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Abstract
Background: DOK3 (Downstream of kinase 3) is involved primarily with immune cell infiltration. Recent research reported the
role of DOK3 in tumor progression, with opposite effects in lung cancer and gliomas; however, its role in prostate cancer (PCa)
remains elusive. This study aimed to explore the role of DOK3 in PCa and to determine the mechanisms involved.
Methods: To investigate the functions and mechanisms of DOK3 in PCa, we performed bioinformatic and biofunctional analyses.
Samples from patients with PCawere collected fromWest ChinaHospital, and 46 were selected for the final correlation analysis. A
lentivirus-based short hairpin ribonucleic acid (shRNA) carrier was established for silencing DOK3. A series of experiments
involving the cell counting kit-8, bromodeoxyuridine, and flow cytometry assays were performed to identify cell proliferation and
apoptosis. Changes in biomarkers from the nuclear factor kappa B (NF-kB) signaling pathway were detected to verify the
relationship between DOK3 and the NF-kB pathway. A subcutaneous xenograft mouse model was performed to examine
phenotypes after knocking downDOK3 in vivo. Rescue experiments with DOK3 knockdown and NF-kB pathway activation were
designed to verify regulating effects.
Results: DOK3 was up-regulated in PCa cell lines and tissues. In addition, a high level of DOK3 was predictive of higher
pathological stages andworse prognoses. Similar results were observed with PCa patient samples. After silencing DOK3 in PCa cell
lines 22RV1 and PC3, cell proliferation was significantly inhibited while apoptosis was promoted. Gene set enrichment analysis
revealed that DOK3 function was enriched in the NF-kB pathway.Mechanism experiments determined that knockdown of DOK3
suppressed activation of theNF-kB pathway, increased the expressions of B-cell lymphoma-2 like 11 (BIM) and B-cell lymphoma-2
associated X (BAX), and decreased the expression of phosphorylated-P65 andX-linked inhibitor of apoptosis (XIAP). In the rescue
experiments, pharmacological activation of NF-kB by tumor necrosis factor-a (TNF-a) partially recovered cell proliferation after
the knockdown of DOK3.
Conclusion: Our findings suggest that overexpression of DOK3 promotes PCa progression by activating the NF-kB signaling
pathway.
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Introduction

As the most commonmalignancy in males, prostate cancer
(PCa) is estimated to have 248,530 new cases and is the
second leading cause of cancer deaths in the United States
in 2021.[1] Recently, patient survival has benefited from
developments in screening methods and treatments.[2-4]

However, despite receiving adequate therapies, some
patients may experience recurrence, progression, or even
metastasis.[5] Therefore, recognizing potential progression
biomarkers and identifying novel therapeutic targets may
improve our understanding of the mechanisms involved in
PCa and promote better clinical decision-making when it
comes to treatment.
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There are many studies explaining the possible mecha-
nisms of PCa progression. Several investigations revealed
a potential link between chronic inflammation and
PCa,[6-8] indicating that the inflammatory microenviron-
ment could regulate progression. Others reported that
cancer stem cells, with a capacity for self-renewal and
proliferation, play an essential role in tumor growth, thus
causing resistance to radiation, androgen deprivation
therapy, and chemotherapy in patients with PCa.[9,10] In
addition, a group of studies focusing on the immune-
related microenvironment reported that both innate and
adaptive immune cells contribute to PCa progression.[11]

As an immunogenic disease, PCa could evade the immune
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system by inducing T-cell apoptosis, thus causing
ineffective antigen presentation.[12,13] Although various
mechanisms have been considered, the exact etiology of
PCa remains unknown.

