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Abstract: Metabolomic research has revealed that metabolites play an important role in prostate cancer devel-
opment and progression. Previous studies have suggested that prostate cancer cell proliferation is induced by
advanced glycation end products (AGEs) exposure, but the mechanism of this induction remains unknown. This
study investigated the molecular mechanisms underlying the proliferative response of prostate cancer cell to the
interaction of AGEs and the receptor for advanced glycation end products (RAGE). To investigate this mechanism,
we used Western blotting to evaluate the responses of the retinoblastoma (Rb), p-Rb and PI3K/Akt pathway to AGEs
stimulation. We also examined the effect of knocking down Rb and blocking the PI3K/Akt pathway on AGEs induced
PC-3 cell proliferation. Our results indicated that AGE-RAGE interaction enhanced Rb phosphorylation and subse-
quently decreased total Rb levels. Bioinformatics analysis further indicated a negative correlation between RAGE
and RB1 expression in prostate cancer tissue. Furthermore, we observed that AGEs stimulation activated the PI3K/
Akt signaling pathway and that blocking PI3K/Akt signaling abrogated AGEs-induced cell proliferation. We report,
for the first time, that AGE-RAGE interaction enhances prostate cancer cell proliferation by phosphorylation of Rb via
the PI3K/Akt signaling pathway.
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Introduction AGE-RAGE related molecular mechanisms regu-
lating these effects in prostate cancer cell
Recent metabolomics studies have reported remain unclear.
that human metabolites play important roles in
prostate cancer development and progression.
Advanced glycation end products (AGEs) are
non-enzymatic protein modifications that are
produced during the normal aging process [1].
The major AGEs receptor, the receptor for
advanced glycation end products (RAGE, also

called AGER) [2], is overexpressed in a variety

Previous studies have suggested that AGEs
stimulation significantly increases the number
of cells in the S phase of the cell cycle and
decreases the percentage of cells in G1 phase
[5]. Furthermore, it has been demonstrated
that RAGE knockdown induces cell cycle arrest
in the G1 phase [8, 9]. Therefore, it is likely that
AGE-RAGE interaction affects cell cycle genes

of tumor types including prostate cancer [3, 4].
It has been suggested that AGE-RAGE interac-
tion is involved in the development, growth and
metastasis of a number of tumor types [5-7],
including prostate cancer [3]. However, the

controlling the G1/S phase transition.

The retinoblastoma (Rb)/E2F pathway plays a
key role in cell cycle progression and prolifera-
tion [10]. Rb is an important regulator of the G1
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Figure 1. AGEs stimulation methods. PC-3 cells were plated in petri dishes in
complete medium for 24 h, and then the medium was changed to FBS free me-
dium for 24 h before stimulation. For concentration gradient stimulation, cells
were treated with O pg/ml, 1 pg/ml, 10 pyg/ml, 100 pg/ml, 200 pg/ml or 400
ug/ml for 48 h. For the time course treatment, cells were treated with 200 ug/

mlfor 48 h, 36 h, 24 h, 12 h,6 hand O h.

to S-phase transition in the cell cycle [11].
Through interaction with the E2F family of cell-
cycle transcription factors, Rb represses the
transcription of genes required for the G1 to
S-phase transition and suppresses cell prolif-
eration [11]. Additionally, certain carcinogens
promote the G1 to S-phase transition by acti-
vating the phosphatidylinositol 3’-kinase/Akt
(PI3BK/Akt) signaling pathway which controls
cell proliferation and induces the phosphoryla-
tion of Rb [12].

In studies reporting the functional inactivation
of Rb in prostate cancer, it has been suggested
that RB1 mutations [13-15] and reduced Rb
expression [16, 17] facilitate prostate cancer
development. Furthermore, PTEN/PI3K/Akt
alterations have been frequently reported in
prostate cancer, including the loss of PTEN [18-
20] and the aberrant activation of the PI3K/Akt
signaling pathway [21, 22].

We hypothesized that AGEs enhance prostate
cancer cell proliferation by regulating Rb func-
tion and the Akt pathway. Therefore, in the
present study, we explored the mechanisms of
AGE/RAGE regulation of Rb and the effects of
this regulation on prostate cancer cell proli-
feration.

