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Introduction
Flavonoids have been exploited for their effectiveness and 
beneficial effects against various human cancers, as they have 
good antineoplastic activity and low toxicity[1].  Quercetin, 
one of the most common flavonoids in the diet, is well known 
for its anti-carcinogenic potential.  Recent studies have shown 
that quercetin has anti-proliferative effects, can induce cancer 
cell death via various cell signaling mechanisms and is able to 

inhibit the enzymes responsible for the activation of carcino-
gens[2–4].  Although some flavonoids affect the expression and 
activity of heat shock proteins (HSP)[5], quercetin has no inhibi-
tory effects on the expression of heat shock proteins including 
Hsp27, Hsp70 and Hsp90[6, 7].

Heat shock proteins are a family of proteins that are pro-
duced by cells in response to stressful conditions.  The dra-
matic upregulation of heat shock proteins, which is known as 
the ‘heat shock response’, is primarily induced by heat shock 
factors (HSFs)[8, 9].  Heat shock protein 90 (Hsp90), a molecular 
chaperone, is responsible for the folding of numerous proteins 
into their mature and functional states.  Therefore, Hsp90 is 
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important in cancer development owing to its simultaneous 
regulation of various oncogenic proteins[10].  A number of pro-
teins in oncogenic pathways are Hsp90 client proteins, and 
many of these proteins are involved in cell proliferation, cell 
cycle progression and cell survival, which are crucial for tumor 
progression[10, 11].  Due to Hsp90 chaperoning, proteins that are 
crucial for tumor progression continue to operate rather than 
be degraded, thus supporting malignant transformation and 
cell cycle progression.  Halting the chaperoning cycle is likely 
to achieve Hsp90 inhibition[11].  Targeting Hsp90 with chemical 
inhibitors could induce the proteasomal degradation of Hsp90 
client proteins, which could potentially lead to the disruption 
of multiple signaling pathways that are involved in carcino-
genesis.  Therefore, Hsp90 inhibition has been considered as a 
possible therapeutic strategy in cancers.  

AHA1 has been suggested to function as a stimulator of the 
Hsp90 chaperone machinery.  It is also a key co-chaperone of 
Hsp90 that is involved in the maturation, stabilization, activa-
tion and function of oncogenic proteins[12].  Thus, disrupting 
the AHA1/Hsp90 complex would cause the depletion of client 
proteins and kinase clients that are involved in tumor cell pro-
liferation and survival, as well as in all the hallmark traits of 
malignancy.  

Autophagy is a stress-induced catabolic process in which 
substrates, including dysfunctional organelles, misfolded pro-
teins and other macromolecules present in autophagosomes, 
are delivered to lysosomes for degradation.  In mammalian 
cells, autophagy constitutes a multistep process that is coor-
dinated by a wide range of molecular mechanisms in many 
cellular contexts and diseases, including cancer.  The fusion of 
lysosomes with autophagosomes, which forms autolysosomes, 
is critical for autophagy-mediated degradation, which main-
tains cellular homeostasis in pathological conditions, including 
cancer[13].  Mitophagy is the predominant mechanism used to 
remove superfluous and damaged mitochondria by autopha-
gic degradation.  Blocking autolysosome formation results in 
immature autophagy.  Mitochondrial clearance upon Atg13 
phosphorylation by Ulk1 kinase integrates mitophagy into the 
Hsp90-coordinated stress response, which controls mitochon-
drial homeostasis[14].  The potential use of agents targeting 
autophagy in cancer prevention has attracted much attention.  
In the current study, we report that the flavonoid TL-2-8, a 
derivative of quercetin, impairs Hsp90-AHA1 complex forma-
tion through the inhibition of AHA1 expression, thus achiev-
ing effective antitumor activity both in vitro and in vivo.  We 
also found that TL-2-8 abrogates the PLK1 (polo-like kinase 
1) signaling pathway and LAMP2 expression, thus inhibiting 
mitophagy.

Materials and methods
Chemicals
The flavonoid TL-2-8 was synthesized by Dr Lei’s laboratory 
(School of Pharmacy, Fudan University, Shanghai, China) and 
is also available from Shanghai Kanwin Biotechnology Co  
Shanghai, China).  The structure of TL-2-8 was characterized, 
and the characterization data are as follows:

Rf 0.26 (petroleum ether/CH2Cl2/AcOEt 2/2/1), mp 115-
117 °C; 1H NMR (400 MHz, CDCl3) δ: 7.50–6.95 (m, 4H, Ar-H), 
6.41 (s, 1H, Ar-H), 6.23–6.04 (m, 1H, CH2CH=CH2), 5.19–4.97 
(m, 2H, CH=CH2), 3.99 (s, 3H, OCH3), 3.94 (s, 3H, OCH3), 
3.85 (s, 3H, OCH3), 3.30 (d, J=4.3 Hz, 2H, Ar-CH2-CH=CH2), 
2.82–2.62 (t, 2H, J=8.0 Hz, Ar-CH2-CH2), 1.64–1.49 (m, 1H, CH2-
CHMe2), 1.47–1.32 (m, 2H, CH2-CH2-CH), and 0.91 (d, J=6.0 
Hz, 6H, CHMe2).  13C NMR (100 MHz, CDCl3) δ: 177.8, 161.0, 
160.9, 159.6, 159.1, 156.3, 136.9, 130.2, 125.8, 118.7, 115.1, 113.7, 
110.7, 107.9, 91.2, 56.3, 55.8, 55.4, 38.6, 30.2, 28.4, 22.6, and 
20.7.  ESI-MS m/z: 423.2 [M+H+].  HRMS (ESI) calculated for 
C26H30O5 [M+H] + m/z as 423.2166 and found to be 423.2174.

