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Abstract
Ankyrin G (ANK3) is a member of the Ankyrin family, which
functions to provide cellular stability by anchoring the cyto-
skeleton to the plasma membrane. Deregulation of ANK3
expression has been observed in multiple human cancers but
its mechanism remains unknown. ANK3 expression in rela-
tion to disease progression and patients’ outcome was inves-
tigated in two cohorts of prostate cancer (PCA). Mechanistic
studies were carried out in vitro and in vivo using several PCA
cell lines and the avian embryo model. Silencing ANK3

resulted in significant reduction of cell proliferation through
an AR-independent mechanism. Decreased ANK3 expression
delayed S phase to G2/M cell cycle transition and reduced the
expression of cyclins A and B. However, cells with knocked-
down ANK3 exhibited significant increase in cell invasion
through an AR-dependent mechanism. Furthermore, we
found that ANK3 is a regulator of AR protein stability.
ANK3 knockdown also promoted cancer cell invasion and
extravasations in vivo using the avian embryo model
(p < 0.01). In human samples, ANK3 expression was dramat-
ically upregulated in high grade intraepithelial neoplasia
(HGPIN) and localized PCA (p < 0.0001). However, it was
downregulated castration resistant stage (p < 0.0001) and
showed inverse relation to Gleason score (p < 0.0001). In
addition, increased expression of ANK3 in cancer tissues
was correlated with better cancer-specific survival of PCA
patients (p = 0.012).

Key message
& Silencing ANK3 results in significant reduction of cell

proliferation through an AR-independent mechanism.
& ANK3 knockdown results in significant increase in cell

invasion through an AR-dependent mechanism.
& ANK3 is a regulator of AR protein stability.
& ANK3 knockdown also promotes cancer cell invasion and

extravasation in vivo using the avian embryo model.

Keywords Prostate cancer . Androgen receptor .

Progression . Lethal disease . Invasion .Metastasis

Introduction

Prostate cancer (PCA) is the most common cancer and the
second leading cause of cancer deaths in men in North
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American [1]. Although many patients are diagnosed early in
disease stage, significant number of those patients still expe-
rience disease progression, metastasis, and development of
castrate resistant disease (CRPC). Even though substantial
advances have been made in prostate cancer research in recent
years, tumor metastasis and recurrence are considered the ma-
jor reasons for poor clinical outcome and cancer deaths [2].
Therefore, studying the mechanisms of tumor invasion and
metastasis will provide further insights into the development
and progression of prostate cancer.

Ankyrins are family of adapter proteins that function to
anchor the cytoskeleton to plasma membrane by binding cy-
toskeletal spectrin/fordin and integral membrane proteins,
such as glycophorin and anion exchange proteins [3, 4].
They function in regulating a variety of biological activities,
such as cell motility, activation, proliferation, and contact, in
addition to the maintenance of specialized membrane domains
[5, 6]. The newest ankyrin family member, Ankyrin G,
encoded by ANK3, is broadly expressed in epithelial tissues,
kidney, skeletal and cardiac muscles, and brain [7]. Similar to
other ankyrins, ANK3 has three functional domains including
an N-terminal membrane domain [containing 24 ankyrin re-
peats, responsible for binding integral membrane proteins (ad-
hesive or ion channel)], a central spectrin/fodrin-binding do-
main that links ankyrin to actin-based cytoskeleton via
spectrin isoform, and a C-terminal regulatory domain [8].
Based on cell type, ANK3 is expressed as multiple isoforms
of 215, 200, 170, 120, and 105 kDa as a result of alternate
splicing and two translational start sites [9]. The larger ANK3
isoforms are localized to the plasma membrane; however, the
120- and 105-kDa ANK3 isoforms have been shown to local-
ize to the late endosomes and lysosomes in mouse macro-
phage cells [9, 10]. Since ANK3 was originally identified in
the axon initial segment and the nodes of Ranvier [8, 11, 12], it
was broadly studied in and identified as a risk gene for multi-
ple neuropsychiatric disorders, such as bipolar disorder,
schizophrenia, and autism spectrum disorder [13–15].
Limited data are available about the characterization of
ANK3 role in human cancer. To our knowledge, we are aware
of only one previous study which reported that downregula-
tion of the ANK3 correlates with poor prognosis in diverse
human tumors such as breast, prostate, lung, and ovarian can-
cers [16]. Consistent with this finding, our recent paper
pinpointed that ANK3 expression is significantly associated
with prostate cancer disease progression [17]. These data sug-
gested a potential role of ANK3 in the pathogenesis of human
cancers. However, how ANK3 contributes to the development
of cancer remains to be fully elucidated.

