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Abstract
Melatonin helps to maintain circadian rhythm, exerts anticancer activity, and 
plays key roles in regulation of glucose homeostasis and energy metabolism. 
Glycosylation, a form of metabolic flux from glucose or other monosaccha-
rides, is a common post- translational modification. Dysregulated glycosyla-
tion, particularly O- GlcNAcylation, is often a biomarker of cancer cells. In this 
study, elevated O- GlcNAc level in bladder cancer was inhibited by melatonin 
treatment. Melatonin treatment inhibited proliferation and migration and en-
hanced apoptosis of bladder cancer cells. Proteomic analysis revealed reduction 
in cyclin- dependent- like kinase 5 (CDK5) expression by melatonin. O- GlcNAc 
modification determined the conformation of critical T- loop domain on CDK5 
and further influenced the CDK5 stability. The mechanism whereby melatonin 
suppressed O- GlcNAc level was based on decreased glucose uptake and met-
abolic flux from glucose to UDP- GlcNAc, and consequent reduction in CDK5 
expression. Melatonin treatment, inhibition of O- GlcNAcylation by OSMI- 1, or 
mutation of key O- GlcNAc site strongly suppressed in vivo tumor growth. Our 
findings indicate that melatonin reduces proliferation and promotes apoptosis of 
bladder cancer cells by suppressing O- GlcNAcylation of CDK5.
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1 |  INTRODUCTION

Melatonin (N- acetyl- 5- methoxytryptamine), a naturally 
occurring indole compound, is synthesized and secreted 
primarily by the pineal gland during sleep.1 Its function 
in brain to help maintain circadian rhythm of physiolog-
ical processes is well known. Melatonin is also found in 
other tissues, and there is increasing evidence for its role 
in a variety of physiological and pharmacological effects, 
including anti- inflammation, anti- tumor, anti- oxidation, 
and anti- aging.2 On the basis of its anti- proliferative and 
pro- apoptotic effects, melatonin suppresses the growth of 
certain types of cancer. It can promote apoptosis by regu-
lating expression of Bcl- 2, caspase- 3, and caspase- 9, inhibit 
tumor cell proliferation through the PI3K/AKT pathway,3 
and suppress metastasis- related molecular processes by 
restricting entry of cancer cells into the vascular system 
and preventing them from forming secondary growth in 
distant areas.4,5 In combination treatments with antican-
cer drugs such as sorafenib and doxorubicin, melatonin 
displayed strong anticancer effects in in vitro and in vivo.6

Melatonin plays a key role in the regulation of glucose 
homeostasis and energy metabolism.7 Reduction in mela-
tonin levels results in insulin resistance, glucose intoler-
ance, and changes in other metabolic parameters, whereas 
melatonin supplementation enhances glucose tolerance 
by restoring GLUT4 gene expression.8 Glucose, the major 
monosaccharide in carbohydrate metabolism, functions 
as the major energy source for most organisms and can 
be converted into all other sugars used for glycosylation.

Glycosylation is a very common post- translational 
modification. Aberrant glycosylation is strongly as-
sociated with tumor progression and metastasis.9 O- 
linked β- N- acetylglucosamine (O- GlcNAcylation), a 
type of protein glycosylation that binds to hydroxyl 
group of Ser and/or Thr residues, is a unique carbohy-
drate post- translational modification. O- GlcNAc on Ser/
Thr is generally not further elongated, in contrast to 
other complex glycosylations. In mammalian cells, β- N- 
acetylglucosaminyltransferase (O- GlcNAc transferase; 
OGT) and β- N- acetylglucosaminidase (O- GlcNAc hydro-
lase; OGA) are responsible, respectively, for addition and 
removal of GlcNAc moiety.10 O- GlcNAcylated proteins are 
particularly not only enriched in cytoplasm and nucleus, 
but are also present in most intracellular compartments. 
O- GlcNAcylation has been demonstrated in numerous 
protein species and displays complex crosstalk with pro-
tein phosphorylation.11 Dysregulated O- GlcNAcylation is 
often involved in modulation and functioning of biosyn-
thetic and metabolic pathways involved in cell prolifera-
tion, invasion, and metastasis.12,13

To clarify the role of O- GlcNAcylation in tumor growth 
inhibition by melatonin, we measured O- GlcNAc levels 

in bladder cancer and then treated bladder cancer cells 
with melatonin. Treated cells showed decreased prolifer-
ation and migration, and reduced O- GlcNAc level, and 
the mechanism underlying the decreased O- GlcNAc lev-
els in YTS- 1 cells response to melatonin was explored. 
Proteomic and glycoproteomic analyses revealed dysregu-
lated expression of cyclin- dependent- like kinase 5 (CDK5) 
in the cells. In vitro and in vivo experiments revealed that 
melatonin treatment suppressed O- GlcNAc modification 
of CDK5, and O- GlcNAc site at T246 was important for 
CDK5.

2 |  MATERIALS AND METHODS

2.1 | Cell lines and cell culture

Human normal bladder mucosal epithelial cell line 
HCV29, benign non- muscle- invasive bladder cancer cell 
line KK47, and highly malignant invasive bladder can-
cer cell line YTS- 1 were kindly gifted by Dr Sen- itiroh 
Hakomori (The Biomembrane Institute, Seattle, WA, 
USA). Human uroepithelial cell line SV- HUC- 1, transi-
tional carcinoma cell lines T24 and J82, human bladder 
transitional cell papilloma cell lines RT- 4 and 5637, and 
human renal epithelial cell line 293T were from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, 
China). YTS- 1, T24, KK47, HCV29, RT- 4, and 5637 cells 
were cultured in RPMI 1640 medium (HyClone; Provo, 
UT, USA) with 10% fetal bovine serum (FBS; Biological 
Industries, Beit Haemek, Israel) at 37℃ in 5% CO2 at-
mosphere. 293T, J82, and HUC- 1 cells were cultured 
in DMEM (HyClone) with 10% FBS at 37℃ in 5% CO2 
atmosphere.

2.2 | Patient samples

Bladder cancer tissues were obtained from the Provincial 
People's Hospital, Shaanxi, China. Written informed con-
sent was obtained from all patients, in accordance with 
the Declaration of Helsinki guidelines. Experiments using 
human tissues were approved by the Research Ethics 
Committee of Northwest University.

2.3 | Total protein extraction

Cells were detached with trypsin, washed three times 
with cold PBS, and lysed with RIPA buffer (50  mmol/L 
Tris, pH 7.2, 1% Triton X- 100, 0.5% sodium deoxycholate, 
0.1% SDS, 150 mmol/L NaCl, 10 mmol/L MgCl2, and 5% 
glycerol) containing protease inhibitor and phosphatase 
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inhibitor. Protein lysate was centrifuged at 14,000 × g for 
15 minutes at 4℃, and supernatant was collected. Protein 
concentration was determined by BCA assay (Beyotime 
Biotechnology, Haimen, Jiangsu, China).

