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Effective treatments for prostate cancer (PCa) require further
development, and previous studies have reported that PTEN
and its downstream target CDKN1B are significantly downre-
gulated in PCa cells compared with normal cells. Therefore,
modulation of PTEN and CDKN1B expression might be a
promising therapeutic approach for PCa treatment. Expression
of PTEN and CDKN1B was verified in specimens from PCa
patients and transgenic adenocarcinoma mouse prostate
(TRAMP) mice. The effect of PTEN on PCa cell migration,
apoptosis, and the cell cycle was analyzed in vitro using a
wound-healing assay and flow cytometry. We assessed the abil-
ity of intraprostatic and intratumoral injections of recombi-
nant adeno-associated virus (rAAV) 9 expressing Pten or
Cdkn1b into TRAMP mice and a subcutaneous tumor xeno-
graft mouse model, respectively, to inhibit PCa progression.
PTEN and CDKN1B were significantly downregulated in hu-
man and mouse PCa samples, and CDKN1B expression corre-
lated positively with PTEN expression. PTEN overexpression
significantly inhibited cell migration and cell-cycle progression
and promoted apoptosis in PCa cells by decreasing Ccnd1
expression and increasing that of Cdkn1b. Importantly, treat-
ment with the rAAV9.Pten or rAAV9.Cdkn1b extended the
lifespan of TRAMP mice and inhibited the growth rate of
tumor xenografts by regulating downstream gene expression.
Moreover, neoplasia in treated prostates was significantly
diminished compared with that in control prostates, and
apoptosis was markedly observed in xenografts treated with
Pten or Cdkn1b. These data indicate that rAAV-based PTEN/
CDKN1B delivery is promising for the development of novel
therapeutics for PCa.

INTRODUCTION
Prostate cancer (PCa) is the secondmost commonly diagnosed cancer
and the second leading cause of cancer-related deaths among men in
46 countries.1 Drugs for different targets have been developed for the
treatment of PCa, including sipuleucel-T,2 abiraterone,3 enzaluta-
mide,4 and docetaxel.5 However, tumor cell growth and metastasis
are not completely inhibited by these therapeutics, and PCa relapse
is a major challenge for the effective treatment of PCa. In recent de-
cades, many studies have investigated the underlying mechanism
involved in the occurrence and development of PCa, and many inno-
vative drug candidates have been provided,6,7 though the efficacies of
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these drugs need to be improved. Androgen receptor (AR) signaling
plays a crucial role in PCa progression, and drugs targeting this
pathway cause significant PCa suppression;8 nevertheless, off-target
effects are induced by mutation, alternative splicing, or ligand mis-
matching of these targets. Therefore, novel therapeutics should be
developed for effective PCa treatment based on different perspectives.

Phosphatase and tensin homolog (PTEN) is a well-known tumor-
suppressor gene involved in many types of carcinomas, including
PCa,9 liver cancer,10 breast cancer,11 lung cancer,12 and colorectal
cancer.13 Specifically, in patients with androgen-dependent PCa
(ADPC) and castration-resistant PCa (CRPC), one copy of the
PTEN gene has often been lost.14 PTEN loss causes an increase in
PIP3 cellular content and ultimately promotes AKT activity and its
downstream function.9 Therefore, PTEN is deemed an important
negative regulator of PI3K/AKT signaling that plays important roles
in cancer. PI3K inhibitors have been developed to inhibit tumor pro-
gression; however, their clinical applications have been hampered by
serious side effects and toxicity.9 As a critical modulator of P13K/
AKT signaling, therapeutics that target PTEN warrant investigation.