In the present study, we demonstrated that ANK3 has dif-
ferent roles in cell proliferation and invasion in vitro, likely
reflective of the molecular background of such cells.
Knockdown of ANK3 in prostate cancer cell lines resulted
in growth repression. However, at the same time, these cells

exhibited increased invasion potential. Moreover, ANK3 ex-
pression is significantly associated with prostate cancer pro-
gression and has patients’ prognostic implications.

Materials and methods

Cell lines

The human prostate cancer cell lines, LNCaP, VCaP, and PC-3
cells, were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). All cells were characterized by
ATCC using short tandem repeat (STR) DNA analysis and
were used for experiments within 6 months. Cells were also
tested with the DDC Medical through STR profiling. LNCaP
and PC-3 cells were grown in the RPMI 1640 medium sup-
plemented with 10 % FBS (Invitrogen, Burlington, ONT,
Canada), while VCaP cells were maintained in DMEMmedi-
um (Invitrogen) with 10 % FBS.

Western blot analysis

Total cellular proteins were prepared by lysing cells in RIPA
buffer (Sigma-Aldrich, Oakville, ON, Canada) supplemented
with protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN), followed by quantification using BCA
Protein Assay Reagent Kit (Thermo Scientific, Pittsburgh,
PA). Samples were resolved by SDS-PAGE, transferred to
PVDF membranes (Bio-Rad Laboratories, Mississauga,
Ontario), and immunoblotted with primary antibodies: anti-
ANK3 antibody, AR antibody, ERG antibody, Cyclin A anti-
body, Cyclin B1 antibody, Cyclin E, Cyclin D1 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), Caspase3, and
PARP (Cell Signaling Technology Inc., Danvers, MA).
Densitometry analysis was performed by Quantity One
Software (Bio-Rad).

Transfections and RNA silencing

For siRNA knockdown of ANK3, cells were transiently
transfected with On-Target Plus SMARTpool ANK3 siRNA
(Dharmacon, Pittsburgh, PA, USA) [18]. Transfections were
performed with Lipofectamine RNAiMAX (Invitrogen) ac-
cording to the manufacturer’s instructions. Cells were harvest-
ed 48 h later for western blot and real-time qPCR.

Proliferation assay

For proliferation assay, cells transfected with individual and
pooled ANK3 siRNAs or control siRNA were seeded in 96-
well plate. The reagent of 3-(4, 5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium
(MTS, Promega, Madison, WI) was added at the indicated
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days. Cell proliferation rates were measured according to the
manufacturer’s protocol.

Co-immunoprecipitation (Co-IP) assay

ANK3 antibody (sc-28561, Santa Cruz) was used to pull
down and probe for ANK3 in LNCaP cells. The co-
immunoprecipitate was then eluted and analyzed by the west-
ern blot assay along with the 5 % input controls. AR antibody
(sc-7305,Santa Cruz), Ubiquitin antibody (20458, DAKO),
and HSP-90 antibody ( SPA-830, Enzo) were analyzed by
western blot. Rabbit IgG (sc-2027, Santa Cruz) was used as
a negative control for IP.

Fluorescence-activated cell sorting (FACS)

After 48 h of siRNA transfections, cell cycle was analyzed by
FACS after 40 μg/ml propidium iodide staining according to
the standard protocol, http://www.meduniwien.ac.
at/user/johannes.schmid/PIstaining3.htm. Relative DNA
contents from at least 10,000 cells were analyzed by
FACSCantoII flow cytometer and BD FACSDiva software
version 5.0.3 (Becton Dickinson, San Diego, CA).

Invasion assay

Cell invasion assay was performed with CytoSelect Cell
Invasion Kit (Cell Biolabs, Inc., San Diego, CA) as described
previously [19]. Briefly, 1.5 × 105 cells were suspended in
300 μl serum-free medium and plated into the top chamber.
The chambers were then placed into 24-well plates with
500 μl of (20 %) serum-containing medium in each well.
After 48-h incubation, cells that invaded through the basement
membrane and reached to the lower chamber were detached
with Cell Detachment Solution and were incubated for 30 min
at 37 °C. Then, 75 μl of a 4X Lysis Buffer/CyQuant GR dye
solution was added and 200 μl of the mixture was transferred
into a 96-well plate and was read for fluorescence at 480/
520 nm. Experiments were performed in triplicate and repeat-
ed three times.