2.4 | Western blotting

Antibodies used in this study OGA (cat # sc- 372429), 
CDK5 (sc- 6247), GFAT (sc- 377479), PFK1(sc- 377346), 
Ubiquitin (sc- 8017), and Bcl (sc- 7382) were from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). STAT3 
(9139s) and phosphorylated- STAT3 (p- STAT3) (9145s) 
were from Cell Signaling Technology (Beverly, MA, USA). 
GAPDH (G- 9545) was from Sigma- Aldrich (St. Louis, MO, 
USA). O- GlcNAcylation (AB177941) was from Abcam 
(Cambridge, MA, USA). Horseradish peroxidase (HRP)- 
conjugated goat anti- mouse IgG (A0216), HRP- conjugated 
goat anti- rabbit IgG (A0208), and Flag (AF0036) were 
from Beyotime.

Proteins were separated by SDS- PAGE and transferred 
onto polyvinylidene difluoride (PVDF) membrane (Bio- 
Rad; Hercules, CA, USA). Membranes were blocked with 
5% skim milk in TBST (20 mmol/L Tris- HCl, 150 mmol/L 
NaCl, 0.05% Tween 20, pH 8.0) for 2 hours at 37°C, probed 
with primary antibody overnight at 4°C, and incubated 
with appropriate HRP- conjugated secondary antibody. 
Target protein bands were visualized with ECL solution 
(Vazyme Biotech, Nanjing, China) and photographed 
using gel documentation system (Tanon Science & 
Technology Co., Shanghai).

2.5 | Co- immunoprecipitation (co- IP)

Each cell lysate was incubated with primary antibody for 
2  hours at 4°C, added with 20  μL resuspended Protein 
A/G Plus- Agarose (sc- 2003, Santa Cruz), rotated at 4°C 
overnight, and centrifuged at 1000  ×  g for 5  minutes at 
4°C. Pellet was washed with PBS and resuspended in 
40 μL sample buffer. Proteins were released by boiling for 
10 minutes, collected by centrifugation, and subjected to 
Western blotting.

2.6 | Wound assay

This assay was performed as described previously.14 In 
brief, confluent cells in 6- well plates were treated with 
0.4  μg/mL mitomycin (Sigma- Aldrich) for 30  minutes, 
scratched with a pipette tip, rinsed with PBS, cultured in 
RPMI 1640 supplemented with 0.04  μg/mL mitomycin, 

and photographed at 24 hours under microscope. Wound 
tracks were marked, and relative migration distance was 
calculated using Image Pro Plus software program (Media 
Cybernetics; Silver Spring, MD, USA).

2.7 | Transwell assay

This assay was performed using transwell chambers (di-
ameter 24  mm, pore size 8  μm; Corning; Corning, NY, 
USA). 2 × 104 cells were inoculated into upper chamber 
and starved overnight. 500  μL complete medium was 
added to lower chamber and cells cultured for 24 hours. 
Migrated cells were fixed with 4% paraformaldehyde for 
15  minutes, stained with 0.1% crystal violet for 10  min-
utes, photographed, and counted.

2.8 | Quantitative real- time PCR (qRT- 
PCR)

Total RNA was extracted using TRIzol Reagent (CoWin 
Biotech; Beijing, China) and reversed transcribed using 
a kit (Vazyme). Primers used in qRT- PCR assay with 
UltraSYBR Mixture (CoWin) on CFX96 RT- PCR detection 
system (Bio- Rad) were as follows:

Primer 
name

Target 
gene Primer sequences

β- actin- F β- actin CTCCATCCTGGCCTCGCTGT

β- actin- R GCTGTCACCTTCACCGTTCC

GFAT- F GFAT AACTACCATGTTCCTCGAACGA

GFAT- R CTCCATCAAATCCCACACCAG

GNA1- F GNA- 1 ACTCCTATGTTTGACCCAAGTCT

GNA1- R TCTGTTAGCTGACCCAATACCT

PGM3- F PGM3 ACTGTTCTAGGAGGTCAATTCCA

PGM3- R CCGTGTTTCGACAATACACCAT

UBAP1- F UBAP GCAGTAGTGCCACGAAACAGA

UBAP1- R ACTGAGCCATAATGGGTCCAG

PFK1- F PFK1 TACCAGAGAACGACGGTCACT

PFK1- R CTGCAATTATGCCAGGGTCATTA

CDK5- F CDK5 CGCCGCGATGCAGAAATACGAGAA

CDK5- R TGGCCCCAAAGAGGACATC

HK1- F HK CCAACATTCGTAAGGTCCATTCC

HK1- R CCTCGGACTCCATGTGAACATT

PK- F PK AAGGGTGTGAACCTTCCTGG

PK- R GCTCGACCCCAAACTTCAGA

PI- F PI CAAGGACCGCTTCAACCACTT

PI- R CCAGGATGGGTGTGTTTGACC
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2.9 | Liquid chromatography/ mass 
spectrometry

UDP- GlcNAc level was determined by LC- MS as described 
previously.15 In brief, a 3.0- mL aliquot of trimethylsilyl 
diazomethane (Aladdin Industrial; Shanghai) was added 
to 9.75 mL methanol/ water (3:0.25, v/v) under nitrogen, 
mixed immediately, and stored under nitrogen in the 
dark. Cells were sonicated in methanol/ water (12:1, v/v), 
homogenate was centrifuged at 10,000 × g for 10 minutes 
at 4℃, and supernatant (containing UDP- GlcNAc) was 
collected. 100 μL supernatant, 10  μL internal standard 
probenecid (100  ng/mL), and 100  μL derivatization rea-
gent were combined in a glass tube, reacted for 30 min-
utes, and placed in a TurboVap evaporator (Zymark Corp.; 
Hopkinton, MA, USA). The residue was reconstituted in 
500  μL mobile phase, and a 10- μL sample was injected 
into LC- MS/MS system for analysis.

2.10 | Flow cytometry

For apoptosis analysis, cells were stained with Annexin- V- 
conjugated FITC and 7- AAD- conjugated APC (BioLegend; 
San Diego, CA, USA) for 15 minutes at room temperature 
(RT) in Annexin V binding buffer. For cell cycle detection, 
cells were fixed with 70% ethanol, stained with propidium 
iodide (BioLegend), and treated with RNase (CoWin) in 
PBS. Cell apoptosis and cell cycle were evaluated by flow 
cytometry (ACEA Biosciences; San Diego, CA, USA).

