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Background: Activity-dependent neuroprotective protein (ADNP), which is involved in
embryonic development and neurogenesis, has been proven to be upregulated in some
human tumors. However, its role in bladder cancer (BC) has never been studied.

Objective: We aimed to investigate the mechanisms by which ADNP promotes the
progression of BC.

Methods: ADNP expressions in BC cell lines and paired BC and adjacent normal tissues
were measured by quantitative real-time PCR (qRT-PCR), Western blot, and
immunohistochemistry. Colony formation, Cell Counting Kit-8 (CCK-8), trypan blue
exclusion assay, flow cytometry, and nude mice tumorigenesis assay were performed
to explore the effects of ADNP on growth of BC in vivo and in vitro. The impacts of ADNP
on AKT signaling pathways were measured by Western blot.

Results: The expression of ADNP mRNA and protein was significantly upregulated in BC
tissues compared with adjacent normal tissues. Immunohistochemical analysis of 221 BC
and 51 adjacent normal tissue paraffin sections indicated that ADNP expression was
significantly associated with histological classification and pathological T and N stages.
Survival analysis revealed that patients with high ADNP expression have worse prognosis
with respect to overall survival and progression-free disease. ADNP knockdown markedly
delayed propagation of BC in vitro and the development of BC in vivo. ADNP
overexpression showed the opposite effect. In addition, ADNP can markedly promote
G1-S cell cycle transition in BC cells. On the molecular level, we confirmed that ADNP
mediated acceleration of G1-S transition was associated with activation of the AKT
pathways in BC.

Conclusion: ADNP is overexpressed in BC and promotes BC growth partly through AKT
pathways. ADNP is crucial in predicting the outcome of BC patients and may be a
potential therapeutic target in BC.
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INTRODUCTION

Bladder cancer (BC), particularly urothelial carcinoma, is one of
the most prevalent urinary system malignancies (1). Despite
significant improvements in surgical and chemotherapeutic
treatment, incident cases and recurrence rates continue to
increase by 5% (2). Approximately 70% of all incident cases
are non-muscle-invasive bladder cancer (NMBC), while 30% are
muscle-invasive bladder cancer (MIBC) (3). NMBC rarely
progresses but recurs easily, leading to high treatment costs
because of the need for long-term monitoring (4). Meanwhile,
MIBC, to some extent, is more aggressive and prone to
metastasis, and thus the 5-year survival rate is only 50% (5).
This dismal prognosis highlights the urgent need for accurate
prognostic markers for BC that can be used for both treatment
planning and follow-up.

Activity-dependent neuroprotective protein (ADNP), which
locates in the chromosome 20q12–13.2 and encodes a protein
with nine zinc fingers and a bipartite nuclear localization signal
(6), has been found to protect neural activity against external stimuli
in glial cells (7). As a transcription factor, ADNP is extremely
conserved and highly expressed in antenatal life. It interacts with
some components of the SWI/SNF chromatin remodeling complex
such as BAF250a, BRG1, and BAF170 and mediates genes involved
in brain formation and neurodevelopment (8, 9). The ADNP-
deficient mouse model showed an inability to close neural tube
and died at the embryonic stage (9). Previous studies have also
identified that ADNP functions as a responsive genetic factor of
vasoactive intestinal peptide and has a critical role in axonal
transport, dendritic spine plasticity, and autophagy (10, 11).
Importantly, ADNP is closely associated with various clinical
illnesses, such as epilepsy, intellectual disabilities, and autism
spectrum disorders (12).

The role of ADNP in tumorigenesis has recently gained
profound research attention, and ADNP is closely linked with
tumor growth, particularly in various cancers, including breast,
ovarian, pancreatic, and colon cancer (13). According to the
previous research, ADNP loss-of-function mutations have been
found to be related to carcinogenesis (14). It was reported that
ADNP can suppress cellular migration, invasion, and proliferation
via theWNT signaling pathway in colon carcinoma (15) and triple-
negative breast cancer (16). By contrast, the activation of the ADNP
signaling system, mediated by an endogenous pituitary adenylate
cyclase-activating polypeptide, can increase the resistance of
malignant peripheral nerve sheath tumor to H2O2-induced death
with serum starvation (17). It suggests that ADNP may also act as
an oncogene in certain cellular contexts. Pascual et al. reported that
ADNP overexpression could induce activation of the AKT pathway
(18), which plays a major role in cancer cell proliferation and cell
cycle development (19). Moreover, p53 protein, regulated by
ADNP/SWI/SNF complex, is inactivated in cancer (20), leading
to unlimited cell growth (21). Owing to this dual characteristic, the
mechanisms of ADNP in BC are poorly understood. Our previous
study showed that ADNP was significantly upregulated in BC.
Therefore, we hypothesize that ADNP can stimulate the
proliferation of BC cells via AKT pathway.
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In this study, we investigate the role of ADNP in BC growth
and identify the underlying mechanism whether ADNP can
regulate the proliferation and cell cycle in BC cells via
activating AKT signaling pathway. By activating AKT signaling
pathway, ADNP enhance the proliferation of BC cell in vitro and
in vivo. These findings establish evidence that ADNP have an
important role in BC tumorigenesis.
MATERIALS AND METHODS