DOK (Downstream of kinase) is a family of adaptor
proteins that act as catalysts by connecting protein
tyrosine kinases and their downstream effectors.[14] As
a member of the DOK family, DOK3, binding the
cytoplasmic protein tyrosine kinases Abl, was first
discovered by Cong et al[15]. Since DOK3 is an adaptor,
it can bind molecules, thus participating in various
intracellular signal transduction processes, especially
signaling the B cell receptor in B cells and other innate
immune cells.[16-22] Liu et al[23] reported that DOK3
negatively regulated inflammatory cell infiltration and the
generation of inflammatory cytokines, thereby suppress-
ing acute respiratory distress syndrome induced with
lipopolysaccharides inmice. In two studies that focused on
the effects of DOK3 on tumors, one showed that
overexpression of DOK3 indicated high suppressive
immune cell infiltration, leading to a worse prognosis
for gliomas;[24] the other study performed by Berger
et al[25] found that DOK3 was a lung tumor suppressor,
while combined loss of DOK1, DOK2, and DOK3
enhanced neoplastic transformation. These two studies
reported opposite effects of DOK3 on tumor promotion
and no relevant exploration of PCa; therefore, we aimed to
investigate the role of DOK3 in PCa progression.
Methods

Ethical approval

The study was conducted in accordance with the
Declaration of Helsinki and was approved by the
Institutional Ethics Review Board of West China Hospital
of Sichuan University (No. 2017-324). Informed written
consent was obtained from all patients before enrollment
in this study.
Patient samples

A total of 46 human PCa specimenswere acquired from the
Department of Urology at West China Hospital, Sichuan
University, following radical prostatectomy. Patients
with other types of cancer or a previous surgical history
were excluded. Pathological characteristics, including
tumor (T) stage and Gleason score (GS), were collected.
Cell lines and cell culture

Human PCa cell lines (22RV1, LNCAP, DU145, and PC3)
and the prostate epithelial cell line HPEPic (RWPE-1) were
purchased from the American Type Culture Collection
(Rockville, MD, USA). Normal prostate epithelium cells
were incubated in Prostate Epithelial Cell Medium
(ScienCell Research Laboratories, Inc., Carlsbad, CA,
USA), while all PCa cell lines were cultured with RPMI-
1640 medium (HyClone Laboratories, Inc., Logan, UT,
USA). Additions to the medium used for PCa cell culture
included 10% fetal bovine serum (Gibco, NY, USA),
penicillin 100 U/mL, and streptomycin 100 mg/mL
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(Invitrogen, Carlsbad, CA, USA). All cell lines were
incubated in a humidified atmosphere with 5% CO2 at
37°C.
Quantitative real-time PCR analysis

All ribonucleic acids (RNAs) were extracted from cell lines
using Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. A PrimeScript RT reagent
kit (Takara, Dalian, China) was used for reverse
transcription. The quantitative real-time polymerase chain
reaction (qRT-PCR) assays were performed using SYBR
Green with ABI Prism 7300 SDS software (Thermo Fisher
Scientific, Waltham, USA) to examine gene expression
levels. The cycle numbers of the target genes were
normalized based on those of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) to obtain a DCT value. The
calculation equation of relative messenger ribonucleic acid
(mRNA) level was 2�DDCT.

The primer sequences for DOK3 were:

forward (F), 50-CGGCTCCGACAAGATACTTC-30 and
reverse (R), 50-TAGGCACGCAGCAAACTC-30.

The primer sequences for GAPDH were:
F, 50-AATCCCATCACCATCTTC-30 and R, 50-AGGCT
GTTGTCATACTTC-30.

Western blotting

Protein levels were estimated by Western blotting assays.
Total protein of cell lines was obtained with a RIPA kit
(Beyotime, Shanghai, China). Using the bicinchoninicacid
Protein Assay Kit (Beyotime, Shanghai, China), the
protein concentration of each sample was measured.
Denatured cellular protein lysates were separated on a
10% sodium dodecyl sulfate-polyacrylamide gel and
electro-transferred to a polyvinylidene fluoride membrane
(Millipore, Billerica,MA, USA).Membraneswere blocked
in 5% milk at room temperature for 1 h and incubated
with primary antibodies overnight at 4°C. After three
washes, membranes were incubated for 1 h at room
temperature with goat anti-rabbit IgG or anti-mouse IgG
(1:1000; Beyotime, Shanghai, China) as a secondary
antibody. Protein bands were visualized using an enhanced
chemiluminescent reagent (Millipore, Billerica, MA, USA).
All primary antibodies, including DOK3 (1:1000), P65
(1:1000), phosphorylated-P65 (p-P65) (1:1000), B-cell
lymphoma-2 like 11 (BIM) (1:1000), B-cell lymphoma-2
associated X (BAX) (1:1000), X-linked inhibitor of
apoptosis (XIAP) (1:1000), and b-actin (1:1000) were
purchased from Abcam (Abcam, Cambridge, England).