Materials and methods
Cell culture and treatment

PC-3 cells were cultured in RPMI 1640 supple-
mented with 10% fetal bovine serum (FBS) and
phenol red (GIBCO, Life Technologies, Grand
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.h } iJ plates for 24 h. After 24 h,
-2h -6h the medium was changed
to FBS-free MEM, and then
cells were incubated for
another 24 h before stimu-
lation with AGEs (BioVision,
San Francisco, CA, USA).
Cells were treated for 48 h
with a concentration gradi-
ent of AGEs (0 yg/ml, 1 yg/ml, 10 yg/ml, 100
pg/ml, 200 pg/ml, 400 pg/ml); or with 200 ug/
ml for various durations (48 h, 36 h, 24 h, 12 h,
6 h and O h; Figure 1). Total RNA or cell lysates
were extracted and analyzed in each experi-
ment.

CCK-8 cell proliferation assay

PC-3 proliferation was evaluated using the
CCK-8 assay according to the manufacturer’s
instructions (Dojindo, Kumamoto, Japan). Cells
were cultured in FBS medium as described
above at 3 x 108 cells per well (n = 5) in 96-mul-
tiwell plates, and then 10 yl CCK-8 (5 mg/ml)
was added to each well. After 4 h incubation at
37°C, the optical density (OD) of each well was
measured using a Thermomax microplate read-
er (Molecular Devices, Sunnyvale, CA, USA) at
450 nm. Each experiment was repeated three
times.

Bioinformatics analysis of RAGE and RB1 ex-
pression in prostate cancer

RAGE and RB1 expression in prostate cancer
was analyzed by bioinformatics. All data were
downloaded from The Cancer Genome Atlas
(TCGA) database (http://cancergenome.nih.
gov/), and all data used were TCGA data level 3
(Segmented or Interpreted Data). Three-
hundred and eighty-three of the prostate can-
cer samples in the data set were prostate ade-
nocarcinoma (PRAD). All gene quantification
was done by RNA-seq on an lllumina HiSeq_
RNASeqV2 platform (lllumina, San Diego, CA,
USA) and RSEM normalization (http://dewey-
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Table 1. Primers and siRNA Sequences

tion was performed using the

Name Sequence

Quantitect SYBR Green PCR Kit

B-actin  5’-TGGCACCACACCTTCTACAATG-3’ (forward)
5’-TCTCAAACATGATCTGGGTCATCT-3’ (reverse)

RAGE  5’-AAACATCACAGCCCGGATTG-3’ (forward)
5’-TCCGGCCTGTGTTCAGTTTCT-3’ (reverse)

RB 5’-GCAGTATGCTTCCACCAGGC-3’ (forward)
5-AAGGGCTTCGAGGAATGTGAG-3’ (reverse)

SiRAGE 5’-CCACCUUCUCCUGUAGCUUTT-3’
5’-AAGCUACAGGAGAAGGUGGTT-3’

siRB 5’-GGCCACAUAUAGCAGAAGUTT-3’
5’-ACUUCUGCUAUAUGUGGCCTT-3’

siNC 5-UUCUCCGAACGUGUCACGUTT-3’
5-ACGUGACACGUUCGGAGAATT-3’

Usage (Stratagene, La Jolla, CA, USA)
FOTAaRTPCR  4nd the MX3005P multiplex
quantitative PCR system (Stra-
For qRT-PCR tagene) according to the manu-
facturers’ recommendations. [3-
For qRT-PCR actin mRNA was chosen as a
housekeeping gene. Relative
For RNAI mMRNA expression was calculated
using the comparative CT (AACT)
For RNAI method as previously described
[23, 24]. Fold-changes were cal-
For RNAI culated by the equation 225, All

primers used are listed in Table
1.

lab.biostat.wisc.edu/rsem). Normalized read-
ings represented the gene expression level.

Data analysis was done in the R language envi-
ronment. The correlation between RB1 and
RAGE was obtained by Pearson correlation and
the significance of correlation result was con-
firmed with a correlation test. Finally, data was
visualized using a scatter plot in which the hori-
zontal axis represents RB1 quantification, the
vertical axis represents RAGE quantification,
and a blue line represents the linear regression
line.