The avian embryo model of cancer cell extravasations

The avian embryo extravasations assay was performed as de-
scribed previously [20]. Briefly, fertilized avian embryos were
cultured ex ovo for 14 days and intravenously injected with
control orANK3 shRNA (Santa Cruz Biotechnology) express-
ing LNCaP and PC-3 cells that were stably labeled with GFP
or RFP fluorescent proteins (0.1 × 106 cells/embryo). Four to
ten hours post tumor cell injection Lectin-Alexa 647 (50 μl/
embryo, Vector Laboratories) was intravenously injected to
label the blood vessel luminal surface. After 10 min of lectin
microinjection, embryos were transferred into temperature/

humidity controlled imaging chamber and embryonic chorio-
allantoic membrane (CAM) vasculature was imaged using
Nikon A1r MP confocal microscope to monitor the extrava-
sations of cancer cells. Cancer cell extravasations were quan-
tified using Nikon Elements imaging software as previously
described [20]. At least 10 animals were used for each
experiment.

Quantitative real-time PCR

Total RNAwas extracted using Trizaol (Invitrogen) according
to the manufacturer’s instructions. One microgram of total
RNAwas subjected to a random-primed reverse transcription
using qScript™ cDNA SuperMix (Quanta Bioscience, USA).
Real-time PCR was conducted in triplicates using Applied
Biosystem 7500 Fast Real-time PCR system with qScript™
One-Step SYBR® Green qRT-PCR Kit (Quanta Bioscience,
USA). Relative mRNA levels were normalized to GUSB.

Study population and tissue microarray construction

ANK3 expression was assessed in tow cohorts in relation to
disease progression and lethal outcome. The first cohort
(n = 218) men treated by retro-pubic radical prostatectomy
for localized prostate cancer. Samples from selected tissue
blocks reflective of the predominant two Gleason patterns
were embedded onto three tissue microarray (TMA) blocks
using a manual tissue arrayer (Beecher Instruments, Silver
Spring, MD). Between one and nine cores (average 3.3),
0.6 mm in diameter were sampled including benign, high
grade intraepithelial neoplasia (HGPIN) and prostate cancer
(PCA). The second cohort (n = 312) men diagnosed with PCA
by transurethral resection of prostate (TURP) and managed
expectantly by observation, radiotherapy, or hormonal manip-
ulation from 2005 to 2009. This cohort included men whomet
the criteria of CRPC (n = 160), who were initially treated with
LH-RH agonist as monotherapy, but subsequently progressed
to require channel TURP to relieve obstructive symptoms.
Clinical follow-up of this cohort was collected from the
Alberta Tumor Registry in regard to overall survival, cancer-
specific mortality and dates of hormonal treatment implemen-
tation. Prostate cancer-specific mortality (PCSM) was defined
as patients with evidence of metastatic disease that progressed
while on hormonal therapy and died of PCA based onmedical
records. This cohort was assembled onto two tissue microar-
rays (TMAs) with an average of two cancer cores (2–6) per
patient and adjacent benign prostate tissue as control for a total
of 714 cores using the manual tissue arrayer as above. In both
cohorts, all pathological and clinical data were obtained with
approval of the institutional review board at University of
Calgary, Faculty of Medicine, Calgary, Alberta, Canada.
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Pathological analysis

After construction, 4 μm hematoxylin and eosin stained sec-
tions were examined by two study pathologists to verify the
histological diagnosis of TMA cores. All Gleason scores were
assessed according to the 2005 ISUP criteria [21]. For each
patient, the predominant two patterns of PCA were sampled.
Protein expression of ANK 3was evaluated semi quantitative-
ly based on 4 tired system (0; negative, 1; weak, 2; moderate,
and 3; high). For each core intensity, expression was based on
more than 50 % of cells expressing such intensity. For each
patient, the final intensity was based on the average per search
diagnosis for all available cores. Cases with equivocal inten-
sity were mutually resolved by the study pathologists.