Interestingly, Li et al. reported that CDKN1B and CCND1, two
downstream genes of PTEN, exhibit copy-number alteration
(CNA) deletions and amplification, respectively, in PCa.15 Further-
more, as a cyclin-dependent kinase inhibitor, CDKN1B has been
shown to be a reliable prognostic marker for PCa; hence, low
expression of CDKN1B is correlated with a poor prognosis.16

PTEN enhances CDKN1B expression levels by activating its tran-
scription and reducing its degradation.17 Moreover, the expression
and nuclear localization of CCND1 is negatively regulated by
PTEN, and PTEN orchestrates cell proliferation by synergistically
regulating CCND1 and CDKN1B.17 These findings imply that
PTEN signaling exerts a pivotal effect on tumor cell proliferation
by regulating cell-cycle arrest; thus, PTEN might be an ideal
Authors.
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Figure 1. PTEN expression pattern in human and mouse PCa

(A) The panels showing PTEN gene alteration frequency demonstrate that PTEN gene deletion and mutation are two common events reported in various studies. (B) Data

from TCGA indicated significant downregulation. (C) PTEN expression in the normal and PCa groups with different Gleason scores. (D) PTEN expression in the normal and

PCa groups with different degrees of lymph node metastasis. (E) PTEN expression was obviously decreased with PCa progression. CNA, copy-number alteration; GS,

Gleason score; AP, anterior prostate; DLP, dorsal lateral prostate. **p < 0.01 compared with normal AP; #p < 0.05 and ##p < 0.01 compared with normal DLP.
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therapeutic target to inhibit PCa progression. However, the delivery
of therapeutic genes into the normal prostate or PCa cells is still an
immense challenge.

Our previous studies showed that recombinant adeno-associated vi-
rus (rAAV) can effectively and safely transduce normal prostate tissue
and PCa cells, making it a powerful tool for developing novel thera-
peutics for PCa.18,19 Compared with other viral vectors, rAAVs
possess many advantages for gene delivery, i.e., long-term gene
expression, high transduction efficiency, wide tissue tropism, and
low immunogenicity.18,20 Watanabe et al. utilized AAV serotype 2
to deliver Maspin into PCa xenografts, which led to a significant sup-
pression of tumor growth.21
In this study, we first investigated the role of PTEN in inhibiting PCa
progression, and second, we explored the therapeutic effects of
rAAV-based gene delivery in vivo using a transgenic mouse model
and a xenograft model. The findings provide an important foundation
for the clinical application of rAAV-based gene therapy for PCa,
which would be greatly beneficial for these patients.

RESULTS
Downregulation of PTEN in human and mouse PCa specimens

To determine the expression pattern of PTEN in PCa tissues, we first
analyzed its alteration frequency using The Cancer Genome Atlas
(TCGA) data from cBioPortal. As shown in Figure 1A, deep deletion
of and mutations in PTEN were common in PCa samples. Thus,
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Figure 2. CDKN1B expression in human PCa

(A) TCGA data analysis showed a marked reduction in

CDKN1B in PCa samples compared with control samples.

(B) Correlation analysis of the expression of PTEN and

CDKN1B. (C and D) The methylation levels of the CDKN1B

gene promoter were evaluated between the normal and

PCa groups.

Molecular Therapy: Nucleic Acids
PTEN expression was significantly downregulated in PCa samples,
and its expression was unrelated to the Gleason score (Figures 1B
and 1C). Interestingly, PTEN expression was negatively correlated
with lymph node metastasis (Figure 1D). In the transgenic adenocar-
cinoma mouse prostate (TRAMP) mouse model, Pten downregula-
tion was accompanied by PCa progression (Figure 1E).

Decreased expression of CDKN1B in PCa samples

By mining TCGA data, we found that CDKN1B expression was
markedly reduced in PCa samples (Figure 2A) and that its expres-
sion was positively correlated with PTEN expression (r = 0.4776)
(Figure 2B). Intriguingly, an obviously high methylation level was
detected at the promoter region of CDKN1B in PCa tissue, and
this level was not affected by the status of lymph node metastasis
(Figures 2C and 2D), which might be one reason for the reduction
in CDKN1B expression since a high methylation level can inhibit
gene transcription.

