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1 | INTRODUCTION

Abstract

Objectives: Coroglaucigenin (CGN), a natural product isolated from Calotropis gi-
gantean by our research group, has been identified as a potential anti-cancer agent.
However, the molecular mechanisms involved remain poorly understood.

Materials and methods: Cell viability and cell proliferation were detected by MTT
and BrdU assays. Flow cytometry, SA-B-gal assay, western blotting and immunofluo-
rescence were performed to determine CGN-induced apoptosis, senescence and au-
tophagy. Western blotting, siRNA transfection and coimmunoprecipitation were
carried out to investigate the mechanisms of CGN-induced senescence and au-
tophagy. The anti-tumour activities of combination therapy with CGN and chloro-
quine were observed in mice tumour models.

Results: We demonstrated that CGN inhibits the proliferation of colorectal cancer
cells both in vitro and in vivo. We showed that the inhibition of cell proliferation by
CGN is independent of apoptosis, but is associated with cell-cycle arrest and senes-
cence in colorectal cancer cells. Notably, CGN induces protective autophagy that
attenuates CGN-mediated cell proliferation. Functional studies revealed that CGN
disrupts the association of Hsp90 with both CDK4 and Akt, leading to CDK4 degra-
dation and Akt dephosphorylation, eventually resulting in senescence and autophagy,
respectively. Combination therapy with CGN and chloroquine resulted in enhanced
anti-tumour effects in vivo.

Conclusions: Our results demonstrate that CGN induces senescence and autophagy
in colorectal cancer cells and indicate that combining it with an autophagy inhibitor

may be a novel strategy suitable for CGN-mediated anti-cancer therapy.

findings, CGN exhibits significant cytotoxicity against hepatoma car-
cinoma cells, gastric cancer cells and lung cancer cells.®” However,

the underlying mechanisms by which CGN inhibits tumour growth

Coroglaucigenin (CGN) is a natural product isolated from the roots
of Calotropis gigantean by our research group. CGN is a cardenolide
with a special structure as shown in Figure 1A. Traditionally, carde-
nolides have been used in the treatment of congestive heart failure
and arrhythmia.l"? Recently, cardenolides have attracted more at-
tention due to their anti-cancer activities.>> Consistent with these
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remain largely unknown.

Cellular senescence is defined as a stable cell-cycle arrest that
limits unrestricted cell proliferation and prevents tumorigenesis and
tumour progression, which can be triggered by stress signals such as
DNA damage response, acute oncogene activation, reactive oxygen
species (ROS), ionizing radiation and exposure to chemotherapeu-

tic drugs.s’10 A wide variety of anti-cancer agents induce cellular
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FIGURE 1 Coroglaucigenin inhibits cell proliferation independent of apoptosis in colorectal cancer cells. (A) The structure of
coroglaucigenin (CGN). (B) Cell viability was measured using MTT assays in HT-29, SW480 and NCM460 cells treated with the indicated
concentrations of CGN for 24 hours. (C) Cells were treated with the indicated concentrations of CGN for 24 hours, and the degree to which
CGN inhibited cell proliferation was measured using BrdU labelling. (D and E) Cells were treated with the indicated concentrations of GCN
for 24 hours, and the level of apoptosis was determined using an Annexin-V-FITC/PI double staining assay. (F) The level of cleavage of PARP
was determined using western blotting in HT-29 and SW480 cells treated as in D. (G) ImageJ densitometric analysis of the cleaved PARP/p-

actin ratios from immunoblots. *P < 0.05, **P < .01, ***P < .001

senescence in tumour cells that exhibit senescence-like morpholog-
ical changes and senescence-associated SA-B-gal activity through
modulation of CDK activities, inhibition of telomerase activity and
suppression of c-Myc 81113 Activating programmed senescence in

tumour cells may be an attractive approach to cancer treatment.