Tissue immunohistochemistry (IHC)

IHC was performed on Leica Bond Max platform (Leica
Microsystems, Wetzlar, Germany). Four-μm-thick formalin-

fixed paraffin-embedded sections were subjected to heat-
induced antigen retrieval for 30 min using Leica Epitope
Retrieval Solution 2. Slides were then incubated with
Ankyrin G rabbit polyclonal antibody (Santa Cruz, catalog #
sc-28561) for 15 min at a 1:100 dilution. Bond Polymer
Refine Detection kit (Leica Microsystems, Wetzlar,
Germany) was used for HRP detection and the following he-
matoxylin counter stain.

Statistical analysis

Patient characteristics were presented as frequencies and per-
centages for categorical variables and as means and ranges for
continuous variables. Chi-square test was used to test associ-
ations between ANK3 protein expression and other patholog-
ical parameters. The Kaplan-Meier approach along with the
log-rank test was used for survival analyses to test associations
between ANK3 expression and PCSM, and time till develop-
ment of castrate resistant disease. In all statistical tests, a

Fig. 1 Knockdown of ANK3 inhibits cell proliferation independent of
the AR. MTS assay of AR-positive LNCaP (a) and VCaP (b) control
siRNA (siCtrl) and siRNA-treated (siANK3) cells. ANK3 protein
knockdown was confirmed by Western blot analysis (upper). c AR-
negative PC-3 was transfected with siCtrl and siANK3. Total protein
was blotted (upper) and cell growth assayed. d and e LNCaP cells were

transfected with either siCtrl, siANK3, or siAR or both. AR and ANK3
proteins were determined by immunoblotting (d) and cell proliferation by
MTS (e). f and g PC-3 cells were transfected with AR vector with or
without siANK3. Protein expression was confirmed by Western blot (f)
and cell growth was measured (g). Results were repeated from triplicate
experiments and expressed as mean ± SEM. *p < 0.05, **p < 0.01
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p value <0.05 was considered significant. For in vitro exper-
iments, data were presented as means ± SD that were calcu-
lated from three or more independent experiments. Statistical
significances were calculated by using one-way ANOVA and
student’s t-test with the level of significance set at *p < 0.05,
**p < 0.01, and ***p < 0.001.

Results

Knockdown of ANK3 represses prostate cancer cell
proliferation independently of AR

To determine the importance of ANK3 expression for can-
cer cell growth, we carried out cell proliferation assays in a
panel of prostate cancer cell lines following ANK3 knock-
down. In the LNCaP cells, we found that ANK3 knock-
down dramatically repressed cell growth (Fig. 1a). To fur-
ther confirm this, we conducted ANK3 knockdown in
VCaP cells. For the RNA interference (RNAi) analyses, we
utilized four synthetic siRNAs targeting different regions of
the ANK3 transcript. All four siRNAs efficiently inhibited
ANK3 expression (Supplementary Fig. 1). Since potential

off-target effects of individual siRNAs can be reduced by
siRNA pooling [Ref], we used a pool consisting of all four -
targeting siRNAs. This siRNA pool also efficiently
blocked ANK3 expression (Fig. 1) and was used for fur-
ther functional experiments. Consistently, cell prolifera-
tion assays manifested significantly reduced VCaP cell
growth following ANK3 knockdown (Fig. 1b). As both
LNCaP and VCaP are AR expressing cells, we sought to
investigate whether this role of ANK3 is dependent on the
AR function. To test this, we analyzed an AR negative
cell line, PC-3. The results demonstrated that PC-3 cells
were still showing decreased cells growth with ANK3
knockdown (Fig. 1c), indicating that the proliferative role
of ANK3 is independent of AR.

To verify this, LNCaP cells were co-transfected with
siANK3 and siAR. As shown in Fig. 1d and e, knock-
down of ANK3 significantly decreased cell proliferation
regardless of the AR status, i.e., both in the presence and
absence of siAR (p < 0.001). Interestingly, we observed a
synergistic effect in decreasing cell proliferation with
ANK3 loss and AR signal blockage. At same time, we
overexpressed AR in PC-3 cell combined with the
siANK3. AR expression cannot completely overcome

Fig. 2 ANK3 regulates cell cycle and cyclins expression. aCaspase3 and
PARP protein levels were analyzed by Western blot after cells were
transfected with siCtrl or siANK3 for 48 h. b and c LNCaP cells were
transfected with siCtrl or siANK3 for 48 h. b FACS assay measured cell
populations in G0/G1, S, and G2/M phase. c Cyclin A, B1, E, and D1
protein levels were measured and representativeWestern blots are shown.

d and e VCaP cells were transfected with siCtrl or siANK3 for 72 h. d
FACS assay measured cell populations in G0/G1, S, and G2/M phase. e
Cyclin A, B1, E, and D1 protein levels were measured and representative
Western blots are shown. Results were expressed as mean ± SEM.
**p = 0.01, n = 3 independent experiments per group
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the effect of ANK3 knockdown. Therefore, the prolifera-
tion role of ANK3 is independent of the AR pathway.