Knockdown of DOK3

The lentivirus construction of DOK3 knockdown was
designed and synthesized by SyngenTech (Beijing, China).
Specific short hairpin RNA (shRNA) sequences were:

shDOK3-1, F, 50-CCGGTTCTACCAGCAGCATGTCA
ACTCGAGTTGACATGCTGCTGGTAGATTTTTG-30
andR, 50-AATTCAAAAATCTACCAGCAGCATGTCAA
CTCGAGTTGACATGCTGCTGGTAGAA-30; shDOK3-
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2, F, 50-CCGGTTCCTCTACCAGCAGCATGTCTCGA-
GACATGCTGCTGGTAGAGGATTTTTG-30 and R, 50-
AATTCAAAAATCCTCTACCAGCAGCATGTCTCGA-
GACATGCTGCTGGTAGAGGAA-30. PCa cells were
plated in6-well dishes and infectedwithDOK3knockdown
lentivirus (shDOK3-1, shDOK3-2) in 22Rv1 and PC3 cells.
Pools of stable transductions were generated by selection
using puromycin (2 mg/mL) for 2 weeks.

Cell proliferation assay

Cells were seeded in 96-well plates at a density of 5� 103

cells/well, and cell viability was measured by cell counting
kit-8 (CCK-8) assays for 12, 24, 48, and 72 h.
Subsequently, CCK-8 solution (US Everbright, California,
USA) was added at 10 mL/well, and the absorbance was
measured at a wavelength of 450 nm after incubation for
2 h.
Bromodeoxyuridine (BrdU) assay

The BrdU assay (GENMED, Boston, US) was performed
to measure cell proliferation. In brief, ∼2� 106 cells were
seeded in a 60-mm culture plate containing a glass slide.
After adherence to the slide, cells were successively
labeled, washed, immobilized, blocked, and stained
according to the manufacturer’s instructions. The glass
slide was combined with anti-photochemical quenching
and mounted, and then examined using an inverted
fluorescence microscope (Olympus; Tokyo, Japan).
Apoptosis assay

After separating the media, cells were digested with
EDTA-free trypsin, centrifuged (2000 �g for 5 min), and
washed twice with cold phosphate-buffered saline (PBS).
Following centrifugation at the same rate, cells were
resuspended in 100 mL of buffer, consisting of 5 mL of
propidium iodide and 5 mL of fluorescein isothiocyanate-
labeled Annexin V (BD Biosciences, New Jersey, USA).
After incubation in the dark for 15 min at room
temperature, the proportion of apoptotic cells was
detected by flow cytometry.
Xenografts in mice

The animal experiments were approved by the ethics
committee of West China Hospital of Sichuan University,
and all animal procedures were carried out in compliance
with the Guidelines for the Care and Treatment of
Laboratory Animals. Twelve BALB/c male nude mice (4–6
weeks old) were purchased from Shanghai SLAC
Laboratory Animal Co. (Shanghai, China) and randomly
divided into two groups: shDOK3 (n= 6) and negative
control (n= 6). Approximately 5� 106 22RV1 cells which
stably expressed shDOK3 or control shRNAwere injected
into the left flank of each mouse. Tumor measurements
were performed every 3 days after macroscopic tumor
appearance and were calculated according to the follow-
ing formula: V= 0.5� length�width2. Three weeks
later, the mice were euthanized, and the tumors were
removed to measure and photograph.
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Histology and immunofluorescence