Cell Lines and Tissue
We analyzed 221 paraffin-fixed specimens of human bladder
urothelial carcinoma tissues as well as 51 neighboring
conventional bladder transitional cell tissues collected between
January 2005 and December 2007 at the Affiliated Cancer
Hospital of Xiangya School of Medicine, Central South
University. In addition, 20 cases of BC fresh surgical specimens
were collected from patients hospitalized in our hospital from
September to December in 2017. The adjacent normal control
was collected at least 2 cm away from the tumor margin (22). The
collected cancer tissue and its adjacent normal tissue have been
identified under the microscope. All patients with BC were
diagnosed by histopathology and treated with radical cystectomy
or tumor resection. Human BC cell lines (BIU87, T24, 5637, and
TCCSUP) were acquired from the Institute of Cancer Prevention
and Treatment, Sun Yat-Sen University (Guangzhou, China) and
human normal urothelial cells (SV-HUC-1) were acquired from
Department of life science, Hunan Normal University (Changsha,
China). BC cell lines were cultivated in RPMI-1640 media (Gibco,
USA) supplemented with 10% fetal bovine serum (Gibco, USA), 1%
streptomycin, and penicillin, and the SV-HUC-1 cells were
cultivated in F-12k media (Gibco, USA) supplemented with 10%
fetal bovine serum (Gibco, USA), 1% streptomycin, and penicillin.
All the cells were cultured under 5% atm CO2 at 37°C.
Quantitative Real-Time PCR (qRT-PCR)
RNA extraction was performed using TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s instructions. RNA purity
was assessed via spectrophotometry (A260/A280 = 1.8–2.0). M-
MLV transcriptase (BioRAD, USA) was used to generate cDNAs
according to the manufacturer’s instructions. Quantitative real-
time polymerase chain reaction (RT-PCR) was performed using 1
µg cDNA, 0.4 µl primer pairs for the interest gene, and 5 µl 2X
SYBR green (BioRAD, USA) via LightCycler480 RT-PCR System
(BioRAD, USA) under these amplification conditions: one cycle of
95° for 30 s, followed by 35 cycles in 95° for 15 s, 95° in 10 s, 65° in
60 s, and a final cycle of 97° for 1s. The comparative threshold
cycle method (2-DDCT) was applied for estimating the relative gene
expression among BC tissues and corresponding normal bladder
urothelial tissues. Triplicate PCR amplifications were performed
for each sample. The primer sequences for ADNP amplification
were as follows: forward: 5′-CATCCTGCGTCTGGACCTGG-3′;
reverse: 5′-TAATGTCACGCACGATTTCC-3′.
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Western Blot Analysis
The cells and tissues were washed with phosphate-buffered saline
(PBS) and then lysed using RIPA buffer (0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, and 150 mM NaCl, pH 8.0) with protease
inhibitor mixture (Roche, USA) and phosphatase inhibitors (Roche,
USA) at freezing condition for 15 min. The protein levels were
measured with BCA Protein Assay Reagent kit (Thermo Scientific,
USA). A 10% SDS-polyacrylamide gel was used to separate tissue
lysate aliquots containing 20 mg protein. These were subsequently
moved to PVDF membranes (Millipore), and the membranes were
consequently blocked for 2 hours with TBST buffer with 5% skim
milk at 22°C, and incubated at 4°C with primary antibodies
overnight. We then added peroxidase-conjugated secondary
antibodies and performed ECL (Cell Signaling Technology,
12757) visualization. Band enumeration was conducted using
densitometric analysis software (Bio-Rad). GAPDH expression
was used as the internal standard to standardize expression of the
supplementary proteins. The primary antibodies were as follows:
anti-ADNP (1:1000, Proteintech, USA), anti-GAPDH, CDK4,
CDK6, Cyclin D1, Cyclin B1, p-cdc-2, p-Rb, E2F1, p53, MDM2,
AKT, p-AKT, and p21 (1:1000, Cell Signaling Technology, USA).
The secondary antibodies were HRP-Goat-anti-Rabbit Ig G
and HRP-Goat-anti-Mouse Ig G (1:1000, Cell Signaling
Technology, USA).
Immunostaining
The paraffin-fixed tissues were cut into 5 µm sections and heated
for 2 h at 60°C. Slices were deparaffinized using xylene,
rehydrated in graded alcohols, and then treated with 0.3%
hydrogen peroxide in methanol. Subsequently, they were
immersed in antigenic recovery buffer of EDTA and heated in
a microwave for antigen retrieval. Thereafter, the slices were
blocked using 1% BSA and anti-ADNP (1:200, Abcam,
ab199120) and then incubated for 12 h at 4°C. After washing
in PBS, we added anti-rabbit secondary antibody (Zymed, USA)
onto the tissue slices and then incubated them with peroxidase-
tagged streptavidin (Zymed, USA). Thereafter, the slices were
submerged in 3.3′-diaminobenzidine and subsequently
counterstained, dried, and fixed using hematoxylin.

Two independent experienced observers blinded to the
histopathological diagnosis and clinical information reviewed
and rated the extent of formalin- and paraffin-fixed
immunostaining. They had been exposed to professional
training in immunohistochemical staining scoring. Scores were
based on combination of the ratio of completely stained cancer
cells to the staining power. Tumor cell ratio was graded as 0 for
no positive tumor cells; 1, < 10%; 2, 10%–25%; 3, 26–75%; and 4,
> 75% positive tumor cells. Meanwhile, the extent of staining was
rated as 1 for negative staining; 2, weak staining (light yellow); 3,
adequate staining (yellow brown); and 4, heavy staining (brown).
The staining index was calculated by multiplying the fraction of
positive tumor cells by the staining power score. The staining
index (total 0, 1, 2, 3, 4, 6, 8, 9, and 12) was used to estimate
ADNP expression in bladder tissues, with scores ≥ 6 and < 6
considered as high and low expression, respectively. Five areas at
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a magnification of 400× were chosen randomly, and each area
was scored separately according to the staining index (23). The
score of a paraffin slide was obtained by the average score of these
five areas.
Cell Transfection
The plasmids overexpressing ADNP (ViGene, Shandong, China)
and vector (ViGene, Shandong, China) were used to target the
ADNP gene. Through subcloning whole cDNA human ADNP to
a pMSCV-retro-puro vector (Clontech, Palo Alto, CA), an
ADNP construct was expressed. For the ADNP knockdown,
three ADNP-shRNA (KD-1: CAACATGACTGATGGAGTA;
KD-2: GCAAATGCCTCTACTGTAA; KD-3: TAGTAA
GACTGCTGACAAA) and a non-silencing shRNA (NC) were
purchased from GeneChem, Shanghai, China. Cells were
transfected with shRNA when they reached 30%–50%
confluence. The cells were then incubated for 72 h in a 1 mg/
mL puromycin (Sigma-Aldrich) medium for selection before
transfection. After selection, cell replicas were confirmed via
western blot analysis. The fabricated stable cell lines were
preserved in 0.1 mg/mL puromycin medium.
Cell Proliferation Assay
Approximately 2,000 stably transfected cells were distributed
onto 96-well plates. Once attached, they were prepared as per
their individual study procedure. Subsequently, 20 µl Cell
Counting Kit−8 reagent (CK04, Dojindo Kumamoto, Japan)
was supplemented to individual wells and retained for 2 h.
Vmax microplate spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA) was used to measure the absorbance at
450 nm wavelength. These assays were performed in triplicate.
Colony Growth Assay
Approximately 2,000 stably transfected cells were planted on 6-
mm plates in each well and nurtured for 15 days. The media was
replaced after every 3 days. Cells were washed with PBS twice
before harvest and then subjected to hematoxylin staining. Cell
colonies were counted using imagej software (Co. Bharti Airtel
Ltd, Version. 1.52n) and colonies with > 100 cells were counted.
Every assay was executed in triplicate.
Cell Viability Assay
Cell viability was determined by the trypan blue exclusion assay.
The cell suspension was mixed with trypan blue dye (Sigma,
USA) and observed under the microscope within 3 minutes. Cell
viability was determined by dividing the number of non-stained
(viable) cells by the number of total cells counted. In
addition, flow cytometry analysis were also used to test the cell
viability. Cells were stained with Annexin-FITC and propidium
iodide (PI) for 15 min (Biolegend, USA) according to the
manufacturer’s protocol. Cells were placed in ice and analyzed
using a Beckman Coulter Cytoflex.
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Cell Cycle Analysis
The stably transfected cells (1*106) were seeded at 6-well plates
until 60%–70% confluence with the culture medium. The cells
were then collected via trypsinization, suspended again in PBS,
and immobilized overnight at 4°C in 70% cold alcohol. Before
cell cycle analysis, bovine pancreatic RNase (2 mg/ml; Sigma) was
added to the cells at 37°C for 30 min, and the cells were then
incubated in propidium iodide (20 mg/ml; Sigma) for 20 min. BD
LSRII Flow Cytometry System and FACSDiva software (BD
Bioscience, Franklin Lakes, USA) were used for analysis.
NovoExpress software package was also used to assess the
information, and the cell cycle distribution was presented as
percentage of cells in G0/G1, S, and G2/M populations. These
assays were repeated in triplicate.