RAGE and RB1 knockdown using RNA interfer-
ence (RNAI)

The target small interfering RNA (siRNA) for
RAGE (siRAGE), RB1 (siRB) and negative-con-
trol siRNA (siNC) were purchased from
GenePharma (Shanghai, China). siNC consisted
of an irrelevant sequence. Table 1 lists the
SiRNA sequences used. Exponentially growing
cells were plated in 6 cm or 96-well plates at
30 to 50% confluence, and then incubated for
24 h. After incubation, cells were transfected
with small RNAs in serum free medium OPTI-
MEM-I (Invitrogen) according to the manufac-
turer’s protocol. Gene knockdown efficacy was
evaluated using Western blot and Quantitative
real-time reverse transcription-polymerase ch-
ain reaction (QRT-PCR) analysis.

gRT-PCR analysis for gene expression

RAGE, RB1 and B-actin primers were purchased
from Invitrogen. Total cell RNA was extracted
using Trizol (Invitrogen) following the manufac-
turer’s instructions. Mature mRNA quantifica-
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Protein extraction and Western blotting

Protein expression levels were assessed by
Western blotting analysis. In brief, cells were
lysed in radioimmunoprecipitation assay (RIPA)
buffer containing 1 x PBS, 1% NP-40, 0.1%
sodium dodecyl sulfate (SDS), 5 mM EDTA,
0.5% sodium deoxycholate, 1 mM sodium
orthovanadate and protease inhibitors. Protein
concentration was quantified and an equal
amount of protein was loaded in each well of an
SDS-PAGE gel. Next, select targets were detect-
ed using the following antibodies: RAGE, prima-
ry anti-RAGE antibody (CST 4679, 1:2000; Cell
Signaling Technology (CST), Danvers, MA, USA);
Rb, anti-Rb antibody (CST 9309, 1:2000; CST);
phospho(p)-Rb (Ser807/811), anti-p-Rb antibo-
dy (CST 8516, 1:1000; CST); Akt, primary anti-
Akt antibody (CST 4691, 1:1000; CST);
phospho(p)-Akt (Serd73), primary anti-p-Akt
(Serd73) antibody (CST 9309, 1:2000; CST);
phospho(p)-Akt (Thr308), primary anti-p-Akt
(Thr308) antibody (CST 4060, 1:1000; CST);
B-actin, Rabbit anti-B-actin (1:500; Santa Cruz,
CA) antibody. B-actin served as an internal
control.

Ly294002 blockade of PI3K/Akt signaling
pathway

Ly294002 (CST 9901, CST), a highly selective
PIBK inhibitor, was used to block PI3K-
dependent Akt phosphorylation and, thus, the
PIBK/Akt signaling pathway. Prostate cancer
cells were treated with 20 nmol/ml Ly294002
for 24 h, then p-Akt (Ser473), p-Akt (Thr308)
and total Akt were measured using Western
blotting to confirm blockage of the PI3K/Akt
signaling pathway.

Am J Cancer Res 2015;5(5):1741-1750
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Figure 2. The effects of AGE-RAGE interaction on PC-3 cell proliferation. (A) PC-3 cells were stimulated with AGEs in a
gradient concentration for 48 h, and then cell proliferation was evaluated by the CCK-8. AGEs (= 100 pg/ml) stimu-
lation promoted cell proliferation when compared with the no treatment (O pg/ml) group (*p < 0.05). (B) PC-3 cells
were treated with a time course of 200 ug/ml AGEs, and then cell proliferation was evaluated by the CCK-8. More
than twenty-four h 200 yg/ml AGEs stimulation promoted cell proliferation when compared with the no treatment
(0 h) group (*p < 0.05). (C) RAGE expression was detected by qRT-PCR analysis after the cells were transfected with
siRNA. siRAGE significantly knocked the expression of RAGE down when compared with siNC (*p < 0.01). (D) RAGE
expression was detected by Western blot after the cells were transfected with siRNA. siRAGE significantly knocked
the expression of RAGE down when compared with siNC. (E) PC-3 cells were treated with or without AGEs after siR-
AGE or siNC transfection, and then cell proliferation was determined by CCK-8 assay. The OD value of the siNC +
AGEs group was higher than the siNC group (*p < 0.01). The OD value of the siRAGE + AGEs group was lower than
the siNC + AGEs group (*p < 0.01).

