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ABSTRACT

Herewe demonstratedthat sulforaphanecysteine(SFNCys)regulated cell cyclerelated protein expressionsn
GO0/G1 and G2/M phases of U87MG cells via High Performance Liquid ChromatographyMass
Spectrometry/MassSpectrometry (HPLEMS/MS) and proteomics analysis.Further, mMRNAproducts of CDK4
CDKe6and h -tubulin were significantly higher in glioblastomathan those in normal tissues, and these results
were significantly correlated to pathological grades and clinical prognosis via analyzing TCGAand CGG,
databases.Furthermore, Western blot showed that SFNCysdownregulated CDK4,CDK6and p-Rbin a dose
dependent manner and these results were reversed by p-ERK1/2blocker PD98059in U87MG and U373MC
cells. The reductions of CDK4,CDK6and p-Rb were reversed by proteasome inhibitor MG132; similarly, the
upregulation of 26Sproteasomeby SFNCyswas reversedby PD98059 Interestingly, SFN-CysdecreasedCDK.
and CDK6 by phosphorylated ERK1/2caused proteasomal degradation resulting in decreased RE
phosphorylation contributing to cell cyclearrestin GO/G1phase.BesidesWestern blot showed that SFNCy:
downregulated h -tubulin resulting in microtubule disruption and aggregation,and cell cycle arrest in G2/M
phase and apoptosis. These results might help us understand the molecular etiology of glioblastome
progressionto establishbrand-new anti-cancertherapies.

INTRODUCTION SFN-Cys inhibits tumors so #t we may determine the
potential molecule targets.
Brain glioblastoma (GBM) is a fatal tumor causing low

survival and poor prognosisi[3]. Due to the highly Cell cycle progression was regarded to affect cell
invasive feature, the primary tumor was not able to be proliferation, migration and invasion. Cell cycle was
removed by surgery thoroughly. @iefore, it is controlled by cell cycle checkpoints which prevented

essential to establish more powerful chemotherapies. cells from entering the next phase of cell cycle [6]. A
We found that sulforaphane (SFN) and its analog-SFN  critical checkpoint occurs in G1 phase amhtrols the

Cys induced apoptosis in GBM [4, 5]. However, we  entry of cells into S phase and the start of DNA
needto find out the working mechanisms that SFN or synthesis. Cyclirdependent kinases 4 and 6 (CDK4
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and CDK6) are the key enzymes for cells to enter
S phase from G1 phase [7]. Protein Rb was
phosphorylated by the activated Cyclin-@bK4/
CDK®6 complex leading to the release of transcription
factor E2F to nucleus to initiate DNA replication and
make the cells enter S phase [8]. CDK4 and CDK6
were highly expressed in many tumor cellg 12].
The activity of Cyclin DCDK4/CDK6 complex was
negativédy regulated by P16 coded by CDKN2A and
CDKN2B. The gene deletion of CDKN2A and
CDKN2B in tumor cells resulted in high activities of
CDK4/CDK®6, and made cells transit from G1 phase to
S phase leading to rapid cell proliferation [13, 14].
Other studies shosd that CDK4 and CDK®6 played a
role in antiapoptosis via inhibiting the activation of
Caspase 3 in tumor cells [15]. High phosphorylation of
Rb by activating Cyclin BCDK4 /CDK6 complex was
an important reason for the rapid proliferation in GBM
cells [16]and the proliferation capacity of tumor cells
was significantly reduced after the interventiof
CDK4/CDK®6 inhibitors [17]. Hence, it is possible to
design efficient anttumor drugs to treat GBM
patients.

It has been reported that SFN downregulatedoon
proteins via proteasorrgependent mechanism [13)].
More, we found that SFN and its analogs took effect by
phosphorylating ERK1/2 activating the proteasome
system to degrade a variety of tummelated proteins,
such as microtubule proteins jZ2]. Stuies showed
that CDK4/CDK6 were mainly degraded by the
ubiquitin-proteasome pathway [R36]. Other studies
showed that SFN downregulated CDK4/CDKG®6 in breast
and ovarian cancer cells leading to cell cycle arrest in
GO0/G1 phase and apoptosis [29]. Therefoe, we
speculated that SFRys might cause cell cycle arrest in
GO0/G1 phase in GBM cells.