2.11 | Plasmids and cloning

Human full- length CDK5 was amplified from cDNA of 
YTS- 1 cells. Site- directed mutagenesis was performed 
using fusion PCR. Full- length and constructed site- directed 
mutant CDK5 were cloned into pLVX- AcGFP- N1 plasmid 
(Takara; Shiga, Japan). Lentiviral shRNA vector was con-
structed based on pLVX- shRNA2- Puro (Takara). Primer 
sequences and target sequences of shRNA were as follows:

Primer name Description Primer sequence (5′- 3′)

shRNA 
sequence 1

shRNA targeting 
CDK5

CCTGAGATTGTAAAG 
TCATTC

shRNA 
sequence 2

shRNA targeting 
CDK5

CAGAACCTTCTGAAGT 
GTAAC

CDK5- F Full- length 
CDK5

GCTCTAGAATGCAGAA 
ATACGAGAAACT 
GGAA

CDK5- R CGGGATCCTTAAGGCG 
GACAGAAGTCGGAG

Primer name Description Primer sequence (5′- 3′)

S46A- F S46 (CDK5) AGGGTGTGCCGGCTTC 
CGCCCTCCGGG

S46A- R TCCCGGAGGGCGGAA 
GCCGGCACAC

T245A- F T245 (CDK5) GTACCCGGCCGCAACA 
TCCCTGGTG

T245A- R CACCAGGGATGTTGCG 
GCCGGGTAC

T246A- F T246 (CDK5) GTACCCGGCCACAGCA 
TCCCTGGTG

T246A- R CACCAGGGATGCTGTG 
GCCGGGTAC

S247A- F S247 (CDK5) CCGGCCACAACAGCCC 
TGGTGAACG

S247A- R CGTTCACCAGGGCTGT 
TGTGGCCGG

Designed mutations are indicated by bold italic font.

2.12 | Lentiviral packaging and 
cell infection

Lentiviral packaging and cell infection were performed 
as described previously.16 In brief, constructed lenti-
viral vectors were packed into HEK293T cells via the 
packaging system with pMD2.G and psPAX2 (Addgene; 
Cambridge, MA, USA) with polyethylenimine MAX (PEI; 
Polysciences, Inc, Warrington, PA, USA). Lentiviral par-
ticles were collected from medium supernatant. Stable 
transfectants were established by infecting lentivirus into 
cells and selected using puromycin.

2.13 | Cell proliferation assay

This assay was performed using CCK8 kit as per manufac-
turer's instructions (TopScience; Beijing). 2000 cells were 
cultured in a 96- well plate and added with 10 μL CCK8 
reagent. Optical density (OD) at 450  nm of CCK8 was 
measured after 4 hours.

2.14 | Tissue microarray/
immunohistochemical analyses

These analyses were performed as described previously.14 
In brief, tissue microarrays (TMAs) consisting of 44 cases 
of bladder carcinoma tissue with matched adjacent non-
carcinoma tissue were obtained from Shanghai Outdo 
Biotech Co. TMAs or paraffin- embedded tissue sections 
were deparaffinized, rehydrated, blocked with BSA, 
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probed with primary antibody, rinsed with PBS, probed 
with HRP- labeled secondary antibody, visualized using 
3,3′- diaminobenzidine (DAB) reagent, stained with he-
matoxylin, and photographed under microscope. Mean 
OD of staining signal in tissues was calculated using 
Image Pro Plus.

2.15 | Enzymatic activities

GFAT activity was measured with GFAT activity assay 
kit (Biomart; Shirley, NY, USA) as previously described.17 
Briefly, cells were collected and incubated with 1- mL 
extraction buffer, and the supernatant was collected by 
centrifugation. The reaction mixtures containing 80 μL of 
supernatant, 10 μL of buffer I, and 10 μL of buffer II were 
incubated for 30  minutes at 37℃, and the reaction was 
terminated by heating for 3 minutes at 95℃. After cooling 
and centrifugation, 100 μL of supernatant was incubated 
with 70 μL of buffer II, 10 μL of buffer III, 10 μL of buffer 
IV, and 10 μL of buffer V for 30 minutes at 30℃. GFAT 
activity was monitored continuously at 450 nm in a mi-
croplate reader.

PFK1 activity was measured with PFK1 activity assay 
kit (Boxbio; Beijing, China) as previously described.18 
Briefly, cells were collected, lysed, and centrifuged. The re-
action mixtures containing 240 μL of supernatant, 30 μL of 
buffer I, and 330 μL of buffer II was incubated for 30 min-
utes at 37℃, and the reaction was terminated by heating 
for 3  minutes at 95℃. After cooling and centrifugation, 
400 μL of supernatant was incubated with 330 μL of buf-
fer II, 40 μL of buffer III, 20 μL of buffer IV, and 40 μL of 
buffer V for 30 min at 30℃. GFAT activity was monitored 
continuously at 340 nm in a microplate reader. GFAT and 
PFK1 activity were represented as pmol/mg protein/min.

2.16 | Glucose uptake assay

This assay was performed using glucose uptake assay kit 
(Merck; Darmstadt, Germany). YTS- 1 cells were seeded at 
1500 cells/well in a 96- well plate, treated with melatonin 
for 48 hours, starved with 100 μL of serum- free medium 
for 12 hours, glucose- starved by incubation with 100 μL of 
KRPH buffer containing 2% BSA for 40 minutes, treated 
with or without insulin (1  μmol/L) for 20  minutes, and 
incubated with 10  μL of 10  mmol/L 2- DG for 20  min-
utes. Cells were then incubated with 80 μL of extraction 
buffer, frozen with dry ice, heated at 85℃ for 40  min-
utes, and neutralized by 10  μL of neutralization buffer. 
Insoluble materials were removed by centrifugation, and 
assay buffer was added into supernatant to 50 μL per well. 
The mixture was added with 47 μL of 2- DG uptake assay 

buffer, 2 μL of probe, 1 μL of enzyme mixture, and incu-
bated for 1 hour at 37℃. Glucose uptake was evaluated.19