PTEN overexpression significantly inhibits PCa cell migration

and cell-cycle progression and promotes cell apoptosis

To further study the role of PTEN in regulating PCa progression,
PTEN was overexpressed in the PCa cell line PC3, the migration
of which was assessed using a wound-healing assay. As shown in
Figures 3A–3C, the mRNA and protein levels of PTENwere dramat-
ically upregulated in PC3 cells. Moreover, the wound width in the
PTEN overexpression group was significantly greater than that in
the mock group (Figures 3D and 3E). Next, apoptosis and the cell-
cycle status of PC3 cells were evaluated using flow cytometry.
PTEN overexpression markedly promoted PC3 cell apoptosis (Fig-
ures 4A and 4B); nevertheless, the cell cycle was inhibited signifi-
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cantly by PTEN (Figures 4C and 4D). Moreover,
cell proliferation was assessed by Cell Counting
Kit-8 (CCK-8) assay, and the data indicated
that PTEN obviously decreased PC3 cell prolif-
eration (Figure 4E). To reveal the underlying
mechanism, the expression of two important
genes downstream of PTEN, CCND1, and
CDKN1B was assayed, and the results showed
that PTEN overexpression markedly decreased
CCND1 and increased CDKN1B expression
(Figure 4F). Furthermore, PTEN or CDKN1B
overexpression also promoted the apoptosis
and inhibited the cell cycle of C42B-MDV cells,
a cell line expressing AR with enzalutamide
resistance (Figure S1). These findings indicated
that PTEN can inhibit PCa cell migration and the cell cycle and
can promote apoptosis, at least in part, by regulating CCND1 and
CDKN1B expression.

Pten and Cdkn1b suppress PCa progression in a TRAMPmodel

To elucidate the therapeutic roles of Pten andCdkn1b, rAAV9.Pten or
rAAV9.Cdkn1b was intraprostatically injected into the mouse pros-
tate, and the DNA and mRNA levels were detected in the anterior
prostate (AP) and dorsal lateral prostate (DLP). As shown in Figure 5,
the DNA and mRNA levels of Pten and Cdkn1b were significantly
elevated in the AP and DLP. Furthermore, the transduction pattern
of rAAV9 in the prostate was evaluated using EGFP as a reporter
gene, and our previous findings indicated that prostate epithelial cells
could be efficiently transduced by rAAV9.22 Additionally, the body
weights of the mice in the three groups were not markedly different
(Figure 6A). Importantly, the survival status of mice in the Pten and
Cdkn1b groups was obviously improved, and the median survival of
mice in the mock, Pten, and Cdkn1b groups was 220, 301, and
365 days, respectively (Figure 6B). Furthermore, hematoxylin and
eosin (H&E) staining showed that neoplasia in the AP and DLP in
mice in the Cdkn1b and Pten groups was diminished compared
with that in mice in the mock group (Figure 6C). Importantly, Pten
overexpression markedly promoted the expression of its downstream
gene Cdkn1b at both the mRNA and protein levels (Figures 7A, 7B,
and 7C) and altered the phosphorylation level of Ctnnb1, another
target of Pten (Figures 7B and 7C). However, the mRNA and protein
expression of Ccnd1 was dramatically decreased by Pten (Figures 7A,
7B, and 7C). These results were consistent with those in previous
studies, which also showed that the regulation of gene expression by
Pten can explain its role in the inhibition of PCa progression. These



Figure 3. PTEN overexpression significantly inhibits PCa migration in vitro

(A) qPCR detection of PTEN mRNA levels. (B) The protein level of PTEN was detected in PC3 cells. (C) The intensities of the protein bands were determined using ImageJ

software. (D) A wound-healing assay was used to assess the migration ability of PC3 cells, and representative images are shown. (E) Real-time measurement of the width of

the wound showed that PTEN overexpression markedly decreased PC3 cell migration. The experiments were performed in triplicate, and three replicates were included in

each group. *p < 0.05; ****p < 0.0001.
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findings suggest that Pten and Cdkn1b can effectively inhibit PCa
development by modulating the expression of downstream genes.