Statistical analysis Results

All data are presented as means + SD. When AGEs induce prostate cancer cell proliferation
the variance was homogeneous, one-way via AGE-RAGE interaction

ANOVA was applied to analyze the differences

between groups and least significant differ- PC-3 cells were stimulated for 48 h with AGEs
ence (LSD) tests were used to compare the in a gradient concentration. Cell viability
means of two groups. When the variance was improved  significantly with increasing AGEs
heterogeneous, Welch’s t test was applied to concentrations (Figure 2A). When the cells
analyze the differences between each groups were stimulated with increasing durations of
and Dunnett’s T3 test was used to compare the 200 pg/ml AGEs, cell proliferation increased
means of two groups. p < 0.05 was considered along with the increasing duration of AGEs
as statistically significant (two-tailed). exposure (Figure 2B).
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Figure 3. The correlation between RAGE and Rb. (A) RAGE and RB1 expression in prostate cancer tissues. Data from
383 prostate cancer samples from the TCGA data portal were included in our bioinformatics analysis. The horizontal
axis represents the quantification of the RB1 gene and the vertical axis represents the quantification of the RAGE
gene (RPKM value). Each black star represents one prostate cancer sample. The blue line is a linear regression line.
The correlation between the two genes in these cancer samples is -0.50 (p < 2.2e-16). (B) The effect of AGEs gradi-
ent stimulation on Rb and p-Rb. After 48 h AGEs gradient treatment, Rb and p-Rb were detected using Western blot.
(C) The effect of increasing AGEs stimulation duration on Rb and p-Rb. Cells were subjected to increasing durations
of AGEs stimulation, and then Western blotting was used to detect Rb and p-Rb.

To investigate whether AGEs exposure required
RAGE to enhance PC-3 proliferation, an RNAI
knockdown of RAGE expression was performed.
After RAGE siRNA transfection, Western blot-
ting and gRT-PCR were used to evaluate gene
silencing efficiency. After examining both RAGE
mRNA and protein levels, we observed that the
RAGE siRNA knockdown was successful (Figure
2C and 2D, p < 0.01). Next, PC-3 cells, with or
without RAGE knockdown, were stimulated with
200 pg/ml AGEs for 48 h. CCK-8 assays dem-
onstrated that RAGE siRNA pretreatment abro-
gated AGE-induced proliferation (Figure 2E, p <
0.01). These results suggested that the prolif-
eration-promoting activity of AGEs was mediat-
ed by AGE-RAGE interaction.
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RAGE and RB1 gene expression in prostate
cancer samples

Data from 383 prostate cancer tissue samples
were collected for bioinformatics analysis.
Correlation tests indicated a highly significant
negative correlation between RAGE and RB1
expression (p < 2.2e%). A similar correlation
was also seen between RAGE and RB1 in pros-
tate cancer samples by linear regression analy-
sis (p < 2e5; Figure 3A).

Continued AGEs stimulation promoted phos-
phorylation and decreased levels of Rb

To confirm the correlation between AGE-RAGE
and Rb, we detected total and phosphorylated

Am J Cancer Res 2015;5(5):1741-1750
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Figure 4. The effect of Rb expression on AGEs induced PC-3 cell proliferation. (A) Rb expression was detected in PC-3
cells with qRT-PCR after siRNA transfection. siRB significantly reduced Rb expression when compared with siNC (*p
< 0.05). (B) Rb expression was detected in PC-3 cells with Western blotting after siRNA transfection. siRB signifi-
cantly reduced Rb expression when compared with siNC. (C) PC-3 cells were treated with or without AGEs after siRB
or siNC transfection, and then cell proliferation was evaluated by CCK-8 assay. The OD value of the siNC + AGEs,
siRB and siRB + AGEs groups were higher than the siNC group (*p < 0.05).

Rb levels after AGEs stimulation by Western
blot. The results showed increased p-Rb, but
decreased total Rb levels. This response
occurred in a time and AGEs concentration
dependent manner (Figure 3B and 3C).