ANK3 regulates prostate cancer cell cycle

Because knockdown of ANK3 led to reduction of cell num-
bers in vitro, we thought to determine whether apoptosis
played a role in this process. Western blot for PARP and
Caspase-3 did not show cleaved PARP or activated Caspase-
3 (Fig. 2a). These results indicated that no apoptosis was in-
duced by ANK3 depletion.

To further confirm the proliferative action of ANK3, we
performed FACS assays to measure the cell populations at
each cell cycle phase, and data were plotted over the time
course. At 48 h after siRNA transfections in LNCaP cells,
there was no alteration in the G0/G1 cell population, but there
was an increase in the percentage of cells in S-phase, with
concomitant decrease in G2/M cell population, comparedwith
samples transfected with control siRNA (Fig. 2b). Similar
observations were also noted from VCaP cells after 72 h of
transfections (Fig. 2d). Consistent with cell cycle changes,
protein levels of cyclin A and B1, but not cyclin D1 and E,
were dramatically decreased in cells transfected with siANK3
(Fig. 2c and e). Together, these results indicated that ANK3

targeted the S phase and suppressed S to G2/M transition to
inhibit prostate cancer growth.

ANK3 inhibits prostate cancer cell invasion through AR

Next, we investigated the potential function of ANK3 in cell
invasion. To do this, we performed a basement membrane cell
invasion assay. We first examined the effect of ANK3 knock-
down on the low invasive LNCaP cells. Unexpectedly, the
results showed a dramatic increase in the number of invaded
cells upon ANK3 knockdown (Fig. 3a). This inhibitory effect
of ANK3 on cell invasion was also observed in another cell
line VCaP (Fig. 3b). Interestingly, knockdown of ANK3 in
PC-3 cells showed no effect on cell invasion (Fig. 3c). Taken
together, these results strongly suggested that ANK3 regula-
tion of cell invasion is mediated by and dependent on AR
pathway.

We next examined whether the expression of AR might
sensitize PC-3 cells to ANK3 regulation. To do this, we
overexpressed AR in PC-3. Remarkably, we found that
ANK3 knockdown indeed significantly increased the invasion
in AR-expressing PC-3 cells but not in the control cells
(Fig. 3d). We then investigated whether blockade of AR sig-
naling in LNCaP might attenuate the ability of ANK3 to

Fig. 3 Knockdown of ANK3 promotes prostate cancer cells invasion
dependent of AR. Cell invasion was analyzed in LNCaP (a), VCaP (b),
and PC-3 (c) cell lines after transfection with siCtrl or siANK3. d
Invasion assay of PC-3 cells transfected with AR-vector, siANK3, or

AR + siANK3. e Invasion assay of LNCaP cells transfected with siAR,
siANK3, or siAR + siANK3. Results were repeated from triplicate
experiments and expressed as mean ± SEM. *p < 0.05, **p < 0.01
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regulate LNCaP cell invasion. We used siRNA AR to block
AR signaling in LNCaP cells, which led to a reduced cell
invasion as expected. Importantly, without AR expression,
ANK3 knockdown no longer had a significant effect on
LNCaP cell invasion (Fig. 3e). These data, therefore, suggest
that ANK3 is an inhibitory factor for cell migration and
invasion.