Pten andCdkn1b repress tumor growth in an immunocompetent

xenograft mouse model by increasing apoptosis

To confirm the inhibitory role of Pten and Cdkn1b in PCa progres-
sion, a xenograft model in which TRAMP-C2 cells were injected
into C57/B6 mice was established; the rAAV plasmids were then in-
tratumorally injected when the tumor volume reached approximately
100 mm3 (Figure 8A). As illustrated in Figure 8B, the tumor growth
rates of mice in the Pten and Cdkn1b groups were significantly lower
than those of the mock group, and the expression of Pten and Cdkn1b
in tumor tissues was also markedly increased (Figures 8C and 8D).
H&E staining of tumor tissue did not show obvious pathological dif-
ferences among these three groups; however, the apoptosis rate of tu-
mor cells in the Pten and Cdkn1b groups was significantly increased
compared with that in the mock group (Figure 8E). These findings
indicated that Pten and Cdkn1b can effectively inhibit tumor growth
and might be ideal targets for PCa treatment.

DISCUSSION
PCa is a disease that threatens the survival and quality of life of pa-
tients with this cancer. Overall, the mortality rate of PCa is
increasing, even with early surveillance based on prostate-specific
antigen (PSA) detection.23 ADPC can be effectively treated with
androgen deprivation therapy (ADT). However, tumor cells can
become resistant to this type of treatment due to genomic reprog-
ramming or other causes, whereby ADPC evolves toward CRPC.
In CRPC, AR mutation, overexpression, and alternative splicing
occur in tumor cells, and the effect of AR signaling on tumor cell
growth is significantly diminished.24 Furthermore, androgen can
be released from tumor cells themselves or from the adrenal
glands.25 Based on this understanding, novel endocrine therapeutics
have been developed that decrease androgen synthesis and the bind-
ing between androgen and AR. Abiraterone is a CYP17 inhibitor,
which is crucial for androgen synthesis in the testes, adrenal glands,
and tumor cells.26 After ADT treatment, tumor cells are more sen-
sitive to low levels of androgen; hence, this is an alternative for effec-
tive PCa treatment that completely blocks androgen synthesis.
Moreover, as AR activity in tumor cells is promoted by binding
androgen, agents blocking the binding of AR and androgen may
have an inhibitory effect on PCa progression. Enzalutamide was de-
signed to competitively bind AR, and thus, tumor cell growth can be
inhibited by repressing the activity of AR signaling.27 In general,
both abiraterone and enzalutamide were designed to target the AR
signaling axis, and efficacies for PCa inhibition at the early stage
are promising. Nonetheless, these inhibitory effects can be reduced
and even disappear after several months of treatment.28

Therefore, the underlying mechanisms of resistance and relapse
require further exploration, and a breakthrough for effective treat-
ment of PCa could be achieved from this perspective. PTEN and
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Figure 4. PTEN overexpression significantly promotes cell apoptosis and inhibits the cell cycle by regulating CCND1 and CDKN1B expression

(A and B) PC3 cell apoptosis was detected by flow cytometry. Q2-UR represents (double-positive) late-stage apoptosis, and Q2-LR represents (FITC-positive/PI-

negative) early stage apoptosis. (C and D) The cell cycle was analyzed by flow cytometry. The number of cells in the G2 and S phases in the PTEN group was

significantly lower than that in the mock group. (E) The effect of PTEN on PC3 cell proliferation was measured using the CCK-8 assay. (F and G) CCND1 and CDKN1B

expression was detected using qPCR. The experiments were performed in triplicate, and representative images of cytometry are presented in (A and C) *p < 0.05; **p

