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Abstract: Prostate cancer metastasis is a significant cause of mortality in men. PKD3 facilitates tumor
growth and metastasis, however, its regulation is largely unclear. The Hsp90 chaperone stabilizes an
array of signaling client proteins, thus is an enabler of the malignant phenotype. Here, using different
prostate cancer cell lines, we report that Hsp90 ensures PKD3 conformational stability and function
to promote cancer cell migration. We found that pharmacological inhibition of either PKDs or Hsp90
dose-dependently abrogated the migration of DU145 and PC3 metastatic prostate cancer cells. Hsp90
inhibition by ganetespib caused a dose-dependent depletion of PKD2, PKD3, and Akt, which are all
involved in metastasis formation. Proximity ligation assay and immunoprecipitation experiments
demonstrated a physical interaction between Hsp90 and PKD3. Inhibition of the chaperone–client
interaction induced misfolding and proteasomal degradation of PKD3. PKD3 siRNA combined with
ganetespib treatment demonstrated a specific involvement of PKD3 in DU145 and PC3 cell migration,
which was entirely dependent on Hsp90. Finally, ectopic expression of PKD3 enhanced migration of
non-metastatic LNCaP cells in an Hsp90-dependent manner. Altogether, our findings identify PKD3
as an Hsp90 client and uncover a potential mechanism of Hsp90 in prostate cancer metastasis. The
molecular interaction revealed here may regulate other biological and pathological functions.
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1. Introduction

Prostate cancer is the most frequently diagnosed tumor in men. Androgen depri-
vation therapy elicits a favorable initial response [1]. However, a frequent outcome is
the manifestation of an androgen-independent metastatic castration-resistant prostate
cancer [2]. Distant metastases due to the highly invasive nature at this stage are the ma-
jor cause of death [3]. The genetic changes and the molecular mechanisms underlying
the development of metastatic castration-resistant disease are still not entirely clear. The
increased invasive potential of these tumors was connected to alterations in androgen
receptor (AR), phosphoinositide 3-kinase (PI3K), and WNT signaling pathways [4]. Besides
targeting these pathways, a better understanding of other migration-promoting signals and
inhibition/prevention of invasion is essential for developing effective therapies against
prostate cancer.

The serine/threonine protein kinase D (PKD) family belongs to the calcium/calmodulin-
dependent kinase superfamily and has three identified members: PKD1, PKD2, and
PKD3 [5–7], which share significant structural homology. The N-terminal regulatory
domain consists of two cysteine-rich diacylglycerol-binding C1 domains and an auto-
inhibitory pleckstrin homology domain. The C-terminal part contains the catalytic domain
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and a PDZ-domain, which is absent in PKD3 [8]. Various stimuli, including growth factors,
hormones, diacylglycerol, and oxidative stress, activate PKD enzymes [9], which indicates
that PKD isoforms regulate diverse cellular processes including cell growth, proliferation,
cell migration/invasion, apoptosis, and epithelial-to-mesenchymal transition (EMT) [9].

PKD3 supports tumor growth and metastasis in several tumor types, such as prostate
cancer [10,11]. PKD3 was reported to regulate tumor growth and survival through acti-
vation of Akt and extracellular signal-regulated kinase 1/2 (Erk1/2) and through upreg-
ulation of lipogenesis via sterol regulatory element binding protein 1 (SREBP1) [12,13].
PKD3 also stimulates secretion of multiple tumor-promoting factors including matrix
metalloproteinase-9 (MMP-9), interleukin-6 and 8, and growth regulated alpha protein
(GROα) [14]. PKD3 together with PKD2 initiate prostate cancer cell migration by modu-
lating urokinase-type plasminogen activator (uPA) expression and activation in a nuclear
factor kappa B (NF-κB) and histone deacetylase 1 (HDAC1)-mediated manner [15]. Other
studies showed that genetic inhibition of PKD3 and administration of PKD inhibitors effi-
ciently diminished prostate cancer cell proliferation and migration in vitro and in vivo [14].
Data from human prostate cancers and tumor cell lines of this origin indicate that PKD3
expression and nuclear localization correlate with tumor grade: specifically, androgen-
independent metastatic tumors exhibit high PKD3 protein expression [12,13]. The above
findings suggest that PKD3 is an important regulator of androgen-independent prostate
cancer migration, but the molecular requirements of its function are unclear.

The molecular chaperone Hsp90 is an essential, conserved cytosolic heat-shock protein,
which emerged as an important ’non-oncogenic’ determinant of malignant transforma-
tion [16,17]. Its N-terminal ATP-binding and middle-C-terminal domains work in a coordi-
nated manner to ensure conformational stability to its substrate proteins called ’clients’ [18].
The several hundred clients are all thermodynamically unstable multidomain signaling
proteins. For instance, Hsp90 stabilizes ~60% of the human kinome and various steroid
receptors [18,19]. Its clientele also includes various PKC isoforms, PKD2, and the androgen
receptor [20,21]. An up-to-date list of clients is found at www.picard.ch/downloads/Hsp9
0interactors.pdf (accessed on 12 December 2022).

Although Hsp90 is indispensable in non-transformed cells, the intensified flux of
signaling pathways combined with homeostatic disturbances largely increases the tumor
cells’ dependence on Hsp90 and their vulnerability to Hsp90 inhibitors [22,23]. More than
400 Hsp90 clients are involved in cancer signaling [23]. The majority of Hsp90 inhibitors,
such as the chemotherapeutic ganetespib, target the N-terminal ATP-binding site [24–26].
This in turn leads to destabilization and proteasomal degradation of the clients, thus
compromising cancer signaling, survival, and invasion [22,23]. Hsp90 inhibitors are tested
in clinical trials against various tumors including androgen-dependent and -independent
prostate cancers [27]. Hsp90 also appears to promote prostate cancer metastasis by various,
although not entirely elucidated, mechanisms [27–30]. In this study, we show that Hsp90
stabilizes PKD3 in different prostate cancer cell models and this interaction facilitates tumor
cell migration.

2. Materials and Methods
2.1. Materials

Reagents for cell cultures were from Gibco (Waltham, MA, USA). Ganetespib, CRT0066101,
and bortezomib were from Selleckchem (Houston, TX, USA). Anti-PKD3 and non-targeting
siRNAs and transfection reagent DharmaFECT were from Dharmacon (Lafayette, CO,
USA). pEGFP-N1-PKD3 and pEGFP-C1 plasmids were kind gifts from Ugo Moens (UiT The
Arctic University of Norway, Tromso, Norway) or Adrienn Borsy (Institute of Enzymology,
Research Center of Natural Sciences, Budapest, Hungary). If not otherwise stated, all other
reagents were from Merck (Darmstadt, Germany).

www.picard.ch/downloads/Hsp90interactors.pdf
www.picard.ch/downloads/Hsp90interactors.pdf
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2.2. Cell Culture

The prostate cancer cell lines DU145, PC3, and LNCaP were from ATCC. LNCaP
and PC3 cells were grown in RPMI-1640 and DU145 cells in Eagle’s Minimum Essential
Medium, supplemented with 10% FBS in 5% CO2 at 37 ◦C. The cell lines were tested for
mycoplasma contamination using Hoechst staining and were authenticated performing
STR profile analysis (Eurofins Scientific, Budapest, Hungary).