2.17 | Structural dynamics analysis

The crystal structure coordinates of CDK5 were extracted 
from its bound complex with p25 (PDB ID: 3O0G), of which 
the sequence was consistent with the protein expressed in 
experiment.20 Glycoprotein builder of GLYCAM web por-
tal was employed to virtually achieve O- GlcNAcylation at 
Thr246. Amber topology was constructed and converted to 
GROMACS- compatible topology using ACPYPE. To main-
tain consistency with experimental design, three systems of 
CDK5 have been simulated in the theoretical study: the wild 
type (WT(Thr)), the mutated type with Thr246 mutated 
to alanine (Thr(Ala)), and the O- GlcNAcylation modified 
CDK5 at position 246 (O- GlcNAc). Molecular dynamics 
(MD) simulations were carried out using GROMACS 5.1 
with all atom force field Amber ff14SB. The interactions 
of Glycan atoms were depicted by using the GLYCAM06- j 
force field. All simulations were performed at neutral pH. 
Lys and Arg residues were positively charged, while Asp 
and Glu residues were negatively charged. The default 
protonation state at pH 7 was adopted with ε nitrogen pro-
tonated. Counter ions Cl-  were added to maintain the elec-
troneutrality of all the systems. Each protein was immersed 
in a cubic water box with SPCE water model and the mini-
mum distance between protein and the periodic boundary 
was 1.2 nm. A 2fs time step was used in all the simulations 
with bond lengths involving hydrogen atoms constrained 
using the LINCS algorithm. Long- range electrostatic inter-
actions were treated with the particle mesh Ewald (PME) 
procedure, and 12 Å nonbonded cutoff was used for van der 
Waals (VDW) interactions. All systems were minimized 
and optimized prior to the production runs. The minimi-
zation consisted of three steps with a series of position re-
strains on proteins (all heavy atoms, backbone atoms and 
glycan atoms, Cα atoms and glycan atoms). In all the three 
steps, the systems were relaxed by 500 cycles of steepest de-
scent and 1000 cycles of conjugate gradient minimization. 
The simulations were continued for 1ns in NVT ensemble 
with Cα atoms restrained then 150 ns production runs in 
NPT ensemble were performed with all atoms released. 
The V- Resale thermostat and the Parrinello- Rahman pres-
sure coupler were used to keep the systems at 300 K and 
1 bar. Each system was simulated for three replicas.21

2.18 | Proteomic analysis

Proteins (500  μg) were denatured with 8  M urea, re-
duced by 5 mmol/L DTT for 1 hour at RT, alkylated with 

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3O0G
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20 mmol/L IAM at RT in the dark for 30 minutes, diluted 
with deionized water to decrease urea concentration 
below 2 mol/L, digested with lysyl endopeptidase (Wako 
Puro Chemical; Osaka, Japan) at 1:100 (w/w) for 4 hours 
at 37℃, and digested with trypsin (Promega; Madison, 
WI, USA) 1:100 (w/w) overnight at 37℃. The mixture was 
acidified with 10% trifluoroacetic acid to pH <3 and puri-
fied using Oasis HLB cartridges. Peptides in 100 mmol/L 
TEAB were incubated with tandem mass tag kit (TMT, 
Thermo Fisher Scientific; San Jose, CA, USA) at 3:2 (v/v) 
for 1 hour at RT. A total of 30 μg peptides of each sample 
were mixed together. The peptides mixture was lyophi-
lized, resuspended with 50 mmol/L NH4HCO3, and puri-
fied using Oasis HLB cartridges. Two- dimensional LC- MS 
and data analysis were performed using LTQ Orbitrap MS 
(Thermo Fisher), Proteome Discover (Thermo Fisher), and 
MaxQuant software program as described previously.22,23

2.19 | Analysis of protein O- 
GlcNAcylation

Labeling and detection of protein O- GlcNAcylation were 
performed as described previously.24 In brief, GlcNAc 
moiety on protein in cell lysate was labeled with GalNAz 
(N- azidoacetylgalactosamine- tetraacylated) using a 
chemoenzymatic method with GalT (Y289L) and then 
conjugated with an alkyne- containing biotin compound, 
using Click- iT O- GlcNAc Enzymatic Labeling System, 
and Click- iT Protein Reaction Buffer Kit (Invitrogen). 
Resuspended protein sample was incubated with 
50 mmol/L alkyne- biotin, 1 mmol/L CuSO4, 128 μmol/L 
TBTA, and 1.2  mmol/L sodium ascorbate for 1  hour at 
RT. Proteins were precipitated with chloroform/ meth-
anol and resuspended with 1% SDS in 50 mmol/L Tris- 
HCl. Biotin- labeled glycoproteins were enriched with 
streptavidin magnetic beads (PuriMag Biotech; Xiamen, 
Fujian, China), denatured with urea, reduced with DTT, 
alkylated with IAM, digested with trypsin, and desalted 
using Oasis HLB cartridges. Two- dimensional LC- MS 
and data analysis were performed as in the preceding 
section.

2.20 | Tumor formation in mice

Animal experiments were performed in accordance 
with the Animal Care and Use Committee guidelines of 
Northwest University. Cells were suspended in RPMI- 
1640 without FBS, and 1  ×  106 cells in 0.1- mL aliquots 
were subcutaneously injected into 4- week- old male 
BALB/c- nu mice.25 Mice were administered melatonin 
solution (40  mg/kg) by oral gavage every day, or OGT 

inhibitor OSMI- 1 (1  mg/kg) by tail vein injection every 
other day, for 14  days. Tumor size was measured every 
other day. At the end of experiments, mice were eutha-
nized, and tumors were dissected out, weighed, fixed, sec-
tioned, and stained with antibody and hematoxylin.

3 |  RESULTS

3.1 | Expression of OGT and O- 
GlcNAcylation in bladder cancer cells

Our 2015 study revealed that signal intensity of wheat 
germ agglutinin (WGA), a lectin that binds primarily to 
GlcNAc residues, was significantly higher in bladder can-
cer KK47 than in normal epithelia HCV29 cells,26 suggest-
ing the possibility that O- GlcNAc is aberrantly expressed 
in bladder cancer. In the present study, we evaluated OGT 
and O- GlcNAcylation levels in bladder cancer tissue sam-
ples and cell lines. Significantly higher OGT mRNA ex-
pression in bladder cancer tissues than in adjacent tissues 
is documented in The Cancer Genome Atlas (TCGA) data-
base (Figure 1A, left). OGT transcription level in our clini-
cal cancer tissue samples was significantly higher than 
in paired normal tissue samples (Figure 1A, right). TMA 
staining (Figure  1B) revealed higher OGT expression in 
bladder cancer tissues than in paired adjacent tissues 
(Figure 1C, D). Higher OGT expression at the mRNA level 
was observed in highly malignant bladder cancer T24 and 
YTS- 1 (Figure 1E). OGT expression and O- GlcNAcylation 
were higher in bladder cancer (KK47, J82, T24, and YTS- 
1) than in normal bladder epithelial (HUC- 1 and HCV29) 
cells (Figure 1F).

3.2 | Inhibition of O- GlcNAcylation in 
melatonin- treated bladder cancer cells

Bladder cancer lines YTS- 1, T24, and J82 were treated with 
melatonin. Various concentrations of melatonin caused 
significant reduction in cell proliferation (Figure  2A). 
Apoptosis of the three lines was slightly increased by 50 
and 100  μM melatonin, and significantly increased by 
200 μmol/L melatonin (Figure 2B). Melatonin treatment 
resulted in significant reduction in cell migration in the 
three lines, as measured by transwell assay (Figure  2C) 
and wound assay (Figure  S1A). In YTS- 1, expression of 
Bcl- 2 (which inhibits most types of apoptotic cell death) 
was reduced, while expression of Bax (a functional antag-
onist that counteracts the protective effect of Bcl- 2) was 
increased (Figure S1B). Melatonin treatment had no effect 
on expression of E- cadherin, N- cadherin, or β- catenin, the 
biomarkers of epithelial- mesenchymal transition (EMT) 
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(Figure 2D). Melatonin treatment had a strong inhibitory 
effect on STAT3/AKT pathway (Figure  2D), consistent 
with previous reports.27,28 Melatonin acts as a hormone 
to regulate human circadian rhythm; accordingly, we 
used flow cytometry to examine cell cycles. YTS- 1 cell 

cycle at G2 phase was significantly reduced by melatonin 
treatment (Figure  2E). Melatonin treatment of YTS- 1 
caused a gradual decrease in intracellular O- GlcNAc 
level (Figure 2F), but did not notably affect OGT or OGA 
expression.