< 0.01; ****p < 0.0001.
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CDKN1B have been extensively demonstrated to be deleted or
mutated in PCa in cohorts from Western countries and Asian pop-
ulations. These findings suggest that PCa progression can be
significantly inhibited by PTEN and CDKN1B overexpression. In
combination with the rAAV vector, genes of interest can be effec-
tively delivered to normal prostate tissue and PCa cells, as previ-
ously described. Furthermore, our data showed that PTEN and
CDKN1B inhibited tumor cell growth in vitro and in vivo, which
reveals an opportunity for the development of alternative treat-
ments for PCa.
126 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
In terms of the suppressive role of PTEN, TCGA data suggest
that PTEN deletion or mutation dramatically decreased the
survival of PCa patients (data not shown) and that its low expres-
sion was stably detected in samples with different Gleason scores
and in those with different degrees of lymph node metastasis,
which suggests that PTEN might be an ideal target for PCa treat-
ment. Interestingly, the synergistic expression of PTEN and
CDKN1B further suggested the potential role of PTEN gene deliv-
ery in inhibiting PCa. By regulating CDKN1B and CCND1 expres-
sion, PTEN significantly inhibits the cell cycle at G1 phase and



Figure 5. Cdkn1b and Pten DNA and mRNA levels in the AP and DLP after

intraprostatic injection

(A and B) DNA and mRNA levels of Cdkn1b were detected using qPCR. (C and D)

DNA and mRNA levels of Pten were detected using qPCR. Prostate tissues from 5

mice each were used for DNA and mRNA detection. *p < 0.05; ***p < 0.001; ****p <

0.0001.
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promotes both early stage and late-stage apoptosis in PCa cells
in vitro.

Notably, intraprostatic injection of rAAV9.Pten and rAAV9.
Cdkn1b markedly increased the survival rates of TRAMP mice.
The median survival time increased from 220 days in the mock
group to 301 and 365 days in the Pten and Cdkn1b groups, respec-
tively. The single deletion of CDKN1B did not lead to tumorigen-
esis; however, the reduction in Cdkn1b gene expression accelerated
tumorigenesis in Pten+/– mice.16 Conversely, the combined delivery
of PTEN and CDKN1B might result in a greater therapeutic effect
on PCa than single-gene delivery. Consistent with our in vitro re-
sults, Pten promoted Cdkn1b expression and Ctnnb1 phosphoryla-
tion and decreased Ccnd1 expression in vivo, which again verifies
the mechanism through which PTEN regulates PCa progression.
Importantly, CTNNB1 phosphorylation is directly regulated by
the PTEN/AKT/GSK3b signaling pathway; namely, PTEN overex-
pression activates the GSK3b function and increases CTNNB1
phosphorylation, and then the phosphorylation of CTNNB1 is
degraded by the proteasome.29,30 Expression of downstream genes,
which promote cell-cycle progression and survival, was decreased,
and cancer progression was inhibited.

In our study, rAAVs at a dose of 4�1011 gene copies (GC) were
administered intraperitoneally and amounted to 1.74 � 1013 GC/
kg, given that 8-week-old mice had an average weight of 23 g.
Although this dose appears high, a preclinical study in dogs using
semisystemic intraportal administration of rAAV8 reported the
safe administration of 4.95 � 1013 GC/kg, which supports the
safety and feasibility of our dose.31 Particularly, our study included
two in vivo mouse models to investigate the therapeutic role of
PTEN and CDKN1B in PCa. The PCa condition was simulated
in the TRAMP model, as mice exhibit various forms of disease
from mild intraepithelial hyperplasia to large multinodular malig-
nant neoplasia.32 The TRAMP-C2 xenograft model was established
by injecting TRAMP-C2 cells into wild-type C57/B6 mice. These
two models were established in mice with normal immune sys-
tems; hence, the therapeutic effect of rAAV-based gene delivery,
demonstrated by its inhibition of PCa progression, provides strong
evidence for its clinical translation and application.