2.3. Cell Migration

Cells were harvested by trypsinization, centrifuged with 150× g for 4 min, and re-
suspended in serum-free media. 105 (DU145, PC3) or 2 × 105 (LNCaP) cells were added
into 8-µm ThinCertTM culture inserts (Greiner Bio-One, Kremsmünster, Austria). Bottom
wells contained culture media with 10% FBS as chemoattractant. After incubation for the
indicated times at 37 ◦C, cells were fixed in methanol and stained with 0.2% crystal-violet
solution. Non-migrating cells were removed by cotton swabs from the inner membrane
of the insert. Five photos from each insert were taken using Olympus IX73 inverted mi-
croscope. Migrated cell numbers were determined by pixel number, using GNU Image
Manipulation Program (GIMP).

2.4. Gene Transfection

LNCaP cells were seeded into 6-well plates at 5 × 105 cells/well and incubated
overnight. Then, cells were transfected with pEGFP-C1 or pEGFP-N1-PKD3 plasmids,
respectively, using Lipofectamine LTX (Thermo Fisher Scientific, Waltham, MA, USA)
and Opti-MEM medium (Gibco, Waltham, MA, USA) for 24 h. Then, cells were further
incubated for 24 h at 37 ◦C in RPMI medium with FBS.

2.5. Cell Lysis

Cells were washed with ice-cold PBS and lysed in RIPA buffer (50 mM Tris (pH 7.4),
150 mM NaCl, 1% NP-40, 0.5% sodium-deoxycholate, 0.1% sodium-dodecyl-sulphate,
2 mM EDTA, 2 mM EGTA, 1 mM dithiothreitol) freshly complemented with phosphatase
and protease inhibitor cocktail (Merck, Darmstadt, Germany) for 30 min on ice. Lysates
were centrifuged at 13,000× g at 4 ◦C for 15 min. Protein concentration was determined
by the Bradford method (Bio-Rad, Hercules, CA, USA). Aggregates in the pellet were
solubilized in urea-containing lysis buffer (2% SDS, 6 M urea, 30 mM Tris, pH 7.6) on ice for
30 min, and then centrifuged with 13,000× g at 4 ◦C for 15 min. Supernatants were used
for Western blotting.

2.6. Western Blot

Equal amounts of protein were subjected to SDS-PAGE and then electrotransferred to
polyvinylidene-difluoride (PVDF) membranes. Mouse monoclonal anti-pan-Akt, rabbit
polyclonal anti-β-actin, rabbit monoclonal anti-pSer536-NF-κB-p65, anti-NF-κB-p65, anti-
PKD2, rabbit monoclonal anti-PKD3, and HRP-conjugated secondary horse anti-mouse
and goat anti-rabbit IgG antibodies were from Cell Signaling Technologies (Danvers, MA,
USA). Mouse monoclonal anti-Hsp90 antibody was from Institute of Immunology Ltd.
(Tokyo, Japan). Membranes were probed with primary antibodies at 4 ◦C overnight and
HRP-conjugated secondary antibody for 1 h at room temperature. Bands were visualized
by Enhanced Chemiluminescence (Perkin Elmer, Buckinghamshire, UK) and quantified by
ImageJ (National Institute of Health, Bethesda, MD, USA).

2.7. Proximity Ligation (PLA) Assay

DU145 and PC3 (3 × 104 cells/well) were seeded into 96-well µ-plates (Ibidi GmbH,
Grafelfing, Germany) and allowed to attach overnight. Then, cells were washed with PBS,
fixed with paraformaldehyde and permeabilized with 0.1% Triton-X (-100) containing PBS.
Wells were blocked with PLA Blocking solution (Sigma Aldrich, St. Louis, MO, USA) for
1 h, then primary antibodies diluted in PLA antibody diluent solution (Sigma Aldrich,
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St. Louis, MO, USA) were added and incubated overnight at 4 ◦C. Rabbit polyclonal
anti-Akt1 antibody was from Sigma–Aldrich, mouse monoclonal anti-Hsp90 from Institute
of Immunology Ltd. (Tokyo, Japan), and rabbit polyclonal anti-PKD2 and rabbit polyclonal
anti-PKD3 antibodies from Atlas Antibodies (Bromma, Sweden). Then, the experiment
was carried out according to the manufacturer’s instructions (Sigma Aldrich, St. Louis,
MO, USA).

2.8. Co-Immunoprecipitation (Co-IP)

Cells were washed and scraped in ice cold PBS and lysed in IP buffer (50 mM Tris,
2 mM EDTA, 100 mM NaCl, 1 mM Na3VO4, 1% NP40, freshly complemented with protease
inhibitor cocktail (Merck, Darmstadt, Germany), pH 7.6). PKD3 was immunoprecipitated
from 1000 µg total protein by a mouse monoclonal anti-PKD3 antibody (Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA). Pellets were washed five times with IP buffer and analyzed
by SDS–PAGE and immunoblotting.

2.9. Statistical Analysis

Statistical analysis was performed by one-way ANOVA with Dunett’s multiple com-
parison test, multiple t-tests and two-way ANOVA with Tukey’s multiple comparison test
using GraphPad Prism 9 software (San Diego, CA, USA). Experiments were repeated at
least twice. Data were expressed as means ± SEM. Statistical levels of significance were
indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Results
3.1. Inhibition of Hsp90 or PKD Arrests Androgen-Independent Prostate Cancer Cell Migration

First, we tested the role of Hsp90 in prostate cancer cell migration employing its
specific inhibitor ganetespib (GS) [25]. We used the well-established DU145 and PC3
model cell lines, originating from highly invasive androgen-independent metastatic tumors.
We incubated the cells in culture inserts with various concentrations of GS for 22 h and
assessed cell migration after 22 h. After an initial, non-significant increase characteristic to
the hormetic effect of low dose Hsp90 inhibition [31], GS exerted a potent anti-migratory
effect on both cells at 100 and 1000 nM concentration (Figure 1A,B), which is consistent
with the effective concentration range of GS reported in several tumor models. Maximum
inhibition was reached at 100 nM (Figure 1B). GS treatment exerted a more potent, almost
complete anti-migratory effect on PC3 cells, suggesting that Hsp90-dependent mechanisms
play an indispensable role at this genetic background.

Next, we asked whether PKD inhibition affects cell migration in our conditions.
In accordance with previous findings [11], the pan-PKD inhibitor CRT0066101 robustly
diminished migration of both cell lines in a concentration-dependent manner (Figure 1C,D).
Similar to Hsp90 inhibition, PC3 cells displayed a more pronounced response to the
inhibitor, showing a maximal extent comparable to GS treatment (Figure 1D). The stronger
inhibition might be due to higher PKD3 and PKD2 protein levels in PC3 compared to
DU145 cells (Figure S1). Alternatively, CRT0066101 may inhibit other kinases involved
in cell motility. Nevertheless, these findings show a critical requirement for both Hsp90
and PKDs (and related kinases) for prostate cancer cell migration, which is consistent with
previous data showing roles for PKD3, PKD2, and Hsp90 in prostate cell migration and
tumor metastasis [10,11,28,29].
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treatments, respectively. The scale bars represent 50 µm. Quantification of the results of ganetespib 
(B) and CRT0066101 treatment, respectively (D). All data are mean ± SEM values of 3 independent 
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (two-way ANOVA with Tukey’s 
multiple comparison test). 
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levels after 48 h. We observed a significant decrease in PKD3 protein level in a dose-de-
pendent manner in both cancer cell lines (Figure 2A,E). The IC50 values were almost iden-
tical (DU145: 15 nM, PC3: 23 nM), showing a comparable dependence of PKD3 protein on 
Hsp90 in both cells (Figure 2B,F). GS treatment effectively reduced the Hsp90 client PKD2 
level in a dose-dependent manner, yielding comparable, although slightly higher IC50 val-
ues than those of PKD3 (DU145: 52 nM, PC3: 41 nM), confirming the earlier findings (Fig-
ure 2C,G) [20]. We monitored the protein level of another well-known Hsp90 client pro-
tein Akt, which is also involved in prostate cancer downstream of PKD3 [12,32]. GS treat-
ment completely diminished Akt protein level in DU145 cells, whereas the effect was par-
tial and the IC50 value was higher in PC3 cells (27 nM vs. 84 nM) (Figure 2D,H). These 
results confirm and extend the original report [20] on Hsp90–PKD2 interaction and sug-
gest that beyond PKD2, Hsp90 also stabilizes PKD3 in two independent prostate cancer 
cell lines. 

