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Abstract
Background

Cyclin-dependent kinases (CDKs) are regarded as promising targets for cancer therapy. CDK2 and CDK4
are the core molecules in the GO and G1 phases of the cell cycle. Exploring the molecular mechanism of
CDK2 and CDK4 protein degradation will provide clues and solutions to control the GO and G1 phases in
tumor cells.

Methods

The expression levels of CDK2 and CDK4 were assessed by Western blotting and gRT-PCR. Cell viability,
cell proliferation and growth were evaluated in CCK-8 and flow cytometric analysis. Protein interactions
were analysed by immunoprecipitation and immunofluorescence methods.

Results

NVP-BEZ235 induced neuroblastoma cell arrest at the GO/G1 phase, and proliferation inhibition was
associated with a significant reduction in the CDK2 and CDK4 proteins in a dose-dependent manner at
nanomolar concentrations. Surprisingly, we found that the NVP-BEZ235-induced downregulation of CDK2
and CDK4 was dramatically rescued by autophagy-lysosome inhibitors. Additionally, the blockade of
autophagy-related genes contributed to the remarkable rescue of CDK2 and CDK4, which thus strikingly
improved NVP-BEZ235-induced GO/G1 arrest and growth inhibition of neuroblastoma cells. Subsequently,
we observed the first evidence that NVP-BEZ235 induced the interaction of p62/SQSMT1 with CDK2 or
CDK4 and the autophagic degradation of CDK2 and CDK4 in a cathepsin B-dependent manner.
Analogous results regarding autophagy and the antiproliferative effects of NVP-BEZ235 were observed in
a neuroblastoma xenograft mouse model in vivo.

Conclusions

These results not only established the pivotal role of the autophagy pathway in GO/G1 cell cycle-related
protein turnover but also suggest the potential application of NVP-BEZ235 for cancer treatment by
modulating elements of the autophagic machinery to promote degradation of GO/G1 cell cycle-related
proteins.

Background

The cell cycle process is orchestrated by the interplay of various cyclin/CDK combinations and other key
cell cycle-related proteins at checkpoints to ensure unidirectional and irreversible cell division in
eukaryotes[1-3]. As a critical regulator of cell proliferation, deregulation of the cell cycle universally leads
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to the development and progression of human cancersl4, 5]. Hence, targeting cell cycle control, especially
aiming at disrupting the related signaling pathways, may become a promising therapeutic approach.
Activation of the PI3K-Akt-mTOR pathway has recently attracted considerable attention due to its
correlation with abnormalities of cell cycle regulation and tumor growth, and several targets of the PI3K-
Akt-mTOR pathway are interrelated with cell cycle progression, including MDM2, GSK3, p70S6K, and
4EBP1[6, 7]. These results suggest that inhibitors of this pathway may be a useful avenue for therapeutic
intervention in cancer patients.

NVP-BEZ235 is a synthetic small molecule compound that potently and reversibly inhibits the catalytic
activities of PI3K and mTOR by competing at their ATP-binding sites[8]. As a dual PI3K/mTOR inhibitor,
NVP-BEZ235 shows the potential characteristics of overcoming resistance, which was observed in the
negative feedback loop activation of Akt due to mTORC1 inhibitors, such as rapamycin[9], and activation
of MAPK signaling with PI3K inhibitors, such as LY294002[10]. NVP-BEZ235 is the most effective small
molecule inhibitor of PI3K to date and has been a particularly attractive compound with the traits of a low
dose requirement, good tolerance, a notable effect and greater selectivity compared with other dual
inhibitors. Multiple studies have demonstrated the prominent inhibitory efficacy of NVP-BEZ235 on the
proliferation in a wide variety of human malignant tumors in vitro and preclinical animal models and are
currently in phase I/1l clinical trials for advanced solid tumors[11, 12]. It is generally believed that cell
cycle arrest triggered by NVP-BEZ235 by antagonizing the PI3K/mTOR signaling pathway plays a pivotal
role in its potent cytostatic effects. Previous observations have revealed that NVP-BEZ235 blocks the cell
cycle at the GO/G1 phase, ultimately causing the interruption of cancer growth with the down regulation
of cyclic D1 and pRb and the upregulation of p21 and p27 in multiple cancers, including neuroblastoma
(NB)[13], osteosarcoma[14], B cell ymphomal15] and nasopharyngeal carcinomas|16]. Additionally, it has
been reported that NVP-BEZ235 can enhance the radiosensitivity of resistant prostate and glioblastoma
cells through the attenuation of DNA double-strand break (DSB) repair and implementation of G2/M cell
cycle arrest[17, 18]. However, the precise mechanisms by which NVP-BEZ235 influences cell cycle
distribution via down regulation of cell cycle-related proteins remain largely unknown.