Tumor Xenograft Experiments
Four-week-old male NOD/SCID nude mice were acquired from
Hunan SJA Laboratory Animal Co., Ltd., Changsha, Hunan,
China. The animals were kept in a pathogen-free environment at
The Institutional Animal Care and Use Committee of Affiliated
Cancer Hospital, Xiangya School of Medicine, Central South
University. Stable transfected T24-ADNP-knockdown/T24-
ADNP-negative control and TCCSUP-ADNP-overexpression/
TCCSUP-ADNP-vector was hypodermically introduced (1×106

cells per injected) in the right axillary fossa of the NOD/SCID
nude mice respectively (5 mice in each group). The tumor length
(L) and width (W) were measured using a caliper, and then the
individual volume was computed as per (L×W2)/2 equation.
The mice injected with T24 were sacrificed on the 28th day and
the others on the 42nd days, and the tumors were resected,
measured, segmented, and then stained with anti-ADNP
antibody, anti-Ki67, anti-cyclin D1, anti-CDK4, and anti-
CDK6. Concurrently, the expression of ADNP, Ki-67, cyclin
D1, CDK4, and CDK6 in isolated tissue were detected.

Statistical Analysis
The obtained data were resultant of at least 3 separate assessments
and were presented as mean ± S.D. The significance of
immunostaining scores in human paraffin-fixed tissues were
tested using one-way ANOVA followed post hoc Bonferroni
test. Two-way ANOVA tests were used to identify the
significance of cell proliferation curve and mice tumorigenesis
curve among the various groups, and the post hoc Bonferroni test
was used for pairwise comparisons. The group comparisons of
mRNA and protein expression, cell colonies, cell cytometry, the
final weight and volume of mice tumor, and the immunostaining
scores of mice tumor were performed using Student’s t test. The
weighted Fleiss-Cohen (quadratic) kappa statistics were used to
assess the inter-observer agreement (24). The correlation between
ADNP expression and clinicopathological features was examined
via Chi-squared test. Survival arcs were drawn according to
Kaplan-Meier analysis and evaluated using log-rank test.
Survival data were analyzed using univariate and multivariate
Cox regression analysis. All statistical analyses were performed
using SPSS 21.0 (SPSS Incorporated, Chicago) statistical software
package, and P < 0.05 was considered statistically significant.
Frontiers in Oncology | www.frontiersin.org 4
RESULT

High ADNP Expression in Human BC
To detect ADNP expression in BC tissue samples, we analyzed
BC tissue pairing (T) and the pair of adjacent normal BC tissue
(A) via RT-PCR. Compared with normal bladder urothelial
tissue, the ADNP mRNA expression of BC tissues tended to be
upregulated (P < 0.05, Figure 1A). Similarly, western blot
analysis revealed that ADNP protein expression in human
primary bladder tumor was also significantly upregulated
(Figure 1B). These findings indicate that ADNP is highly
expressed in BC.
Upregulated ADNP Expression Is
Associated With Advanced
Clinicopathological Characteristics of BC
We examined the relationship between ADNP and the
clinicopathological characteristics of bladder urothelial
carcinoma. The weighted Fleiss-Cohen (quadratic) kappa value
was 0.893. Table 1 describes the medical data of 221 paraffin-
embedded BC specimens. ADNP expression was significantly
associated with pathological level (P = 0.009), T stage (P <
0.001), N stage (P= 0.007), and mortality status (P < 0.001)
(Table 1), but not with age (P = 0.832), sex (P = 0.214),
multifocal growth (P = 0.196), and tumor size (P = 0.508).
Furthermore, immunohistochemical quantitative results
indicated that ADNP expression was higher in the 221 cases of
BC than in the 51 samples of normal bladder tissues (Figures 1C,
D). Further, ADNP expression was higher in advanced clinical
stage (MIBC) and pathological grade (Level III) BC than the early
clinical stage (NMBC) and low pathological grade (Levels I and II)
BC (Figure 1D). These results show that high ADNP expression is
significantly associated with advanced clinicopathological features.
High ADNP Expression Is Associated With
Poor Outcome
Immunohistochemistry was used to detect ADNP expression in
221 samples of paraffin-embedded tissues to determine the
frequency of ADNP overexpression in BC tissues. In the 221
samples, 108 were pathological grade I; 52, pathological grade II;
and 61, pathological grade III (Table 1). We found there was
higher ADNP expression in BC specimens when compared with
normal bladder urothelial tissues. Quantitative analysis showed
that the expression of ADNP was highly upregulated in the 221
BC specimens. In Cox regression analysis, we evaluated the
potential of ADNP as a predictive factor of prognosis; it showed
high ADNP expression significantly increased the risk of mortality
in both univariate (P < 0.001; Table 2) and multivariate analyses
(P = 0.001). The Kaplan-Meier survival curve showed that the
overall survival of patients with high ADNP expression was lower
than that of patients with low ADNP expression, and the survival
without disease progression show the same (Figure 1E, P < 0.001).
These results support that upregulated ADNP expression is
related to poor prognosis in BC.
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ADNP Regulates Bladder Cancer Cell
Proliferation
In western blot analysis to detect ADNP protein expression in
BC cell lines and normal urothelial cell line, ADNP was
significantly increased in T24 and BIU87 cells and had
relatively low expression in 5637, TCCSUP, and SV-HUC-1
Frontiers in Oncology | www.frontiersin.org 5
cells (Figure 2A). Therefore, we constructed ADNP-
knockdown cells with three specific sites by lentivirus, verified
the knockdown efficiency with western blot analysis, and selected
the lowest-knockdown-degree cell for a series of functional
experiments (Figure 2B). In addition, we overexpressed ADNP
in 5637, TCCSUP, and SV-HUC-1 cells (Figure 2C). Trypan
A B

D

E

C

FIGURE 1 | ADNP is upregulated in bladder cancer. (A) Real-time PCR analysis of ADNP mRNA expression in 20 paired bladder tumor tissues (Tumor) and their
adjacent normal tissues (Adjacent). The average ADNP mRNA expression was normalized to the expression of b-actin. (B) ADNP protein expression in 8 paired
bladder tumor tissues (T) and their adjacent normal tissues (A) determined via western blot analysis. GAPDH was detected as a loading control in the western blot
analysis. (C) Representative images of ADNP expression in normal bladder tissues and different grades of bladder cancer (scale bar: 50 mm; magnification: ×400).
(D) Quantification of immunohistochemical analysis of ADNP expression in 51 normal bladder mucosa and in 108 Grade I, 52 Grade II, and 61 Grade III bladder
cancer tissues (left). Quantification of the average staining score for ADNP in 51 normal bladder mucosa and in different clinical stages of bladder cancer (102 NMBC,
119 MIBC) (right). (E) Kaplan-Meier curves of overall survival (left) and progression free survival (right) for the 221 patients with bladder cancer stratified by high and
low expression of ADNP. **P < 0.01, *P < 0.05. NS, no significance.
November 2020 | Volume 10 | Article 491129

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. ADNP in Bladder Cancer
blue exclusion test and flow cytometry showed the
downregulation of ADNP significantly decreased the cell
viability in T24 and BIU87 cells, while overexpressed ADNP
markedly increased the proportion of viable cells in TCCSUP,
5637, and SV-HUC-1 cells (Figures 2D, E). CCK8 assay showed
that ADNP knockdown significantly slowed down the growth
speed of T24 and BIU87, while overexpressed ADNP
significantly increased the growth rate of BC cells and normal
urothelial cells (Figure 2F). Further, compared with blank
transfected cells, the downregulation of ADNP markedly
reduced the average quantity of colonies in the colony growth
Frontiers in Oncology | www.frontiersin.org 6
experiment, while the overexpression of ADNP increased the
clone number in TCCSUP, 5637, and SV-HUC-1 cells (Figure
2G). These findings show that ADNP can stimulate proliferation
of BC cells.