Autophagy is a conserved catabolic process important for the
degradation of protein aggregates and damaged organelles. During
autophagy, protein aggregates and damaged organelles are seques-
tered into a double-membrane autophagosome that fuses with a

lysosome to form an autolysosome, in which enclosed materials
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are degraded.!* Autophagy can be activated in response to var-
ious cellular stresses, such as nutrient stress, hypoxia and cyto-
toxic therapies.15 Autophagy is induced in many cancer cell models
challenged with anti-cancer therapies, and the Akt/mTOR pathway
is considered a classic negative regulator of autophagy.'®'” The
role of autophagy activated by anti-cancer agents is paradoxical.
On the one hand, autophagy is required for tumour progression.
Autophagy activation can enable tumour cell survival against che-
motherapy and lead to drug resistance.’®? On the other hand, au-
tophagy activation inhibits tumour growth and/or induces tumour
cell death, thus playing a tumour-suppressive role.?%2!

In this study, we demonstrated that CGN inhibits cell prolifera-
tion in colorectal cancer cells independent of apoptosis, but asso-
ciated with senescence and autophagy. Our findings suggest that a
combination of CGN and an autophagy inhibitor may be a potential

alternative approach for the treatment of colorectal cancer.

2 | MATERIALS AND METHODS

2.1 | Cell culture, agents and antibodies

Human colorectal cancer cell lines HT-29 and SW480 cells were
purchased from the American Type Culture Collection. The
NCM460 cell line was a kind gift from Professor Rong-Hua Xu
(Hainan Medical College, Haikou, China). All cell lines were cultured
in RPMI-1640 supplemented with 10% foetal bovine serum (Gibco,
Carlsbad, CA), 100 U/mL penicillin (Sigma, St. Louis, MO) and
100 pg/mL streptomycin (Sigma, St. Louis, MO) at 37°C in an at-
mosphere containing 5% CO,. Coroglaucigenin (CGN) was isolated
and purified from C. gigantean in our laboratory. The purity of CGN
was proved to be 295% by chromatographic analysis. CGN was dis-
solved in DMSO and stored at -20°C for experimental use in this
study. CQ and 3-MA were obtained from Sigma-Aldrich (St. Louis,
MO). MG132 was obtained from MedChemExpress (Monmouth
Junction, NJ). The following antibodies were used in this study:
phosphorylated and total forms of Akt were purchased from Cell
Signaling Technology (Boston,MA); LC3 was from Sigma-Aldrich
(St. Louis, MO); PARP, Hsp90, CDK4, Goat Anti-Rabbit 1gG H&L
(Alexa Fluor® 488), and Donkey Anti-Mouse 1gG H&L (Alexa Fluor®
594) preadsorbed were purchased from Abcam (Cambridge, UK).

2.2 | Cell viability assay

Cells were cultured in 96-well plates overnight and then exposed
to the tested compounds for 24 hours. The cell viabilities were de-
termined by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay.

2.3 | BrdU assay

Cells were cultured in 96-well plates and exposed to the tested com-
pounds for 24 hours, and proliferation was assayed using a BrdU Cell
Proliferation ELISA Kit (Abcam, ab126556).

Proliferation
2.4 | Flow cytometry

Cells (approximately 2 x 10°) were cultured and exposed to the
tested compounds for 24 hours. For apoptosis analysis, cells were
harvested and washed once with PBS and then resuspended in
Pl/Annexin-V solution (KeyGEN Biotech, Jiangsu, China). At least
10 000 live cells were analysed on a Flow Cytometer (sysmex,
CyFIow@ Cube 6, Munster, Nordrhein Westfalen, Germany). For cell-
cycle analysis, cells were harvested and washed once with PBS, fixed
with 75% cold ethanol at —20°C overnight, stained with propidium
jodide and analysed using a Flow Cytometer (sysmex, CyFlow® Cube
6) to determine cell-cycle distribution of DNA content.

2.5 | Western blotting and coimmunoprecipitation

Cells were lysed with RIPA buffer. Protein concentrations were
quantified by a BCA protein assay kit (23227, Thermo, Rockford,
IL). Proteins were resolved on 10% SDS-PAGE and transferred to
PVDF (IPVH00010, Merck Millipore, Billerica, MA) membranes. The
membranes were incubated with primary antibodies at 4°C over-
night after blocking, and then incubated with secondary antibodies
at room temperature for 2 hours. Target proteins were examined
using Enhanced Chemiluminescence reagents (Merck Millipore,
WBKLS0100). Coimmunoprecipitation assays were determined by
an Immunoprecipitation Kit (C600689, Sangon, Shanghai, China).