In the current research, NB models with excessive activation of the PI3K/Akt/mTOR pathway were used to
evaluate the effect of NVP-BEZ235 on cell cycle arrest and investigate the concrete mechanisms by
which NVP-BEZ235 induces the down regulation of cell cycle-related proteins. Our results indicated that
NVP-BEZ235 facilitated autophagic degradation of CDK2 and CDK4, which can rapidly induce NB cell
cycle arrest at GO/G1 state and proliferation inhibition.

Methods

Reagent, cell lines and cell culture

NVP-BEZ235 was purchased from Novartis (Selleck, S1009) and dissolved in DMSO to a stock
concentration of T mmol/L. CQ (Sigma-Aldrich, C6628), and 3-MA (Sigma-Aldrich, M9281) were obtained
and dissolved in sterile H,0 to stock concentrations of 20 mmol/L and 100 mmol/L, respectively. CHX
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was purchased from Sigma (Sigma-Aldrich, R750107) and dissolved in ethanol at a stock concentration
of 100 mg/ml. The stock solutions were wrapping in foil and maintained at -20°C.

SH-SYS5Y and SK-N-MC cell lines were obtained from the Shanghai Institutes for Biological Sciences
(Shanghai, China) and were cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS)
(Gemini, 100-700) and 1% penicillin-streptomycin (Gibco, 15140122) under standard culture conditions
(37°C and 5% CO,). Cells in the logarithmic phase of growth were used in all experiments.

Cell Counting Kit-8 assay

Cell proliferation was assessed using the Cell Counting Kit-8 reagent (Dojindo Molecular Technologies,
CKO04). SH-SY5Y and SK-N-MC cells were seeded in 96-well culture plates at 5x102 cells/well in triplicate,
allowed to settle overnight, and treated with serial concentrations of NVP-BEZ235 (0, 100 and 200 nmol/l)
in 200 pl of medium for 24 hours. Transfected cells were treated with 200 nmol/I NVP-BEZ235 or DMSO
for 12 hours. The cells were then treated with CCK-8 solution and incubated for 2 hours according to the
CCK-8 kit instructions. The absorbance was measured at 450 nm using a microplate reader (Bio-Rad,
Hercules, CA, USA). Each experiment was performed at least 3 times independently.

Cell cycle by flow cytometric analysis

NB cells in exponential growth were seeded in 6-well plates at a density of 1x10° per well for 24 hours
attachment, after which they were treated with NVP-BEZ235 (0, 100 and 200 nM) for 24 hours, and the
transfected cells were treated with 100 nM NVP-BEZ235 or DMSO for 12 hours. For cell cycle analysis,
cells were digested with 0.25% trypsin, centrifuged at 2000 xg for 5 minutes, washed three times with
PBS and fixed with ice-cold 75% (v/v) ethanol at -20°C for 2 hours. Then, after washing twice with PBS,
the cells were resuspended in 50 pl of Pl solution (PI 50 pg/ml and RNase A 100 pg/ml). After incubation
for 15 minutes at room temperature in the dark, the cell cycle distribution was analyzed by a FACSCanto
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Western blot analysis

Cultured cells or mouse tumor tissues were homogenized on ice in 1x RIPA lysis buffer containing
phosphatase (Roche, 4906845001) and protease inhibitor cocktail (Roche, 4693116001), and the protein
concentration was measured by a BCA Protein Assay Kit (Takara, T9300A). Equal amounts (50 ug) of
isolated proteins were separated by SDS polyacrylamide gel electrophoresis and transferred to PVDF
membranes. Membranes were blocked in 5% nonfat milk in Tris-buffered saline containing 0.1% Tween-
20 (TBST, pH 7.4) for 1 h at room temperature and incubated overnight at 4°C at a dilution of 1:1000 with
primary antibodies against Pi-RB, CDK2, CDK4, GAPDH, CTSB, CTSD, p62, LC3B and Beclin-1 (all from Cell
Signaling Technology). Then, the membranes were probed for 2 hours at room temperature with species-
specific HRP-conjugated rabbit anti-mouse IgG (Cell Signaling Technology) at a dilution of 1:10000.
Immunoreactive bands were identified with the Immobilon Western Chemiluminescent HRP Substrate
(Millipore Co., 1328701).
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Immunoprecipitation assays