The tumor tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned for further hematox-
ylin and eosin staining and immunofluorescence. Tissue
sections were deparaffinized in xylene twice for 10 min
and rehydrated in a series of alcohols with different
concentrations (95%, 80%, and 75% for 5 min each).
After antigen retrieval using citrate buffer in an autoclave,
endogenous peroxidase activity was blocked using 0.5%
H2O2. Following three washes with PBS, the glass slides
were incubated with primary antibody (anti-Ki67 anti-
body/anti-proliferating cell nuclear antigen [PCNA] anti-
body, Abcam; Cambridge, MA, USA) overnight at 4°C.
The next day, a corresponding secondary antibody with
fluorescence was added at 37°C for incubation. Nuclei
were stained with 40, 6-diamidino-2-phenylindole. Images
were acquired using an Olympus inverted fluorescence
microscope.
Immunohistochemistry

Tumor tissue sections were paraffin-embedded, deparaffi-
nizedwith xylene, and rehydratedwith ethanol of gradient
concentrations. Antigen retrieval was performed using
citrate buffer in a water bath kettle. All sections were then
incubated with H2O2 and blocked with normal goat
serum. After washing with PBS, an anti-DOK3 antibody
was added dropwise to all sections and incubated at 4°C
overnight. The next day, a secondary antibody was added
after three washes with PBS. Chromogenic detection was
performed using diaminobenzidine, and slides were then
counterstained with hematoxylin. After dehydration and
mounting, images were captured using an Olympus
microscope (Tokyo, Japan). Quantitative analyses were
performed by combining the area percent of positive
neurons and the relative intensity of the staining gray level.
Statistical analysis

RNA-seq data of prostate cancer were downloaded from
The Cancer Genome Atlas project (TCGA, http://portal.
gdc.cancer.gov). Samples were obtained and processed
according to protocols from National Cancer Institute’s
Biospecimen Research Database (https://brd.nci.nih.gov/
brd/). All genes were transformed into a gene symbol
matrix using Ensembl ID data from the Ensembl database
(http://asia.ensembl.org/index.html). Clinicopathological
features and survival outcomes were extracted and
combined with this data.

First, the expression level of DOK3 was evaluated in
tumor samples compared with normal tissues. Unpaired t-
tests were performed to evaluate the differences between
the two groups (normal tissue vs. tumor tissue). Second,
clinicopathological features were extracted and analyzed
combined with the DOK3 expression level. For multiple
comparisons, a chi-squared test was applied for normal
distribution data, while a Kruskal-Wallis test was applied
for abnormal distribution data. Third, the Kaplan-Meier
method was applied for survival analysis, and the survival
rate between the two groups was compared using a log-
rank test. Gene set enrichment analysis (GSEA) was
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carried out using the GSVA R package v1.30.0 (http://
www.gsea-misgdb.org/gsea/index.jsp). After collecting
gene sets for epithelial-mesenchymal transition, stem cell,
proliferation, and cell cycle-related pathways, the enrich-
ment score for each sample was obtained using the gene
expression profile. R 3.6.3 (https://cran.r-project.org)
and GraphPad Prism 8.0 software (GraphPad Software,
California, USA) was used for statistical analysis. For all
analyses, P< 0.05 was considered statistically significant.
Results