2.6 | SA-p-gal assay

Cells were grown for 24 hours in 6-well plates at a density of approx-
imately 20 000 cells/well and treated with CGN for 5 days, and then
were fixed and stained using a Senescence f-Galactosidase Staining
Kit (Cell Signaling Technology, #9860).

2.7 | Small RNA interference

CDK4 and negative control small interfering RNA (siRNA) were syn-
thesized by Genephama (Nanchang, China). The CDK4 siRNA was
designed to target nucleotides 1062 to 1082 according to GenBank
accession NM_000075. HT-29 cells were transfected with siRNA
using Lipofectamine 2000 reagent (11668027, Invitrogen, Carlsbad,
CA\) according to the manufacturer’s protocol.

2.8 | Immunofluorescence

Cells were fixed with 4% paraformaldehyde at room temperature for
30 minutes, washed 3 times with PBS and then incubated with 0.1%
Triton X-100 for permeabilization; non-specific receptors on cells were
blocked for 30 minutes with 5% BSA. Cells were stained with rabbit
anti-LC3B polyclonal antibody (Sigma, L7543) overnight at 4°C and
then incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG
(Abcam, ab150077) at room temperature for 1 hour. For confocal im-
aging of fixed cells, mouse anti-Hsp90 monoclonal antibody (Abcam,
ab13492) and rabbit anti-CDK4 monoclonal antibody were used for
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Proliferation:
immunostaining. Alexa Fluor 488-conjugated goat anti-rabbit 1gG
(Abcam, ab150077) and donkey anti-mouse 1gG H&L (Alexa Fluor®
594) (Abcam, ab150108) were used as secondary antibodies. Nuclei
were stained with Hoechst. Images were captured using confocal

laser scanning microscopy (Olympus, FV1000, Tokyo, Japan).

2.9 | Animal models

HT-29 and SW480 tumour models were established in BALB/cimmu-
nodeficient nude mice at 6-8 weeks of age. The mice were injected
with 1 x 10° corresponding tumour cells. When the tumour volume
was palpable (~50 mm?® at day 6), mice were randomly divided into 3
groups for each tumour model and injected with DMSO (Ctrl, CGN
0 mg/kg), CGN (50 mg/kg) or CGN (50 mg/kg) + CQ (80 mg/kg),
respectively, through the tail vein once every 2 days. Treatment was
continued for 5 total times (10 days), and mice were observed to
18 days. The tumour volumes were monitored every 3 days using a
handheld imaging device (TM900; Peira, Belgium).

2.10 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0.
Statistical differences were determined using a 2-sample equal vari-
ance Student’s t test. Statistical significance was defined as *P < .05.

Error bars indicate SEM unless otherwise indicated.

3 | RESULTS

3.1 | Coroglaucigenin inhibits cell proliferation
independent of apoptosis in colorectal cancer cells

To examine the effect of CGN on colorectal cancer cells, human
colorectal cancer cell lines HT-29, SW480 and NCM460 were
treated with different concentrations of CGN for 24 hours,
and the cell viability was measured by MTT assay. As shown in
Figure 1B, CGN treatment markedly decreased cell viability in a
dose-dependent manner in both HT-29 and W480 cell lines, but
had less cytotoxic effect in NCM460 cells. Consistently, BrdU as-
says showed that there were a significantly lower percentage of
BrdU-positive cells in CGN-treated cells compared with controls
(Figure 1C). Collectively, these results indicated that CGN inhib-
its cell proliferation in colorectal cancer cells. To further evaluate
whether CGN-mediated inhibition of cell proliferation was associ-
ated with apoptosis, cells were analysed by flow cytometry follow-
ing Annexin V-FITC and propidium iodide (Pl) staining. As shown
in Figure 1D,E, CGN treatment for 24 hours did not obviously in-
crease the percentage of apoptosis in both HT-29 and SW480 cells,
respectively. This was further supported by equivalent levels of
cleaved PARP in CGN-treated cells and control cells (Figure 1F,G).
Collectively, these results demonstrated that CGN did not induce
apoptosis in colorectal cancer cells. Taken together, these findings
suggested that CGN inhibits cell proliferation independent of ap-
optosis in colorectal cancer cells.