In summary, the expression of PTEN and its downstream gene
CDKN1Bwere significantly reduced inhuman andmouse PCa samples
comparedwith control samples; when expressed, these genes effectively
inhibited PCa progression in vitro and in vivo by promoting apoptosis
and inducing cell-cycle arrest. By utilizing the rAAV-based gene deliv-
ery system, rAAV.Pten and rAAV.Cdkn1b showed promising curative
effects for PCa. The findings of our study provide an important alterna-
tive for clinicians and patients.
MATERIALS AND METHODS
TCGA data analysis

The alteration frequency of PTEN among different studies was
obtained from cBioPortal for Cancer Genomics (http://www.
cbioportal.org/).33,34 The gene expression profile and promoter
methylation data were obtained from UALCAN (http://ualcan.path.
uab.edu/index.html)35 and TCGA datasets (https://portal.gdc.
cancer.gov/). Furthermore, the gene expression data were normalized
according to an algorithm of transcripts per kilobase of exon model
per million mapped reads (TPM).
Cell culture and TRAMP model

PC3 and TRAMP-C2 cells, which are human and mouse PCa cell
lines, respectively, were obtained from ATCC (CRL-1435 and
CRL-2731, Manassas, VA, USA). They were cultured in F-12K
and DMEM supplemented with 10% fetal bovine serum (FBS)
and 1% ampicillin/streptomycin at 37�C in a humidified atmo-
sphere of 5% CO2. C42B-MDV cells with enzalutamide (#s1250,
Selleck, Shanghai, China) resistance were gifted from our collabo-
rator, and these cells were cultured with 1640 Medium containing
20 mM of enzalutamide. In addition, the TRAMP mice were pur-
chased from Jackson Laboratory and were housed under a 12-h
light cycle and a 12-h dark cycle per the requirements of the Insti-
tutional Animal Care and Use Committee (IACUC) of the Univer-
sity of Massachusetts Medical School.
Production and titration of rAAV plasmids

The rAAV plasmids used in this study were produced, purified, and
titrated by the vector core of the University of Massachusetts Medical
School, as previously described.36
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Figure 6. Pten and Cdkn1b improve survival by

alleviating neoplasia

(A) The body weights of the mice were recorded every

2 weeks (n = 7/group). (B) The survival of mice was moni-

tored every day, and the median survival is indicated by the

arrows (n = 7/group). (C) H&E staining of the AP and DLP

illustrates the pathological changes in mouse prostates

treated with Cdkn1b and Pten. Areas of neoplasia are

indicated by black arrows (n = 5/group). Representative

images are presented.
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Lentivirus production

Briefly, 293T cells were seeded into a 6-well plate for 16–24 h, and
then cells were cultured with medium containing 25 mM of chloro-
quine. Next, 100 mL of mixture containing 2 mg of psPAX2 (Addgene
#12260), 1 mg of pMD2.G (Addgene #12259), 4 mg of cis-plasmid-ex-
pressing PTEN or CDKN1B, and 12.5 mL of 2MCaCl2 was added with
2�HBS solution using a vortex. Then, the mixture was slowly added
into the culture medium. The culture medium was replaced after 12 h
of transfection, and the supernatant was harvested after 36, 48, and
60 h of co-transfection. Finally, the lentiviral crude lysate was filtrated
using a 0.45 mm filter.

Animal studies

Eight-week-old male TRAMP mice were used in this study, and
4 � 1011 GC of rAAV9.Pten or rAAV9.Cdkn1b plasmids in
40 mL of phosphate-buffered saline (PBS) were intraprostatically
injected into two lobes of the AP and DLP (n = 7/group). The
body weight of the mice was recorded every other week, and the
survival status was observed daily. In addition, the mouse prostates
were harvested for gene expression detection and histopathology
4 weeks after viral injection (n = 5/group). TRAMP-C2 cells
were cultured as described above. In total, 3 � 106 cells were in-
jected into the right flank of male C57/B6 mice. The tumor volume
reached approximately 100 mm3 7–8 weeks after subcutaneous in-
jection. Subsequently, 5 � 1011 GC rAAV particles were injected
into the tumor at a single site. The length and width of the tumor
128 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
were measured every 3 days. The tumor vol-
ume was calculated according to the following
formula: L � W2 � 0.5236, where L is tumor
length and W is tumor width.21 Fifteen days
later, mice bearing TRAMP-C2 xenografts
were sacrificed, after which tumor tissues
were harvested and H&E staining and a termi-
nal deoxynucleotidyl transferase (TdT)-medi-
ated dUTP nick end labeling (TUNEL) assay
were performed.