DOK3 was up-regulated in PCa and correlated with patient
prognoses

To evaluate the role of DOK3 in PCa, we used sequencing
data and corresponding clinical data from the TCGA
database to perform a series of analyses. According to the
differential expression analysis, a higher expression level
of DOK3 was observed in PCa tissues (n= 52) compared
with normal prostate tissues (n= 499) [Figure 1A].
Furthermore, we detected a relationship between DOK3
expression level and clinicopathologic features, finding
that a higher DOK3 expression level was associated with a
higher T stage, N stage, and GS [Figure 1B–D]. We
hypothesized that DOK3 might play an important role in
PCa growth and progression, so we performed overall
survival and biochemical recurrence-free survival analysis.
As expected, a worse prognosis was observed in the DOK3
high expression level group [Figure 1E and F]. To verify
these results, we performed qRT-PCR and Western
blotting assays to detect the expression level of DOK3
Figure 1: DOK3 is overexpressed in human PCa tissues and cultured PCa cells. (A) The expres
(TCGA data, tumor tissue, n= 52; normal tissue, n= 499) (Wilcoxon rank sum test, Z= 9641
including T stage (T2: n= 189; T3: n= 292; T4: n= 11) (Kruskal-Wallis Test, H= 26.024, P<
and GS (GS= 6, n= 46; GS= 7, n= 247; GS= 8, n= 64; GS= 9, n= 138; GS= 10, n= 4
analysis of overall survival outcomes (Log rank test, X2= 8.985, P= 0.003) and biochemical fr
according to the expression level of DOK3, measured by Kaplan-Meier method (TCGA data). (G
DOK3 in a normal prostate cell line and PCa cell lines. Data represent mean± SD,

∗
P< 0.01,

cancer; TCGA: The Cancer Genome Atlas project; T: Tumor (T) stage; N: N stage; qRT-PCR:
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in vitro. As anticipated, higher DOK3 expression was
observed in human PCa cell lines, in which 22RV1 showed
the highest expression level [Figure 1G and H].
Expression of DOK3 positively correlated with higher GSs in
human tissues

Although we observed a higher expression level of DOK3
in the PCa cell line, we wondered whether results in
human tissues would be similar; therefore, we performed
an immunohistochemistry assay, evaluating both the
proportion of positive areas and relative intensity.
Characteristics of patients (N= 46) are shown in Table 1
and Supplementary Table 1, http://links.lww.com/CM9/
B295. Quantification of these two indicators using
corresponding scores revealed a significant correlation
between the DOK3 expression level and the GS. A higher
DOK3 expression level was associated with a higher GS
(P= 0.021) [Figure 2A and B]. However, no significance
was found in the correlation analysis of DOK3 expression
and pathological T stage (P= 0.695) [Figure 2C and D].
These results indicate that DOK3 possibly promotes PCa
cell growth and further mediates its poor differentiation.
DOK3 knockdown inhibited cell proliferation and promoted
apoptosis of PCa cells

Since we found higher DOK3 levels in PCa cell lines and a
potential role in PCa growth, we next evaluated whether
down-regulating DOK3 through external intervention
could affect the growth process. To assess knockdown
efficiency, we performed a qRT-PCR assay, which showed
sion level of DOK3 in the comparison between tumor tissues and normal prostate tissues
, P= 0.002). (B–D) Correlation analyses of DOK3 expression and clinical characteristics
0.001), N stage (N0: n= 347; N1: n= 79) (Wilcoxon rank sum test, Z= 8397, P< 0.001),
), respectively (TCGA data) (Kruskal-Wallis Test, H= 40.524, P< 0.001). (E, F) Survival
ee survival outcomes (Log rank test, X2= 17.35, P< 0.001) after dividing into two groups
, H) qRT-PCR assay and Western blotting assay assessing the mRNA and protein level of
†P< 0.05, ‡P< 0.001. DOK3: Downstream of kinase 3; GS: Gleason score; PCa: Prostate
quantitative real-time polymerase chain reaction; SD: Standard deviation.
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Table 1: Characteristics of PCa patients involved in IHC assay
(N= 46).