Figure 1. Inhibition of Hsp90 or PKD attenuates the migration of androgen-independent DU145 and
PC3 prostate cancer cells. Cells were allowed to migrate for 22 h in the presence of the indicated
doses of the inhibitors. Representative microscope images of ganetespib (A) and CRT0066101 (C)
treatments, respectively. The scale bars represent 50 µm. Quantification of the results of ganetespib (B)
and CRT0066101 treatment, respectively (D). All data are mean ± SEM values of 3 independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (two-way ANOVA with Tukey’s
multiple comparison test).

3.2. Hsp90 Inhibition Decreases PKD3 Protein Level in Prostate Cancer Cells

Since PKD2 has been identified as an Hsp90 client [11,20], we hypothesized that
Hsp90 might promote prostate cancer cell migration via PKD3. Exposure of cells to Hsp90
inhibitors results in the depletion of client proteins [22,23]. To address whether PKD3 is an
Hsp90 client, we treated both cell lines with a range of GS doses and estimated PKD3 levels
after 48 h. We observed a significant decrease in PKD3 protein level in a dose-dependent
manner in both cancer cell lines (Figure 2A,E). The IC50 values were almost identical
(DU145: 15 nM, PC3: 23 nM), showing a comparable dependence of PKD3 protein on
Hsp90 in both cells (Figure 2B,F). GS treatment effectively reduced the Hsp90 client PKD2
level in a dose-dependent manner, yielding comparable, although slightly higher IC50
values than those of PKD3 (DU145: 52 nM, PC3: 41 nM), confirming the earlier findings
(Figure 2C,G) [20]. We monitored the protein level of another well-known Hsp90 client
protein Akt, which is also involved in prostate cancer downstream of PKD3 [12,32]. GS
treatment completely diminished Akt protein level in DU145 cells, whereas the effect
was partial and the IC50 value was higher in PC3 cells (27 nM vs. 84 nM) (Figure 2D,H).
These results confirm and extend the original report [20] on Hsp90–PKD2 interaction and
suggest that beyond PKD2, Hsp90 also stabilizes PKD3 in two independent prostate cancer
cell lines.
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(C,D,H)) independent experiments. 
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Figure 2. Hsp90 inhibition depletes PKD3 protein in prostate cancer cells. Western blots of lysates
from DU145 (A) and PC3 (E) cells treated with GS for 48 h. Densitometric analysis and IC50 calcu-
lation (mean ± SEM) from DU145 (B–D) and PC3 (F–H) cells from three (or two, panels (C,D,H))
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, (two-way ANOVA
with Tukey’s multiple comparison test). Western blot images are representatives of three (or two,
panels (C,D,H)) independent experiments.

3.3. A Physical Interaction with Hsp90 Ensures PKD3 Conformational Stability

Next, we employed Proximity Ligation Assay (PLA) to investigate whether a direct,
physical connection exists between PKD3 and Hsp90. PLA is a sensitive method, which al-
lows detection of direct protein-protein interactions at 40 nm distance between endogenous
proteins in situ [33]. During the assay, the two target proteins in the cells are stained with
primary antibodies from different species (i.e., rabbit/mouse), followed by staining with
secondary antibodies conjugated with a unique DNA strand. If the proteins of interest in-
teract, DNA strands hybridize and make circular DNA, which can be amplified and labeled
with fluorescent oligonucleotides [33]. We observed a specific fluorescence in the presence,
but not in the absence, of the PKD3 antibody in both cell types (cf. Figure 3A first and fourth
micrographs), suggesting a molecular proximity of PKD3 and Hsp90. The PKD2 antibody
showed an interaction with Hsp90, similar to that detected with PKD3, in both cell types. In-
terestingly, PC3 cells exhibited much stronger signals for both PKD3 and PKD2, compared
to DU145 cells. As experiments on PC3 and DU145 cells were performed separately, it pre-
vented us to make a quantitative comparison. However, this result appears consistent with
much higher PKD3 and PKD2 protein levels in PC3 vs. DU145 cells (cf. Figures 3A and S1).
Hsp90 is a chaperone for all Akt protein kinase isoforms [34]. Indeed, an Akt1 antibody
also exhibited an even higher fluorescence signal compared to PKD2 and 3, perhaps due to
its abundance. We independently demonstrated the Hsp90–PKD3 interaction in PC3 cells
by co-immunoprecipitation (Figure 3B). Altogether, these results confirm the previously
reported PKD2–Hsp90 interaction and demonstrate a direct interaction between PKD3
and Hsp90.

In response to conformational destabilization, Hsp90 clients are degraded by the
proteasome [18]. To address this possibility for PKD3, we treated the cells simultaneously
with GS and the proteasome inhibitor bortezomib. After separation of the soluble and
insoluble fractions by sedimentation, we solubilized the insoluble proteins using SDS and
urea. Bortezomib treatment alone changed neither PKD3 nor Akt protein level. However,
in combination with GS, both PKD3 and Akt proteins appeared in the insoluble fraction,
indicating that misfolded PKD3 is degraded by the proteasome (Figure 3C). Using the PLA



Cells 2023, 12, 212 7 of 15

assay, we found that a short term, 4-h GS treatment did not decrease the interaction of
PKD3 with Hsp90 in situ, perhaps the destabilized client is not dissociated but remains in a
loose complex with Hsp90 while channeled to the UPS for degradation (Figure S3A,B). We
obtained similar result for PKD2 (Figure S3A,C), which indicates similar interactions with
the two PKD isoforms with Hsp90. Altogether, these results clearly establish a requirement
for Hsp90 in the conformational stabilization of PKD3.
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Figure 3. Hsp90 directly interacts with PKD3 in DU145 and PC3 cells. (A) Cells were probed with
the indicated antibodies to detect direct protein-protein interactions in situ applying PLA. Controls
contained anti-mouse and anti-rabbit secondary antibodies. Scale bars represent 20 µm. (B) PKD3
was immunoprecipitated from PC3 cells and co-immunoprecipitated Hsp90 was analyzed by Western
blot. (C) Hsp90 inhibition leads to the proteasomal degradation of PKD3. DU145 cells were treated
with ganetespib or/and bortezomib as indicated for 24 h and the soluble and insoluble lysates were
analyzed by Western blot. Images are representatives of three independent experiments.