ADNP Accelerated G1-to-S Cell Cycle
Transformation
To further explore the role of ADNP in stimulating cell
propagation, flow cytometry was applied in cell analysis.
ADNP knockdown markedly lowered the percentage of G0/G1
peak cells and improved the percentage of S peak cells (Figure 3A).
TABLE 1 | ADNP expression in bladder cancer and its correlation with clinicopathological characteristics.

Characteristics ADNP n (%) ADNP Pearson correlation P-value

Low (n = 110) High (n = 111)

Age (y) 0.014 0.832
≥ 60 96 (43.4%) 47 62
< 60 125 (56.6%) 63 49
Sex -0.084 0.214
Male 180 (81.4%) 86 94
Female 41 (18.6%) 24 17
pathological grade 0.199 0.009
1 108 (48.9%) 65 43
2 52 (23.5%) 22 30
3 61 (27.6%) 23 38
T stage 0.363 <0.001
Ta 49 (22.2%) 46 2
T1 53 (24.0%) 20 33
T2 88 (39.8%) 34 54
T3 16 (7.2%) 5 11
T4 15 (6.8%) 5 10
N stage 0.182 0.007
Negative 179 (81.0%) 97 82
Positive 42 (19.0%) 13 29
Tumor multiplicity -0.087 0.196
Unifocal 134 (60.6%) 62 72
Multifocal 87 (39.4%) 48 39
Tumor size(cm) 0.045 0.508
≥ 3 75 (33.9%) 75 71
< 3 146 (66.1%) 35 40
Mortality status 0.285 <0.001
Alive 77 (34.8%) 53 24
Dead 102 (46.2%) 37 65
Lost to follow-up 32 (14.5%) 10 22
No
vember 2020 | Volume 10 | Article
TABLE 2 | Univariate and multivariate Cox regression analyses of prognostic factors in bladder cancer.

Variables Univariate analysis Multivariate analysis

HR 95% CI p-Value HR 95% CI p-Value

Age 0.863 0.591–1.256 0.863 – – –

Sex 0.862 0.499–1.368 0.458 – – –

Pathological grade 1.833 1.461–2.299 <0.001 1.364 1.059–1.759 0.016
T stage 1.980 1.668–2.350 <0.001 1.882 1.321–2.680 <0.001
N stage 1.774 1.147–2.744 0.010 1.899 1.223–2.948 0.004
Tumor multiplicity 0.956 0.653–1.399 0.817 – – –

Tumor size 1.970 1.354–2.864 <0.001 2.113 1.427–3.129 <0.001
ADNP 2.627 1.779–3.879 <0.001 1.944 1.330–2.990 0.001
HR, hazard ratio; CI, confidence interval.
491129

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. ADNP in Bladder Cancer
A B
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FIGURE 2 | ADNP modulates proliferation of bladder cancer cells. (A) Western blot analysis of ADNP basic expression in 4 different bladder cancer cell lines (T24,
BIU87, TCCSUP, 5637) and 1 normal urothelial cell line (SV-HUC-1). (B) The efficiency of ADNP knockdown in T24 and BIU87 cells were determined by Western
blot (C) The efficiency of ADNP overexpression in 5637, TCCSUP, and SV-HUC-1 cells were determined by Western blot. (D) Cell viability of bladder cells and SV-
HUC-1 cells were determined by the trypan blue exclusion assay. (E) Representative images of flow cytometric analysis were used to show viability rates after ADNP
knockdown or overexpression. (F) CCK8 assays revealed the proliferation of indicated bladder cancer cells. (G) Colony formation assay test for tumorigenesis in
indicated bladder cancer cells. The results are presented as the mean ± SD. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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A

B

C

FIGURE 3 | ADNP is involved in transition from G1 phase to S phase in the cell cycle and regulates proliferation of bladder cancer cells through the activation of the
AKT-MDM2-p53 signaling pathway. (A) Representative images of flow cytometry analysis in indicated bladder cancer cell lines, and quantification of cell cycle
analysis in indicated bladder cancer cell lines. (B) Western blot analysis of cyclin B1, cyclin D1, CDK4, CDK6, p-cdc-2, E2F1, and p-Rb expression in indicated cells.
(C) Western blot analysis of phosphorylated Akt (p-Akt), total Akt, MDM2, p53, and p21 protein in the indicated bladder cancer cell lines. ***P < 0.001, **P < 0.01,
*P < 0.05. NS, no significance.
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However, there was no significant difference in G2/M phase ratio,
and ADNP overexpression showed the opposite result, suggesting
that ADNP can accelerate the G1 to S phase conversion of BC and
normal urothelial cells (Figure 3A). In addition, western blot
analysis showed that the expression of Cyclin D1, CDK4, CDK6,
p-RB, and E2F1 in ADNP-overexpressed bladder cell lines was
upregulated, while the expression of them was downregulated in
ADNP-knockdown cells. Overexpressing ADNP also led to the
significant increase of CyclinD1, CDK4, and CDK6 in SV-HUC-1
cells. In addition, changing ADNP expression did not have a
significant impact on Cyclin B1 and p-cdc-2 expression (Figure
3B), both of which were promoters of G2-to-M transformation,
suggesting that ADNP further increased BC cell propagation by
accelerating the G1-S phase transformation.
ADNP Activates AKT-MDM2-p53 Signaling
Pathways
To determine the molecular dynamics regulating the cell cycle,
several key proteins of classical signaling pathways were detected.
After altering ADNP expression, p-AKT expression was higher
in T24 and BIU87 cells, but lower in 5637 and in TCCSUP cells.
Meanwhile, there were no significant changes in total AKT
expression (Figure 3C). In addition, the activation of
downstream target protein MDM2 was correlated with the
degree of AKT phosphorylation, and the upregulation of
MDM2 mediated the decrease of p53 and its downstream
protein p21. These results suggest that ADNP may regulate
p21-induced cell cycle transformation by activating the AKT/
MDM2/p53 pathway, thereby promoting the propagation of
BC cells.
ADNP Regulates Bladder Cancer
Tumorigenesis In Vivo
To verify the outcome of tumorigenesis experiments in vitro,
xenograft bladder tumor models were constructed in NOD/SCID
nude mice using T24.The final volume, weight, and tumor
growth curve of the transplanted tumor (Figures 4A–C)
revealed that compared with the negative control group, T24
cells with ADNP knockdown had significantly lower capability of
tumor formation. In addition, western blot analysis confirmed
that the expression of ADNP, Ki-67, Cyclin D1, CDK4, and
CDK6 in T24 BC cells with ADNP knockdown was considerably
lower than those in the negative control (Figure 4D). Similarly,
immunohistochemical results showed that ADNP knockdown
group had lower expression of ADNP, Ki-67, CyclinD1, CDK4,
and CDK6 compared with the control group (Figure 4E). These
in vivo results indicate that ADNP might play a key role in
BC tumorigenesis.
Effect of ADNP on Proliferation and Cell
Cycle Could Be Rescued by MK-2206
2HCI
To elucidate the role of AKT in ADNP-induced cycle
acceleration and proliferation of BC cells, the AKT-specific
Frontiers in Oncology | www.frontiersin.org 9
inhibitor MK-2206 2HCI was used to treat 5637 and TCCSUP
BC cells that overexpressed ADNP. CCK8 experiment and clone
growth experiment results show that the AKT inhibitor can
inhibit the proliferation in BC cells (Figures 5A, B). Moreover,
compared with the blank group, the percentage of S phase cells
was significantly lower in the AKT inhibitor treatment group
(Figure 5C). Further, we found that MK-2206 2HCI can reverse
the effect of ADNP on p-AKT, MDM2, p53, p21, cyclinD1, and
CDK4 and CDK6 (Figure 5D). In vivo experiment, the final
volume, weight and tumor growth curve of the transplanted
tumor (Figures 5E–G) showed that TCCSUP cells treated with
MK-2206 2HCI had significantly lower capability of tumor
formation compared with the control group. Moreover,
immunohistochemical results confirmed that the expression of
Ki-67, Cyclin D1, CDK4, and CDK6 in the TCCSUP cells
handled with MK-2206 2HCI was considerably lower than
those in the control; there was no significant difference on the
expression of ADNP between the two groups (Figure 5H).
Collectively, these results suggest that the changes in cell cycle
and proliferation mediated by ADNP expression are related to
the AKT-MDM2-p53 signaling pathway in BC cells.
DISCUSSION