After washing in cold PBS, cells or tissues were lysed in 500 pl of ice-cold RIPA lysis buffer (50 mM Tris-
HCl pH 7.4, 1 mM EDTA, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, and 150 mM NaCl) containing
protease and phosphatase inhibitors on ice for 30 minutes. Total cell lysates were clarified by
centrifugation at 12,000 xg for 15 minutes at 4°C and were divided into two parts, with one (400 pl, 500
ug) used for the immunoprecipitation assays and the other (50 pl) used for total protein analysis. Lysate
supernatants were incubated with 3 pg of anti-p62 antibody or rabbit IgG overnight at 4°C with rotation,
followed by preclearing with a 50% protein A/G agarose slurry for 2 hours, and then the complexes were
incubated with protein A/G agarose for 4 hours at 4°C. After washing 5 times with lysis buffer by
centrifugation at 5,000 rpm for 5 minutes, samples were eluted in 2X SDS loading buffer by boiling for 8
min and subjected to immunoblot analysis with anti-CDK2, anti-CDK4 or anti-ubiquitin antibodies.

Immunofluorescence assays

NB cells were cultivated in a 96-well plate exposed to various concentrations (0, 200 nM) of NVP-BEZ235
for 24 hours. After washing twice with PBS, the cells were fixed with 4% paraformaldehyde/PBS for 15
min at room temperature. Cells were then washed three times with cold PBS, permeabilized with methyl
alcohol for 10 min, and finally washed with 0.05% Tween-20/PBS for 5 min. The cells were blocked with
5% BSA/PBS (Sangon Biotech, A0332) for 2 hours at room temperature and then incubated with primary
antibodies (1:100) overnight at 4°C. After washing three times with 0.05% Tween/PBS, the cells were
incubated with a FITC-conjugated secondary antibody (ZF-0312, 1:100) for 2 hours at room temperature
in a dark humid chamber. The cell nuclei were stained with DAPI (Sigma-Aldrich, D9542). The cells were
visualized by a fluorescence microscope (Nikon Eclipse Ti, Japan).

Quantitative real-time RT-PCR (qQRT-PCR)

Total cellular RNA was extracted from NB cell lines using TRIzol. The reaction was performed in Micro
Amp Optical 96-well plates with SYBR Premix ExTaq™ Il (Takara, RR820Q) in a Real-Time PCR Detection
System (Roche, Basel, Switzerland) according to the manufacturer’s instructions. Related gene expression
was assessed after normalization to the housekeeping gene human B-actin. Primers were designed and
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The sequences of the primers used are as
follows: CDK2 primer (forward (5"-GTACCTCCCCTGGATGAAGAT-3") and reverse (5-CG AA AT CC GC
TTGTTAGGGTC-3")); CDK4 primer (forward (5-CTGGTGTTTGAGCATGTAGA CC-3") and reverse (5"-
GATCCTTGATCGTTTCGGCTG-3)).

Lentiviral transduction

The shRNA pGIPZ lentiviral constructs were obtained from Hanbio (Shanghai, China). The sequences
used are as follows: a. Beclin-1 #1 (5'-CCC GTG GAA TGG AAT GAG ATT-3'), Beclin-1 #2 (5-GCT TGG GTG
TCC TCACAATTT-3); b. ATG7#1 (ACC AGT TCA GAG CTA A), ATG7#2 (ACC AGT TCA GAG CTA AAT A);
c. Scrambled (5-GTG GAC TCT TGA AAG TAC TAT-3'). The pGIPZ vectors and packaging plasmids
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(psPAX2, pMD2.G) (Life Technologies, Carlsbad, CA, USA) were cotransfected into packaging 293T cells
using Lipofectamine-3000 (Life Technologies, L3000001). After 48 hours, the viral supernatants were
collected and used to infect SH-SY5Y cells. Stable clones expressing the shRNAs were obtained via 5
pg/ml puromycin dihydrochloride (Santa Cruz Biotech Inc., sc-205821) selection.

RNA interference

Small interfering RNAs (siRNAs) specific to human CTSB, CTSD and negative control siRNA were
synthesized by GenePharma (Shanghai, China). The sequences used are as follows: CTSB (5-UGG UCA
ACU AUG UCA ACA ATT-3'); CTSD (5'-UCA CCU UCA UCG CAG CCA ATT-3"); p62 (5'-GAA UCU ACA UUA AAG
AGA ATT-3'); negative control (5-UUC UCC GAA CGU GUC ACG UTT-3'). Both cell lines were transfected
with siRNA using Lipofectamine-3000 (Life Technologies) according to the manufacturer’s protocol.