ANK3 knockdown increases AR protein stability

We measured both AR mRNA and protein levels in LNCaP
and VCaP cells transfected with siANK3 in comparison to
their controls. We did not observe any changes in AR
mRNA levels in ANK3 knockdown cells compared with cells

transfected with the control siRNA (Fig. 4a and b). However,
ANK3 knockdown resulted in an increase of AR protein in
LNCaP and VCaP cells (Fig. 4c and d); suggesting that ANK3
regulates AR protein stability rather than its transcription.
Next, we investigated ANK3 regulation of AR protein stabil-
ity by using cycloheximide (CHX) to block protein synthesis
in both LNCaP and VCaP cells. We found that within 48 h of
treatment, the AR protein level was reduced by only about
40 % in LNCaP cells with ANK3 knockdown; however, cells
transfected with control siRNA were more sensitive to CHX
treatment, where the AR protein level was reduced by up to
90 % (Fig. 4e and f). Similar results were obtained in VCaP
cells (Fig. 4g and h). Real-time qPCR analysis confirmed
induced expression of known AR target genes such as PSA

Fig. 4 ANK3 regulates AR protein stability. AR mRNA levels (a and b)
and protein levels (c and d) were measured by real-time qPCR and
Western blot in LNCaP and VCaP cells (respectively) transfected with
siCtrl or siANK3 for 48 h. E-H, LNCaP, andVCaP cells were treated with
50 μg/ml CHX for 0, 8, 24, and 48 h. Representative Western blot of AR

and actin in LNCaP (e) and VCaP (g) were shown. Densitometry of AR
protein levels from triplicate experiments in LNCaP (f) and VCaP (h). i
Real-time qPCR analysis of AR targets in LNCaP cells transfected with
siCtrl or siANK3. Results were repeated from triplicate experiments and
expressed as mean ± SEM. **p < 0.01

J Mol Med (2016) 94:1411–1422 1417



and TMPRSS2 after depleting ANK3, supporting the activa-
tion of AR signaling pathway (Fig. 4i). Taken together, our
results suggested that ANK3 is required to regulate AR pro-
tein stability in prostate cancer cells.

We then ask whether endogenous ANK3 binds to AR, to
this end, we performed co-IP experiment in LNCaP cells.
Results shown in Fig. 5 demonstrated that ANK3 is unlikely
associate with AR protein. We further investigated if ANK3-
AR complex is mediated through an intermediary protein such
as Ubiquitin or heat shock protein 90 (HSP-90). However,
interactions between ANK3 and either Ubiquitin or HSP-90
were not detected.

ANK3 knockdown effect on tumor cell extravasations
in vivo

Recent findings show that invasive cell behavior plays
key role during cancer cell extravasations. It was shown
that extravasating cancer cells utilize invadopodia to
break through the vascular wall and exit into the sur-
rounding tissue. To investigate if ANK3 expression has
an effect on cancer cell invasion in vivo, that is similar
to what we observed in vitro, we utilized recently devel-
oped avian embryo model of cancer cell extravasations
and metastasis [20]. Fluorescently labeled PC3 or
LNCaP cells that either express control, scrambled
shRNA construct or shRNA, that targets ANK3 expres-
sion, were injected intravenously into the avian embryos
at 14 days. Post fertilization and percentage of extravasat-
ed cancer cells were quantified at 10 h post tumor cell
injection. Interestingly, we found that while ANK3 knock-
down has no effect on PC3 cells extravasations it pro-
duces significant increase (p < 0.01) in extravasations of
LNCaP cells supporting our in vitro findings (Fig. 6a, b).
Taken together, our results suggested that ANK3 may
promote cancer cell extravasations and invasion in vivo.

ANK3 is a prognostic factor for the survival of the prostate
cancer patients

To explore whether the above findings are clinically relevant
for prostate cancer patients, we analyzed the ANK3 expres-
sion level and the pathologic parameters in prostate cancer
patients. Interestingly, we found that ANK3 is significantly
upregulated in high grade intraepithelial neoplasia (HGPIN)
(p < 0.0001) and localized prostate cancer (p < 0.0001) when
compared with benign prostate samples (Fig. 7a, b). However,
ANK3 is significantly downregulated in castration resistant

Fig. 5 The biochemical interaction among ANK3, AR, HSP-90, and
Ubiquitin in LNCaP cells was examined by immunoprecipitation (IP)
with anti-ANK3 antibody, whereas rabbit IgG served as a negative
control. The levels of ANK3, AR, HSP-90, and Ubiquitin proteins
(input) were evaluated by western immunoblotting with cognate antibod-
ies. n = 3 independent experiments