Anot her i mportant piubdirei n
Studies showed that microtubule was an important
target in the treatment of glioblastoma; microtubule
disrugion significantly caused apoptosis [&2]. We
previously reported that SFNys suppressed
proliferation and induced apoptosis via disrupting
microtubules in human prostate cancer and-swall

cell lung cancer [21, 22]. Therefore, SHys
might induce ell cycle arrest in G2/M phase and
apoptosis resulting from microtubule disruption in
GBM cells.

Taken together, SF@ys might activate proteasome
downregulating oncoproteins in cell cycle checkpoints
leading to cell cycle arrest and apoptosis. Thesdiest

will help us further understand the mechanisms that
SFN-Cys inhibits cell growth to establish new and
efficient anttGBM therapies.

RESULTS

The levels of CDK4/CDK6 and TUBALC are the
important indicators for clinicopathological grades
and patient prognosis

We recognized the significantly differential expressions
of cell cyclerelated proteins in response to SEMSs,
and they were mainly expressed in GO/G1 and G2/M
phases via HPLGAS/MS and gene ontology analysis
(Figure 1A). Further, we found thahree mRNA
expressions were closely related to the pathological
grades and clinical prognosis in glioblastoma patients
via the analysis of TCGA (The Cancer Genome Atlas)
and CGGA (the Chinese Glioma Genome Atlas)
databases, respectively with expressions GidK4/
CDK®6 in GO/G1 phase and TUBALC in G2/M phase
(Figure 1E1H), (Figure 2A1H). The CDK4/CDK6
and TUBAL1C mRNA levels were higher in
glioblastomas than those in normal brain tissues (Figure
1B).

CDK4/CDK6, TUBA1C expressions in 693 samples
with mRNA microarray data were analyzed according
to the clinicopathological grades @GGA cohort.
CDK4/CDK6, TUBAL1C mRNA expressions in grade
IV were higher than those in grades Il and Il (Figure
1F), (Figure 2B, 2F)These results were confirmed in
TCGA RNA sequecaing data (Figure 1E), (Figure 2A,
2E), which further suggested that higher expressions of
CDK4/CDK6, TUBALC were accompanied by higher
malignancy in glioblastomas.

Survival data were available for 693 patients in CGGA
and 676 patients in TCGA databasespectively.
Survival rates of patients with higher CDK4/CDKB®,
TUBAI1C expressions were significantly shorter than
those of the counterparts (FigareE, 1G, 2A, 2C, 2E
gnd r2G)c ®uel to mheterogsneity of gliotda, we
additionally investigated the patient prags with
CDK4/CDK6 and TUBALC expression in every grade
of glioma in CGGA datasets. Results showed that
patients with higher TUBALC expression had shorter
survival rates than those of the counterparts in grades
I, Il and IV primary glioma and graddl recurrent
glioma, but not in gradel and IV recurrent glioma
(Figure 1G, 1H). The patients with higher CDK4
expression had shorter survival rate than those of the
counterparts in graddl primary glioma, but not in
gradesll and IV (Figure 1C,1D). The patients with
higher CDK6 expression had shorter survival rates than
those of the counterparts in graddsand IV primary
glioma and recurrent glioma, but not in stalgé~igure

2G, 2H). These findings indicated that TUBA1C and
CDK4/CDK6 were inportant indicators for clinico
pathological grades and prognosis of patients.
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Figure 1. SHCys decreased the expressions of CDK4/CDK6 and TUBABB1C mRNA expression showed positive correlation

to pathological grades and gativecorrelation to clinical prognosis in glioma. The deletion rates of CDKN2A and CDKN2B were higher in
glioma patients. &) After US7MG cells were treated with or without SENs for 24 h, the extracted proteins were analyzed for expression;
protein expressions and Ontology were analyzed via HABIMS and the Uniprot netBj Differential expressions of mMRNA were analyzed

in normal and tumor tissues via GEPIA database, which matched TCGA normal and GTEx data [46]. LGG: Low gradb)dlima. (
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deletion rates of CDKN2A and CDKN2B were analyzed by means of database of Glioblastoma Multiforme (TCGA, Provisional)ezhd of Merg