3.2 | Coroglaucigenin induces cell-cycle arrest and
senescence in colorectal cancer cells

To investigate the mechanism underlying CGN-mediated cell pro-
liferation inhibition, we analysed the effect of CGN on cell-cycle
distribution using flow cytometry. As shown in Figure 2A,B, CGN
treatment altered cell-cycle distribution profiles in HT-29 cells.
Colorectal cancer cells accumulated in the G,/M phase and de-
creased in the G,/G, phase upon CGN treatment, indicating that
CGN induces G,/M arrest. Senescence is defined as a stable cell-
cycle arrest, and we next examined whether cellular senescence
is involved in CGN-mediated cell growth inhibition. As shown in
Figure 2C,D, CGN treatment for 7 days inhibited long-term colony
formation by 70%, indicating that upon CGN treatment, cells lost
their proliferative capacity. Consistently, SA-B-gal assays showed
that CGN significantly enhanced senescence as indicated by a
significant increase in the percentage of SA-p-gal-positive cells
(Figure 2E,F). Taken together, these findings indicated that CGN in-
hibits cell growth in colorectal cancer cells via induction of G,/M

cell-cycle arrest and cellular senescence.

3.3 | Coroglaucigenin induces protective autophagy
in colorectal cancer cells

Because autophagy is considered a target for anti-cancer ther-
apy, 2223
treated colorectal cancer cells. We first detected the conversion

we next explored whether autophagy is induced in CGN-

of LC3-I to lapidated LC3-Il, one classical marker of autophagy.
As shown in Figure 3A, CGN treatment markedly increased LC3-1|
conversion in colorectal cancer cells. Next, we detected the dis-
tribution of endogenous LC3 puncta, another classical marker of
autophagy. As shown in Figure 3C,D, CGN treatment markedly
increased LC3 puncta in colorectal cancer cells. Moreover, com-
binatorial treatment with 3-methyladenine (3-MA, an autophagy
early stage inhibitor) markedly decreased LC3-Il conversion in
CGN-treated cells (Figure 3B). These findings indicated that CGN
induces autophagy in colorectal cancer cells. To determine whether
autophagy is involved in CGN-mediated inhibition of cell growth,
we performed MTT and BrdU assays to detect cell viability and cell
proliferation under inhibition of autophagy by chloroquine (CQ).
As shown in Figure 3E, inhibition of autophagy by CQ, a lysosomal
inhibitor, resulted in significant lower cell viability than CGN treat-
ment alone. Consistently, similar results were observed by BrdU
assay (Figure 3F). Taken together, these results indicated that CGN
induces protective autophagy against CGN-mediated inhibition of

cell growth.

3.4 | Coroglaucigenin induces senescence through
downregulation of CDK4

Cellular division is carefully monitored by cell-cycle checkpoints,
which are regulated at different stages by various cyclins, cyclin-
dependent kinases (CDK) and CDK inhibitors.?#?> Recent studies
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FIGURE 2 Coroglaucigenin induces cell-cycle arrest and senescence in colorectal cancer cells. (A and B) HT-29 cells were treated with
the indicated concentrations of CGN for 24 hours, and cell-cycle distribution was determined by flow cytometry. (C and D) Cell proliferation
was measured by colony formation assay in HT-29 and SW480 cells treated with the indicated concentrations of CGN and grown for 7 d.

(E and F) HT-29 cells were treated with the indicated concentrations of CGN for 5 d and then stained for SA-B-gal activity 2 d after

treatment. *P < .05, **P < .01

suggest that targeting specific CDK and CDKI in the appropriate
genetic context can result in cellular senescence.}?% Accumulating
evidence has demonstrated that inhibition of CDK4/6 induces
senescence in a variety of tumour cells;?”"?° therefore, we in-
vestigated whether CDK4/6 is involved in CGN-induced cellular
senescence. First, we examined the expression of CDK4/6 in colo-
rectal cells upon CGN treatment. As shown in Figure 4A, CDK4