AGE-RAGE interaction enhanced prostate can-
cer cell proliferation by regulating Rb

We next confirmed that AGE-RAGE regulation of
Rb promoted prostate cancer cell proliferation.
Rb expression was inhibited using RNAi, and
then cell proliferation was measured using the
CCK-8 cell viability assay. Western blotting and
gRT-PCR analysis indicated that Rb mRNA and
protein levels were both significantly decreased
by Rb RNAi treatment (Figure 4A and 4B).
CCK-8 assays demonstrated that the PC-3 cell
proliferation rates of the siNC + AGEs, siRB and
siRB + AGEs treated cells were significantly
higher than the proliferation rate of siNC treat-
ed cells (p < 0.05). However, no significant pro-
liferation differences were observed between
siNC + AGEs, siRB or siRB + AGEs treated PC-3
cells (p > 0.05; Figure 4C). Both AGEs stimula-
tion and Rb silencing induced PC-3 cell prolif-
eration, but cell proliferation was not further
elevated by AGE-induced stimulation after Rb
silencing. Thus, these results indicated that
AGE-RAGE induces cancer cell proliferation by
regulating Rb.
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PI3K/Akt signaling pathway activation was re-
quired for AGEs induced PC-3 proliferation

To analyze the role of the Akt pathway in AGEs/
Rb mediated PC-3 cell proliferation, we exam-
ined Akt phosphorylation status. The results
showed increased Akt (Serd73) phosphoryla-
tion in response to AGEs treatment in a time
and concentration dependent manner. How-
ever, the phosphorylation of Akt (Thr308)
showed no significant response to treatment
(Figure 5A and 5B). These results indicated
that the PI3K/Akt signaling pathway was acti-
vated by AGEs treatment.

To confirm PI3K/Akt signaling pathway involve-
ment in AGEs/Rb mediated PC-3 cell prolifera-
tion, Ly294002 was used to block Akt phos-
phorylation and the PISK/Akt signaling path-
way. Twenty-four h after Ly294002 treatment,
p-Akt (Ser473), p-Akt (Thr308) and total Akt
were detected using Western blotting. Both
p-Akt (Ser473) and p-Akt (Thr308) decreased
dramatically, indicating the successful block-
ade of the PI3K/Akt signaling pathway (Figure
5C). A subsequent CCK-8 assay showed that
48 h of AGEs stimulation could not promote
PC-3 cell proliferation when the PI3K/Akt sig-
naling pathway was blocked by Ly294002 pre-
treatment (Figure 5D).

Am J Cancer Res 2015;5(5):1741-1750
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Figure 5. The effect of the PI3K/Akt signaling pathway on AGEs induced PC-3 proliferation. (A) The phosphoryla-
tion status of Akt after stimulation with an AGEs concentration gradient. PC-3 cells were treated with an AGEs
concentration gradient for 48 h, p-Akt (Serd73), p-Akt (Thr308) and total Akt were detected by Western blot. (B) The
phosphorylation status of Akt after increasing durations of AGEs stimulation. PC-3 cells were treat with 200 ug/ml
AGEs for increasing periods of time, and then Western blotting was used to detect p-Akt (Ser473), p-Akt (Thr308)
and total Akt. (C) Ly294002 blocked p-Akt (Serd73) and p-Akt (Thr308) phosphorylation. Cells were treated with
Ly294002 for 24 h, and then p-Akt (Ser473), p-Akt (Thr308) and total Akt were detected with Western blotting. (D)
The proliferation of PC-3 cells was significantly inhibited after Ly294002 pretreatment to block the PI3K/Akt path-
way. Cells were treated with or without AGEs after Ly294002 pretreatment or without Ly294002 pretreatment, and
then cell proliferation was evaluated by CCK-8 assay. The OD value of the AGEs treatment group was higher than the
no AGEs control group (*p < 0.05). The OD value of the AGEs treatment (without Ly294002) group was higher than
the Ly294002 pretreatment + AGEs treatment group (*p < 0.01).