Cell Lines, antibodies and reagents
MDA-MB-231, MDA-MB-468, MCF-7, BXPC3, HCT116, MCF7-
10A and HEK293 cells were all obtained from the American 
Tissue Culture Collection.  MDA-MB-231 cells were main-
tained in RPMI-1640 containing 10% fetal bovine serum (FBS), 
while all of the other cells were maintained in DMEM contain-
ing 10% FBS.

The following antibodies were purchased from the indicated 
commercial sources: antibodies against Cdc37, cyclin D1, 
CDK1, CDK4, p-S326-HSF1, Hsp27, LAMP1 and LAMP2 were 
from Abcam (Cambridge, MA USA); the antibody against 
p62 was from Abnova (Taibei, Taiwan, China); the antibody 
against p53 was from BD Biosciences (Franklin Lakes, NJ 
USA); the antibodies against AKT, p-AKT, HOP, LC3, NBR1, 
NDP52, Parkin, Pink1, PLK1, p-T210-PLK1 and Vps34 were 
from Cell Signaling Technology (Beverly, MA USA); the anti-
bodies against Hsp40, Hsp70, Hsp90α and P23 were from 
Enzo Life Sciences (Shanghai, China); the antibodies against 
AHA1, HSF1 and Tom20 were from Santa Cruz Biotechnology 
(Dallas, TX, USA); the antibodies against FLAG, M2 agarose 
and β-actin were from Sigma (Shanghai, China); and the anti-
body against p-Ser378-Parkin was from Thermo Fisher Sci-
entific (Waltham, MA USA).  All of the secondary antibodies 
were purchased from Jackson Immuno Research (West Grove, 
PA, USA).

The plasmid expressing FLAG (F)-hsp90 has previously 
been described[12].  

Cell proliferation, viability and half-maximal inhibitory concentration
Cell proliferation was determined by the cell counting method 
using Cell Counting Kit-8 (CCK-8, Dojindo Laboratories), and 
cell viability was assessed using the CellTiter-Blue® Assay 
(Promega), according to the manufacturers’ protocols.  Briefly, 
1.5×103 cells were seeded in each well of a 96-well plate in 
triplicate and incubated for 24 h prior to treatment with dif-
ferent concentrations of TL-2-8 for 72 h.  After treatment, 10 
μL of the CCK-8 or Cell Viability Assay solution was added 
to each well in the plate, followed by incubation for 2 h.  The 
absorbance was measured at an excitation of 450 nm or 560 
nm and an emission of 590 nm using a microplate reader.  The 
cell viability was calculated using the data obtained from the 
wells that contained known numbers of viable cells.  The 50% 
inhibitory concentration (IC50) was calculated and presented as 
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a weighted regression plot.  

Western blot analyses 
Cellular extracts were prepared by directly adding lysis buffer 
containing 10 mmol/L Tris-HCl (pH 8.8), 150 mmol/L NaCl, 
1 mmol/L EDTA, 1% w/v NP-40, 0.1% w/v SDS, 1 mmol/L 
phenylmethylsulfonyl fluoride (PMSF) and 1 mmol/L prote-
ase inhibitor (Roche) to the cells on ice.  In the in vivo study, 
the tumor tissue samples were homogenized for tissue lysate 
extraction.  Both the cell and tissue lysates were centrifuged, 
and the supernatants were collected.  The protein concentra-
tion in the cell lysates was quantified using the Quick Start 
Bradford Dye Reagent (Bio-Rad), and the samples were sub-
jected to SDS-PAGE.  Western blot analysis was performed as 
described previously[12].  β-Actin was used as a loading con-
trol.

PI staining for the cell death assay
MDA-MB-231 cells were cultured in glass-bottomed dishes 
in RPMI-1640 medium containing 10% FBS in the presence 
or absence of specific concentrations of TL-2-8; MDA-MB-468 
cells were treated the same way and cultured in DMEM con-
taining 10% FBS.  After a 24 h incubation, the cells were incu-
bated with 10 µg/mL PI at 37 °C for 15–30 min in the dark.  
The cells were counterstained using Vectashield mountant 
containing 4’, 6-diamidino-2-phenylindole (DAPI) for 5 min at 
37 °C and imaged using a Zeiss LSM510 confocal microscope 
with a 20× objective.

Transfections, immunoprecipitation assays, and immunoblots 
Following culture in the plates for 24 h, MDA-MB-231 and 
MDA-MB-468 cells were transfected with Lipofectamine 2000 
according to the protocol provided by Invitrogen (Carlsbad, 
CA, USA).  Transfected cells were cultured for 24 h in full 
medium containing TL-2-8 or vehicle.  Cellular extracts were 
prepared by directly adding lysis buffer to the cells on ice.  For 
the immunoprecipitation (IP) assays, the cellular extracts were 
prepared, and IP was performed as described previously[12].  
For immunoblotting, cellular extracts or immunoprecipitates 
were separated by SDS-PAGE, transferred to a nitrocellu-
lose membrane, probed with antibodies, and visualized with 
enhanced chemiluminescence, as described previously[12].  