F I G U R E  1  Expression of OGT and O- GlcNAc in bladder cancer tissues. A, OGT mRNA expression in tumor tissue (n = 419) and 
normal tissue samples (n = 19), using TCGA database. B, Layout of TMAs. C, Representative immunohistochemical images of OGT 
expression in tumor and adjacent tissues of TMAs. D, Quantification of OGT expression in TMAs. E, OGT expression at mRNA level in 
various bladder cancer (5637, RT4, KK47, J82, T24, and YTS- 1) and normal uroepithelial (HCV29 and HCU- 1) cell lines. F, Expression of O- 
GlcNAc and OGT in the above cell lines. *TMAs indicates tissue microarrays
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Effects of melatonin treatment on in vivo tumor for-
mation were investigated by injecting YTS- 1 cells into 
BALB/c- nu mice and assaying tumor growth (Figure 2G). 
Tumor growth rate and tumor weight were signifi-
cantly lower in melatonin- treated than in control mice 
(Figure  2H, I). Immunohistochemical analysis of tumor 
tissues from YTS- 1- injected, melatonin- treated mice re-
vealed significantly lower degree of O- GlcNAc modifica-
tion. Lower proliferation and higher apoptosis, indicated 
respectively by Ki67 and Bcl- 2 staining, were observed in 
experimental tumor tissues (Figure  2J). Downregulated 
O- GlcNAc modification in experimental tumor tissues 
were confirmed by Western blotting (Figure  2K). These 
findings, taken together, indicate that melatonin treat-
ment suppressed bladder cancer cell growth by inhibiting 
O- GlcNAcylation.

3.3 | Mechanism whereby melatonin 
suppresses O- GlcNAcylation

The basis of reduced O- GlcNAc modification in melatonin- 
treated bladder cancer cells was investigated by meas-
uring expression of the enzymes OGT and OGA, which 
respectively catalyze addition and removal of GlcNAc on 
Ser/Thr. Surprisingly, melatonin treatment did not nota-
bly affect OGT or OGA expression (Figure 2F). Another 
factor affecting O- GlcNAc level in cells is intracellular 
UDP- GlcNAc, the substrate for OGT. We, therefore, per-
formed LC analysis15 to measure levels of UDP- GlcNAc 
in melatonin- treated vs melatonin- nontreated YTS- 1 cells. 
UDP- GlcNAc level was significantly lower in melatonin- 
treated cells (Figure 3A, B).

UDP- GlcNAc biosynthesis is directly coupled with 
flux through glucose, amino acid, fatty acid, and nucleo-
tide metabolic pathways. Therefore, we checked the effect 
of melatonin treatment on glucose uptake. Consistent 
with previous study,29 melatonin treatment resulted in a 
significant reduction in glucose uptake with or without 
insulin supplementation (Figure  3C). We further eval-
uated mRNA levels of key enzymes involved in UDP- 
GlcNAc biosynthetic pathway. Melatonin treatment did 
not notably alter levels of phosphoglucose isomerase 
(PI) or hexokinase (HK), but significantly reduced levels 

of fructose- 6- phosphate amidotransferase (GFAT) and 
glucosamine 6- phosphate N- acetyltransferase (GNA), 
and upregulated expression of the other two down-
stream enzymes, phosphoglucomutase 3 (PGM3) and 
UDP- N- acetylglucosamine pyrophosphorylase (UAP) 
(Figure  3D). Melatonin treatment significantly upregu-
lated the mRNA level of 6- phosphofructokinase (PFK1), 
the rate- limiting enzyme of glycolysis (Figure  3D). 
However, the protein level and enzymatic activity of PFK1 
were not altered by melatonin treatment (Figure 3E, F). 
Instead, GFAT, the rate- limiting enzyme of hexosamine 
biosynthetic pathway (HBP),15 presented the reduced ex-
pression at protein level and decreased enzymatic activity 
(Figure 3E, F). Combination with the decreased glucose 
uptake, downregulation of GFAT resulted in significantly 
reduced UDP- GlcNAc level in melatonin- treated cells 
(Figure 3G).

3.4 | Proteomic analysis of melatonin- 
treated bladder cancer cells

O- GlcNAc plays essential roles in protein folding, stabil-
ity, and activity.30 We performed proteomic analysis to 
evaluate expression patterns of proteins responsive to 
melatonin- induced O- GlcNAc changes. A total of 5297 pro-
teins were identified in melatonin- treated and melatonin- 
nontreated YTS- 1 cells using TMT- based quantitative 
proteomics approach. 165 proteins were differentially ex-
pressed using the cutoff of fold change >1.5 or <.67 and 
P- value <.05, as represented in a volcano plot (Figure 4A, 
Table. S1). Principal component analysis (PCA) of these 
proteins showed a clear separation of melatonin- treated 
YTS- 1 cells from melatonin- nontreated cells (Figure 4B). 
A total of 97 proteins were upregulated, and 68 proteins 
were downregulated in melatonin- treated YTS- 1 cells 
(Figure 4C). These differentially expressed proteins were 
mainly involved in metabolic pathways31(Figure  S2A). 
To further elucidate molecular mechanisms underlying 
melatonin- induced phenotypic changes, we constructed 
a protein- protein interaction network of differentially ex-
pressed proteins32 and showed that the interacted proteins 
in the network were mainly related to the ubiquitin and 
transcription, and metabolism (Figure S2B).