Nude mouse xenograft model of NB cancer

Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of
Shanghai Jiao Tong University. Five- to six-week-old female athymic (nu/nu) mice were housed under
pathogen-free conditions in microisolator cages with laboratory chow and water ad libitum. SH-SY5Y
cells (5x10°8) suspended in 100 pl of PBS were injected s.c. into the flank region of nude mice. When the
size of local tumors reached certain ranges (~50 mm?), the mice were randomized into two groups
according to tumor volumes and body weights for the following treatments: vehicle control (DMSO) and
NVP-BEZ235 (20 mg/kg/day, i.p.). Mice were euthanized after 3 weeks of interventions, and tumor tissues
were excised[19].

Statistical analysis

In all figures, the error bars represent the standard deviations. Statistical analyses were performed by
Microsoft Office Excel 2019 (Microsoft, Albuquerque, NM, USA) and Statistica Version 10.0 (StatSoft,
Tulsa, OK, USA). Differences between mean values were evaluated by the unpaired t-test. Differences
were considered statistically significant at P<0.05.

Results

NVP-BEZ235 could induce G0/G1 cell cycle arrest with the down regulation of the CDK 2 and CDK 4
proteins.

We analyzed the effect of NVP-BEZ235 on cell cycle progression in NB cells by flow cytometry using PI
staining of the DNA content. After exposure to 100 nM and 200 nM NVP-BEZ235 for 24 hours, there was
a significant increase in the percentage of the SH-SY5Y cells in the GO/G1 phase (82.28%%2.86% at 100
nM, 85.98%+1.93% at 200 nM) compared with the control group (66.82%+3.50%) (Fig. 1A). A significant
increase in GO/G1 phase cells was also detected in SK-N-MC cells (Fig. 1B). To further investigate the
correlation of NVP-BEZ235-induced G1 cell cycle arrest with some important G1-phase regulatory proteins
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in NB cells. The expression of endogenous CDKs was assessed when SH-SY5Y and SK-N-MC cells were
treated with 200 nM NVP-BEZ235 for various times. CDK4 and CDK2 are significant G1 phase-associated
regulatory proteins governing the restriction point of G1—S phase progression, and their inhibition or
degradation lead to G1 phase arrest[20]. As indicated in Fig. 1C and D, there was a remarkable reduction
or gradual decrease in CDK4 and CDK2 protein levels in both cell lines. Furthermore, phospho-Rb initially
triggered by dependent kinases and then amplified by CDK2 complexes markedly decreased in a time-
dependent manner. This process is critical for the G1- to S-phase transition, as phospho-Rb results in the
release of active E2F, which stimulates the transcription of the gene-mediated G1 phase. Based on the
above results, we concluded that NVP-BEZ235 exerts notable GO/G1 cell cycle arrest in NB cells through
the down regulation of several key G1-phase regulatory proteins.

NVP-BEZ235 attenuated the GO/G1 cell cycle-related protein levels by facilitating their protein
degradation.

To elucidate whether NVP-BEZ235-mediated down regulation of CDK4 and CDK2 proteins results from
transcriptional or posttranscriptional regulation, their mRNA levels were evaluated by qRT-PCR. As shown
in Fig. 2A and B, the mRNA levels of CDK4 and CDK2 were not drastically altered in the presence of 200
nM NVP-BEZ235. This indicates that NVP-BEZ235 may affect the protein stability of CDK4 and CDK2 that
were detected via CHX-chase analysis. As showed in Fig. 2C-H, NB cells were cotreated with 10 pg/ml
CHX for different time followed by pretreatment with 200 nM NVP-BEZ235 for 1 hour. NVP-BEZ235
obviously attenuated the half-life of these proteins in both cell lines. These data suggested that NVP-
BEZ235 reduces CDK4 and CDK2 protein stability and promotes their degradation.

Autophagy-lysosome inhibitors restored the degradation of CDK2 and CDK4 proteins in NVP-BEZ235-
treated NB cells.

To clarify whether the ubiquitin-proteasome pathway is involved in the degradation of CDK2 and CDK4
proteins, we pretreated SH-SY5Y and SK-N-MC cells with the 26S proteasome inhibitor MG132 (10 pM)
for 1 hour, followed by treatment with 200 nM NVP-BEZ235 for 12 hours. Compared with the NVP-BEZ235
single factor treatment group, the CDK2 and CDK4 proteins in the MG132 and NVP-BEZ235 dual factor
treatment groups did not change significantly (Fig. 3A and B). In addition to the effect on cell
proliferation, the PI3K/Akt/mTOR pathway is also involved in the autophagy process. We further
assessed autophagy-related hallmark proteins in both cell lines treated with NVP-BEZ235. As showed in
Fig. 3C and D, NVP-BEZ235 enhanced the conversion of LC3-ll in both tested cell lines at an early stage.
Given that the activation of autophagy almost exactly synchronized with the down regulation of CDK4
and CDK2 proteins, we speculated that autophagy induced by NVP-BEZ235 might play a role in cell cycle
arrest. To prove our hypothesis, the effects of the autophagy inhibitors CQ and 3-MA were analyzed.
Intriguingly, cotreatment with CQ or 3-MA for 12 hours rescued the expression of CDK2 and CDK4 (Fig. 3E-
H).