expression was significantly decreased, but CDKé expression was
not clearly affected upon CGN treatment (data not shown), sug-
gesting that CGN selectively inhibits CDK4 by downregulation of
CDK4 expression. In agreement with previous observations that
inhibition of CDK4 by chemotherapeutic drugs leads to the induc-
tion of cellular senescence,?”?? CGN treatment markedly induced
senescence in colorectal cancer cells, as evidenced by increased
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endogenous LC3 puncta (arrows) was visualized under a fluorescent microscope. Scale bars, 10 um. (E) Cell viability was measured by MTT
assays in cells treated with DMSO or 4 pM of CGN for 24 hours in the presence and absence of chloroquine (CQ). (F) Cell proliferation

was measured using BrdU labelling in cells treated with DMSO or 4 pM of CGN for 24 hours in the presence or absence of CQ. *P < .05,

P <.01

SA-B-gal activity (Figure 4B,C). Moreover, similar to CGN treat-
ment, siRNA-mediated knockdown of CDK4 led to a significant
increase in senescence in colorectal cancer cells (Figure 4B,C).
Collectively, these results indicated that CGN-induced senescence
in colorectal cells is associated with downregulation of CDK4. To
determine the mechanism underlying the regulation of CDK4 by
CGN, we performed reverse transcription PCR (RT-PCR) analysis
after 24 hours of CGN treatment. The results showed that there

were no significant changes in mRNA levels of CDK4, suggesting

that transcription regulation might not account for the decreased
CDK4 expression upon CGN treatment (Figure 4D). Thus, we next
examined whether CDK4 was degraded through the ubiquitina-
tion/proteasome pathway. The results showed that combinatorial
treatment with proteasome inhibitor MG132 was able to rescue the
CDK4 protein levels after CGN treatment (Figure 4E). Collectively,
these results indicated that CGN promoted CDK4 degradation
through the ubiquitination/proteasome pathway. Hsp90 is an ubiqg-

uitous molecular chaperone, and inhibition of Hsp90 prevents the
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4 uM of CGN for 24 hours in the presence and absence of MG132. *P < .05, **P < .01

stabilization of its client proteins and leads to their degradation or
dephosphorylation. Since CDK4 is an Hsp90 client protein, we thus
investigated whether Hsp90 is involved in CGN-mediated down-
regulation of CDK4.
analysis revealed that CGN treatment markedly reduced the colo-
calization of Hsp90 with CDK4 (Figure 4F). Consistently, coimmu-
noprecipitation analysis showed that CGN treatment significantly
decreased the association of Hsp90 with CDK4 (Figure 4G). Taken
together, these results indicated that CGN disrupts the interaction
of Hsp?0 with CDk4, leading to downregulated CDK4, and then

induces senescence in colorectal cancer cells.

Immunofluorescence confocal microscopy

3.5 | Coroglaucigenin induces autophagy through
disrupting the association of Hsp90 with Akt

The Akt/mTOR pathway is a major negative regulator of au-
tophagy.“"17 Therefore, we first investigated the phosphoryla-
tion status of Akt in CGN-treated colorectal cancer cells. As
shown in Figure 5A,B, CGN treatment significantly decreased
the phosphorylation levels of Akt (Ser473). To determine the
role of Akt dephosphorylation in CGN-induced autophagy, cells
were treated with insulin (an Akt activator) to reactivate Akt

and rescue its phosphorylation levels. The results showed that
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Akt activation by insulin markedly attenuated CGN-induced au- (CA-Akt, the active form of Akt) to restore CGN-induced Akt/

tophagy, as evidenced by the decreased LC3-Il conversion and mTOR inhibition. As shown in Figure 5E,F, over-expressing CA-
LC3 puncta accumulation in CGN-treated cells (Figure 5C-G). Akt leads to decreased levels of LC3-1l conversion. Collectively,