Confocal microscopy for mitophagy detection
MDA-MB-231 cells were cultured on a chamber slide for  
18 h in RPMI-1640 medium containing 10% FBS in the pres-
ence or absence of 12 μmol/L TL-2-8 and stained with anti-
bodies against Parkin and Tom20.  Briefly, after an 18-h 
incubation, the cells were washed with 1× PBS and fixed with 
4% paraformaldehyde for 10 min.  After this, the slides were 
blocked with 3% bovine serum albumin (BSA) for 30 min and 
incubated with the primary antibody at a dilution of 1:100 
in BSA for 4 h.  After three washes with PBS, the slides were 
incubated with DyLight 549 goat anti-rat (H+L) IgG and FITC 
goat anti-rabbit (H+L) IgG secondary antibodies for 1 h at a 
1:500 dilutions.  After three more washes with PBS, the cells 

were counterstained using Vectashield mountant containing 
DAPI and imaged using a Zeiss LSM510 confocal microscope 
with a 63× objective.

Live cell imaging with fluorescent tracers
Intracellular acidic compartments were labeled by incubating 
live cells with Lysotracker Deep Red (Invitrogen) added to 
DMEM to a final concentration of 1 μmol/L for 3 h at 37 °C.  
For labeling with dextran AF-488, the cells were washed twice 
with DMEM containing 10% FBS followed by incubation with 
0.5 mg/mL dextran AF-488 in the same medium for 4 h at 
37 °C.  Then, the cells were washed three times in tracer-free 
DMEM containing 10% FBS.  Phase-contrast and fluorescent 
images of the living cells were acquired using a Zeiss LSM510 
microscope.

Stable MDA-MB-231_LAMP2-expressing cells and confocal 
micro  scopy
cDNA encoding LAMP2 was sub-cloned into the pcDNA3-
flag vector and then transfected into MDA-MB-231 cells.  
Then, 5 µg/mL of puromycin (Invitrogen) was used to select 
for stable flag-LAMP2-expressing cells, which are referred to 
here as MDA-MB-231_LAMP2 cells.  MDA-MB-231_LAMP2 
and MDA-MB-231 cells were infected with lentivirus encoding 
tf-LC3[13], followed by treatment with 12 μmol/L TL-2-8 for 18 
h.  Images were acquired with an LSM710 confocal microscope 
with a 63× objective (Carl Zeiss).

MDA-MB-231 breast cancer xenograft model 
To determine the in vivo antitumor efficacy of TL-2-8, MDA-
MB-231 breast cancer xenografts were established in nude 
mice.  The use and care of the experimental animals were 
approved by the Institutional Animal Care and Use Commit-
tee (IACUC), Roche R & D Center (Shanghai, China).  Briefly, 
MDA-MB-231 cells in log-phase growth were trypsinized and 
washed twice with PBS.  0.2 mL of PBS containing 1×107 cells 
was injected under aseptic conditions into the mammary fat 
pads of four-week-old female BALB/c nude mice.  When the 
average tumor volume reached approximately 100 mm3, the 
mice were randomized into five groups (six mice per group).

TL-2-8 was dissolved in saline solution containing 5% 
DMSO.  The tumor volume and the animals’ body weight 
were measured once per week.  Tumor tissue was collected for 
histological, immunohistochemical and Western blot analysis.  
Doses of TL-2-8 (0, 25, 50, and 100 mg/kg) and quercetin (100 
mg/kg) were administered orally once daily.  Tumor volumes 
and body weight were measured once per week, and clini-
cal symptoms were observed every day.  The tumor size was 
calculated according to the following formula: tumor volume 
(mm3)=0.52×L×W2, where L is the length and W is the width.  
Treatments producing >20% net body weight loss were con-
sidered toxic.

TUNEL assay
Apoptotic cells in the MDA-MB-231 xenograft tumors were 
identified by terminal deoxynucleotidyl transferase-mediated 
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dUTP nick end-labeling (TUNEL) staining using the In Situ 
Cell Death Detection Kit (Roche) according to the manufac-
turer’s protocol.  Briefly, the tissue sections were deparaf-
finized before rehydration with decreasing concentrations of 
ethanol.  After washing with 0.85% NaCl and PBS, the tissue 
sections were fixed with 4% formaldehyde for 15 min.  Follow-
ing washing with PBS, the tissue sections were covered with 
proteinase K solution for 15–20 min.  After another PBS wash, 
the tissue sections were covered with the TUNEL reaction 
mixture and incubated for 1 h in the dark.  DAPI counterstain-
ing was followed by a final PBS wash, and tissue sections were 
then examined and photographed using fluorescence micros-
copy (Zeiss).  The average number of fluorescent dots in three 
images from each treatment group was calculated.  

Statistical analysis
Data are presented as the mean±SEM and were analyzed using 
the Graphpad software (USA).  Differences between the means 
of the groups were determined using one-way ANOVA.  
P<0.05 was considered to indicate a statistically significant dif-
ference.