Characteristics Values

Age (years), mean± SD 70.3± 7.2
BMI (kg/m2), mean± SD 23.96± 2.61
PSA (ng/mL), median (Q1–Q3) 20.24 (11.97–32.62)
Pathology T stage, n (%)
T2b 4 (9)
T2c 17 (38)
T3b 10 (22)
T3c 11 (24)
T4 3 (7)

Pathology GS
∗
, n (%)

7 23 (51)
8 4 (9)
9 17 (38)
10 1 (2)

The ISUP grade
∗
, n (%)

2 7 (15)
3 17 (38)
4 4 (9)
5 17 (38)

∗
One patient received preoperative androgen depressed treatment and
GS could not be evaluated, while one patient presented as pathology T2
stage and could not be divided into a corresponding subgroup. PCa:
Prostate cancer; GS: Gleason score; IHC: Immunohistochemistry; ISUP:
International Society of Urological Pathology; Q1: Quantile 1 (25%);
Q3: Quantile 3 (75%); SD: Standard deviation; BMI: Body mass index;
PSA: Prostate specific antigen; T: Tumor.
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a significant decrease in the mRNA level of two DOK3
shRNAs [Figure 3A]. Correspondingly, Western blotting
results presented the same trend, with both shRNAs
reaching the lowest protein level [Figure 3B], further
confirming the knockdown effect. Since a higher DOK3
level was associated with poor differentiation and poor
survival outcomes, in theory, DOK3 knockdown might
present a decline in tumor growth. Thus, we performed
proliferation and apoptosis assays exploring the role of
DOK3. In the CCK-8 assay, significantly slower growth
rates were observed in two PCa cell lines after silencing
DOK3 compared with the shNC group [Figure 3C]. In
addition, we performed the BrdU assay to examine cell
proliferation. Our results demonstrated a significant
reduction in the rate of 22RV1 cell proliferation after
DOK3 knockdown [Figure 3D]. In the cell apoptosis assay,
the apoptosis rates were increased in cells with silenced
DOK3 expression [Figure 3E]. In brief, all these results
showed that silencingDOK3 could inhibit cell proliferation
and, at the same time, promote cell apoptosis.

DOK3 regulated the NF-kB signaling pathway in PCa cell
lines

After finding that changes in cell proliferation and
apoptosis were associated with a decrease in DOK3
expression, we explored the mechanism of action of
DOK3. Using two datasets, GSEA indicated a positive
correlation between DOK3 and the NF-kB signaling
pathway [Figure 4A and B]. Based on this finding, we
measured the related protein expression level of this
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signaling pathway. Western blotting analysis showed that
along with silencing DOK3, expressions of p-P65 and
XIAP were decreased, while expressions of BIM and BAX
were significantly increased [Figure 4C and D]. These
results suggested that DOK3 might be associated with the
NF-kB signaling pathway.
DOK3 knockdown inhibited tumor growth in vivo

To further identify the role of DOK3 in tumor growth, we
constructed a xenograft model using nude mice. After
successfully injecting 22RV1 cells, mice were fed under the
same conditions for 12 days. According to tumor size
measurements made every 3 days, we found limited tumor
growth in the DOK3 knockdown group [Figure 5A and B],
consistent with the in vitro results. At the end of the animal
experiment, tumors were excised from the mice and
processed onto histology slides. In the immunofluores-
cence assay, lower proportions of both Ki-67 and PCNA
were observed in the DOK3 silenced group, reflecting the
obstruction of proliferation [Figure 5C]. Additionally,
Western blotting showed lower expression levels of Ki-67,
PCNA, and p-P65 [Figure 5D], adding to the evidence that
DOK3-mediated NF-kB activation promoted tumor
growth in vivo.
The effect of silencing DOK3 was suppressed via activation
of the NF-kB signaling pathway

To explore the functional association between DOK3 and
the NF-kB pathway, we treated the DOK3 silenced group
and the control group with TNF-a, an NF-kB pathway
activator. Increased cell proliferation was observed
[Figure 6A and B], and cell apoptosis weakened in the
DOK3 silenced group [Figure 6C]. Additionally, biomark-
ers related to the NF-kB signaling pathway, such as p-P65
and XIAP, were up-regulated, while BIM and BAX were
down-regulated [Figure 6D]. From these findings, we
discovered that activation of the NF-kB pathway could
reverse the effects of silencing DOK3. In conclusion, the
tumor promotion role of DOK3 depended on activating
the NF-kB pathway through increasing cell proliferation
and decreasing apoptosis.