Cohort of LGG and GBM (TCGA, Cell 2016) via cBioPortal for Cancer GeBoftieseXpression and survival analysis of TUBARKEATIN
glioma patients were done via GEPIA Database, which matched TCGA normal and GTEHafae(expression and survival analysis of
TUBA1C mRNA in glioma patients with primary and recurrent were done via CGGA database. Data were shown as**P < 0.0%;

FFFt f ndnnmI b{ y2

Deletions of CDKN2A and CDKN2B were shown
widely in GBM

We analyzed the gene deletion iglioma via
cBioPortal net with the Glioblastoma Multiforme
(TCGA, Provisional) and Merged Cohort of LGG and
GBM (TCGA, Cell 2016) databases, respectively.
With the analysis of database Merged Cohort of LGG
and GBM (TCGA, Cell 2016), we found that the rate
of CDKN2A locus 9p21.3 deletion was up to 35.3% in
GBM, and the ree of CDKN2B locus 9p21.3 deletion
was up to 34.8%. The rate of CDK4 locus 12g14.1
mutated amplification was 9.3%, and the rate of
CDK®6 locus 7g21.2 mutated amplification wa9%.
(Figure 1C). With the analysis of database Glio
blastoma Multiforme (TCGAProvisional), we found
that the deletion rate of CDKN2A locus 9p2as

up to 57.4%, and the deletion rate of CDKN2B locus
9p21.3 was up to 56%. The rate of CDK4 locus
12g14.1 mutated amplification was 14.4%, and the
rate of CDK®6 locus 7921.2 mutated aifiphtion was
3.1% (Figure 1D).

SFN-Cys decreased the expression of-Rb, CDK4
and CDKG®6 via ERK1/2 phosphorylation

Western blot was used to verify the effect of SE)$ on
expression of Cyclin D1, CDK4/CDK6,-Rb and Rb.
We found that SFMCys significatly downregulated
the expressions of CDK4/CDK6 and-Rb, while
significantly upregulated the expression éERK1/2 in a
dosedependent manner in U87MG/U373MG cells and
the expression of Rb was not affected (Figure 3A, 3B, 3D
and 3E). Although the expréss of Cyclin D1 was
increased with the intervention of SKIYs, the ce
localizations of CDK4/CDK6 to Cyclin D1 were
decreased (Figure 3C, 3F and 3G). We further found that
p-ERK1/2 inhibitor PD98059 reversed the CDK4/CDK6
and pRb downregulation induced yb SFNCys,
indicating that SFNCys downregulated the expressions
of CDK4/CDK6 and gRb via ERK1/2 activation (Figure
4Ai 4D).

SFN-Cys downregulated CDK4/CDKG6 via activating
26S proteasome inducing apoptosis by ERK1/2
phosphorylation

The downregulation o€DK4/CDK6 and pRb by SFN
Cys was reversed after the addition of proteasome
inhibitor MG132 (Figure 5A5C). After SFNCys

AAIYAFAOLIYOS gad O2y(iNERt

ANRdzLE Yy x o®

intervention, the expression of 26S proteasome was
significantly upregulated; while ERKZ1/2 inhibitor
PD98059 significantly reversed 26 proteasome
upregulation (Figure 5D). Flow cytometry assay
showed that the apoptosis rates in the U87MG and
U373MG cells treated with SFRys were significantly
increased, and those effects were reversed by PD98059
(Figure 5G and 5H).

SFN-Cys caused celtycle arrest in GO/G1 and G2/M
phases

In order to determine the effect of SKINs on cell
cycle, U87MG and U373MG cells were starved for 24 h
in serumfree medium to synchronize cell cycle in
GO0/G1 phase; then cell cycle changes were detected by
flow cytometry with a cell cycle detection kit after
intervention with SFNCys for 24 h. We found that the
cell numbers in the S phase were significantly reduced
after the intervention with SFHys and the cell cycle
arrested in GO/G1 phase (Figure 5E). In otdeclarify

the influence of SFMNCys on other cell cycle phases,
these cells were directly intervened by SENs
without synchronization for 24 h, followed by cell cycle
detection. We found that after SEOYs intervention,
the cell cycle was arrested in GRphase (Figure 5F).