F I G U R E  2  Effects of melatonin treatment on bladder cancer cells. A, Proliferation of bladder cancer cells treated with 0, 50, 100, and 
200 μmol/L melatonin for 48 h. B, Apoptosis of bladder cancer cells treated as in (A). C, Migratory ability (transwell assay) of bladder cancer 
cells treated with 200 μmol/L melatonin for 48 h. D, Expression of EMT markers (p- AKT, p- ERK, and p- STAT3) in YTS- 1 treated with 
various melatonin concentrations. E, Cell cycle of YTS- 1 treated with 200 μmol/L melatonin for 48 h. F, Expression of O- GlcNAc, OGA, and 
OGT in YTS- 1 treated with various melatonin concentrations. G, In vivo mouse model (schematic). H, Volumes of tumors from BALB/c- nu 
mice injected with YTS- 1, with or without melatonin treatment. I, Tumor weights. J, Immunohistochemical staining of Bcl- 2, Ki67, and O- 
GlcNAcylation in paraffin sections of tumors. K, Levels of O- GlcNAcylation in tumors, measured by western blotting
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To elucidate O- GlcNAc- bearing target glycoproteins, 
we identified glycopeptides labeled by GalNAz using a 
chemoenzymatic method with GalT (Y289L) (Figure 4D). 
2177 glycoproteins were identified as being modified by 
O- GlcNAc; of these, 27 glycoproteins were differentially 
expressed by an overlap of proteins with O- GlcNAc mod-
ification identified by glycoproteomics and differentially 
expressed proteins identified by TMT- based proteomics 
(Figure 4E; Table S2). A total of 16 proteins were upregu-
lated, and 11 proteins were downregulated in YTS- 1 treated 
with melatonin (Figure 4F). Gene Ontology (GO) analysis 
indicated that the overlapping O- GlcNAc- modified pro-
teins were involved in biological process of the negative 
regulation of proteolysis (Figure S2C). Notably, CDK5, a 
cyclin- dependent kinase involved in the regulation of cell 
cycle, cell proliferation, and cell migration, was identified 
as an O- GlcNAc modified protein, and CDK5 expression 
was the most significantly reduced in melatonin- treated 
cells (Figure  4F). These findings, taken together, indi-
cate that O- GlcNAc- modified glycoproteins, particularly 
CDK5, were dysregulated in melatonin- treated cells 
and are associated with melatonin- induced phenotypic 
changes.

3.5 | Expression of CDK5 and its O- 
GlcNAcylation in bladder cancer

Analysis using TCGA database revealed notable increase 
in CDK5 expression (mRNA level) in 404 bladder cancer 
tissues, vs 28 normal tissues (Figure  4G). Kaplan- Meier 
curve analysis showed strong correlation of overall sur-
vival with CDK5 expression (Figure S2D). TMA staining 
showed higher CDK5 expression in bladder cancer than 
paired adjacent tissues (Figure 4H). We observed upregu-
lation of CDK5 expression and O- GlcNAc level in clinical 
bladder cancer tissues (Figure 4I).

To confirm results of proteomic analysis, we measured 
CDK5 expression by Western blotting. O- GlcNAc mod-
ification of CDK5 was observed in various bladder can-
cer cell lines (Figure  4J). CDK5 expression was reduced 
in melatonin- treated YTS- 1, T24, and J82. Melatonin 
treatment also strongly downregulated expression of p- 
STAT3, which is involved in CDK5- dependent prolifer-
ation33 (Figure  4K). These findings suggest that CDK5 
is involved in bladder cancer progression, and that the 

suppressive effect of melatonin is based on inhibition of 
CDK5 expression.

3.6 | Biological function of CDK5 in 
bladder cancer cells

We evaluated CDK5 expression in our various cell lines. 
CDK5 levels were higher in the bladder cancer lines 
(RT- 4, KK47, J82, T24, and YTS- 1) than in normal blad-
der epithelial lines HUC- 1 and HCV29 (Figure  5A). We 
overexpressed CDK5 in HCV29 in order to clarify its func-
tion. The CDK5- overexpressing cells displayed increased 
p- STAT3 (Figure 5B), cell proliferation (Figure 5C), and 
migration (Figure 5D; Figure S3), and less proportion of 
cells arrested at G1 phase (Figure 5E).

In contrast, silencing of CDK5 expression in YTS- 1 by 
shRNA or dinaciclib (a small- molecule inhibitor of CDKs) 
resulted in strong reduction in p- STAT3 (Figure 5F), cell 
proliferation (Figure  5G), and migration (Figure  5H & 
Figure  S4), and greater arrest of cell cycle at G1 and S 
phases (Figure 5I). These findings on inhibitory effects of 
CDK5 were consistent with data from melatonin- treated 
cells and indicate that melatonin affects proliferation, mi-
gration, and cell cycle of bladder cancer cells by suppress-
ing CDK5 expression.

3.7 | Effect of O- GlcNAcylation on CDK5

O- GlcNAcylation of CDK5 has been observed,34 but it is 
unclear whether this modification affects its stability. We 
hypothesized that O- GlcNAcylation alters CDK5 expres-
sion, in view of our observations that melatonin inhibits 
CDK5 expression and O- GlcNAcylation level. Cell mi-
gration and proliferation of YTS- 1 were reduced by treat-
ment with OMSI, a small- molecule inhibitor that binds 
to OGT by competing with its substrate UDP- GlcNAc35 
(Figure  6A, B). Cell cycle showed greater arrest at G1 
phase in OMSI- treated YTS- 1 (Figure  6C), consistent 
with results from silencing of CDK5 expression as above. 
Likewise, OMSI treatment decreased CDK5 expression 
and p- STAT3 in YTS- 1 (Figure 6D).

O- GlcNAc modification often plays key roles in protein 
stability.36 We, therefore, assayed CDK5 ubiquitination 
in melatonin- treated cells. In melatonin- treated YTS- 1, 

F I G U R E  3  Reduction in UDP- GlcNAc level by melatonin treatment. A, Chromatograms of UDP- GlcNAc and UDP- GalNAc derivatives 
in YTS- 1 treated with (green line) or without (blue line) melatonin. B, Statistical analysis of UDP- GlcNAc levels in melatonin- treated and 
melatonin- nontreated YTS- 1. C, Glucose uptake of YTS- 1 cells with melatonin treatment. D, Expression of key enzymes involved in UDP- 
GlcNAc biosynthetic pathway at mRNA level in melatonin- treated YTS- 1. E, Expression of PFK and GFAT in melatonin- treated YTS- 1. 
F, Enzymatic activities of GFAT and PFK1 in melatonin- treated YTS- 1. G, Associated enzymes involved in HBP. Gray, no change; blue, 
downregulation
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O- GlcNAcylation of CDK5, and OGT/ CDK5 interaction 
were reduced (Figure  6E). In contrast, both melatonin 
treatment and OSMI- 1 treatment increased CDK5 ubiq-
uitination (Figure  6F). YTS- 1 cells were, respectively, 
treated with PugNAc and OSMI- 1 to inhibit OGA and 
OGT, followed with the treatment of CHX to block pro-
tein synthesis.37,38 We found that the half- life of CDK5 
was decreased by OSMI- 1, but increased by PugNAc 
(Figure 6G). These findings indicate that CDK5 stability 
is affected by O- GlcNAc modification, and that reduced 
O- GlcNAcylation of CDK5 is associated with increased 
ubiquitination, which promotes degradation.