NVP-BEZ235-induced GO/G1 cell cycle arrest and proliferation inhibition by autophagy activation in NB
cells.
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Autophagy is one of the two major key intracellular protein degradation routes within eukaryotic cells[21].
To further verify whether NVP-BEZ235-induced autophagy influences NB cells, we tested the effect of
inhibition of the autophagic process on CDK4 and CDK2 degradation, cell viability and cell cycle
distribution via knockdown of autophagy-related genes. Accordingly, SK-N-MC cells that were transfected
with shRNA for the knockdown of Beclin-1 were subsequently treated for 12 hours with vehicle or 200 nM
NVP-BEZ235. CDK4 and CDK2 were analyzed by immunoblotting, cell viability was assessed using a
CCK-8 assay, and cell cycle distribution was demonstrated with flow cytometry analysis. We found that
blockade of autophagy (Fig. 4A) markedly reversed the CDK2 and CDK4 protein levels (Fig. 4B).
Simultaneously, the viability of NVP-BEZ235-treated NB cells was obviously rescued (Fig. 4C), and the
percentage of NVP-BEZ235-treated cells in the GO/G1 phase was strikingly increased (Fig. 4D) due to
autophagy inhibition. These results demonstrated that the autophagy-mediated degradation pathway
plays roles in NVP-BEZ235-induced GO/G1 cell cycle arrest and proliferation inhibition in NB cells.

NVP-BEZ235-induced CDK2 and CDK4 binding to the autophagy adaptor protein p62 in NB cells.

P62 (known as SQSTM1) is implicated in autophagic cargo recognition and is degraded in the final
stages of autophagy during autolysosome degradation[22]. A time-dependent reduction in p62
expression was corroborated in both NB cell lines treated with NVP-BEZ235 (Fig. 5A and B), consistent
with the upregulation of LC3 Il levels (Fig. 3C and D). To further validate the link between p62 and the
CDK2 and CDK4 proteins, the levels of the p62 protein were measured in ATG7-deleted SH-SY5Y cells and
Beclin-1-deleted SK-N-MC cells after treatment with 200 nM NVP-BEZ235 for 12 hours. As showed in

Fig. 5C and D, there was concomitant restoration of p62 in NVP-BEZ235-treated autophagy-defective cells
compared with the negative control. Moreover, immunoprecipitation assays indicated that the
interactions between p62 and the CDK2 and CDK4 proteins were enhanced after exposure to NVP-BEZ235
in NB cells (Fig. 5E and F). On this basis, the degradation of the CDK2 and CDK4 proteins induced by
NVP-BEZ235 was restored when p62 was silenced in NB cells (Fig. 5G and H). These findings indicated
that p62 is involved in autophagic degradation of the CDK2 and CDK4 proteins in NB cells.

Lysosomal cathepsin B was indispensable for autophagic degradation of the CDK2 and CDK4 proteins
induced by NVP-BEZ235.

To further substantiate CDK2 and CDK4 protein degradation due to autophagic lysosomes, we performed
immunofluorescence staining for CDK2 and CDK4 and the lysosomal membrane marker LAMP2A in SH-
SY5Y cells and observed a strong colocalization between them after NVP-BEZ235 treatment (Fig. 6A and
B). Lysosomal cathepsins have been implicated in autophagic flux facilitation and in mediating substrate
protein degradation[23] in the final stage of autophagy. To validate the functional role of cathepsins in
the degradation of CDK2 and CDK4 induced by NVP-BEZ235, lysosomal-specific protease inhibitors E64d
and pepstatin A were administered to SH-SY5Y cells. Importantly, suppression of cathepsins stabilized
the CDK2 and CDK4 protein levels and reversed NVP-BEZ235-mediated degradation of CDK2 and CDK4
proteins (Fig. 6C). Herein, we mainly focused on the regulatory effects of cathepsin B (CTSB) and
cathepsin D (CTSD) on CDK2 and CDK4 degradation. We observed that silencing CTSD expression by
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utilizing a siRNA approach did not rescue CDK2 and CDK4 degradation (Fig. 6D), whereas attenuation of
CTSB by siRNA targeting resulted in a partial rescue of the NVP-BEZ235-induced CDK2 and CDK4 down
regulation in SH-SY5Y cells (Fig. 6E). Altogether, these results indicated that CDK2 and CDK4 enter
lysosomes and undergo degradation in a CTSB-dependent manner.