Results
The flavonoid TL-2-8 induced breast cancer cell death
Quercetin modulates a number of important proteins in cel-
lular signal transduction pathways that are linked to processes 
involved in cell death and cell survival or cell proliferation[15].  
We synthesized the flavonoid TL-2-8 (Figure 1A) and investi-
gated its effects on the proliferation of breast cancer cells.  Dif-
ferent TL-2-8 concentrations were applied to MDA-MB-231, 
MDA-MB-468 and MCF-7 breast cancer cells for 72 h.  The 
assessment of the effect of TL-2-8 on cell proliferation was per-
formed using Cell Counting kit-8 (CCK-8), and cell viability 
was assessed using the CellTiter-Blue assay.  As shown in Fig-
ure 1B, TL-2-8 dose-dependently inhibited cell proliferation, 
and the IC50 values at 72 h were 8.28, 8.56, and 9.58 μmol/L, in 
the MDA-MB-231, MDA-MB-468 and MCF-7 breast cancer cell 
lines, respectively.  TL-2-8 also reduced the viability of MDA-
MB-231, MDA-MB-468 and MCF-7 breast cancer cells with IC50 
values of 7.94, 8.96, and 9.45 μmol/L, respectively (Figure 1C).  
TL-2-8 reduced breast cancer cell viability in a dose-dependent 
manner.

To investigate the impact of TL-2-8 on other cancer cell lines, 
the effects of TL-2-8 on cell proliferation and viability were 
tested in BXPC3 pancreatic cancer cells and HCT116 colon 
cancer cells.  BXPC3 and HCT116 cells were more sensitive to 
TL-2-8 then were breast cancer cells, with proliferation IC50 

values of 3.29 and 5.89 μmol/L, respectively, and viability 
IC50 values of 3.15 and 5.75 μmol/L, respectively (Figure S1-A 
and S1-B).  Strikingly, TL-2-8 exhibited only slight cell toxic-
ity, with IC50 values of 35.89 and 50.8 μmol/L in normal MCF-
10A and HEK-293 cells, respectively (Figure S1-A and S1-B).  
Therefore, TL-2-8 is selectively cytotoxic for cancer cells versus 
normal cells.

Propidium iodide (PI) is membrane impermeable and gen-
erally excluded from viable cells.  Thus, it is commonly used 

for dead cell identification.  Therefore, PI was used to identify 
the number of dead cells after TL-2-8 treatment.  As shown 
in Figures 1D and 1E, TL-2-8 markedly induced breast cancer 
cell death in a dose-dependent manner; DMSO was used as 
a vehicle control (CTL).  However, the mechanism by which 
TL-2-8 induced cell death still needed to be elucidated.

TL-2-8 decreased the expression of Hsp90 co-chaperones in 
breast cancer cells
Aside from its ATPase activity, Hsp90 chaperone function 
requires conformational transformation, which is achieved 
by the formation of an integrated complex by a series of co-
chaperones[10, 11].  Important co-chaperones include Hsp70, 
Hsp40, Hsp27, HOP, P23, Cdc37 and AHA1, the latter of 
which is specific for oncoprotein kinases.  Inhibitors of Hsp90 
usually target the N-terminal domain at the ATP-binding site.  
Some ATP-binding site inhibitors of Hsp90 that are in clinical 
trials, such as 17-AAG, PU-H71 and NVP-AUY922, have been 
well studied.  Recently, however, these inhibitors were found 
to confer cancer cell resistance owing to the strong transcrip-
tional induction of the heat shock response, which increases 
the cellular levels of prosurvival chaperones such as Hsp27 
and Hsp70[16].

To investigate whether the flavonoid TL-2-8 could affect 
the expression of Hsp90 co-chaperones, MDA-MB-231 and 
MDA-MB-468 breast cancer cells were selected for further 
study by Western blotting.  After treating cells with increasing 
concentrations of TL-2-8 for 24 h, no obvious changes were 
observed in the expression levels of several co-chaperones 
including Cdc37, HOP and P23.  However, a dramatic reduc-
tion in AHA1 expression was observed in these breast cancer 
cells (Figures 2A and 2B).  In contrast to other classic Hsp90 
inhibitors, the flavonoid TL-2-8 did not lead to the transcrip-
tional induction of the heat shock response.  The expression of 
the heat shock proteins Hsp90, Hsp70, Hsp40 and Hsp27 was 
not induced; instead, the expression of some of these proteins 
was inhibited (Figures 2C and 2D).  These results showed that 
TL-2-8 affected the biological function of Hsp90, and com-
pared with other Hsp90 inhibitors that activate the expression 
of heat shock proteins to induce drug resistance in tumors, 
TL-2-8 may not induce drug resistance in cancer therapy.