Here, we found that ADNP expression was upregulated in BC,
and significantly correlated with high pathological grade and
advanced clinical stage. ADNP stimulates the AKT-MDM2-p53
pathway and enhances binding of cyclin D1 to CDK4 or CDK6,
accelerating the cell cycle transition from G1 phase to S phase.
Furthermore, we demonstrate that ADNP can promote the
growth of bladder cancer in vivo.

The significance of ADNP expression in BC is unclear.
Although the copy number of the ADNP gene has been
reported to be amplified in BC (13), no study has explored the
significance of ADNP mRNA and protein expression in the
clinicopathology of BC. In this study, we found that the mRNA
and protein expression of ADNP were upregulated compared
with normal bladder urothelial tissues, and overexpression of
ADNP protein was significantly associated with higher
pathological grade, advanced clinical stage, and poor prognosis
in BC patients. Consistent with our observations, DNA
amplification and overexpression of the transcription factor
ADNP were identified in high-grade and poorly prognostic
ovarian cancer (25).

ADNP encodes a protein involved in embryonic development
and brain formation (9). In previous studies, ADNP was
associated with the de novo mutation that leads to autism-like
spectrum disorder (18). However, a recent study suggested that
negative ADNP expression in the colon activates the WNT
signaling pathway, promoting colon cancer cell migration,
invasion, and proliferation (15). We found that ADNP
expression was significantly correlated with high pathological
grade and advanced clinical stage, indicating that ADNP may be
an oncogene of BC that can lead to tumor cell proliferation
and tumorigenesis.
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FIGURE 4 | ADNP modulates growth of bladder cancer in vivo. (A) Images of excised tumors from five NOD/SCID mice at 25 days after injection with non-silencing
shRNA cells (NC) and ADNP-sh2-transfected cells (KD2). (B) Average weight of excised tumors. (C) Tumor volumes were measured every 2 days. (D) Western blot
analysis of ADNP, Ki-67, Cyclin D1, CDK4, and CDK6 expression in excised xenograft tumors. (E) Representative images of sections sliced from indicated tumors
and stained with anti-ADNP, anti-Ki67, anti-Cyclin D1, anti-CDK4, and anti-CDK6. **P < 0.01, *P < 0.05.
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FIGURE 5 | Effect of ADNP on proliferation and cell cycle could be rescued by MK-2206 2HCI. (A) TCCSUP cells with ADNP overexpression were treated with the
AKT inhibitor MK-2206 for 24 h, and CCK8 assays revealed the role of AKT in the proliferation of ADNP-transduced cells. (B) Colony formation assays revealed the
role of AKT in the tumorigenesis of ADNP-transduced cells. (C) Flow cytometric assays revealed the role of AKT in the G1-to-S transition of ADNP-transduced cells.
(D) Western blot analysis revealed the role of AKT in the downstream cell cycle-associated genes of ADNP-transduced cells. (E) Images of excised tumors from five
NOD/SCID mice at 45 days after being handled with MK-2206 2HCI and PBS (control). (F) Average weight of excised tumors. (G) Tumor volumes were measured
every 5 days. (H) Representative images of sections sliced from indicated tumors and stained with anti-ADNP, anti-Ki67, anti-cyclin D1, anti-CDK4, and anti-CDK6.
***P < 0.001, **P < 0.01, *P < 0.05. NS, no significance.
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To test our hypothesis, we studied ADNP function in BC in
vivo and in vitro. We found the evidence in our study that ADNP
can significantly promote tumor cell growth and proliferation.
The infinite proliferation in cells is an important factor leading
to the development of tumors. Alessandro et al. (17) showed that
the activation of the ADNP signaling pathway increases the
survival ability of malignant glioma cells in harsh environments
and participates in the resistance to cell death, which is consistent
with our experimental results.

In general, infinite growth is caused by the increase of cell
viability or the disruption of cell cycle checkpoints (26). To
investigate whether this effect is related to cell viability, we
performed trypan blue exclusion tests and flow cytometry,
which showed ADNP lead to increased cell viability. In line
with our study, ADNP was also proved to increase the cell
viability to resist the toxicity induced by H2O2 in malignant
peripheral nerve sheath tumor (17). The disorder of cell cycle is
the initial cause of abnormal growth of tumor cells and the
important step of obtaining infinite proliferation ability of tumor
(26). After the cell cycle is disturbed, cell division is no longer
regulated by G1/S and G2/M checkpoints, and cells can obtain
stronger proliferation capacity (27, 28). A study recently showed
that the mice with ADNP haplo-insufficiency exhibit the
decrease ability of wound healing due to the broken cell cycle
progression, and the reactivation of ADNP in mouse models
increased the ability of wound healing and accelerated cell cycle
progression (29). Moreover, ADNP was identified to be an
oncogenic mediator of cell proliferation through dysregulation
of cell cycle checkpoints in high-grade serous ovarian cancer
(25). In our study, flow cytometry showed that ADNP
significantly accelerated transition of BC cells from G1 phase
to S phase. Meanwhile, our Western blot analysis indicated that
ADNP significantly increased the expression of Cyclin D1,
CDK4, CDK6, phosphorylating retinoblastoma (p-Rb), and
E2F1. Cyclin D1 is mainly expressed in the G1 phase of the
cell cycle, and it can combine with cell cycle protein CDK4 or
CDK6 to form active cell cycle protein complexes, such as p-Rb
protein and E2F, which crosses the cell cycle checkpoint of the
G1 phase to S phase (30, 31).