Furthermore, we transfected a constitutively active form of Akt these results suggested that CGN-induced autophagy is
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FIGURE 5 Coroglaucigenin induces autophagy through disrupting the interaction of Hsp90 with Akt. (A) Immunoblot analysis of
phosphorylation of Akt (Ser473) in HT-29 and SW480 cells treated with the indicated concentrations of CGN for 24 hours. Total Akt
expression served as an internal control. (B) ImageJ densitometric analysis of the p-AKT/B-actin ratios from immunoblots. (C) Immunoblot
analysis of LC3 and p-Akt in cells treated with 4 M of CGN for 24 hours in the presence and absence of insulin. (D) ImageJ densitometric
analysis of the p-AKT/B-actin and the LC3-1l/B-actin ratios from immunoblots. (E) Cells were transfected with an empty vector or with
constitutively active CA-Akt for 48 hours, and then cells were treated with 4 pM of CGN for another 24 hours. p-Akt and LC3 were
determined by immunoblotting. (F) ImageJ densitometric analysis of the p-AKT/B-actin and the LC3-11/B-actin ratios from immunoblots.
(G) SW480 cells were treated as in C. The formation of endogenous LC3 puncta (arrows) was visualized under a fluorescent microscope.
Scale bars, 10 pm. (H) Hsp90 interaction with Akt was determined by coimmunoprecipitation assays in cells treated with 4 uM of CGN for
24 hours. *P < .05, **P < .01, ***P < .001
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Days after tumor cell injection

FIGURE 6 Combination therapy with coroglaucigenin and chloroquine enhances anti-tumour activities in vivo. HT-29 and SW480
tumour cells were injected into the right flanks of Nu/Nu mice (5 mice/group). When tumour volumes reached 50 mm®, mice were treated
with indicated formulations every 2 d for 5 total treatments. (A) Images of tumour masses at day 18 in each mouse. (B) Tumour volumes at
different time points. **P < .01

associated with the inactivation of Akt, which leads to blockage Akt/mTOR pathway and induces autophagy in colorectal cancer
of the Akt/mTOR pathway. Since Akt is a Hsp90 client protein, cells.
we, thus, investigated whether Hsp90 is involved in the CGN-

mediated dephosphorylation of Akt. Coimmunoprecipitation . . . . .
phosphory precip 3.6 | Combination therapy with coroglaucigenin and

analysis showed that CGN treatment markedly decreased the . . . eie . .
chloroquine enhances anti-tumour activities in vivo

interaction of Hsp90 with Akt (Figure 5H). Taken together, these
results indicated that CGN disrupts the association of Hsp90 HT-29 and SW480 cells were subcutaneously implanted into BALB/c
with Akt, leading to Akt dephosphorylation, which blocks the Nu/Nu mice. The mice were treated with DMSO (control), CGN, or a
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combination of CGN and CQ, respectively, in intervals of 2 days for 5

total treatments and observed to 18 days. Figure 6A shows the images
of tumour masses (5 in each group) that were collected at day 18. Tumour
volumes at different time points are shown in Figure 6B. Compared with
the control group, the tumours in the CGN and CGN + CQ groups grew
significantly slower, and the CGN + CQ group grew the slowest. These
data strongly indicate that the disruption of CGN-induced autophagy by
CQ enhances the anti-tumour activities of CGN.

4 | DISCUSSION

Natural products have been the major resource of compounds of value
to medicine. Several natural products derived from plants are cur-
rently successfully employed in cancer treatment, such as vincristine,
irinotecan, etoposide and paclitaxel.*°3? At present, cardenolides, a
class of natural products, especially those derived from plants such
as digitoxin, oleandrin and ouabain, have attracted much attention
due to their anti-cancer activities.>*® Coroglaucigenin (CGN), a card-
enolide with a special structure (Figure 1A), isolated from the roots of
C. gigantean by our research group, has shown potential anti-cancer
activities. CGN significantly inhibits cell proliferation in SMMC-77210,
SGC-7901, A549, NCI-H460 and NCI-H446 cells. CGN is also a prom-
ising sensitizer for cancer radiotherapy in lung cancer cells.®” In this
study, we demonstrated that CGN markedly suppresses cell prolifera-
tion in colorectal cancer cells independent of apoptosis, but associated
with cell-cycle arrest and senescence. CGN also induces protective
autophagy against CGN-mediated inhibition of cell proliferation.
Combination therapy with CGN and chloroquine resulted in enhanced
anti-tumour effects in vivo. Furthermore, we revealed that CGN tar-
gets the interaction of Hsp90 with both CDK4 and Akt to modulate
the CDK4 protein levels and Akt phosphorylation status, thus resulting
in senescence and autophagy, respectively. Our findings suggest that
senescence and autophagy are involved in CGN-mediated inhibition of
cell proliferation in colorectal cancer cells.