TL-2-8 induced the degradation of Hsp90 client proteins in breast 
cancer cells
To verify that TL-2-8 is an Hsp90 inhibitor, we tested whether 
TL-2-8 could induce the degradation of Hsp90 client proteins 
in MDA-MB-231 and MDA-MB-468 breast cancer cells by 
treating these cells with increasing concentrations of TL-2-
8.  As shown in Figures 3A and 3B, TL-2-8 treatment resulted 
in the downregulation of the Hsp90 client proteins p-Akt, 
CDK1, CDK4, cyclin D1 and p53 in a concentration-depen-
dent manner.  More importantly, treatment with TL-2-8 also 
resulted in the progressive downregulation of the expression 
of PLK1 and HSF1, as well as the levels of the active forms 
T210-phosphorylated PLK1 and S326-phosphorylated HSF1 
(Figures 3C and 3D).  PLK1 and HSF1 are both Hsp90 cli-
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Figure 1.  TL-2-8 induced breast cancer cell death.  (A) Chemical structure of TL-2-8.  Inhibition of cell proliferation (B) and cell viability (C) were tested 
on indicated cells treated with increasing concentrations of TL-2-8 for 72 h.  Cell death were tested on breast cancer MDA-MB-231 (D) and MDA-MB-468 (E) 
cells treated with the indicated concentrations of TL-2-8 for 24 h, DMSO was used as vehicle control (CTL).  Cell death was presented as the percentage 
of viable cells compared to the control cells, and the representative images were from three independent experiments.  Original magnification: 20×.  
Student’s t-test. Mean±SEM.  *P<0.05, **P<0.01.
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ent proteins; PLK1 and HSF1 are also the signaling proteins 
upstream of heat shock proteins.  This negative feedback role 
makes the antitumor effects of TL-2-8 more significant.  As 
TL-2-8 decreased the expression of Hsp90 client proteins, we 
tested whether the decrease in cyclin D1 levels in the presence 
of TL-2-8 was due to protein destabilization.  MDA-MB-231 
and MDA-MB-468 cells were incubated with either TL-2-8 or 
DMSO in the presence of cycloheximide (CHX, an inhibitor of 
protein synthesis) for 6, 12 and 24 h, and the protein levels of 
cyclin D1 and β-actin were measured.  As shown in Figures 3E 
and 3F, TL-2-8 treatment decreased cyclin D1 levels, whereas 
CHX treatment had no effect, suggesting that the depletion of 
cyclin D1 by TL-2-8 was due to enhanced instability.  These 
data supported a specific effect of TL-2-8 on the stability of the 
cyclin D1 protein, and indicate that TL-2-8 also induces Hsp90 
client protein degradation in breast cancer cells.  

AHA1 was critical for the TL-2-8-induced downregulation of 
Hsp90 client proteins in breast cancer cells
The above results indicated that TL-2-8 has the characteristics 
of an Hsp90 inhibitor.  It is well known that the function of 
Hsp90 is dependent on its ATPase activity, which is activated 
by AHA1.  AHA1 plays a significant role in the ATP-driven 
Hsp90 chaperone cycle owing to its interaction with Hsp90.  
As the Hsp90/AHA1 complex regulates downstream kinase 
client maturation and activity[17], abrogation of the Hsp90/
AHA1 complex may lead to a reduction in the activity of vari-
ous kinases.

As shown in Figure 4, a progressive decline in AHA1 
expression was observed in MDA-MB-231 cells expressing 
ectopic (Figure 4A) or endogenous (Figure 4C) Hsp90 after 
treatment with increasing amounts of TL-2-8.  Similar results 
were also observed in MDA-MB-468 cells expressing ectopic 
(Figure 4B) or endogenous Hsp90 (Figure 4D).  Subsequently, 
we showed that the flavonoid TL-2-8 decreased Hsp90/
AHA1 complex formation in MDA-MB-231 cells and MDA-
MB-468 cells.  To confirm that AHA1 is the key element for the 
stabilization of Hsp90 client proteins, AHA1 was ectopically 
expressed in MDA-MB-231 and MDA-MB-468 cells, and cells 
were then treated with TL-2-8.  As shown in Figure 4E, the 
expression levels of PLK1, HSF1, CDK1 and cyclin D1 were 
partially rescued by ectopic expression of AHA1.  These data 
demonstrate that the flavonoid TL-2-8 is an AHA1 inhibitor 
that diminishes Hsp90/AHA1 complex formation.

TL-2-8-induced immature mitophagy
Mitophagy is controlled by the serine/threonine kinase Pink1 
(PTEN-induced putative kinase 1) and the E3 ligase Parkin1, 
both of which are necessary for directing damaged mitochon-
dria for mitophagy to keep cells healthy[18, 19].  Mitochondrial 
depolarization inactivates protein transport into the mitochon-
dria and proteasomal degradation, which leads to the accu-
mulation of Pink1 on the outer membrane of mitochondria 
and results in the recruitment of Parkin from the cytosol to 
damaged mitochondria.  Pink1 phosphorylates the ubiquitin-
like domain of Parkin at serine 65 to activate its E3 ligase 

Figure 2.  Effect of TL-2-8 on the expression of Hsp90 co-chaperones in breast cancer cells.  The expression of Hsp90 co-chaperones was detected in 
MDA-MB-231 (A) and MDA-MB-468 (B) cells treated as indicated for 24 h.  The expression of heat shock proteins was also detected in TL-2-8-treated 
MDA-MB-231 (C) and MDA-MB-468 (D) cells.  β-Actin was used as loading control.
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activity, which is involved in mitophagy[20, 21].  Recently, PLK1 
was reported to interact with the C-terminal region of Parkin 
and phosphorylate S378, which results in a dramatic enhance-
ment of its E3 ligase activity[22].  This prompted us to explore 

whether mitophagy was regulated by a TL-2-8-induced distur-
bance of the Parkin protein.  