In many types of tumor cells, AKT can be activated by growth
factor receptors, tenin homologous proteins, and mutations in
tumor suppressor phosphatase signals, transmitting effective
proliferation signals (32). AKT can promote tumor cell
proliferation by accelerating the progress of cell cycle G1-S by
isolating p21 in the cytoplasm and stabilization of cyclin D1 (33, 34).
Previous studies show p-AKT can directly promote the degradation
of p53 protein by nuclear MDM2 and downregulate the activity of
p53, resulting in an imbalanced microenvironment that promotes
cancer cell proliferation but inhibits apoptosis (35, 36). Our study
shows that ADNP activated the AKT-MDM2-p53 signaling
pathway, mediated the degradation of p21 and the stability of
cyclin D1, and promoted the proliferation of tumor cells.
Consistent with our research, a number of studies have reported
that ADNP plays an important role in regulating cell growth,
proliferation in some types of sarcomas and neuronal tissue as
well as modulating AKT signaling pathway (25). AKT signaling also
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plays an important role in CD8+T cell differentiation and regulatory
T cell survival (37–39). Loss or weakening of AKT signaling would
result in transcriptional rearrangement of differentiated cytotoxic T
lymphocytes, transforming effector cells into memory cells to
enhance the anti-tumor effects in the immune system (40, 41). In
a xenograft study, MK-2206 2HCI treatment in mice with ovarian
cancer cell lines resulted in 60% growth inhibition (42). Meanwhile,
the addition of AKT inhibitor blocked the radiation-induced Treg
cell survival in bladder cancer cell, which can inhibit CD8+ T cells in
the tumor tissue to compromise the antitumor activities (43). We
found that the effect of ADNP on tumor proliferation was rescued
by AKT inhibitors, suggesting that ADNP promotes cell
proliferation mainly through activation of the AKT pathway in
BC. Previous studies have reported that ADNP can activate the
AKT pathway to promote the neuronal growth and differentiation,
which is related to the up-regulation of the expression of AKT
phosphorylated kinase (19), and this mechanism may also exist in
bladder cancer. Nevertheless, further studies are warranted to
replicate and extend these findings.

In conclusion, the mRNA and protein expressions of ADNP
were up-regulated in human bladder cancer and reveal its role as a
tumor promoter with effects on tumor cell proliferation as well as
cell cycle with the activation of AKT pathway. Accordingly, these
findings provide the evidences that ADNP expression can be an
independent predictor of poor prognosis in patients with BC, and a
candidate therapeutic target for novel molecular therapy.
DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/
supplementary material.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The study involving human participants was
approved by the ethics committee of the Affiliated Cancer
Hospital of Xiangya School of Medicine, Central South
University. Patients/participants provided written informed
consent for their participation in this study. The patients/
participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by The animal research was examined and approved
by the animal ethics committee of the Affiliated Cancer Hospital
of Xiangya School of Medicine, Central South University.
AUTHOR CONTRIBUTIONS

YX and SZ designed the research. YL and QD collected the data.
GF and JC interpreted the data. SZ, ZX, and YW carried out the
experiment. SZ drafted the manuscript. YX, YZ, and WH
November 2020 | Volume 10 | Article 491129

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. ADNP in Bladder Cancer
critically revised the manuscript. All authors contributed to the
article and approved the submitted version.
FUNDING

This study was funded by the Key Research and Development
Projects of Hunan Province (grant number 2018SK2125 and
Frontiers in Oncology | www.frontiersin.org 13
2018SK2120) and the Key Research Project of National Cancer
Center (grant number NCC201818A55).
ACKNOWLEDGMENTS

The authors thank Prof. Xiaofeng Ding for helping with the
data analysis.
REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin (2018) 6:394–424.
doi: 10.3322/caac.21492

2. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. Cancer statistics
in China, 2015. CA Cancer J Clin (2016) 2:115–32. doi: 10.3322/caac.21338

3. Wu XR. Urothelial tumorigenesis: a tale of divergent pathways. Nat Rev
Cancer (2005) 9:713–25. doi: 10.1038/nrc1697

4. Sangar VK, Ragavan N, Matanhelia SS, Watson MW, Blades RA. The
economic consequences of prostate and bladder cancer in the UK. BJU Int
(2005) 1:59–63. doi: 10.1200/JCO.2001.19.3.666

5. Stein JP, Lieskovsky G, Cote R, Groshen S, Feng AC, Boyd S, et al. Radical
cystectomy in the treatment of invasive bladder cancer: long-term results in
1,054 patients. J Clin Oncol (2001) 3:666–75. doi: 10.1200/JCO.2001.
19.3.666

6. Mandel S, Gozes I. Activity-dependent neuroprotective protein constitutes a
novel element in the SWI/SNF chromatin remodeling complex. J Biol Chem
(2007) 47:34448–56. doi: 10.1016/j.ydbio.2006.11.039

7. Gozes I, Bassan M, Zamostiano R, Pinhasov A, Davidson A, Giladi E, et al. A
novel signaling molecule for neuropeptide action: activity-dependent
neuroprotective protein. Ann N Y Acad Sci (1999) 897:125–35.
doi: 10.1111/j.1749-6632.1999.tb07884.x

8. Mandel S, Rechavi G, Gozes I. Activity-dependent neuroprotective protein
(ADNP) differentially interacts with chromatin to regulate genes essential for
embryogenesis. Dev Biol (2007) 2:814–24. doi: 10.1074/jbc.M704756200

9. Pinhasov A, Mandel S, Torchinsky A, Giladi E, Pittel Z, Goldsweig AM, et al.
Activity-dependent neuroprotective protein: a novel gene essential for brain
formation. Brain Res Dev Brain Res (2003) 1:83–90. doi: 10.1016/s0165-3806
(03)00162-7

10. Kanki T, Wang K, Cao Y, Baba M, Klionsky DJ. Atg32 is a mitochondrial
protein that confers selectivity during mitophagy. Dev Cell (2009) 1:98–109.
doi: 10.1016/j.devcel.2009.06.014

11. Gozes I, Werner H, Fawzi M, Abdelatty A, Shani Y, Fridkin M, et al. Estrogen
regulation of vasoactive intestinal peptide mRNA in rat hypothalamus. J Mol
Neurosci (1989) 1:55–61. doi: 10.1007/BF02896857