Fig. 6 a Representative images showing control and shANK3 LNCaP
cells (green, GFP) extravasating out of avian embryo CAM vasculature
(white, Alexa 647). Upper panels show single optical slices (10×
objective). Lower panels show corresponding side views that were
digitally cut along the thick orange lines. Insets show 3D reconstruction

of areas highlighted by the dashed squares. Red arrows point to the same
cell within shCtrl or shANK3 panels. b Quantification of ANK3
expression knockdown effect on PC3 and LNCaP cancer cell
extravasations. Scale bar = 100 μm. Results were repeated from
triplicate experiments and expressed as mean ± SEM. **p < 0.01
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cancer (CRCP) (p < 0.0001) relative to localized prostate can-
cer (Fig. 7a, b). This disease stage-dependent expression pat-
tern of ANK3 precisely reflects the dual role of ANK3 in
positively regulating cell proliferation, a cellular process that
dominates primary tumors, and in negatively regulating cell
invasiveness, a process essential to tumor metastasis and pro-
gression. Furthermore, significant inverse correlation between
ANK3 expression and Gleason Score (GS) was noted.
Moderate/high ANK3 protein expression was identified in
188/194 (97 %) patients of GS < 7 compared with 108/120
(90 %) in GS7 and 265/324 (81.7 %) patients of GS > 7
(Fig. 6c) (p < 0.0001). Intensity levels of ANK3 in various
tissue types and in relation to Gleason score are presented
in Table 1. Also, we found that ANK3 levels are positively
correlated with the overall survival of prostate cancer pa-
tients. Patients with moderate and high higher ANK3 in-
tensity had better survival of prostate cancer deaths com-
pared to patients with lower ANK3 intensity (p = 0.012)
(Fig. 7d). However, in multivariate analysis and account-
ing for tumor volume, Gleason score, and ANK3 expres-
sion, ANK3 was not statistically associated with lethal dis-
ease (Table 2).

Discussion

To the best of our knowledge, this is the first study investigat-
ing the function of ANK3 in prostate cancer progression.
Here, we provide evidence that knockdown of ANK3 in pros-
tate cancer cells decreases cell proliferation by arresting the S

Table 1 Ankyrin mean intensity in different prostate tissue samples
and Gleason score

Parameter N Mean intensity ± SD Significance

BN* 120 1.36 ± 0.71 <0.0001*

HGPIN$ 58 2.16 ± 0.52

PCa* 970 2.27 ± 0.64 0.053*

Adv PCa* 217 2.13 ± 0.71

CRPC* 133 1.97 ± 0.76 <0.0001*

High Intensity (%)

GS < 7 149/424 (35.1 %) 0.032
GS 7 203/539 (37.6 %)

GS > 7 114/397 (28.7 %)

*Refers to significance among groups

Fig. 7 a Error bars of mean intensity value for ANK3 protein expression
across various stages of prostate cancer progression (BN, HGPIN, PCA,
AdvPCA, and CRPC). There is significant increase in ANK3 mean
expression intensity in neoplastic epithelium compared to benign prostate
tissue). b Representative images of ANK3 immunohistochemistry in
benign (left panel), Gleason score 6, localized PCA (mid panel) and

CRPC (right panel). c Inverse association of ANK3 intensity expression
to Gleason score. d KM survival curve of ANK3 correlation to prostate
cancer specific mortality. Cases with higher ANK3 expression were less
likely associated with PCA specific mortality in comparison to those with
lower expression
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to G2/M phase transition, while significantly promoting sub-
sequent progression stages of metastasis dependent on AR
activation. ANK3 may therefore play different roles at differ-
ent stages of tumor progression, whereby tumor cells, as a
response to micro-environmental signals, may switch off pro-
liferation and start invasion.

Depending on clinical stage of the disease, ANK3 expres-
sion shows some differences in overall expression compared
to benign tissue. Indeed, using the tumor progression tissue
microarray, we revealed that, during prostate cancer progres-
sion from benign tissue, high grade intraepithelial neoplasia to
localized prostate cancer, then to castration resistant cancer,
ANK3 expression is initially upregulated (in high grade
intraepithelial neoplasia and localized prostate cancer), and
then it is downregulated (in advanced cancer and castration
resistant cancer) compared to localized PCa. ANK3 increased
expression relative to benign tissue may be associated with
tumor proliferation. However, the decrease in more advanced
and CRPC stages maybe associated with tumor metastasis.
Furthermore, increased expression of the ANK3 predicts bet-
ter overall survival of prostate cancer patients with metastatic
disease. Therefore, ANK3 is demonstrated to be a novel pros-
tate cancer prognostic maker, as recently suggested by our
group [16, 17].