To analyze the effects of TL-2-8 on autophagy, the expres-
sion levels of autophagy-related proteins in TL-2-8-treated 

Figure 3.  Effect of TL-2-8 on the expression of Hsp90 client proteins in breast cancer cells.  The expression of Hsp90 client proteins were detected in 
MDA-MB-231 (A) and MDA-MB-468 (B) cells treated with the indicated concentrations of TL-2-8 for 24 h.  The expression levels of PLK1 and HSF1 and 
their active forms were detected in MDA-MB-231 (C) and MDA-MB-468 (D) cells treated as above.  MDA-MB-231 (E) and MDA-MB-468 (F) cells were in-
cubated with 50 µmol/L CHX in the presence of DMSO or 6 µmol/L TL-2-8 for the indicated hours followed by Western blotting for the detection of cyclin 
D1.  β-Actin was used as loading control.
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breast cancer cells were investigated by Western blotting.  We 
found that intracellular levels of LC3-II were increased by 
TL-2-8 treatment (Figures 5A and 5B).  Consistent with the 
expression of LC3-II, the expression of Pink1 and Parkin was 
also significantly and dose-dependently increased by TL-2-8 
treatment.  Nevertheless, Tom20, a receptor protein on the 
mitochondrial outer membrane, was not degraded upon Pink1 

and Parkin induction.  Among the autophagy adaptor pro-
teins, the degradation of neither p62 nor NDP52 was observed 
upon TL-2-8 treatment (Figures 5A and 5B).  In contrast, NBR1 
levels were elevated in response to TL-2-8 treatment.  To con-
firm the induction of mitophagy, MDA-MB-231 cells treated 
with TL-2-8 for 18 h were stained with antibodies against Par-
kin (green) and Tom20 (red), and this revealed that the colocal-

Figure 4.  AHA1 is critical for TL-2-8 downregulation of Hsp90 client proteins in breast cancer cells.  Ectopically expressed Hsp90 formed complexes with 
endogenous AHA1.  These complexes were decreased in TL-2-8 treated MDA-MB-231 (A) and MDA-MB-468 (B) cells.  Cells transfected with flag-Hsp90α (4 
μg) were treated with the indicated concentrations of TL-2-8 for 24 h.  Cell lysates were immunoprecipitated with M2 beads followed by immunoblotting 
with AHA-1 or anti-rabbit FLAG antibody.  Endogenous Hsp90 formed complexes with endogenous AHA1; these were decreased in MDA-MB-231 (C) and 
MDA-MB-468 (D) cells treated with the indicated concentrations of TL-2-8.  After 24 h, the cell lysates were immunoprecipitated with protein A/G beads 
and anti-Hsp90 antibody, followed by immunoblotting with anti-AHA1 antibody or anti-Hsp90 antibody.  AHA1 overexpression rescued the expression of 
Hsp90 client proteins in breast cancer MDA-MB-231 (E) and MDA-MB-468 (F) cells treated as indicated.  β-Actin was used as loading control.
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ization of Parkin and aggregated mitochondria (Tom20) was 
increased relative to the levels observed in the vehicle control 
(CTL) (Figure 5C).  These results indicated that mitochondrial 
damage occurred upon TL-2-8 treatment and that Parkin was 
selectively recruited to the damaged mitochondria.

As shown in Figure 5A, TL-2-8 induced a moderate increase 
in the expression of LC3-II.  Hence, the distribution of mRFP-
GFP-LC3 (tf-LC3) was examined following TL-2-8-mediated 
induction of both Pink1 and Parkin expression.  GFP loses its 
fluorescence in the acidic environment of lysosomes, while 
mRFP maintains its fluorescence.  Thus, green puncta merged 
with red ones yield yellow dots that are indicators of autopha-
gosomes.  In contrast, the red puncta in merged images are 
indicative of autolysosomes[13].  As Figure 5D illustrates, the 
numbers of green and red puncta were both dramatically 
increased after TL-2-8 treatment compared with vehicle treat-
ment (CTL).  However, only the number of yellow puncta 
was significantly increased in the merged images, indicating 
increased autophagosome formation but not increased for-

mation of mature autolysosomes.  These results suggested 
that TL-2-8 treatment induced autophagosome formation but 
prevented the maturation of autolysosomes.  Consistent with 
this, TL-2-8-dependent accumulation of NBR1 (Figures 5A and 
5B) also indicated the blockade of autophagosome-lysosome 
fusion.

LAMP2 was crucial for TL-2-8-induced defective mitophagy
To verify the TL-2-8-mediated blockade of autolysosome 
maturation, a 3-h incubation with a fluorescent acidotropic 
Lysotracker dye, which specifically stains cellular lysosomes, 
resulted in red fluorescent staining of the lysosomal compart-
ments present within MDA-MB-231 cells.  This was followed 
by staining with dextran-Alexa Flour 488 for 4 h to determine 
if the dextran-labeled endosomal compartments would merge 
with the Lysotracker dye-labeled lysosomes.  As shown in Fig-
ure 6A, the transportation of endocytosed dextran from endo-
somes to lysosomes for degradation was significantly inhibited 
by TL-2-8 treatment compared with vehicle treatment (CTL).  

Figure 5.  TL-2-8 induced immature mitophagy.  Autophagy-related proteins were detected by Western blotting in breast cancer MDA-MB-231 (A) and 
MDA-MB-468 (B) cells treated with the indicated concentrations of TL-2-8 for 24 h.  β-Actin was used as loading control.  (C) Recruitment of Parkin to 
damaged mitochondria was detected by immunostaining with antibodies against Tom20 (red) and Parkin (green) in MDA-MB-231 cells treated with the 
vehicle or 12 μmol/L TL-2-8 for 18 h.  (D) Autophagy was detected in MDA-MB-231 cells infected with lentivirus encoding tf-LC3 for 48 h, followed by 
treatment with the vehicle or 12 μmol/L TL-2-8 for 18 h.  The nuclei were stained with DAPI and representative fluorescence images are shown.
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mitochondrial impairment, leading to the accumulation of 
dysfunctional mitochondria and thus to cellular degeneration.