12. Sragovich S, Merenlender-Wagner A, Gozes I. ADNP Plays a Key Role in
Autophagy: From Autism to Schizophrenia and Alzheimer’s Disease.
Bioessays (2017) 11:170005401-10. doi: 10.1002/bies.201700054

13. Zamostiano R, Pinhasov A, Gelber E, Steingart RA, Seroussi E, Giladi E, et al.
Cloning and characterization of the human activity-dependent
neuroprotective protein. J Biol Chem (2001) 1:708–14. doi: 10.1074/
jbc.M007416200

14. Jo YS, Kim MS, Yoo NJ, Lee SH, Song SY. ADNP encoding a transcription
factor interacting with BAF complexes exhibits frameshift mutations in gastric
and colorectal cancers. Scand J Gastroenterol (2016) 10:1269–71. doi: 10.1080/
00365521.2016.1193220

15. Blaj C, Bringmann A, Schmidt EM, Urbischek M, Lamprecht S, Frohlich T,
et al. ADNP Is a Therapeutically Inducible Repressor of WNT Signaling in
Colorectal Cancer. Clin Cancer Res (2017) 11:2769–80. doi: 10.1158/1078-
0432.CCR-16-1604

16. Rangel R, Guzman-Rojas L, Kodama T, Kodama M, Newberg JY, Copeland
NG, et al. Identification of new tumor suppressor genes in triple-negative
breast cancer. Cancer Res (2017) 77:4089–101. doi: 10.1158/0008-5472.CAN-
17-0785
17. Castorina A, Giunta S, Scuderi S, D’Agata V. Involvement of PACAP/ADNP
signaling in the resistance to cell death in malignant peripheral nerve sheath
tumor (MPNST) cells. J Mol Neurosci (2012) 3:674–83. doi: 10.1007/s12031-
012-9755-z

18. Helsmoortel C, Vulto-van Silfhout AT, Coe BP, Vandeweyer G, Rooms L, van
den Ende J, et al. A SWI/SNF-related autism syndrome caused by de novo
mutations in ADNP. Nat Genet (2014) 4:380–4. doi: 10.1038/ng.2899

19. Pascual M, Guerri C. The peptide NAP promotes neuronal growth and
differentiation through extracellular signal-regulated protein kinase and Akt
pathways, and protects neurons co-cultured with astrocytes damaged by
ethanol. J Neurochem (2007) 2:557–68. doi: 10.1111/j.1471-4159.2007.
04761.x

20. Sasaki T, Kuniyasu H, Luo Y, Kitayoshi M, Tanabe E, Kato D, et al. Increased
phosphorylation of AKT in high-risk gastric mucosa. Anticancer Res (2013)
8:3295–300. doi: 10.3109/0284186X.2013.806820

21. Gozes I, Yeheskel A, Pasmanik-Chor M. Activity-dependent neuroprotective
protein (ADNP): a case study for highly conserved chordata-specific genes
shaping the brain and mutated in cancer. J Alzheimers Dis (2015) 1:57–73.
doi: 10.3233/JAD-142490

22. Zhou X, Liu N, Zhang J, Ji H, Liu Y, Yang J, et al. Increased expression of
EZH2 indicates aggressive potential of urothelial carcinoma of the bladder in a
Chinese population. Sci Rep (2018) 1:17792. doi: 10.1038/s41598-018-36164-y

23. Jain AK, Tewari-Singh N, Inturi S, Orlicky DJ, White C W, Agarwal R.
Histopathological and immunohistochemical evaluation of nitrogen mustard-
induced cutaneous effects in SKH-1 hairless and C57BL/6 mice. Exp Toxicol
Pathol (2014) 2-3:129–38. doi: 10.1016/j.etp.2013.11.005

24. Detrano R, Guerci AD, Carr JJ, Bild DE, Burke G, Folsom AR, et al. Coronary
calcium as a predictor of coronary events in four racial or ethnic groups. New
Engl J Med (2008) 358(13):1336–45. doi: 10.1056/NEJMoa072100

25. Karagoz K, Mehta GA, Khella CA, Khanna P, Gatza ML. Integrative
proteogenomic analyses of human tumours identifies ADNP as a novel
oncogenic mediator of cell cycle progression in high-grade serous ovarian
cancer with poor prognosis. EBioMedicine (2019) 50:191–202. doi: 10.1016/
j.ebiom.2019.11.009

26. Ivy SP, Kunos CA, Arnaldez F I, Kohn EC. Defining and targeting wild-type
BRCA high-grade serous ovarian cancer: DNA repair and cell cycle
checkpoints. Expert Opin Invest Drugs (2019) 9:771–85. doi: 10.1080/
13543784.2019.1657403

27. Dong Y, Zhao X, Feng X, Zhou Y, Yan X, Zhang Y, et al. SETD2 mutations
confer chemoresistance in acute myeloid leukemia partly through altered cell
cycle checkpoints. Leukemia (2019) 11:2585–98. doi: 10.1038/s41375-019-
0456-2

28. Sun B, Qin W, Song M, Liu L, Yu Y, Qi X, et al. Neutrophil Suppresses Tumor
Cell Proliferation via Fas /Fas Ligand Pathway Mediated Cell Cycle Arrested.
Int J Biol Sci (2018) 14:2103–13. doi: 10.7150/ijbs.29297

29. Mollinedo P, Kapitansky O, Gonzalez-Lamuno D, Zaslavsky A, Real P, Gozes
I, et al. Cellular and animal models of skin alterations in the autism-related
ADNP syndrome. Sci Rep (2019) 1:736. doi: 10.1038/s41598-018-36859-2

30. Dozier C, Mazzolini L, Cenac C, Froment C, Burlet-Schiltz O, Besson A, et al.
CyclinD-CDK4/6 complexes phosphorylate CDC25A and regulate its
stability. Oncogene (2017) 26:3781–8. doi: 10.1038/onc.2016.506

31. Giacinti C, Giordano A. RB and cell cycle progression. Oncogene (2006)
38:5220–7. doi: 10.1038/sj.onc.1209615

32. Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB. Exploiting the PI3K/AKT
pathway for cancer drug discovery. Nat Rev Drug Discovery (2005) 12:988–
1004. doi: 10.1038/nrd1902
November 2020 | Volume 10 | Article 491129