Discussion inducing the phosphorylation and subsequent

degradation of Rb. This result established, for
Epidemiologic studies have suggested that dia- the first time, an association between AGE-
betes is associated with an increased risk of RAGE and Rb. During prostate cancer progres-
prostate cancer recurrence [25, 26] and can- sion, tumor cells undergo a variety of molecular
cer-related mortality [27, 28]. The production alterations that lead to the acquisition of
and accumulation of AGEs are accelerated in uncontrolled growth properties. Rb is a key cell
diabetes [29], indicating the possibility of a link cycle inhibitor and tumor suppressor. The un-
between diabetes, increased prostate cancer phosphorylated, active form of Rb interacts
risk and AGEs accumulation. In our earlier work, with E2F1 and represses its transcription activ-
we observed that RAGE expression was associ- ity, leading to cell cycle arrest [32]. Hyper-
ated with prostate cancer progression and poor phosphorylation of RB by the cyclin-dependent
patient outcome [30]. The study we report here kinases 4 and 6 (CDK4/6) leads to the disas-
confirmed that AGEs treatment stimulated sociation of the Rb-E2F complex and protea-
prostate cancer cell proliferation in a dose- and some degradation of Rb via a ubiquitin-depen-
time-dependent manner. Furthermore, this dent pathway [32]. The release of E2F from the
observation is supported by other studies [3, 5, Rb-E2F complex triggers the activation of a
31]. However, the mechanism remained number of genes required for G1/S transition
unknown. Here, we suggest a role for the Akt/ and tumorigenesis [33]. Therefore, it is highly
Rb pathway in AGEs induction of prostate can- possible that AGE-RAGE interaction in prostate
cer cell proliferation. cancer cell induces Rb phosphorylation, the

resultant dissociation of the Rb-E2F complex,
We demonstrated that AGE-RAGE interaction the subsequent degradation of Rb through the
promoted prostate cancer cell proliferation by ubiquitin-proteasome complex and, finally, the

1747 Am J Cancer Res 2015;5(5):1741-1750
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[22, 42, 43]. The PI3K/Akt
pathway is commonly acti-
vated in prostate cancer
through Akt mutations [44,

Figure 6. AGE-RAGE interaction activates the PI3K/Akt pathway and enhances
Rb phosphorylation and degradation. E2F is released from the E2F/Rb complex

and promotes prostate cancer cell proliferation.

promotion of cancer cell proliferation by allow-
ing cell cycle progression from the G1 to the
S-phase. Additionally, bioinformatics analysis
of a large number of prostate cancer samples
from the TCGA database also indicated a sig-
nificant negative correlation between the
expression quantification of RAGE and RB1
genes.

To investigate the mechanisms underlying AGE-
RAGE regulation of Rb, we analyzed related sig-
naling pathways. Many previous studies in vari-
ous cell types have explored the signaling path-
ways mediated by RAGE, including the MAPK
[34], JAK/STAT [35] and NF-kB [36] pathways;
however, the involvement of RAGE related sig-
naling pathways has not been frequently report-
ed in prostate cancer. Here, we observed that
AGE-RAGE interaction activated the PI3K/Akt
signaling pathway by increasing Akt (Serd73)
phosphorylation. This observation is consistent
with previous studies reported that activation
of the PI3K/Akt pathway could be mediated by
the interactions between RAGE and its ligands
[5, 37-39]. The PI3K/Akt signaling pathway has
been shown to be essential for the survival of a
number of cell types and some forms of human
cancer [40, 41]. Furthermore, evidence indi-
cates that PI3K/Akt signaling may be critical for
prostate cancer cell survival and proliferation
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Cell Proliferation

45] or PTEN inactivation
[42,46,47],and phosphory-
lation of Akt (Serd473) has
been considered an excel-
lent predictor of poor clini-
cal outcome in prostate
cancer patients [48]. Here,
we demonstrated that abil-
ity of AGEs stimulation to
promote cell proliferation
was lost when the PI3K/Akt
pathway was blocked. This
suggested that the PI3K/
Akt signaling pathway mi-
ght play a critical role in
AGE-RAGE induced cell pro-
liferation. Previous studies
have shown that Rb was a
target protein of PI3K/Akt
signaling pathway [12, 49],
and it is possible that AGE-RAGE interaction
regulates Rb through the PI3K/Akt signaling
pathway. This evidence suggests that Rb degra-
dation by the PI3K/Akt/Rb signaling pathway
may play a key role in AGEs induced prostate
cancer development.

Conclusion

This study indicates that the interaction of
AGEs with RAGE enhances prostate cancer cell
proliferation by inducing Rb phosphorylation
via the PI3K/Akt signaling pathway (Figure 6).
Therefore, inhibiting the formation of AGEs or
RAGE downstream signaling is a promising and
novel therapeutic strategy for the prevention
and treatment of prostate cancer.
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