3.4. The Hsp90–PKD3 Interaction Is Required for PKD3-Dependent Phosphorylation of p65

We hypothesized that the loss of PKD3 functional conformation by Hsp90 inhibition
affects PKD3-dependent signaling events involved in prostate cancer invasion. PKD3
together with PKD2 promotes prostate cancer cell migration through the expression and
activation of urokinase-type plasminogen activator (uPA) via the NF-κB pathway [15].
Specifically, PKD3 is indispensable for the Ser536 phosphorylation of the NF-κB p65 subunit.
Consistent with our hypothesis, both a 4-h GS and CRT0066101 treatment, respectively,
reduced the Ser536 phosphorylation of p65 in both DU145 and PC3 cells (Figure 4A–C).
We conclude that the structural destabilization of PKD3 compromises its function and
downstream signaling.
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3.5. Hsp90 Chaperones PKD3-Mediated Prostate Cancer Cell Migration

PKD3 is overexpressed in many cancers, which has been demonstrated to contribute
to their invasive nature [10,14,15]. Hsp90 has been reported to stabilize other factors that
play a role in cell migration [35], also in prostate tumors [14,15,29]. Therefore, we set out to
directly estimate the contribution of the Hsp90–PKD3 interaction as well as the individual,
specific impact of PKD3 on prostate cancer cell migration. To this end, we successfully
knocked down PKD3 by an anti-PKD3 siRNA in both cell types, which did not affect PKD2
(Figure S2A,B). PKD3 depletion reduced cell migration by 33% in DU145 and by 39% in
PC3 cells (Figure 5A–D). The slightly higher contribution of PKD3 vs. markedly higher
protein levels in PC3 cells suggests that PKD3 levels are already sufficient in DU145 to
promote cell migration. We confirmed this assumption by PKD3 overexpression. DU145
cells could not be transfected; however, GFP-fused PKD3 was overexpressed in PC3 cells
and depleted upon GS treatment, hence overexpressed PKD3 preserved its dependence
on Hsp90 (Figure S4A). Increased PKD3 dosage did not significantly augment PC3 cell
migration (Figure S4B). Hsp90 inhibition resulted in 61% and 93% reduction in migration
of DU145 and PC3 cells, respectively, suggesting a higher reliance of PC3 migration on
Hsp90-dependent processes (Figure 5A–D). Importantly, PKD3 silencing did not augment
the effect of Hsp90 inhibition. These results indicate that in both cells, PKD3 entirely
depends on Hsp90 for executing its cell migratory functions.

The androgen-dependent weakly metastatic cell line LNCaP exhibits negligible PKD3
protein expression (Figure S1). Yet, a direct PKD3–Hsp90 (and PKD2–Hsp90) interaction
was detected by PLA experiments in LNCaP cells, demonstrating that Hsp90 also chap-
erones PKD3 and PKD2 in non-metastatic prostate cancer cells (Figure S5). To address
the direct output of PKD3 on cell migration, we transfected LNCaP cells with a PKD3
construct fused to GFP using GFP as control (Figure 5E). The efficacy of gene transfection
using EGFP and EGFP–PKD3, and the solubility of PKD3 were confirmed by Western
blotting and fluorescence microscopy (Figure S6A,B). PKD3 overexpression increased the
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migration of LNCaP cells by 34%, showing that PKD3 per se promotes invasive behavior
(Figure 5F). Hsp90 inhibition by GS significantly attenuated cell motility in EGFP trans-
fected cells, suggesting Hsp90-dependent migratory processes. Moreover, GS completely
abolished the increased migration of EGFP–PKD3 overexpressing LNCaP cells showing
that PKD3 migratory activity entirely depends on Hsp90 in this cell line (Figure 5E,F).
Thus, PKD3 expression enhances cell invasion, but only when its stability is ensured by the
Hsp90 chaperone.
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Figure 5. Stabilization of PKD3 by Hsp90 is essential for prostate cancer cell migration. Representative
microscope images of DU145 (A) and PC3 (C) cell migration in response to PKD3 gene silencing
and/or ganetespib (GS) treatment. Quantification of the results (mean ± SEM) obtained with DU145
(B) and PC3 (D) cells from panels (A,C). Cells were PKD3 silenced by specific siRNAs for 48 h, then
cell motility was investigated in the absence or presence of 100 nM GS for 22 h. (E) Representative
microscope image of LNCaP cell migration in response to PKD3 gene transfection and/or GS
treatments. Quantification of the results (mean ± SEM) from panel (F). LNCaP cells were transfected
with EGFP or EGFP–PKD3 expressing vectors for 24 h, then cell migration was investigated in the
absence or presence of GS for 24 h. Scale bars represent 50 µm. All data are from 3 independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, (one-way ANOVA with Dunett’s
multiple comparison test).
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4. Discussion

The molecular mechanisms underlying prostate cancer metastasis are still elusive. In
this study, using two castration-resistant prostate cancer cell lines, we identified PKD3 as
a novel Hsp90 client and showed that this interaction contributes to prostate cancer cell
migration (Figure 6).
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Figure 6. A model for the Hsp90–PKD3 interaction. Hsp90 binds and stabilizes the partially folded,
unstable PKD3, probably facilitating regulatory interactions and posttranslational modifications.
Phosphorylated and activated PKD3 might still reversibly bind to Hsp90 and exert its cellular
functions, such as inducing the Ser536 phosphorylation of NF-κB p65. Hsp90 depletion by phar-
macological or genetic interventions or by proteotoxic stress triggers PKD3 destabilization, which
attenuates cell migration and other PKD3-mediated functions. Unstable PKD3 undergoes proteaso-
mal degradation. Please note this model is confined to the role of Hsp90 and does not include other
mechanisms that regulate PKD3 activity.

It was reported that PKD2 and PKD3 positively regulate cell migration [10,36]. We
observed that CRT0066101, an effective and widely used pan-PKD inhibitor both in vitro
and in vivo, attenuated cell migration in doses comparable to those applied in other studies.
Since CRT0066101 is not an isoform-specific PKD inhibitor, and it might effectively inhibit
other proteins implicated in cell migration, we performed a specific PKD3 knockdown
by siRNA. In accordance with the literature, PKD3-silenced prostate cancer cells showed
decreased migratory ability [15]. Intriguingly, comparing the sensitivity of DU145 and
PC3 cells towards CRT0066101 or ganetespib, PC3 cells responded more readily to both
inhibitors. However, this difference disappeared after PKD3 silencing. The motility of both
cell lines relies on PKD3 at the same degree, which was confirmed by the ineffectiveness
of PKD3 overexpression in PC3 cells. The higher anti-migratory effect of CRT0066101
compared to PKD3 knockdown might be explained by a presumable off-target effect of
the inhibitor or an effect mediated by PKD2. Together with the increased migration of low
metastatic LNCaP cells upon ectopic PKD3 expression, it suggests that an optimal PKD3
activity promotes prostate cancer cell migration.

Hsp90 constitutes 1–3% of the total cellular protein, which increases two-to-tenfold in
tumor cells to fulfill an increased demand to stabilize the oncogenic proteome in stressful
tumor microenvironment [22,23]. Through stabilizing several clients, Hsp90 also partici-
pates in the regulation of tumor cell migration and metastasis [22,27,35,37,38]. Confirming
a recent study, we demonstrated that pharmacological Hsp90 inhibition by the clinically
investigated ganetespib compromised androgen-independent prostate cancer cell migra-
tion [37]. We found that ganetespib dose-dependently depleted the protein level of PKD3,
PKD2, and Akt, which are important regulators of prostate cancer progression [20,32]. Our
further findings using PLA, co-immunoprecipitation, and proteasome inhibition show
that a direct interaction with Hsp90 stabilizes PKD3 conformation. The fact that the
PKD3–Hsp90 interaction exists in non-metastatic LNCaP cells suggests this interaction
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is a fundamental requirement for PKD3 stability independently of the invasive nature of
prostate cells.