https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21338
https://doi.org/10.1038/nrc1697
https://doi.org/10.1200/JCO.2001.19.3.666
https://doi.org/10.1200/JCO.2001.19.3.666
https://doi.org/10.1200/JCO.2001.19.3.666
https://doi.org/10.1016/j.ydbio.2006.11.039
https://doi.org/10.1111/j.1749-6632.1999.tb07884.x
https://doi.org/10.1074/jbc.M704756200
https://doi.org/10.1016/s0165-3806(03)00162-7
https://doi.org/10.1016/s0165-3806(03)00162-7
https://doi.org/10.1016/j.devcel.2009.06.014
https://doi.org/10.1007/BF02896857
https://doi.org/10.1002/bies.201700054
https://doi.org/10.1074/jbc.M007416200
https://doi.org/10.1074/jbc.M007416200
https://doi.org/10.1080/00365521.2016.1193220
https://doi.org/10.1080/00365521.2016.1193220
https://doi.org/10.1158/1078-0432.CCR-16-1604
https://doi.org/10.1158/1078-0432.CCR-16-1604
https://doi.org/10.1158/0008-5472.CAN-17-0785
https://doi.org/10.1158/0008-5472.CAN-17-0785
https://doi.org/10.1007/s12031-012-9755-z
https://doi.org/10.1007/s12031-012-9755-z
https://doi.org/10.1038/ng.2899
https://doi.org/10.1111/j.1471-4159.2007.04761.x
https://doi.org/10.1111/j.1471-4159.2007.04761.x
https://doi.org/10.3109/0284186X.2013.806820
https://doi.org/10.3233/JAD-142490
https://doi.org/10.1038/s41598-018-36164-y
https://doi.org/10.1016/j.etp.2013.11.005
https://doi.org/10.1056/NEJMoa072100
https://doi.org/10.1016/j.ebiom.2019.11.009
https://doi.org/10.1016/j.ebiom.2019.11.009
https://doi.org/10.1080/13543784.2019.1657403
https://doi.org/10.1080/13543784.2019.1657403
https://doi.org/10.1038/s41375-019-0456-2
https://doi.org/10.1038/s41375-019-0456-2
https://doi.org/10.7150/ijbs.29297
https://doi.org/10.1038/s41598-018-36859-2
https://doi.org/10.1038/onc.2016.506
https://doi.org/10.1038/sj.onc.1209615
https://doi.org/10.1038/nrd1902
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. ADNP in Bladder Cancer
33. West KA, Castillo SS, Dennis PA. Activation of the PI3K/Akt pathway and
chemotherapeutic resistance. Drug Resist Update (2002) 6:234–48. doi: 10.1016/
S1368-7646(02)00120-6

34. Parsons CM, Muilenburg D, Bowles TL, Virudachalam S, Bold RJ. The role of
Akt activation in the response to chemotherapy in pancreatic cancer.
Anticancer Res (2010) 9:3279–89. doi: 10.1097/CAD.0b013e32833d19f0

35. Ogawara Y, Kishishita S, Obata T, Isazawa Y, Suzuki T, Tanaka K, et al. Akt
enhances Mdm2-mediated ubiquitination and degradation of p53. J Biol
Chem (2002) 24:21843–50. doi: 10.1074/jbc.M109745200

36. Mayo LD, Donner DB. A phosphatidylinositol 3-kinase/Akt pathway
promotes translocation of Mdm2 from the cytoplasm to the nucleus. Proc
Natl Acad Sci USA (2001) 20:11598–603. doi: 10.1073/pnas.181181198

37. Crompton JG, Sukumar M, Roychoudhuri R, Clever D, Gros A, Eil RL, et al.
Akt inhibition enhances expansion of potent tumor-specific lymphocytes with
memory cell characteristics. Cancer Res (2015) 2:296–305. doi: 10.1158/0008-
5472.CAN-14-2277

38. Li CG, He MR, Wu FL, Li Y J, Sun AM. Akt promotes irradiation-induced
regulatory T-cell survival in hepatocellular carcinoma. Am J Med Sci (2013)
2:123–7. doi: 10.1097/MAJ.0b013e31826ceed0

39. Macintyre AN, Finlay D, Preston G, Sinclair LV, Waugh CM, Tamas P, et al.
Protein kinase B controls transcriptional programs that direct cytotoxic T cell
fate but is dispensable for T cell metabolism. Immunity (2011) 2:224–36.
doi: 10.1016/j.immuni.2011.01.012

40. Klebanoff CA, Gattinoni L, Palmer DC, Muranski P, Ji Y, Hinrichs CS, et al.
Determinants of successful CD8+ T-cell adoptive immunotherapy for large
Frontiers in Oncology | www.frontiersin.org 14
established tumors in mice. Clin Cancer Res (2011) 16:5343–52. doi: 10.1158/
1078-0432.CCR-11-0503

41. Guo J, Muse E, Christians AJ, Swanson S J, Davila E. An Anticancer Drug Cocktail of
Three Kinase Inhibitors Improved Response to a Dendritic Cell-Based Cancer Vaccine.
Cancer Immunol Res (2019) 9:1523–34. doi: 10.1158/2326-6066.CIR-18-0684

42. Xu B, Yuan L, Chen G, Li T, Zhou J, Zhang C, et al. S-15 in combination of Akt
inhibitor promotes the expansion of CD45RA(-)CCR7(+) tumor infiltrating
lymphocytes with high cytotoxic potential and downregulating PD-1(+)Tim-3
(+) cells as well as regulatory T cells. Cancer Cell Int (2019) 19:32201–11.
doi: 10.1186/s12935-019-1043-3

43. Wang M, Gou X, Wang L. Protein kinase B promotes radiation-induced
regulatory T cell survival in bladder carcinoma. Scand J Immunol (2012) 1:70–
4. doi: 10.1111/j.1365-3083.2012.02707.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhu, Xu, Zeng, Long, Fan, Ding, Wen, Cao, Dai, Han and Xie. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
November 2020 | Volume 10 | Article 491129

https://doi.org/10.1016/S1368-7646(02)00120-6
https://doi.org/10.1016/S1368-7646(02)00120-6
https://doi.org/10.1097/CAD.0b013e32833d19f0
https://doi.org/10.1074/jbc.M109745200
https://doi.org/10.1073/pnas.181181198
https://doi.org/10.1158/0008-5472.CAN-14-2277
https://doi.org/10.1158/0008-5472.CAN-14-2277
https://doi.org/10.1097/MAJ.0b013e31826ceed0
https://doi.org/10.1016/j.immuni.2011.01.012
https://doi.org/10.1158/1078-0432.CCR-11-0503
https://doi.org/10.1158/1078-0432.CCR-11-0503
https://doi.org/10.1158/2326-6066.CIR-18-0684
https://doi.org/10.1186/s12935-019-1043-3
https://doi.org/10.1111/j.1365-3083.2012.02707.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	ADNP Upregulation Promotes Bladder Cancer Cell Proliferation via the AKT Pathway
	Introduction
	Materials and Methods
	Cell Lines and Tissue
	Quantitative Real-Time PCR (qRT-PCR)
	Western Blot Analysis
	Immunostaining 
	Cell Transfection
	Cell Proliferation Assay
	Colony Growth Assay
	Cell Viability Assay
	Cell Cycle Analysis
	Tumor Xenograft Experiments
	Statistical Analysis

	Result
	High ADNP Expression in Human BC
	Upregulated ADNP Expression Is Associated With Advanced Clinicopathological Characteristics of BC
	High ADNP Expression Is Associated With Poor Outcome
	ADNP Regulates Bladder Cancer Cell Proliferation
	ADNP Accelerated G1-to-S Cell Cycle Transformation 
	ADNP Activates AKT-MDM2-p53 Signaling Pathways
	ADNP Regulates Bladder Cancer Tumorigenesis In Vivo
	Effect of ADNP on Proliferation and Cell Cycle Could Be Rescued by MK-2206 2HCI

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