Autophagy-lysosome system mediates NVP-BEZ235-triggered CDK2 and CDK4 degradation in NB
xenograft tumors.

To determine the association of its autophagy with CDK2 and CDK4 protein degradation, an NB xenograft
mouse model was generated. In agreement with the blockade of the G1 cell cycle in vitro, NVP-BEZ235
also reduced the expression of CDK2 and CDK4 in xenograft tumors, accompanied by a decrease in the
autophagic protein marker p62 (Fig. 7A). Furthermore, the enhanced interactions between p62 and the
CDK2 and CDK4 proteins were similarly assessed by immunoprecipitation in the NVP-BEZ235-treated
group (Fig. 7B), which demonstrated that the autophagy-lysosome system mediates NVP-BEZ235-
triggered CDK2 and CDK4 degradation. Together, these results revealed that NVP-BEZ235-induced
autophagy plays a critical role in CDK2 and CDK4 degradation and tumor proliferation inhibition in NB
xenografts.

Discussion

The PI3K/Akt/mTOR signaling pathway is vital in maintaining cell growth, proliferation, and survival[24].
NVP-BEZ235, as a potent novel dual PI3K and mTOR kinase inhibitor, exerts strong anticancer effects via
multiple mechanisms, including disturbing the cell cycle and differentiation and promoting apoptosis,
autophagy, angiogenesis and EMT([17, 25, 26]. In the present study, we demonstrated that NVP-BEZ235
inhibited NB cell proliferation by inducing GO/G1 cell cycle arrest and that inducing GO/G1 cell cycle
arrest was correlated with autophagic degradation of the CDK2 and CDK4 proteins.

We have shown that there was a remarkable reduction or gradual decrease in cyclin D1 and E1 protein
levels in NVP-BEZ235-treated NB cells[19]. Previous evidence that the overexpression of cyclin D1, cyclin
E1, CDK2 and CDK4 has been associated with poor prognosis and decreased survival in patients, and
deregulated degradation appears to be responsible for their increased levels in various cancers[27-29].
Therefore, our results are significant and suggest that NVP-BEZ235 triggered a decrease in these proteins.
Given the significance of these G1 phase-related proteins, we then probed the mechanism of NVP-
BEZ235-mediated down regulation of CDK2 and CDK4 in NB. The results indicated that NVP-BEZ235 did
not obviously change the mRNA levels but obviously attenuated the half-life of these proteins and
promoted their degradation, as confirmed by the CHX-chase analysis.

In our work, we identified for the first time that the autophagic process induced by NVP-BEZ235 is
involved in the degradation of CDK2 and CDK4 in NB cells, as there is evidence that ablating autophagy-
related genes and autophagy-lysosomal inhibitors could obviously reverse CDK2 and CDK4 in NVP-
BEZ235-incubated NB cells. With regard to CDK2 and CDK4, there are several potential molecular weight

compounds that could influence their regulation, mainly through elimination of CDK catalytic activity and
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induction of their degradation[30—-33]. Disappointing results were observed in CDK inhibitors in terms of
low specificity, serious side effect profiles and a lack of robust criteria for selecting patients[34]. Thus,
targeting compounds to induce CDK-sustained degradation is inspiring and imperative. Our studies
provide evidence for a novel mechanism involving autophagic degradation of CDK2 and CDK4, which is
distinct from previous reports on the degradation of CDK2 and CDK4[32, 33, 35, 36].

Our subsequent experiments elaborate the particular modulatory mechanism of autophagy in NVP-
BEZ235-induced CDK2 and CDK4 degradation. Autophagy is an evolutionarily conserved pathway that
delivers substrates to lysosomes for degradation. P62/SQSTMT1, as a cargo receptor protein, can bind
directly to LC3 to promote the degradation of polyubiquitinated protein targets via macro-autophagy(37].
Obviously, p62 is required for constitutive autophagic degradation of CDK2 and CDK4, as illustrated in
our results in which an enhanced interaction between p62 and the CDK2 and CDK4 proteins was
observed and the degradation of CDK2 and CDK4 induced by NVP-BEZ235 was restored when p62 was
silenced in NB cells. Analogous results regarding the correlation of p62 and the CDK2 and CDK4 proteins
were observed in an NB xenograft mouse model in vivo. Moreover, intensive studies have shown that
CTSB, as a notable lysosomal protease, is broadly up regulated in cancer and is essential for autophagic
flux[38, 39]. Our data also implicated CDK2 and CDK4 as downstream substrates of CTSB in the
autophagy process, as supported by our experiments in which selective knockdown of CTSB resulted in
the partial reversal of CDK2 and CDK4 degradation. Based on these findings, we demonstrate that NVP-
BEZ235 induces CDK2 and CDK4 binding to the autophagy adaptor protein p62 at the autophagosome
site to enter the autolysosome, which are then degraded in a CTSB-dependent manner.