Discussion

DOK3 is abundantly expressed in hematopoietic cells,
including B cells and macrophages, participating in
various immunoreceptor signaling pathways.[14] In B
cells, DOK3 plays both activating and inhibitory roles. On
the one hand, DOK3 can accelerate plasma cell differenti-
ation through regulating the expression of programed cell
death 1 ligands,[18] while interacting with Grb2 and Cbl,
facilitating B cell receptor-mediated antigen gathering.[26]

On the other hand, DOK3 can not only inhibit the B cell
receptor signaling pathway[14] and Ras-MAPK path-
way,[15] also inhibit intracellular calcium signaling by
combining Grb2.[20] As for macrophages, DOK3 mainly
plays a negative role by inhibiting TLR4 signaling,[22,27]

and decreasing IL-6 and TNF-a by inhibiting TLR9
signaling.[28] Related research has revealed that DOK3 has
complex functions in other non-lymphoid cells, such as
lung epithelial cells, osteoblasts, and osteoclasts.[25,29,30]

http://www.cmj.org


Figure 2: The expression of DOK3 was positively correlated with higher GS in human tissues. (A) Representative images of immunohistochemistry assay with distinctive GS, original
magnification at 40� and 200� . (B) The correlation between IHC score and GS (GS= 7, n= 23; GS= 8, n= 4; GS= 9–10, n= 18) (One patient received neo-adjuvant ADT, leading to
unmeasured GS). (C) Representative images of immunohistochemistry assay with distinctive pathological T stage, original magnification at 40� and 200� . (D) The correlation between
IHC score and pT stage (pT2, n= 22; pT3, n= 21; pT4, n= 3). Data represent mean± SD,

∗
P< 0.05. DOK3: Downstream of kinase 3; GS: Gleason score; IHC: Immunohistochemistry; pT:

Pathological T stage; ns: No significant; SD: Standard deviation; ADT: Androgen deprivation therapy; T: Tumor stage.
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Our study represents the first report of the effects of DOK3
in promoting PCa growth. According to survival analysis
based on the TCGA database, a higher expression level of
DOK3 indicated worse disease-specific and biochemical
outcomes. In patient samples, a higher DOK3 level
correlated with a higher GS. Using lentivirus-mediated
shRNA in two PCa cell lines, growth was suppressed, and
apoptosis was promoted. In the nude mouse xenograft
model, DOK3 knockdown markedly decreased tumor
growth. Taken together, these findings suggest DOK3
oncogenic activity in PCa.

Over the past decades, the NF-kB signaling pathway has
been regarded as the central mediator of inflammation as
well as a participant in innate and adaptive immune
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responses.[31] The NF-kB signaling pathway plays an
essential role in various cellular processes, including
inhibition of apoptosis[32-35] and stimulation of cell
proliferation.[36]

In addition, NF-kB was activated by exposure to pro-
inflammatory cytokines in the tumor microenviron-
ment,[37] which revealed the importance of NF-kB in
linking inflammation, immune response, and cancer
development.[38]

Several studies mentioned a relationship between DOK3
and NF-kB. DOK3 knockout B cells exhibited greater
induction of NF-kB, thus promoting stimulation of B cell
receptors.[19] In neutrophils, DOK3 recruited Card9 and

http://www.cmj.org


Figure 3: DOK3 knockdown suppresses the growth and promotes the apoptosis of cultured PCa cells. (A, B) qRT-PCR assay and Western blotting assay analyses of DOK3 in 22Rv1 (left
panel) and PC3 (right panel) cells after transduction with shDOK3 vs. shNC lentivirus. (C) Cell viability of 22Rv1 and PC3 cells was determined using CCK-8 assay after transduction with
shDOK3 vs. shNC lentivirus (Unpaired t-test). (D) Proliferative capacity of 22Rv1 cell line measured by BrdU assay. (E) Apoptosis rates were assessed after silencing DOK3 in two PCa cell
lines measured by flow cytometry analysis. Data represent mean± SD and Student’s t-test was used.

