeLa cells
Our previous results showed that a combination of OC treatment
with starvation (caloric restriction) significantly reduced tumor size
and weight in a xenograft mouse model [12]. A recent study
suggested that caloric restriction mimetics (CRMs) induced effects
similar to starvation by increasing the autophagic flux. The natural
compound hydroxycitrate (HC), a caloric restriction mimetic, is
a competitive inhibitor of the ATP citrate lyase that generates
cytosolic acetyl-CoA [21]. We therefore investigated whether
the combination of OC with HC treatment has the potential
to affect cancer cell survival. We examined cell death via a PI-
exclusion assay. The flow cytometry analysis suggested that OC

Figure 5 The combination of OC and hydroxycitrate inhibits growth of HeLa cells. a, b HeLa cells were treated with OC (5 or 7.5 μM) alone
or in combination with HC (15, 20 or 25mM) for 24 h and analyzed by flow cytometry. *P < 0.05, **P < 0.01, compared to the related groups
linked by lines. c HeLa cells were treated with OC (5 or 7.5 μM) alone or in combination with HC (15, 20, or 25mM) for 24 h, and the cell
lysates were immunoblotted using anti-PARP, anti-caspase 9 and anti-GAPDH antibodies. d The model represents the mechanism by which
OC regulates autophagy
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treatment alone (7.5 μM) could induce approximately 30% HeLa
cell death, and HC treatment alone had almost no effect on HeLa
cell death. However, cotreatment with 7.5 μM OC and 20 μM HC
resulted in significant cytotoxicity (Fig. 5a, b), and more than 50%
of the cells were killed. Consistent with this result, immunoblotting
analysis showed that exposure to OC (5 or 7.5 μM) with HC (20 μM)
treatment could dramatically enhance PARP and caspase 9
cleavage (Fig. 5c). Thus, the OC-HC combination dramatically
inhibited growth of HeLa cells. To determine whether the
stimulation of anticancer effects of hydroxycitrate by OC was
due to autophagy inhibition, wild-type (ATG5+/+) or autophagy-
deficient (ATG5-/-) MEF cells were cotreated with OC and HC for
24 h and then analyzed by flow cytometry. As shown in Figure S3,
in ATG5+/+ (-dox) MEF cells, cotreatment with 15 μM OC and
20mM HC could efficiently induce cell death, while 7.5 μM OC
and 20mM HC produced the same effect in ATG5-/- (+dox) MEF
cells, suggesting that the increased anticancer effects of hydro-
xycitrate by OC was partially due to autophagy inhibition, while
OC might regulate other pathways to promote cell death.

DISCUSSION
Autophagy plays different roles in tumor initiation, progression
and treatment. In premalignant lesions, it is thought that inducing
autophagy can prevent cancer development. In contrast, enhancing
autophagy might promote cancer cell growth and survival
in advanced cancer [22, 23]. Therefore, strategic utilization of
autophagy signaling pathways to develop small molecules against
specific targets is a topic of great interest in cancer research. Here,
we identified that the natural compound OC can inhibit autophagic
flux by blocking lysosome–autophagosome fusion and suppress
cell growth in combination with caloric restriction. However,
the mechanism by which OC inhibits lysosome–autophagy and
lysosome biogenesis remains unknown. Recent studies indicate
that many transcription factors regulate autophagy and lysosome
genes in mammals [24, 25]. Among these factors, TFEB is a master
regulator of lysosomal biogenesis, driving the expression of related
genes. During starvation or lysosomal stress, TFEB translocates from
the cytoplasm to the nucleus, resulting in the activation of target
genes. It has been well known that TFEB translocation is regulated
by mTORC1 via phosphorylation. Here, we report that OC can
promote TFEB nuclear translocation by inhibiting mTORC1 activity.
Our data demonstrate that although OC promotes TFEB nuclear

translocation, lysosome function is still inhibited. Different transcrip-
tional activators and suppressors are involved in the autophagy
process. AMPK–SKP2–CARM1 signaling is shown to play vital roles
in regulating TFEB. Since CARM1 is a coactivator of TFEB in the
regulation of autophagy-related and lysosomal genes during
nutrient deprivation [26], we examined whether OC could affect
CARM1 protein levels. We found that CARM1 protein levels did not
change in the nucleus after OC treatment of HeLa cells, suggesting
that OC does not affect the AMPK–SKP2–CARM1 signaling pathway
(data not shown). Previous studies indicate that autophagy inhibitors
not only block autophagosome–lysosome fusion and lysosome
function but also increase TFEB nuclear translation and promote
its transcriptional activity. One example is CQ, a weak base that
impairs the function of lysosomes by raising their pH, which triggers
TFEB accumulation in the nucleus [17]. Another example is
fangchinoline, a natural compound that promotes autophagosome
accumulation by inhibiting autophagic degradation and inducing
TFEB nuclear translocation [27]. Even though OC induces TFEB
nuclear translocation (Fig. 5d), its transcriptional activity is still
inhibited. We speculate that OC may also affect other pathways,
resulting in the inhibition of autophagy and lysosome functions.
Starvation and fasting could improve the efficiency of

chemotherapy. Caloric restriction mimetics (CRMs) could be used
as an alternative to starvation and fasting. HC is one of the caloric
restriction mimetics and can induce autophagy and improve

anticancer chemotherapy [21]. A recent report showed that caloric
restriction could enhance cisplatin-induced death of melanoma
cells [28]. Here, we found that the combination of OC and HC
can inhibit the growth of HeLa cells. Our study thus reveals
OC treatment as a potential strategy to improve chemotherapy.
It has been reported that starvation can enhance anticancer
chemotherapy through an immunological mechanism [21].
Further study is needed to understand whether induction of cell
death by the combination of HC and OC is related to autophagy
and immunosurveillance.
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