Conclusion

Taken together, these results clearly indicated that NVP-BEZ235 can mediate the autophagic degradation
of CDK2 and CDK4 in a CTSB/p62-dependent manner. These events preserve the cells in GO/G1 status
and alleviate growth. Therefore, NVP-BEZ235 can exhibit a strong anti-proliferation effect in NB cells
(Fig. 7C). This finding provides the experimental basis that NVP-BEZ235 intervenes in the regulation of
CDK2 and CDK4 at the posttranscriptional level. At the same time, these findings also provide a new clue
for the rational utilization of NVP-BEZ235 in neuroblastoma.

Abbreviations

NB neuroblastoma
CDK2 cyclin dependent kinase 2
CDKA4 cyclin dependent kinase 4
CTSB cathepsin B

CTSD cathepsin D
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PI3K phosphatidyl inositol 3-kinase

Akt v-akt murine thymoma viral oncogene homolog
mTOR mammalian target of rapamycin

MCM2 mini-chromosome maintenance protein 2
MDM2 murine double minute 2

3-MA 3-methyladenine

CQ chloroquine

ATG7 autophagy-related gene 7

CHX cycloheximide

LC3 microtubule-associated protein light chain 3
SQSTM1 sequestosome 1

siRNA small interfering RNA

E2F the e2 factor

shRNA short hairpin RNA

EMT epithelial-mesenchymal transition.
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Figure 1

NVP-BEZ235 induced G0/G1 cell cycle arrest with the down regulation of CDK4 and CDK2 in NB cells. (A
and B) SH-SY5Y and SK-N-MC cells were treated with NVP-BEZ235 (100, 200 nM) for 24 hours. The cell
cycle was assessed by flow cytometry analysis, which determined the cellular DNA content with a
hypotonic PI solution. (C and D) SH-SY5Y and SK-N-MC cells were treated with NVP-BEZ235 (200 nM) for
the indicated time. Proteins related to the cell cycle were analysed by Western blot analysis
(Supplementary figure for Figure 1C and D).
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Figure 2

NVP-BEZ235 decreased CDK4 and CDK2 levels by enhancing their protein degradation. (A and B) SH-
SY5Y and SK-N-MC cells were incubated with NVP-BEZ235 for the indicated time periods. CDK2 and
CDK4 mRNA levels were determined by qRT-PCR. (C, D, E, F, G and H) SH-SY5Y and SK-N-MC cells were
pretreated with vehicle or 200 nM NVP-BEZ235 for 1 hour, and then 10 pg/ml CHX was added for various
additional time. The respective protein levels were detected by immunoblotting and quantified by
densitometry (Supplementary figure for Figure 2-1/2 C, D, F and G).
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Figure 3

The autophagy-lysosome pathway was involved in NVP-BEZ235-induced degradation of the CDK4 and
CDK2 proteins. (A and B) SH-SY5Y and SK-N-MC cells were pretreated for 1 hour with 10 uM proteasome
inhibitor (MG132) and subsequently treated for another 12 hours with 200 nM NVP-BEZ235, and the
lysates were probed for CDK2 and CDK4 antibodies by immunoblotting (Supplementary figure for Figure
3-1A and B). (C and D) Western blot analysis of the LC3 protein in SH-SY5Y and SK-N-MC cells treated
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with 200 nM NVP-BEZ235 for 6, 12 and 24 hours (Supplementary figure for Figure 3-1C and D). (E, F, G
and H) SK-N-MC cells were pretreated for 1 hour with an autophagy inhibitor (20 uM CQ or 2 mM 3MA)
and subsequently treated for another 12 hours with 200 nM NVP-BEZ235. Western blot analyzed CDK4
and CDK2 proteins (Supplementary figure for Figure 3-2E, F, G and H).
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Figure 4

The autophagic degradation pathway was indispensable for NVP-BEZ235-induced CDK4 and CDK2
degradation. (A) SK-N-MC cells were transfected with shRNA specifically targeting Beclin-1 and then
assessed by immunoblotting with an anti-Beclin-1 antibody. Transfected cells with individual shRNAs
were subsequently treated for 12 hours with vehicle or 200 nM NVP-BEZ235 (Supplementary figure for