Quantitative polymerase chain reaction

(qPCR)

First, total RNA was extracted using an AllPrep
DNA/RNA Mini Kit from QIAGEN (80,204,
Germantown, MD, USA), and cDNA was syn-
thesized using a High-Capacity cDNA Reverse Transcription Kit
from Thermo Fisher (4368814, Thermo Fisher Scientific, Waltham,
MA, USA). Second, qPCR was performed under the following reac-
tion conditions: one cycle at 95�C for 2 min and 40 cycles at 95�C
for 5 s and 60�C for 10 s. The relative mRNA expression was deter-
mined using the 2�DDt method. Beta-actin served as an internal
control, and all experiments were performed in triplicate.

Western blotting

Total proteins were harvested using a radio-immunoprecipitation
assay (RIPA) lysis buffer. Briefly, proteins were separated by 10%
SDS-PAGE and transferred onto a polyvinylidene fluoride (PVDF)
membrane at 220 mA for 90 min. After blocking with 5% skimmed
milk, the membranes were incubated with the primary antibodies
at 4�C overnight. Next, the membranes were incubated with second-
ary antibodies at room temperature (RT) for 1 h. Finally, the protein
bands were developed using an enhanced chemiluminescence
(ECL) kit. Additionally, primary antibodies against Pten (Cat.
No. ab267787), Ccnd1 (Cat. No. ab134175), Cdkn1b (Cat. No.
ab193379), Actb (Cat. No. ab6276), and p-Ctnnb (cat. no.
ab27798), as well as goat anti-rabbit immunoglobulin G (IgG) H&L
(HRP) (Cat. No. ab6721) and goat anti-mouse IgG H&L (horseradish
peroxidase [HRP]) (Cat. No. ab6789) secondary antibodies were pur-
chased from Abcam (Cambridge, MA, USA). The intensities of the
protein bands were evaluated using ImageJ software, and all experi-
ments were performed in triplicate.



Figure 7. Pten regulates downstream gene expression

(A) qPCR detection of Ccnd1 and Cdkn1b inmouse prostate tissues (n = 5/group). (B) The expression of phosphorylated Ccnd1, Cdkn1b, Pten, and Ctnnb1 was detected by

western blotting, and representative images of protein bands from one animal each are shown. (C) The protein bands as shown in (B) from 5 animals each were quantitated

using ImageJ software. *p < 0.05; **p < 0.01.
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Wound-healing assay

Cell migration was assessed in vitro using a wound-healing assay. In
all, 3 � 105 cells were seeded into a 6-well plate, after which the cells
were transfected with a PTEN overexpression plasmid for 48 h. Then,
the cell monolayer was scratched with a 10 mL tip, and the wound
widths were recorded after 0, 24, 48, and 72 h of transfection. The
wound width was measured using ImageJ software, and all experi-
ments were performed in triplicate.

Cell apoptosis analysis

Cell apoptosis was analyzed using a kit purchased from KeyGEN
BioTECH (KGA108-2, Nanjing, China). After 48 h of transfection
or infection, PC3 or C42B-MDV cells in a 6-well plate were digested
with trypsin without EDTA, and the cells were washed twice in PBS
for 5 min. Next, cells were suspended in 500 mL of binding buffer and
incubated with 5 mL of annexin V-fluorescein isothiocyanate (FITC)
and 5 mL of propidium iodide for 15 min. Apoptosis rates were deter-
mined using a CytoFLEX flow cytometer (Beckman Coulter, Brea,
CA, USA), and all experiments were performed in triplicate.