A 2017 study by K. Ke's group showed that CDK5 has 
four potential O- GlcNAc sites: Ser46, Thr245, Thr246, 
and Ser247 34Moreover, HCV29 cell lines which express-
ing different CDK5 mutants with S46, T245, T246, or S247 
replaced by Ala were constructed (Figure  6H). The mu-
tant cells presented reduced O- GlcNAcylation levels on 
CDK5, and T246 mutant showed the lowest level of O- 
GlcNAcylation on CDK5 and clear reduction in p- STAT3 
(Figure  6I). Furthermore, we found that the half- life of 
CDK5 in T246 mutant was significantly decreased com-
pared with other groups. These results indicated that O- 
GlcNAc modification sites, especially T246, were essential 
for CDK5 stability (Figure 6J). We concluded that mela-
tonin downregulates O- GlcNAc modification in bladder 
cancer cells, and that reduced O- GlcNAcylation promotes 
ubiquitination and degradation of CDK5.

3.8 | Structural dynamics 
analysis of CDK5

To investigate the effects of O- GlcNAcylation and alanine 
mutation on the conformation of CDK5, molecular dy-
namics simulations were carried out. The introduction of 
O- GlcNAcylation and alanine mutation had a certain de-
gree of influence on the main chain stability of CDK5, but 
the influence was insignificant (Figure 7A). The RMSD of 
the WT(Thr) CDK5 stays fairly low with the values less 
than 0.2  nm. Though the RMSDs of the O- GlcNAc and 
T246(Ala) CDK5 display fluctuations along simulation 

time, the values are still less than 0.3  nm, which indi-
cates no significant conformational changes occur upon 
the introduction of O- GlcNAcylation and alanine muta-
tion at site 246 (Figure 7B). This phenomenon may be at-
tributed to the position of O- GlcNAcylation and alanine 
mutation, which are located near the surface of CDK5 
and may impose insignificant effects on the overall struc-
tural stability. Though overall structural stability of CDK5 
was not disturbed dramatically by O- GlcNAcylation and 
alanine mutation at site 246, its conformational features 
have been changed. Furthermore, the basin belonging to 
T246(Ala) CDK5 is located in the same position with that 
of WT CDK5. Both O- GlcNAcylation and alanine muta-
tion changed the conformational distributions of CDK5 
but introduction of alanine mutation did not alter the 
mainstream conformations of CDK5. In order to inves-
tigate the specific conformational changes caused by O- 
GlcNAcylation and alanine mutation, the last snapshots of 
molecular dynamic simulations were selected. However, 
the T- loops of the two species fit almost perfectly. On the 
other hand, the T- loops of WT and O- GlcNAc display ob-
vious differences, which attributes to the introduction of 
O- GlcNAcylation (Figure  7C). The T- loop plays a criti-
cal role in the activation of CDK5.39 CDK5 is fully acti-
vated only by binding of the activating protein p25 with 
T- loop via extensive protein- protein interactions.39- 41 O- 
GlcNAcylation induced the conformational changes in 
the critical domain of CDK5, whereas the important T- 
loop of T246(Ala) CDK5 was intact, which may affect the 
functions of CDK5 totally differently (Figure 7C). It has 
been revealed that both O- GlcNAcylation and T246 muta-
tion exerted limited influence on the overall stability of 
CDK5, but the conformation of critical T- loop domain has 
been altered by the introduction of O- GlcNAcylation.

3.9 | CDK5 O- GlcNAcylation promotes 
tumor formation in vivo

We performed mouse xenograft experiments to elucidate 
the contribution of CDK5 O- GlcNAcylation to tumori-
genesis in vivo. The wild type, CDK5- overexpressing cells 

F I G U R E  4  Reduction in CDK5 expression by melatonin treatment. A, Volcano plot of identified proteins in melatonin- treated and 
melatonin- nontreated YTS- 1. log10 P- value plotted against log2 value (treatment vs control). B, Principal component analysis (PCA) of 
identified proteins. C, Heatmap of differentially expressed proteins in melatonin- treated YTS- 1 compared with melatonin- nontreated YTS- 1 
cells. Red, upregulation. Blue, downregulation. D, Workflow of glycoproteomic analysis. E, Venn diagram of glycoproteins with O- GlcNAc 
identified by glycoproteomic analysis, and differentially expressed proteins identified by TMT- based proteomic analysis. F, Heatmap of 
overlapping glycoproteins in melatonin- treated and melatonin- nontreated YTS- 1. G, mRNA expression of CDK5 in cancer and normal 
tissue samples, using TCGA database. H, Representative immunohistochemical images of CDK5 expression in tumor and adjacent tissues 
in bladder cancer TMAs. I, Expression of CDK5 and OGT in tumor and adjacent tissues from bladder cancer patients. J, Levels of O- GlcNAc 
on CDK5 in various bladder cell lines. K, Expression of CDK5, STAT3, and p- STAT3 in YTS- 1, T24, and J82 treated with various melatonin 
concentrations
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(OE), S46 or T246 mutant cells of HCV29 were subcuta-
neously injected into nude mice. As control group, mice 
injected with HCV29 (OE) cells were treated with or 
without OSMI- 1 (Figure 8A). Mice injected with HCV29 
(WT) cells were tumor free. Mice injected with HCV29 
(T246) showed much slower tumor growth and less tumor 
weight than HCV29 (OE)- injected, OSMI- 1- treated mice, 
and HCV29 (S46)- injected cells (Figure  8B- D). Western 
blot results further confirmed the decreased tendency in 
CDK5 expression, O- GlcNAc levels, and p- STAT3 level in 

tissues from HCV29 (T246) injected mice compared with 
OSMI- 1 treated, HCV29 (S46), and HCV29 (OE)- injected 
mice (Figure 8E). Immunohistochemical analysis revealed 
a significant decrease in CDK5, Bcl- 2, Ki67, and p- STAT3 
expression, and reduced O- GlcNAc modification levels 
in tissues from HCV29 (T246) injected mice compared 
with HCV29 (OE)- injected, OSMI- 1 treated, and HCV29 
(S46)- injected mice (Figure 8F). These data indicate that 
O- GlcNAcylation at Thr246 may attenuate the function of 
CDK5 and further affect tumor growth in bladder cancer.