TL-2-8 inhibited tumor growth in an MDA-MB-231 breast cancer 
xenograft model
After confirming that TL-2-8 reduced cell viability and inhib-
ited cell growth in vitro, we examined whether TL-2-8 could 
inhibit tumor growth in a xenograft model of breast cancer.  To 
evaluate TL-2-8 as an anti-cancer therapeutic agent for breast 
cancer and compare it with quercetin, a bioflavonoid with can-
cer-preventing properties, an MDA-MB-231 breast cancer cell 
line was used to create a mouse subcutaneous tumor model.  
As expected, oral administration of TL-2-8 elicited a strong 
antitumor effect and significantly suppressed tumor growth 
compared to treatment with quercetin or the vehicle control.  
The tumor growth inhibition rates at three doses (25, 50, and 
100 mg/kg) were 37.9%, 58.9% and 70.9%, respectively.  Strik-
ingly, TL-2-8 exerted a better in vivo anti-cancer effect than 
did quercetin (49.5%) at the same dosage (100 mg/kg) (Figure 
7A).  Similarly, to the induction of cell death in vitro (Figure 1), 
analysis of the TL-2-8-mediated induction of breast cancer cell 
death in vivo was performed using a TUNEL assay.  We found 
that TL-2-8 caused direct cell death in breast cancer cells in 

This clearly indicated that TL-2-8 blocks autophagosome-
lysosome fusion.

Next, we investigated the key proteins related to autopha-
gosome and lysosome fusion.  LAMP2 is one of the proteins 
required for the proper fusion of a lysosome with autopha-
gosomes[23].  LAMP2 depletion impairs autolysosome forma-
tion, leading to the accumulation of autophagic vacuoles and 
the severe impairment of autophagic degradation[24, 25].  As 
shown in Figure 6B, we found that LAMP2 expression, but 
not Lamp1 expression, was significantly decreased following 
cell treatment with increasing amounts of TL-2-8.  However, 
TL-2-8 treatment did not cause a dramatic reduction in the 
expression of Rab7, which is responsible for endosome matu-
ration, endosome transportation, and the fusion of endosomes 
with lysosomes.  According to these results, we propose that 
TL-2-8 blocks autophagosome-lysosome fusion by reducing 
LAMP2 expression.  To further confirm this point, we showed 
that TL-2-8 induced significantly more red puncta in MDA-
MB-231_LAMP2 cells than in MDA-MB-231 cells (Figure 
6C).  LAMP2 overexpression improved the maturation of 
TL-2-8-induced autophagy.  This was shown by the degrada-
tion of p62 in MDA-MB-231_LAMP2 cells but not in parental 
MDA-MB-231 cells (Figure 6D).  Therefore, TL-2-8 promotes 

Figure 6.  LAMP2 is critical for the maturation of TL-2-8-induced mitophagy.  (A) Endosome-lysosome fusion was detected in MDA-MB-231 cells treated 
with the vehicle or 12 μmol/L TL-2-8 for 18 h followed by incubation with LysoTracker Red (red) for 3 h and dextran AF-488 (green) for another 4 h.  The 
nuclei were stained with DAPI.  Representative fluorescence images merged with DIC images are shown.  (B) Proteins associated with the autolysosome 
were detected in MDA-MB-231 cells treated with increasing concentrations of TL-2-8 for 18 h.  (C) Autophagy was detected in MDA-MB-231 cells 
harboring control vector or vector expressing LAMP2 infected with lentivirus encoding tf-LC3 for 48 h, followed by treatment with 12 μmol/L TL-2-8 for 
18 h.  The nuclei were stained with DAPI and representative fluorescence images are shown.  (D) MDA-MB-231 cells harboring control vector or vector 
expressing LAMP2 were treated with or without 12 μmol/L TL-2-8 for 18 h, followed by Western blotting for the detection of LAMP2 and p62.  β-Actin 
served as loading control.
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vivo (Figure 7B).  More importantly, no visible adverse effects 
of TL-2-8 were observed, as there was no dramatic reduction 
in the body weight of mice treated with TL-2-8 compared with 
those treated with vehicle control (Figure S1-C).  

Next, we examined the longevity of the post-xenograft mice 
as an indicator of the tumorigenicity of the MDA-MB-231 
cells.  The median survival time for each group of mice was 
calculated and is shown in Figure S2.  A Kaplan–Meier plot 
(Figure S2), in which each arm represents the percentage of 
animals alive at the indicated time point following treatment, 
illustrates that TL-2-8 significantly prolonged the survival 
of MDA-MB-231 tumor-bearing mice.  Moreover, we tested 

the expression levels of proteins associated with Hsp90 and 
mitophagy in the tumor samples.  The expression patterns in 
the tumor tissue (Figures 7C and 7D) were consistent with the 
expression patterns observed in vitro upon TL-2-8 treatment   
(Figures 2C, 2D and Figures 5A, 5B). These results strongly 
suggested that the antitumor activity of TL-2-8 is attributed 
to the inhibition of AHA1 accompanied by the impairment of 
LAMP2-dependent mitophagy.