Cell-cycle detection

The cell cycle was analyzed using a kit from KeyGEN BioTECH
(KGA512, Nanjing, China). Cells transfected with plasmids or infected
with lentiviruses for 48hwere harvested bydigestion and centrifugation
at 400 g for 5min, after which the cells were fixed overnight in 70%pre-
cooled ethanol. Fixed cells were centrifuged at 400 g for 3min and incu-
bated with 500 mL of propidium iodide/RNase Amixture (9:1, v/v); the
cell-cycle status was detected using a CytoFLEX flow cytometer (Beck-
manCoulter, Brea, CA,USA). The proliferation indexwas calculated as
follows: proliferation index (PI) = (S + G2/M)/(G0/1 + S + G2/M) �
100%, and all experiments were performed in triplicate.
Cell viability assay

A CCK-8 purchased from Dojindo was used to evaluate cell prolifer-
ation. After transfection with the PTEN plasmid for 48 h, 10 mL of the
CCK-8 solution was added to each well of a 96-well plate, and the
plate was further incubated at 37�C for 2 h. Furthermore, the optical
density at 450 nm was measured using a microplate reader, and all
experiments were performed in triplicate.

H&E staining

Histological analysis was performed as previously described.18 Briefly,
tissues were fixed in 4% paraformaldehyde overnight at RT,
embedded in paraffin, and sectioned at a 4 mm thickness. The sections
were stained with H&E and imaged under a microscope (Leica, Buf-
falo Grove, IL, USA).18

TUNEL assay

PCa cell apoptosis was assessed using the DeadEnd Colorimetric
TUNEL System from Promega (G7360, Madison, WI, USA). Briefly,
the slides were deparaffinized in two changes of xylene (5 min each),
and the slides were rehydrated in decreasing concentrations of ethanol
(100%, 95%, 85%, 70%, and 50%) for 3 min each time. After the slides
were fixed in 4% paraformaldehyde in PBS for 15 min, tissues were
treated with 100 mL of a 20 mg/mL Proteinase K solution at RT for
30 min and refixed in 4% paraformaldehyde in PBS for 5 min. Next,
slides were equilibrated using 100 mL of equilibration buffer at RT for
10 min and then incubated with 100 mL of TdT reaction mixture for
1 h at 37�C in a humidified chamber. Then, the reaction was stopped
using 2� saline sodium citrate (SSC) for 15 min, after which the slides
were blocked in 0.3% hydrogen peroxide for 5 min. Furthermore, the
slides were incubated with 100 mL of streptavidin HRP (diluted 1:500
in PBS) for 30 min at RT and stained with 100 mL of diaminobenzidine
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Figure 8. Pten andCdkn1b significantly inhibits tumor

growth in a subcutaneous xenograft model

(A) A schematic diagram illustrates the establishment of

the xenograft model and intratumoral injection of

rAAV.Pten or rAAV.Cdkn1b. (B) The tumor volume was

measured every 3 days. Significant differences among

these groups were observed 9 days after injection. (C)

Cdkn1b and Pten expression in xenografts was de-

tected using qPCR. (E) H&E staining shows the path-

ological status of xenograft tumors, and a TUNEL assay

was used to evaluate tumor cell apoptosis, as indicated

by the white arrow. Representative images of the

TUNEL assay are shown (n = 4/group). *p < 0.05; **p <

0.01; ***p < 0.001.

Molecular Therapy: Nucleic Acids
(DAB) solution until a light brownbackground appeared. Finally, stain-
ing was visualized by light microscopy after several washes.

Statistical analysis

All data are presented as means ± standard error of the mean (SEM)
or standard deviation (SD). The statistical significance of compari-
sons among multiple groups (>3) and between groups was deter-
mined using analysis of variance (ANOVA) and Student’s paired t
test, respectively, in GraphPad Prism 7.0. The statistical analyses
were performed on the survival using log rank test. A p value <
0.05 was considered significant.
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