Previously, in a system-wide analysis, PKD2 was identified as an Hsp90 interacting
protein [19]. Later, in another study, Azoitei et al., using different cancer cell lines, confirmed
and characterized the role of the Hsp90–PKD2 chaperone–client interaction in tumor sur-
vival and angiogenesis [20]. Hsp90 binds kinases through their kinase domain [18,19]. As
the catalytic domains of the human PKD isoforms show over 90% sequence homology [39],
it might be tempting to conclude that the Hsp90–PKD3 interaction is a direct consequence
of high structural similarity to PKD2. However, despite intense research, no specific Hsp90-
binding motif or domain was identified and different kinase (e.g., ErbB and Raf) isoforms
exhibiting high sequence homology greatly diverge in their Hsp90-dependence [18]. More-
over, even single amino acid changes at various regions of oncogenic kinase mutants (such
as EGFR L858R or BRAF V600E) render them both unstable and Hsp90-dependent. Finally,
a systematic analysis of the Hsp90 clientele revealed that instead of particular amino acid
sequences, Hsp90 binding is solely determined by the thermodynamic instability of the
protein [19]. These facts, together with our findings, provide evidence that the conforma-
tional instability of PKD3 is not a consequence of its homology to PKD2. Thus, PKD3 is a
novel Hsp90 client protein.

Hsp90 not only stabilizes the native conformation of proteins, but also affects their
interaction with their partners. Notably, several Hsp90 clients interact with PKD3, among
both PKD3-regulated downstream (i.e.,: Akt, Erk1/2, MMPs [12,14,40]), and PKD3-activating
upstream proteins (i.e.,: PLC/PKC [41]). This might be one plausible, although not exclu-
sive, explanation to the greater efficacy of Hsp90 inhibition compared to PKD inhibition.
Alternatively, it may be due to the inactivation of other cell migration promoting Hsp90
clients. In more than half of the tumors, Hsp90 has been shown to form a superchaperone-
complex with other chaperones and co-chaperones, called the epichaperome [42]. This
compact protein network facilitates tumor survival, but at the same time appears to possess
a higher sensitivity to Hsp90 inhibition [42,43]. We hypothesize that this molecular mecha-
nism might be extended to Hsp90 complexes promoting cancer cell migration, which may
stabilize various clients including PKD3. It may provide a favorable single-hit multi-target
therapeutic response in metastatic prostate cancer.

The observation that PKD3 silencing did not augment the effect of Hsp90 inhibition on
cell migration indicates that the migration-promoting function of PKD3 entirely depends on
Hsp90 in DU145 and PC3 cells. Moreover, ectopic PKD3 expression enhanced the migration
of the weakly metastatic LNCaP prostate cancer cells, but only when the protein’s stability
was ensured by the Hsp90 chaperone. These results confirm that the stabilization of PKD3
by Hsp90 is essential to promote cell migration (Figure 6). We note that Hsp90 is not
the only regulator of PKD3. The mechanisms of upregulation of PKD3 protein level in
metastatic prostate cancers are yet unclear. At the post-translational level, PKD3 is activated
by protein kinase C mediated phosphorylation in various, including prostate tissues [9].
Besides, RhoA proteins activate PKD3, which executes an inactivating phosphorylation
on SSH1L and simultaneously activates PAK4 and LIMK thereby directly promotes cell
migration [10]. However, the Hsp90-dependent conformational stabilization is fundamental
as it directly regulates the amount of activation-competent PKD3 protein level. Besides,
this mechanism provides a scaffold and enables various other protein-protein interactions
and regulatory events to take place.

PKD3 exerts its positive regulatory effect on cell migration through multiple mecha-
nisms involving regulation of the cofilin cycle, phosphorylation of NF-κB and GIT1, and
deactivation of HDAC1 [10,15,44]. We showed that Hsp90 regulates the PKD3-dependent
Ser536 phosphorylation of NF-κB p65. The phosphorylation of Ser536 by PKD3 as well as
that of Ser276 by PKD2 are both critical for the transactivation of NF-κB and the expres-
sion of the urokinase-type plasminogen activator (uPA), which is in turn, indispensable
for prostate cancer cell invasion [15]. As PKD3 and PKD2 are both Hsp90 clients ([20]
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and our study), it is plausible that their shared activities in prostate cancer metastasis are
co-regulated by Hsp90.

Although our experiments examined cell migration toward a chemotactic agent, PKD3
is implicated in cell invasion and endothelial-to-mesenchymal transition (EMT) as well
through induction of matrix metalloproteinases (MMP-1, MMP-9, and MMP-13) [14,40].
Notably, extracellular Hsp90 chaperones MMP-2, MMP-3, MMP-7, and MMP-9 suggesting
a higher overlap between the migratory function of Hsp90 and PKD3 [38,45,46]. Beside cell
migration and invasion, PKD3 is also implicated in prostate cancer cell survival through
Akt and Erk1/2 and in angiogenesis through mast cell recruitment [12,47]. Furthermore, it
initiates cell proliferation in breast cancer through mTORC1-S6 kinase 1, Erk1/c-Myc axis,
Hsp27, and HDAC4/5/7, and it positively regulates the immune suppressor PDL1 in oral
squamous cell carcinoma (OSCC) [48–51]. We speculate that the Hsp90–PKD3 interaction
may not be restricted to prostate cancer, but exists in other tumors as well. Likewise, it
might not only promote cancer cell migration and invasion, but also proliferation and
survival. These speculations might be relevant subjects of further studies.

What might be the physiological outcome of PKD3 stabilization in normal tissues? In
hepatocytes, PKD3, the dominant PKD isoform, suppresses insulin signaling and provides
negative feedback for cholesterol and triglyceride synthesis, and its overexpression causes
insulin resistance [52]. In cardiomyocytes, PKD3 induces pathological cardiac hypertrophy
via expression of hypertrophic transcription factors [53]. Based on the abovementioned
facts, it seems that the tissue-specific disruption of Hsp90–PKD3 complex by pharmaco-
logical agents might be a potential therapeutic approach not only in tumors, but in other
metabolic and cardiovascular diseases. In contrast, PKD3 deletion in mice drives liver
fibrosis through macrophage activation [54]. Furthermore, during late embryonic develop-
ment, PKD3 protein expression increases in the central nervous system and cardiac and
skeletal muscle tissues, and remains high in adulthood [55]. In these postmitotic tissues, the
capacity of Hsp90 might limit pivotal functions of PKD3. Chaperone capacity might decline
temporarily under stress [31,56] and progressively during aging [57,58]. Hence, boosting
the capacity of Hsp90 and co-chaperones by HSF1 activators [59] might be a therapeutic
intervention for the facilitation of PKD3 function through its stabilization. Likewise, the
disruption of Hsp90-PKD3 complex by Hsp90 inhibitors may be a double-edge sword espe-
cially in multi-morbid cancer patients. The tissue-, chaperone-capacity-, and client-specific
interventions lay out potential directions for future research.

Taken together, our study identifies a chaperone–client relationship between Hsp90
and PKD3 in prostate cancer cells, which is essential for PKD3 to exert its cell migratory
functions. Our findings provide an insight into the regulation of PKD3 function through
its conformational stabilization and may contribute to better understand the molecular
mechanisms leading to prostate cancer progression.
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PKD3 expression in LNCaP cells.

Author Contributions: Conceptualization, A.V., C.S. and T.V.; methodology, A.V., B.B., B.G., C.S.,
J.M., K.P., M.T.N. and P.G.; software, A.V.; validation, A.V., C.S., M.T.N. and T.V.; resources, C.S., M.C.
and T.V.; writing—original draft preparation, A.V., C.S. and M.T.N.; writing—review and editing,
A.V., B.B., B.G., C.S., J.M., K.P., M.C., M.T.N., P.C. and P.G; funding acquisition, C.S., M.C., P.C. and
T.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the K-124813 grant by NKFI Fund of National Research,
Development and Innovation Office to T.V., and by a grant from the Hungarian Science Foundation
OTKA K-116525 to C.S. as well as OTKA K-131458 to P.C. Project no. TKP2021-EGA-24 has been
implemented with the support provided by the Ministry of Innovation and Technology of Hungary

https://www.mdpi.com/article/10.3390/cells12020212/s1
https://www.mdpi.com/article/10.3390/cells12020212/s1


Cells 2023, 12, 212 13 of 15

from the National Research, Development and Innovation Fund, financed under the TKP2021-EGA
funding scheme to M.C. and P.C.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data obtained during this study are included in this article and its
Supporting Information.