F I G U R E  5  Enhancement of cell growth and migration by CDK5. CDK5 expression in normal uroepithelial and bladder cancer cell 
lines. B, Expression of CDK5, STAT3, and p- STAT3 in CDK5- transfected (OE) and wild- type (WT) HCV29. C, Cell proliferation assay. D, 
Migratory ability of HCV29 (OE) and HCV29 (WT) by transwell assay. E, Cell cycle assay. F, Expression of CDK5, STAT3, and p- STAT3 in 
CDK5- shRNA transfectants, and in dinaciclib- treated and dinaciclib – nontreated YTS- 1. G, Cell proliferation assay. H, Cell migration assay. 
I, Cell cycle assay
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F I G U R E  6  Effect of O- GlcNAc on CDK5 stability. Migration of YTS- 1 treated with 30 mg/mL OSMI- 1 for 48 h. B, Cell proliferation 
assay. C, Cell cycle assay. D, Expression of CDK5, STAT3, p- STAT3, and O- GlcNAc in YTS- 1 treated with various OSMI- 1 concentrations. 
E, CDK5/ OGT and CDK5/ p- STAT3 interactions in YTS- 1 treated with 50 μmol/L melatonin, assayed by IP and western blotting. F, 
Ubiquitination level and p- STAT3 expression of CDK5 in YTS- 1 treated with 30 mg/mL OSMI- 1. G, The half- life of CDK5 in YTS- 1 treated 
with OSMI- 1 and PuNAc. H, Potential O- GlcNAcylation sites of CDK5. Black triangles, O- GlcNAcylation; white triangles, point mutations. 
I, O- GlcNAc level, and expression of CDK5, Stat3, and p- Stat3 in HCV29 expressing various CDK5 mutants. J, The half- life of CDK5 in 
HCV29 expressing various CDK5 mutants
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F I G U R E  7  Structural dynamics analysis of CDK5. A, Initial structures of CDK5 with the O- GlcNAcylation and mutation sites labeled 
and colored by atom types respectively. Secondary structure elements are colored differently (Coil, white; Turn, cyan; β- sheet, yellow; 
α- helix, purple; and π- helix, blue). B, The root means square deviation (RMSD) values of (a) WT(Thr), (b) O- GlcNAc, and (c) T246 (Ala) 
CDK5. C, superimposed snapshots of WT and T246(Ala) CDK5 at 150 ns (T- loop of WT CDK5 in magenta; T- loop of T246(Ala) CDK5 in 
lime); Superimposed snapshots of WT and O- GlcNAc CDK5 at 150 ns (T- loop of WT CDK5 in magenta; T- loop of O- GlcNAc CDK5 in cyan); 
Structure of CDK5/p25 complex (p25 in yellow, T- loop in magenta)
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F I G U R E  8  Suppression of in vivo tumor growth by melatonin. A, In vivo mouse model (schematic). B– D, Sizes, B, volumes, C, and 
weights. D, of tumors in BALB/c- nu mice injected with different types of cells. E, Expression of CDK5, p- STAT3, and O- GlcNAc in tumors. 
F, Immunohistochemical staining of CDK5, Bcl- 2, Ki67, STAT3, p- STAT3, and O- GlcNAcylation in paraffin sections of tumors

F I G U R E  9  Proposed mechanism (schematic) whereby melatonin inhibits tumor growth by decreasing O- GlcNAcylation on CDK5
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4 |  DISCUSSION

Melatonin, an indole hormone primarily produced by and 
secreted from the mammalian pineal gland, was first iden-
tified by Lerner et al.42 It plays a key regulatory role in cir-
cadian rhythms,43 may also regulate memory formation,44 
and is involved in immunomodulation, hematopoiesis, 
and antioxidative processes. The ability of melatonin to af-
fect cancer development, progression, and metastasis has 
been documented in a wide variety of tumor cell types dur-
ing the past two decades. Its anticancer effects are medi-
ated primarily through membrane- associated melatonin 
receptors MT1 or MT2, or via receptor- independent mech-
anisms.45,46 Melatonin is also involved in the regulation of 
glucose homeostasis and energy metabolism.7 Specifically, 
melatonin could interact at the same location in glucose 
transporter GLUT1 where glucose does, and further re-
duce the uptake of glucose in prostate cancer cells.29

O- GlcNAc is a dynamic post- translational modification 
that occurs abundantly on many nuclear and cytoplasmic 
proteins. Levels of cellular UDP- GlcNAc, a metabolic 
sensor, are highly sensitive to metabolic fluxes of car-
bohydrates, fatty acids, energy, and nitrogen. Increased 
O- GlcNAc levels are associated with numerous cellular 
stress factors, including heat stress, oxidative stress, endo-
plasmic reticulum stress, and hypoxia.47 The present study 
revealed increased O- GlcNAc levels in bladder cancer cell 
lines, and significant reduction in O- GlcNAc level by mel-
atonin treatment. O- GlcNAc level in cells is maintained in 
coordinated fashion by enzymes OGT and OGA. We found 
that OGT and OGA expression was not altered by mela-
tonin treatment The mechanism whereby melatonin de-
ceases the uptake of glucose into cells and suppresses the 
metabolic conversion of glucose to UDP- GlcNAc via in-
hibiting expression of GFAT, the key rate- limiting enzyme 
in HBP. Cancer cells typically have increased glucose and 
glutamine uptake, with consequent elevation of HBP flux, 
leading to hyper- O- GlcNAcylation. We found that mela-
tonin suppresses UDP- GlcNAc biosynthesis, reduces cel-
lular O- GlcNAc level, and thereby inhibits proliferation 
and migration of bladder cancer cells (Figure 9).

Most types of cancer displayed upregulated O- GlcNAc 
modification of various proteins.48 Dynamic modification 
of O- GlcNAc may affect activity, stability, subcellular lo-
calization, and biomolecular interactions of modified 
proteins.49,50 CDK5 is an atypical cyclin- dependent ki-
nase whose activity is dependent on binding to p35/p39 
and is essential for the development of neurons.51 p25, a 
fragment of the p35 activator, could tether the unphos-
phorylated T- loop of CDK5 to efficiently activate CDK5.41 
A broad tumorigenesis- promoting role of CDK5 in devel-
opment and progression of many cancer types has been 

documented during the past decade.52,53 For example, 
CDK5 expression is upregulated and participates in breast 
cancer development through the regulation of cell prolif-
eration, apoptosis, and migration.54 Abnormal expression 
of CDK5 was shown to mediate DNA damage in liver 
cancer cells.55 K. Ke's group showed that CDK5 has four 
O- GlcNAc sites (Ser46, Thr245, Thr246, and Ser247) and 
suggested that T245A and S247A are the most important.34 
However, our findings revealed that O- GlcNAcylation 
at T246 induced the conformational changes in the crit-
ical domain of CDK5 and attenuated the formation of 
CDK5/p25 complex, indicating O- GlcNAcylation at T246 
is important for maintaining function and stability of 
CDK5. Melatonin treatment reduced O- GlcNAcylation 
of CDK5, promoted its degradation, and inhibited its pro- 
tumorigenic effect on bladder cancer cells (Figure 9).

In conclusion, we demonstrated in this study that mel-
atonin inhibits bladder cancer progression by suppressing 
O- GlcNAc modification. O- GlcNAc modification served 
to prolong CDK5 half- life and stabilize the formation of 
CDK5- p25 complex. Melatonin treatment had no nota-
ble effect on OGT or OGA expression, but significantly 
decreased metabolic flux from glucose to UDP- GlcNAc. 
Future studies will clarify the detailed molecular mech-
anisms, whereby melatonin regulates key enzymes in-
volved in UDP- GlcNAc metabolism.
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