Recently, several studies have linked autophagy with senes-
cence,®*% but the role of autophagy on senescence is still subject to
debate. Young et al showed that autophagy mediates the mitotic se-
nescence transition,3 but Garcia-Prat et al revealed that autophagy
is essential to maintain the stem-cell quiescent state by preventing
senescence.?” Since many of the same stimuli that induce autoph-

agy also induce senescence,®%

autophagy and senescence may
be viewed as a continuum or 2 related phases of the same overall
biological process. In this study, we showed that CGN induces both
senescence and autophagy in colorectal cancer cells, but the possi-
ble role of autophagy activation in CGN-induced senescence needs
further study.

Cyclin-dependent kinases (CDKs) regulate major cell-cycle transitions
in eukaryotic cells.?*?> CDK4 and CDK6 (CDK4/6) mediate the transi-
tion from G,/G, -phase to S-phase of the cell cycle. Previous research has
demonstrated that inhibition of CDK4/6 induces G1 arrest and/or senes-
cence in a variety of tumour cells.?”%° But in this study, we showed that

downregulation of CDK4 in CGN-treated colorectal cancer cells was not

required for G1 arrest. Although CDK4 and CDKé6 have similar properties
in mammalian cell proliferation, they exhibit distinct functions depend-
ing on different cellular conditions and diverse cancer types.***? Yu et al
indicated that CDK4, but not CDK®, is required for the development of
breast tumours induced by ErbB-2.*3 Puyol et al also demonstrated that
ablation of CDK4, but not CDK®, induces an immediate senescence re-
sponse only in lung cells that express an endogenous K-Ras oncogene.'?
In addition, Molenaar et al reported that CDK4, but not CDK&, contrib-
utes to the undifferentiated phenotype in neuroblastoma.** Consistent
with these observations, in this study, we demonstrated that CGN selec-
tively targets CDK4, but not CDK&, to induce senescence in colorectal
cancer cells, suggesting that CDK4 probably plays a more pronounced
role upon CGN treatment in colorectal cancer cells compared with CDKé.

Heat shock protein 90 (Hsp90) is a ubiquitous molecular chap-
erone essential for the folding, maturation, activation and assem-
bly of a variety of proteins, which are generally called “clients”
of Hsp90. Inhibition of Hsp90 prevents the stabilization of these
client proteins and leads to their degradation.***’ Considering
that both CDK4 and Akt are Hsp90 client proteins, we, thus, in-
vestigated whether Hsp90 is involved in CGN-mediated down-
regulation of CDK4 and dephosphorylation of Akt in colorectal
cancer cells. In this study, we indicated that CGN disrupts the
association of Hsp90 with both CDK4 and Akt, leading to CDK4
downregulation and Akt dephosphorylation, respectively. The
sustained downregulation of CDK4 induces senescence in CGN-
treated cells. Likewise, the dephosphorylation of Akt blocks the
Akt/mTOR pathway, resulting in autophagy. Our findings demon-
strated that CGN targets the interaction of Hsp90 with both CDK4
and Akt to modulate CDK4 expression and Akt dephosphoryla-
tion, suggesting that Hsp90 plays a critical role in CGN-mediated
cell proliferation in colorectal cancer cells.

In summary, we demonstrated that CGN inhibits the prolifera-
tion of colorectal cancer cells both in vitro and in vivo. We showed
that CGN inhibits cell proliferation independent of apoptosis,
but is associated with cell-cycle arrest, senescence and autoph-
agy in colorectal cancer cells. Mechanistically, CGN disrupts the
association of Hsp90 with both CDK4 and Akt, leading to CDK4
degradation and Akt dephosphorylation, eventually resulting in
senescence and autophagy, respectively. Moreover, combination
therapy with CGN and chloroquine resulted in enhanced anti-
tumour effects in vivo. Our findings suggest that CGN is a poten-
tial anti-cancer agent against colorectal cancer, and the combined
use of autophagic inhibitors such as CQ may be a promising strat-

egy for CGN-mediated anti-cancer therapy.
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