Acknowledgments: We thank Adrienn Borsy for the pEGFP-C1, Ugo Moens for the pEGFP-N1-
PKD3 DNA constructs, and Gábor Sirokmány for the phospho- and total NF-κB-p65 antibodies. We
are thankful to Henriette Tanai for technical assistance. C.S. is thankful for the Merit Prize of the
Semmelweis University. This paper is dedicated to the memory of Tibor Vántus.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sharifi, N.; Gulley, J.L.; Dahut, W.L. Androgen deprivation therapy for prostate cancer. JAMA 2005, 294, 238–244. [CrossRef]

[PubMed]
2. Sharifi, N.; Dahut, W.L.; Steinberg, S.M.; Figg, W.D.; Tarassoff, C.; Arlen, P.; Gulley, J.L. A retrospective study of the time to clinical

endpoints for advanced prostate cancer. BJU Int. 2005, 96, 985–989. [CrossRef] [PubMed]
3. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [CrossRef] [PubMed]
4. Chaves, L.P.; Melo, C.M.; Saggioro, F.P.; Reis, R.B.D.; Squire, J.A. Epithelial-Mesenchymal Transition Signaling and Prostate

Cancer Stem Cells: Emerging Biomarkers and Opportunities for Precision Therapeutics. Genes 2021, 12, 1900. [CrossRef]
5. Valverde, A.M.; Sinnett-Smith, J.; Van Lint, J.; Rozengurt, E. Molecular cloning and characterization of protein kinase D: A

target for diacylglycerol and phorbol esters with a distinctive catalytic domain. Proc. Natl. Acad. Sci. USA 1994, 91, 8572–8576.
[CrossRef] [PubMed]

6. Sturany, S.; Van Lint, J.; Muller, F.; Wilda, M.; Hameister, H.; Hocker, M.; Brey, A.; Gern, U.; Vandenheede, J.; Gress, T.; et al.
Molecular cloning and characterization of the human protein kinase D2. A novel member of the protein kinase D family of serine
threonine kinases. J. Biol. Chem. 2001, 276, 3310–3318. [CrossRef]

7. Hayashi, A.; Seki, N.; Hattori, A.; Kozuma, S.; Saito, T. PKCnu, a new member of the protein kinase C family, composes a fourth
subfamily with PKCmu. Biochim. Biophys. Acta 1999, 1450, 99–106. [CrossRef]

8. Sanchez-Ruiloba, L.; Cabrera-Poch, N.; Rodriguez-Martinez, M.; Lopez-Menendez, C.; Jean-Mairet, R.M.; Higuero, A.M.; Iglesias,
T. Protein kinase D intracellular localization and activity control kinase D-interacting substrate of 220-kDa traffic through a
postsynaptic density-95/discs large/zonula occludens-1-binding motif. J. Biol. Chem. 2006, 281, 18888–18900. [CrossRef]

9. Zhang, X.; Connelly, J.; Chao, Y.; Wang, Q.J. Multifaceted Functions of Protein Kinase D in Pathological Processes and Human
Diseases. Biomolecules 2021, 11, 483. [CrossRef]

10. Doppler, H.; Bastea, L.I.; Borges, S.; Spratley, S.J.; Pearce, S.E.; Storz, P. Protein kinase d isoforms differentially modulate
cofilin-driven directed cell migration. PLoS ONE 2014, 9, e98090. [CrossRef]

11. Borges, S.; Perez, E.A.; Thompson, E.A.; Radisky, D.C.; Geiger, X.J.; Storz, P. Effective Targeting of Estrogen Receptor-Negative
Breast Cancers with the Protein Kinase D Inhibitor CRT0066101. Mol. Cancer Ther. 2015, 14, 1306–1316. [CrossRef] [PubMed]

12. Chen, J.; Deng, F.; Singh, S.V.; Wang, Q.J. Protein kinase D3 (PKD3) contributes to prostate cancer cell growth and survival
through a PKCepsilon/PKD3 pathway downstream of Akt and ERK 1/2. Cancer Res. 2008, 68, 3844–3853. [CrossRef] [PubMed]

13. Li, L.; Hua, L.; Fan, H.; He, Y.; Xu, W.; Zhang, L.; Yang, J.; Deng, F.; Zeng, F. Interplay of PKD3 with SREBP1 Promotes Cell
Growth via Upregulating Lipogenesis in Prostate Cancer Cells. J. Cancer 2019, 10, 6395–6404. [CrossRef]

14. LaValle, C.R.; Zhang, L.; Xu, S.; Eiseman, J.L.; Wang, Q.J. Inducible silencing of protein kinase D3 inhibits secretion of tumor-
promoting factors in prostate cancer. Mol. Cancer Ther. 2012, 11, 1389–1399. [CrossRef]

15. Zou, Z.; Zeng, F.; Xu, W.; Wang, C.; Ke, Z.; Wang, Q.J.; Deng, F. PKD2 and PKD3 promote prostate cancer cell invasion by
modulating NF-kappaB- and HDAC1-mediated expression and activation of uPA. J. Cell Sci. 2012, 125, 4800–4811. [CrossRef]
[PubMed]

16. Csermely, P.; Schnaider, T.; Soti, C.; Prohaszka, Z.; Nardai, G. The 90-kDa molecular chaperone family: Structure, function, and
clinical applications. A comprehensive review. Pharmacol. Ther. 1998, 79, 129–168. [CrossRef] [PubMed]

17. Biebl, M.M.; Buchner, J. Structure, Function, and Regulation of the Hsp90 Machinery. Cold Spring Harb. Perspect. Biol. 2019, 11,
a034017. [CrossRef]

18. Taipale, M.; Jarosz, D.F.; Lindquist, S. HSP90 at the hub of protein homeostasis: Emerging mechanistic insights. Nat. Rev. Mol.
Cell Bio. 2010, 11, 515–528. [CrossRef]

19. Taipale, M.; Krykbaeva, I.; Koeva, M.; Kayatekin, C.; Westover, K.D.; Karras, G.I.; Lindquist, S. Quantitative Analysis of
Hsp90-Client Interactions Reveals Principles of Substrate Recognition. Cell 2012, 150, 987–1001. [CrossRef]

20. Azoitei, N.; Diepold, K.; Brunner, C.; Rouhi, A.; Genze, F.; Becher, A.; Kestler, H.; van Lint, J.; Chiosis, G.; Koren, J., 3rd; et al.
HSP90 supports tumor growth and angiogenesis through PRKD2 protein stabilization. Cancer Res. 2014, 74, 7125–7136. [CrossRef]

http://doi.org/10.1001/jama.294.2.238
http://www.ncbi.nlm.nih.gov/pubmed/16014598
http://doi.org/10.1111/j.1464-410X.2005.05798.x
http://www.ncbi.nlm.nih.gov/pubmed/16225513
http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.3390/genes12121900
http://doi.org/10.1073/pnas.91.18.8572
http://www.ncbi.nlm.nih.gov/pubmed/8078925
http://doi.org/10.1074/jbc.M008719200
http://doi.org/10.1016/S0167-4889(99)00040-3
http://doi.org/10.1074/jbc.M603044200
http://doi.org/10.3390/biom11030483
http://doi.org/10.1371/journal.pone.0098090
http://doi.org/10.1158/1535-7163.MCT-14-0945
http://www.ncbi.nlm.nih.gov/pubmed/25852060
http://doi.org/10.1158/0008-5472.CAN-07-5156
http://www.ncbi.nlm.nih.gov/pubmed/18483269
http://doi.org/10.7150/jca.31254
http://doi.org/10.1158/1535-7163.MCT-11-0887
http://doi.org/10.1242/jcs.106542
http://www.ncbi.nlm.nih.gov/pubmed/22797919
http://doi.org/10.1016/S0163-7258(98)00013-8
http://www.ncbi.nlm.nih.gov/pubmed/9749880
http://doi.org/10.1101/cshperspect.a034017
http://doi.org/10.1038/nrm2918
http://doi.org/10.1016/j.cell.2012.06.047
http://doi.org/10.1158/0008-5472.CAN-14-1017