Our in vitro and in vivo findings of ANK3 in pro-
moting cell proliferation and inhibiting cell invasion are
also consistent with the role of ANK3 in prostate cancer
patients’ progression. Tumor progression is a complex
process. Although proliferation, migration, and invasion
are mutually correlated, each of these is governed by a
large number of tumor suppressors and oncogenes.
Several genes have been reported to pose a contrasting
relationship between proliferation and invasion behav-
iors, including cyclin D1, YB-1, Arg, mineral dust-
induced gene (mdig), and FoxA1 [22–25]. In fact, ac-
t ive ly invas ive cancer cel ls can downregula te
proliferation-associated genes while upregulating genes
that encode for motility and invasion [26–28]. The
changes in the pattern of ANK3 expression with tumor
progression and its differential role in regulating cell
proliferation and invasion are in concordance with that
fact. Our findings represent ANK3 as a novel molecular
target for cancer metastasis.

Androgen receptor is a well-recognized key factor for pros-
tate cancer development/progression, including proliferation
and invasion [29]. Our data relating to increased stability of
AR associated with increased invasion are in line with previ-
ous studies published in prostate and osteosarcoma [30]. In
addition, we provided strong evidence (both in vitro and
in vivo) that ANK3 regulates cell invasion in an AR-
dependent manner. However, its effect on proliferation is in-
dependent of AR despite the finding that ANK3 controls AR
half-life. In previous studies, AR was found to promote pros-
tate cancer cell proliferation by regulating G1-S phase pro-
gression and promoting G1 cyclin-dependent kinase (CDK)
activity [31, 32]. These AR regulated cell cycle components
are different from the ones found to be regulated by ANK3 in
our study; namely (S-G2/M phase transition) and the expres-
sion of cyclins A and B, hence emphasizing that ANK3 role in
PCa cell proliferation is independent of AR. In normal mouse
NIH 3T3 cells, overexpression of ANK3 smaller isoformswas
shown to suppress proliferation [10], which is opposite to
proliferation-promoting effect of ANK3 on prostate cancer
cells, suggesting that ANK3 exerts its proliferative function
through multiple mechanisms depending upon cell contexts.
The loss of ANK3 expression was reported to occur during
epithelial-to-mesenchymal transition (EMT), which is a key
event for invasion [18]. However, we could not find any
changes in EMT markers (such as E-Cadherin, snail,
ZEB1/2, and ZO-1) when we knocked down ANK3 (data
not shown). Further studies are warranted to investigate
whether the observed role of ANK3 on invasion is a result
of its effects on cytoskeleton structures, cell adhesion signal-
ing, and/or enzymes that degrade extracellular matrix. In ad-
dition, we showed that ANK3 depletion can stabilize AR pro-
tein. Since the ubiquitin-proteasomal pathway has been shown
to mediate AR degradation [33], we tested if ANK3 might
bind to AR through ubiquitin protein. We tested this hypoth-
esis using immunoprecipitation but we were not able to detect
such binding. Furthermore, it was shown that HSP-90 associ-
ation with AR is essential for the biological function and sta-
bility of androgen receptor in prostate cancer cells [34].
However, we did not detect ANK3-HSP-90 complex in
LNCaP cells. In fact, a previous study reported that 120- and
105-kDa ANK3 isoforms localize in the late endosomes and
lysosomes and regulate PDGF protein degradation through
lysosomal pathways (10). Future studies are needed to exam-
ine the mechanisms by which ANK3 controls protein stability.

Conclusion

In summary, our results provide new insights on ANK3,
which may have a role in determining this switch between
proliferation and invasion. It highlights the significance of
ANK3 expression in prostate cancer progression Androgen

Table 2 Multivariate Cox Regression Analysis of Ankyrin 3 in TURP
Cohort

Parameter Parameter estimates Standard error P value

GS < 7 vs. 7 vs >7 1299 0.544 0.01

Volume <5 % vs. >5 % −0.038 1.18 0.97

Ankyrin (moderate/high
vs. neg/weak)

−1107 0.643 0.08
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receptor stability and cancer lethality. ANK3 may play a sig-
nificant role in the development of castrate resistant disease
and should be further investigated.
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