SFN-Cys caused cell cycle arrest in G2/M phase
leading to apoptosis via microtubule disruption

Microtubule disorganization and aggregation were
shown in both UB7TMG and U373MG cells treated with
SFN-Cys for 24 h via immunofluorescen(ieigure 6A).
Further, we observed that SHYs significantly
downregul ated
dependent manner (Figure 6B). Furthermore, micro
tubule disruption and aggregation were observed via
transmission electron microscopy (TEMFidqure 6C
and 6D). These implied that SFBYs disrupted
microtubules in both cell lines. We also found that the
cell cycle was arrested in G2/M phase and apoptosis
rates were significantly increased after the knockdown
o f -tullilin (Figure 6E and 6F).he possible signaling
map was shown for SFRysinduced cell cycle arrest
and apoptosis in human GBM celfSgure 6H)

DISCUSSION

In the present studies, we demonstrated that-GiFN
induced cell cycle arrest and apoptosis, whicightn
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Figure 2. CDK4/CDK6 mRNA expression showed positive correlation to pathological grades and nagadilaion to clinical
prognosis.(A, B The expression and survival analysis of mMRNA CDK4/CDikfanpatients were done via GEPIA Database, which matched
TCGA normal and GTEx daBiY, F H). The expression and survival analysis of MRNA CDK4/CDKG® in glioma patients with primary and recurrent
were done via CGGA database. Data were shown as *P < 0.650*6R; ***P < 0.001, NS no significance vs. control grodjg.n
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Figure 3. SHICys decreased the expressions oRp, CDK4 and CDK®6; while increased the expressionsERK1/2 and
Cyclin D1, and decreased the-taralization of CDK4, CDK6 to Cydlih. (Ai E): Western blot showed the expressions eRp, Rb,
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www.agingus.com 16842 AGING



result from microtubule disruption in GBM cells.
Abnormal Rb regulation in tumor celmanifestedwith
overexpressed CDK4/CDK6 and the loss of pl6
expression or CDK4/CDK6 mutation leading to no
response to pl16 [33]. Here CDKN2A/CDKN2B deletion
was frequent in GBM, which was consistent with
previous report [12]. The P16, coded by CDKNZ2A/
CDKN2B, was a main inhibitor of CDK4/CDKS6;
therefore, high deletion rate of CDKN2A/CDKN2B in
GBM indicated that CDK4/CDK6 might be highly

activated. Studies showed that CDK6, as an oncogene,

was required for glioblastoma proliferation. Deletion
of CDKN2A male cancer cells more sensitive to a
selective activity inhibitor of CDK4/CDK6 [17]. The

downregulation of CDK6 significantly inhibited cell

viability and migration in humaglioblastomg34].

The activity inhibitors of CDK4/CDK6 had side effects
and drug esistance [17, 387], thus SFNCys might be
a candidate drug to target CDK4/CDKG6.

SFN-Cys was a metabolite of SFN in vivo with lower
toxicity [38]. We previously demonstrated that SFN
Cys had potentiality tanhibit proliferation and induce
apoptosis in U87MG/U373MG cells [4], and its
molecular mechanisms resulted from the activation of
ERK1/2 and proteasome to degrade tunmabated
proteins [18, 20, 21]. Studies showed that SEé
was able to penetrate blbbrain barrier (BBB)
with a longer haHife versus SFNin vivo [38],
thus SFN-Cys might enter the central nervous cells
through the bloodrain barrier and take action on
GBM.

Figure 4.SFNCys decreased the expressions @DK4, CDK6 andRb via sustained ERK1/2 phosphorylatiogacD) Both

'!'ytaD YR !'otoabD OStfta ¢6SNB LINBGNBIFIISR gALBEAt 6y npehp0O6HAN>AD
CDK4, CDK6;Rb, Rb and pERK1/2 were analyzed §/3Mi SNy o6t 20 ® 51 {4+ gSNB aKz2gy | a YSIya
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