Cells 2023, 12, 212 14 of 15

21. Solit, D.B.; Zheng, F.F.; Drobnjak, M.; Munster, P.N.; Higgins, B.; Verbel, D.; Heller, G.; Tong, W.; Cordon-Cardo, C.; Agus, D.B.;
et al. 17-Allylamino-17-demethoxygeldanamycin induces the degradation of androgen receptor and HER-2/neu and inhibits the
growth of prostate cancer xenografts. Clin. Cancer Res. 2002, 8, 986–993. [PubMed]

22. Whitesell, L.; Lindquist, S.L. HSP90 and the chaperoning of cancer. Nat. Rev. Cancer 2005, 5, 761–772. [CrossRef] [PubMed]
23. Jaeger, A.M.; Whitesell, L. HSP90: Enabler of Cancer Adaptation. Annu. Rev. Annu. Rev. Cancer Biol. 2019, 97, 275. [CrossRef]
24. Prodromou, C.; Roe, S.M.; O’Brien, R.; Ladbury, J.E.; Piper, P.W.; Pearl, L.H. Identification and structural characterization of the

ATP/ADP-binding site in the Hsp90 molecular chaperone. Cell 1997, 90, 65–75. [CrossRef] [PubMed]
25. Ying, W.; Du, Z.; Sun, L.; Foley, K.P.; Proia, D.A.; Blackman, R.K.; Zhou, D.; Inoue, T.; Tatsuta, N.; Sang, J.; et al. Ganetespib, a

unique triazolone-containing Hsp90 inhibitor, exhibits potent antitumor activity and a superior safety profile for cancer therapy.
Mol. Cancer Ther. 2012, 11, 475–484. [CrossRef]

26. Proia, D.A.; Bates, R.C. Ganetespib and HSP90: Translating preclinical hypotheses into clinical promise. Cancer Res. 2014, 74,
1294–1300. [CrossRef]

27. Fu, Z.; Jia, B. Advances in the role of heat shock protein 90 in prostate cancer. Andrologia 2022, 54, e14376. [CrossRef]
28. Alqawi, O.; Moghaddas, M.; Singh, G. Effects of geldanamycin on HIF-1alpha mediated angiogenesis and invasion in prostate

cancer cells. Prostate Cancer Prostatic Dis. 2006, 9, 126–135. [CrossRef]
29. Peng, R.; Li, Z.; Lin, Z.; Wang, Y.; Wang, W.; Hu, B.; Wang, X.; Zhang, J.; Wang, Y.; Zhou, R.; et al. The HSP90 inhibitor 17-PAG

effectively inhibits the proliferation and migration of androgen-independent prostate cancer cells. Am. J. Cancer Res. 2015,
5, 3198–3209.

30. Armstrong, H.K.; Gillis, J.L.; Johnson, I.R.D.; Nassar, Z.D.; Moldovan, M.; Levrier, C.; Sadowski, M.C.; Chin, M.Y.; Tomlinson
Guns, E.S.; Tarulli, G.; et al. Dysregulated fibronectin trafficking by Hsp90 inhibition restricts prostate cancer cell invasion. Sci.
Rep. 2018, 8, 2090. [CrossRef]

31. Nguyen, M.T.; Csermely, P.; Soti, C. Hsp90 chaperones PPARgamma and regulates differentiation and survival of 3T3-L1
adipocytes. Cell Death Differ. 2013, 20, 1654–1663. [CrossRef] [PubMed]

32. Sato, S.; Fujita, N.; Tsuruo, T. Modulation of Akt kinase activity by binding to Hsp90. Proc. Natl. Acad. Sci. USA 2000, 97,
10832–10837. [CrossRef] [PubMed]

33. Alam, M.S. Proximity Ligation Assay (PLA). Curr. Protoc. Immunol. 2018, 123, e58. [CrossRef] [PubMed]
34. Basso, A.D.; Solit, D.B.; Chiosis, G.; Giri, B.; Tsichlis, P.; Rosen, N. Akt forms an intracellular complex with heat shock protein

90 (Hsp90) and Cdc37 and is destabilized by inhibitors of Hsp90 function. J. Biol. Chem. 2002, 277, 39858–39866. [CrossRef]
[PubMed]

35. Giubellino, A.; Sourbier, C.; Lee, M.J.; Scroggins, B.; Bullova, P.; Landau, M.; Ying, W.; Neckers, L.; Trepel, J.B.; Pacak, K. Targeting
heat shock protein 90 for the treatment of malignant pheochromocytoma. PLoS ONE 2013, 8, e56083. [CrossRef]

36. Eiseler, T.; Doppler, H.; Yan, I.K.; Kitatani, K.; Mizuno, K.; Storz, P. Protein kinase D1 regulates cofilin-mediated F-actin
reorganization and cell motility through slingshot. Nat. Cell Biol. 2009, 11, 545–556. [CrossRef]

37. Siebert, C.; Ciato, D.; Murakami, M.; Frei-Stuber, L.; Perez-Rivas, L.G.; Monteserin-Garcia, J.L.; Nolting, S.; Maurer, J.; Feuchtinger,
A.; Walch, A.K.; et al. Heat Shock Protein 90 as a Prognostic Marker and Therapeutic Target for Adrenocortical Carcinoma. Front.
Endocrinol. 2019, 10, 487. [CrossRef]

38. Kumar, P.; Siripini, S.; Sreedhar, A.S. The matrix metalloproteinase 7 (MMP7) links Hsp90 chaperone with acquired drug resistance
and tumor metastasis. Cancer Rep. 2020, 5, e1261. [CrossRef]

39. Rozengurt, E.; Rey, O.; Waldron, R.T. Protein kinase D signaling. J. Biol. Chem. 2005, 280, 13205–13208. [CrossRef]
40. Baker, J.; Falconer, A.M.D.; Wilkinson, D.J.; Europe-Finner, G.N.; Litherland, G.J.; Rowan, A.D. Protein kinase D3 modulates

MMP1 and MMP13 expression in human chondrocytes. PLoS ONE 2018, 13, e0195864. [CrossRef]
41. Rey, O.; Yuan, J.; Young, S.H.; Rozengurt, E. Protein kinase C nu/protein kinase D3 nuclear localization, catalytic activation, and

intracellular redistribution in response to G protein-coupled receptor agonists. J. Biol. Chem. 2003, 278, 23773–23785. [CrossRef]
[PubMed]

42. Rodina, A.; Wang, T.; Yan, P.; Gomes, E.D.; Dunphy, M.P.; Pillarsetty, N.; Koren, J.; Gerecitano, J.F.; Taldone, T.; Zong, H.; et al.
The epichaperome is an integrated chaperome network that facilitates tumour survival. Nature 2016, 538, 397–401. [CrossRef]
[PubMed]