Figure 4A). (B) The indicated proteins were analysed by immunoblotting (Supplementary figure for Figure

Page 18/22




4B). (C) Cell viability was assessed using a CCK-8 assay. (D) Cell cycle distribution is shown by a flow

cytometric analysis.
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Figure 5

P62 mediated NVP-BEZ235-induced autophagic degradation of the CDK2 and CDK4 proteins. (A and B)
SH-SY5Y and SK-N-MC cells were incubated for the indicated times with 200 nM NVP-BEZ235 and then
assessed by immunoblotting with an anti-p62 antibody (Supplementary figure for Figure 5-1A and B). (C
and D) ATG7-deleted SH-SY5Y cells and Beclin-1-deleted SK-N-MC cells were treated for 12 hours with
vehicle or 200 nM NVP-BEZ235 and then lysed and analyzed by immunoblotting with an anti-p62
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antibody (Supplementary figure for Figure 5-1C and D). (E and F) After SH-SY5Y and SK-N-MC cells were
incubated for the indicated times with 200 nM NVP-BEZ235. Cell lysates were immunoprecipitated with
an anti-p62 antibody and then probed with anti-CDK2 and anti-CDK4 antibodies (Supplementary figure for
Figure 5-2E and F). (G and H) SH-SY5Y and SK-N-MC cells were transfected with siRNA targeting p62 for
36 hours and then treated with 200 nM NVP-BEZ235 for another 12 hours. The cells were lysed and
analyzed by immunoblotting with antibodies against CDK2 and CDK4 (Supplementary figure for Figure 5-
2G and H).

A LAMP2A MERGE
| - - - -
]

°
9]
v,
q
=
A
p‘ - -
=
7
CDK4

B LAMP2A

]

]

°

9]

v,

q

=

A

P. --

-

7.

E
SiRNA Control SiRNA-Cathepsin D SiRNA Control  SiRNA-Cathepsin B
E64d+Pepstain A = + - + = - — ] ) -
Cathepsin D Cathepsin B|
NVP-BEZ235 - - + +
CDK2 “ - o GAPDH GAPDH | S S——
- SiRNA Control SiRNA-Cathepsin D SiRNA Control SiRNA-Cathepsin D
CDK4 i |. NVP-BEZ235 - + - + NVP-BEZ235 - + - +
DK2 CDK2 | —
GAPDH | e s < <m— CDK2 | s o sm—

covs | e e | <o«

GAPDH | ouuuuue @HNSND SN TSNS = CipDH| NS ams S ammm

Figure 6

Page 20/22



CTSB was required for NVP-BEZ235-induced autophagic degradation of the CDK2 and CDK4 proteins. (A
and B) SH-SY5Y cells treated with 200 nM NVP-BEZ235 for 12 hours were stained with anti-LAMP2
(green), anti-CDK2 (red) or anti-CDK4 (red) antibodies, and the signals were detected by fluorescence
microscopy. Merged panels indicate the overlapped images of the 2 fluorescent signals. Scale bars: 20
pum. (C) SH-SY5Y cells were pretreated for 1 hour with pepstatin A (10 uM) and E64-d (10 pM) and
subsequently treated with 200 nM NVP-BEZ235 for another 12 hours. The cells were lysed and analyzed
by immunoblotting with antibodies against CDK2 and CDK4 (Supplementary figure for Figure 6-1C). (D
and E). SH-SY5Y cells were transfected with siRNA targeting CTSB or CTSD for 36 hours and then treated
with 200 nM NVP-BEZ235 for another 12 hours. The cells were lysed and analyzed by immunoblotting
with antibodies against CDK2 and CDK4 (Supplementary figure for Figure 6-1D and Figure 6-2E).
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Figure 7

NVP-BEZ235-induced autophagic degradation of the CDK2 and CDK4 proteins in NB xenograft tumors.
(A) Tumor extracts were lysed and analyzed by immunoblotting with antibodies against p62, CDK2 and
CDK4 proteins (Supplementary figure for Figure 7A). (B) Tumor extracts were immunoprecipitated (IP)
with an anti-p62 antibody followed by immunoblotting with anti-CDK2 or CDK4 antibodies
(Supplementary figure for Figure 7B). (C) Schematic presentation of the degradation of CDK2 and CDK4.
NVP-BEZ235 induces the interaction of p62/SQSMT1 with CDK2 or CDK4 and the subsequent
autophagic degradation of CDK2 and CDK4 in a CTSB-dependent manner. In addition, CDK2 and CDK4
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protein degradation by autophagic lysosomes contributes to GO/G1 cell-cycle arrest and proliferation
inhibition induced by NVP-BEZ235.
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