Discussion
Hsp90 is an essential ATPase-dependent molecular chaperone 
that is abundantly and ubiquitously expressed in eukaryotic 

Figure 7.  TL-2-8 inhibited tumor growth in vivo in MDA-MB-231 cell xenografted mice.  (A) Tumor volumes from each treatment group during the study 
period.  (B) Representative images of TUNEL staining in MDA-MB-231 breast cancer tumors in mice treated with control vehicle and TL-2-8.  Original 
magnification: 40×.  (C) Typical Hsp90 co-chaperones and clients as well as (D) autophagic proteins were detected by Western blotting in tumor 
samples. 
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cells, where it is involved in the maturation, activation, and 
stabilization of its client proteins, which include numerous 
transcription factors and kinases.  Hsp90 performs its chap-
erone functions with the help of a series of co-chaperones, 
including AHA1, Cdc37, Hsp70 and Hsp40.  In cancer cells, 
most Hsp90 client proteins play critical roles in cancer cell 
survival and proliferation.  The abrogation of Hsp90 results in 
the depletion of client proteins involved in tumor cell prolif-
eration, survival, and all of the hallmark traits of malignancy.  
Thus, Hsp90 is an important target for anti-cancer drug devel-
opment.  

AHA1 is a critical co-chaperone for the Hsp90 protein fold-
ing cycle and for the conformational alteration of Hsp90, 
which facilitates its ATPase activity.  Silencing of AHA1 
expression decreases Hsp90 client protein activation.  There-
fore, targeting AHA1 could be an alternative way to develop 
anti-cancer drugs that interfere with Hsp90 chaperone cycling.  
In this study, we demonstrated for the first time that TL-2-8 
directly abrogates AHA1 expression, thereby decreasing 
Hsp90/AHA1 complex formation and impeding Hsp90 chap-
erone function.  No undesirable side effects of TL-2-8 treat-
ment were observed, which contrasts with the adverse effects 
observed upon treatment with 17-AAG, PU-H71 and NVP-
AUY922[26]; Hsp90 inhibitors have a tendency to induce an 
increase in the mRNA and protein levels of the antiapoptotic 
chaperones Hsp27, Hsp40 and Hsp70.  No such effects were 
observed upon TL-2-8 treatment, as TL-2-8 directly diminishes 
Hsp90/AHA-1 complex formation, resulting in the decreased 
induction of HSPs in response to heat shock through the 
downregulation of HSF1.  

LAMP2, a lysosomal membrane protein, plays an important 
role in lysosomal stability as well as in autophagy.  The over-
expression of LAMP2 increases autophagy activity, and this 
effect is accompanied by decreased levels of p62 and enhanced 
expression of LC3.  By contrast, LAMP2-knockout animals 
accumulate autophagic vacuoles, and this leads to the block-
ade of autophagy and to p62 protein accumulation in mice[24].  
The heat shock proteins Hsp70 and Hsp90 exist as part of the 
chaperone complex that is associated with the lysosomal mem-
brane[27].  The interaction of LAMP2 with Hsp90 is critical for 
preserving the stability of LAMP2 at the lysosomal membrane 
and for the functional dynamics of LAMP2 complexes.

Similarly to the effect of Hsp90 inhibitors[28], TL-2-8 reduced 
the total levels of LAMP2, indicating a possible decreased 
stability of the LAMP2 protein in lysosomes.  As lysosomal 
membrane-associated Hsp90, but not cytosolic Hsp90, has a 
stabilizing effect on LAMP2, the TL-2-8-induced decrease in 
LAMP2 levels may be due to the disruption of the association 
of the Hsp90/AHA1 complex with the luminal side of the 
lysosomal membrane.  Lysosomes are the terminal degrada-
tive compartment for autophagy, and LAMP2 plays a critical 
role in the fusion of autophagosomes with lysosomes, which 
forms autolysosomes.  The forced overexpression of LAMP2 
increases the fusion of lysosomes and autophagosomes, lead-
ing to increased autophagy activity and decreased p62 expres-
sion in MDA-MB-231 cells stably expressing Flag-LAMP2 (Fig-

ures 6C and 6D).  As expected, in MDA-MB-231-xenografted 
mice, TL-2-8 treatment increased the expression levels of NBR1 
but decreased the LAMP2 levels, indicating the blockade of 
autophagosome-lysosome fusion through TL-2-8-mediated 
depletion of LAMP2 (Figure 7D).  

As a novel inhibitor of AHA1, TL-2-8 downregulated the 
chaperone function of Hsp90, leading to the degradation of 
kinase client proteins in MDA-MB-231 and MDA-MB-468 
breast cancer cells.  Most Hsp90 kinase clients are crucial for 
tumorigenesis.  We found that AHA1 inhibition by TL-2-8 
decreased the phosphorylation of the key signaling protein 
PLK1, resulting in the inactivation of downstream signaling 
pathways and subsequent cellular processes.  The downregu-
lation of PLK1 protein levels in TL-2-8-treated breast cancer 
cells was strongly correlated with the inhibition of Parkin 
activity during mitophagy maturation.  Consequently, TL-2-8 
is specifically effective at killing cancer cells in vitro and in 
vivo.

Even though the precise anti-cancer mechanism of the flavo-
noid TL-2-8 remains to be fully elucidated, our findings high-
light that TL-2-8 inhibits tumor development by serving as an 
AHA1 inhibitor.  The efficacy of TL-2-8 in suppressing cancer 
cell growth in vitro and in vivo suggests its potential use in 
cancer therapy, especially because it is associated with fewer 
adverse effects than are other Hsp90 inhibitors.
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