∗
P< 0.0001, †P< 0.001. BrdU: Bromodeoxyuridine; CCK-8: Cell counting kit-8;

DOK3: Downstream of kinase3; PCa: Prostate cancer; SD: Standard deviation; ns: No significant; shRNA: Short hairpin short hairpin ribonucleic acid; FITC: Fluorescein isothiocyanate; DAPI:
4’,6-diamidino2-phenylindole; qRT-PCR: Quantitative real-time polymerase chain reaction.

Figure 4: DOK3 knockdown suppresses the activation of NF-kB signaling pathway. (A, B) GSEA showing NF-kB targets are significantly enriched and correlated with DOK3. (C, D) Western
blotting assays of p-P65, P65, BIM, BAX, and XIAP in 22Rv1 and PC3 cell lines with DOK3, shRNAs, or shNC RNA transfection, respectively. b-actin was used as the endogenous control for
loading control. DOK3: Downstream of kinase 3; GSEA: Gene set enrichment analysis; NF-kB: nuclear factor kappa B; shRNA: Short hairpin RNA; p-P65: phosphorylated-p65.
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Figure 5: DOK3 knockdown suppresses tumor growth in vivo. (A) A xenograft nude mouse model was used to investigate the effect of DOK3 knockdown on tumor growth. 22Rv1 cells
were transduced with shDOK3 or shNC lentivirus, and then injected subcutaneously into BALB/c nude mice. (B) Average tumor volume (mm3) from day 12 after injection and measured
after 3-week feed. (C) Representative images of fluorescence assessing expression levels of Ki67 and PCNA in xenograft tumor samples. (D) Protein levels of p-P65, P65, K-i67, and PCNA
in tumor samples after transduction with shDOK3, using b-actin as the internal control, as determined by Western blotting analysis. Data represent mean± SD and an unpaired t-test was
used.

∗
P< 0.0001. DOK3: Downstream of kinase 3; SD: Standard deviation; shRNA: Short hairpin RNA; p-P65: Phosphorylated-p65; FITC: Fluorescein isothiocyanate; DAPI: 4’,6-

diamidino2-phenylindole; PCNA: Proliferating cell nuclear antigen.

Figure 6: The effect of silencing DOK3 was suppressed via activating the NF-kB signaling pathway. (A, B) Proliferative capacity of 22Rv1 cell line measured by BrdU assay and CCK-8
assay. (C) Apoptosis rates of 22Rv1 cell line measured by flow cytometry analysis. (D) The expression of P65, p-P65, BIM, BAX, and XIAP was measured with the use of Western blotting
assay.

∗
P< 0.0001, †P< 0.001. BrdU: Bromodeoxyuridine; CCK-8: Cell counting kit-8; DOK3: Downstream of kinase 3; shRNA: Short hairpin RNA; p-P65: Phosphorylated-p65; FITC:

Fluorescein isothiocyanate; DAPI: 4’,6-diamidino2-phenylindole.
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PP1 and suppressed Card9 activity, further limiting signal
transduction to NF-kB.[39] Under these circumstances,
anti-fungal functions, such as phagocytosis and pro-
inflammatory cytokine production, were inhibited.

There are several limitations of our study. First, the total p-
P65 expression level was examined, but the origin of p-P65
was not distinguished; thus, itwas not evaluatedwhether p-
P65 entered the nuclei. Second, patient samples evaluated
were substantially less than TCGA data; therefore, we
failed to find a significant difference in correlation analysis
between DOK3 level and pathological T stages. In
addition, while we could verify that DOK3 acted as a
tumor promoter through activating the NF-kB pathway,
further exploration is needed to ascertain whether this
occurs through direct interaction or a combination site.

In summary, we demonstrate that down-regulation of
DOK3 decelerates PCa cell proliferation and tumor
growth in vivo and in vitro. Therefore, DOK3 could
potentially be an attractive therapeutic candidate for
treating patients with PCa.
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