43. Moulick, K.; Ahn, J.H.; Zong, H.; Rodina, A.; Cerchietti, L.; Gomes DaGama, E.M.; Caldas-Lopes, E.; Beebe, K.; Perna, F.; Hatzi,
K.; et al. Affinity-based proteomics reveal cancer-specific networks coordinated by Hsp90. Nat. Chem. Biol. 2011, 7, 818–826.
[CrossRef] [PubMed]

44. Huck, B.; Kemkemer, R.; Franz-Wachtel, M.; Macek, B.; Hausser, A.; Olayioye, M.A. GIT1 phosphorylation on serine 46 by PKD3
regulates paxillin trafficking and cellular protrusive activity. J. Biol. Chem. 2012, 287, 34604–34613. [CrossRef]

45. Chakraborty, A.; Edkins, A.L. HSP90 as a regulator of extracellular matrix dynamics. Biochem. Soc. Trans. 2021, 49, 2611–2625.
[CrossRef]

46. Baker-Williams, A.J.; Hashmi, F.; Budzynski, M.A.; Woodford, M.R.; Gleicher, S.; Himanen, S.V.; Makedon, A.M.; Friedman, D.;
Cortes, S.; Namek, S.; et al. Co-chaperones TIMP2 and AHA1 Competitively Regulate Extracellular HSP90:Client MMP2 Activity
and Matrix Proteolysis. Cell Rep. 2019, 28, 1894–1906.e1896. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/12006510
http://doi.org/10.1038/nrc1716
http://www.ncbi.nlm.nih.gov/pubmed/16175177
http://doi.org/10.1146/annurev-cancerbio-030518-055533
http://doi.org/10.1016/S0092-8674(00)80314-1
http://www.ncbi.nlm.nih.gov/pubmed/9230303
http://doi.org/10.1158/1535-7163.MCT-11-0755
http://doi.org/10.1158/0008-5472.CAN-13-3263
http://doi.org/10.1111/and.14376
http://doi.org/10.1038/sj.pcan.4500852
http://doi.org/10.1038/s41598-018-19871-4
http://doi.org/10.1038/cdd.2013.129
http://www.ncbi.nlm.nih.gov/pubmed/24096869
http://doi.org/10.1073/pnas.170276797
http://www.ncbi.nlm.nih.gov/pubmed/10995457
http://doi.org/10.1002/cpim.58
http://www.ncbi.nlm.nih.gov/pubmed/30238640
http://doi.org/10.1074/jbc.M206322200
http://www.ncbi.nlm.nih.gov/pubmed/12176997
http://doi.org/10.1371/journal.pone.0056083
http://doi.org/10.1038/ncb1861
http://doi.org/10.3389/fendo.2019.00487
http://doi.org/10.1002/cnr2.1261
http://doi.org/10.1074/jbc.R500002200
http://doi.org/10.1371/journal.pone.0195864
http://doi.org/10.1074/jbc.M300226200
http://www.ncbi.nlm.nih.gov/pubmed/12676944
http://doi.org/10.1038/nature19807
http://www.ncbi.nlm.nih.gov/pubmed/27706135
http://doi.org/10.1038/nchembio.670
http://www.ncbi.nlm.nih.gov/pubmed/21946277
http://doi.org/10.1074/jbc.M112.374652
http://doi.org/10.1042/BST20210374
http://doi.org/10.1016/j.celrep.2019.07.045


Cells 2023, 12, 212 15 of 15

47. Xu, W.; Qian, J.; Zeng, F.; Li, S.; Guo, W.; Chen, L.; Li, G.; Zhang, Z.; Wang, Q.J.; Deng, F. Protein kinase Ds promote tumor
angiogenesis through mast cell recruitment and expression of angiogenic factors in prostate cancer microenvironment. J. Exp.
Clin. Cancer Res. 2019, 38, 114. [CrossRef]

48. Huck, B.; Duss, S.; Hausser, A.; Olayioye, M.A. Elevated protein kinase D3 (PKD3) expression supports proliferation of triple-
negative breast cancer cells and contributes to mTORC1-S6K1 pathway activation. J. Biol. Chem. 2014, 289, 3138–3147. [CrossRef]

49. Liu, Y.; Song, H.; Yu, S.; Huang, K.H.; Ma, X.; Zhou, Y.; Yu, S.; Zhang, J.; Chen, L. Protein Kinase D3 promotes the cell proliferation
by activating the ERK1/c-MYC axis in breast cancer. J. Cell Mol. Med. 2020, 24, 2135–2144. [CrossRef]

50. Hao, Q.; McKenzie, R.; Gan, H.; Tang, H. Protein kinases D2 and D3 are novel growth regulators in HCC1806 triple-negative
breast cancer cells. Anticancer Res. 2013, 33, 393–399.

51. Cui, B.; Chen, J.; Luo, M.; Wang, L.; Chen, H.; Kang, Y.; Wang, J.; Zhou, X.; Feng, Y.; Zhang, P. Protein kinase D3 regulates the
expression of the immunosuppressive protein, PDL1, through STAT1/STAT3 signaling. Int. J. Oncol. 2020, 56, 909–920. [CrossRef]

52. Mayer, A.E.; Loffler, M.C.; Loza Valdes, A.E.; Schmitz, W.; El-Merahbi, R.; Viera, J.T.; Erk, M.; Zhang, T.; Braun, U.; Heikenwalder,
M.; et al. The kinase PKD3 provides negative feedback on cholesterol and triglyceride synthesis by suppressing insulin signaling.
Sci. Signal. 2019, 12, eaav9150. [CrossRef]

53. Li, C.; Li, J.; Cai, X.; Sun, H.; Jiao, J.; Bai, T.; Zhou, X.W.; Chen, X.; Gill, D.L.; Tang, X.D. Protein kinase D3 is a pivotal activator of
pathological cardiac hypertrophy by selectively increasing the expression of hypertrophic transcription factors. J. Biol. Chem.
2011, 286, 40782–40791. [CrossRef] [PubMed]

54. Zhang, S.; Liu, H.; Yin, M.; Pei, X.; Hausser, A.; Ishikawa, E.; Yamasaki, S.; Jin, Z.G. Deletion of Protein Kinase D3 Promotes Liver
Fibrosis in Mice. Hepatology 2020, 72, 1717–1734. [CrossRef] [PubMed]

55. Ellwanger, K.; Pfizenmaier, K.; Lutz, S.; Hausser, A. Expression patterns of protein kinase D 3 during mouse development. BMC
Dev. Biol. 2008, 8, 47. [CrossRef] [PubMed]

56. Nakai, A.; Ishikawa, T. Cell cycle transition under stress conditions controlled by vertebrate heat shock factors. EMBO J. 2001, 20,
2885–2895. [CrossRef] [PubMed]

57. Nardai, G.; Csermely, P.; Soti, C. Chaperone function and chaperone overload in the aged. A preliminary analysis. Exp. Gerontol.
2002, 37, 1257–1262. [CrossRef]

58. Hipp, M.S.; Kasturi, P.; Hartl, F.U. The proteostasis network and its decline in ageing. Nat. Rev. Mol. Cell Biol. 2019, 20, 421–435.
[CrossRef]

59. Kurop, M.K.; Huyen, C.M.; Kelly, J.H.; Blagg, B.S.J. The heat shock response and small molecule regulators. Eur. J. Med. Chem.
2021, 226, 113846. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1186/s13046-019-1118-y
http://doi.org/10.1074/jbc.M113.502633
http://doi.org/10.1111/jcmm.14772
http://doi.org/10.3892/ijo.2020.4974
http://doi.org/10.1126/scisignal.aav9150
http://doi.org/10.1074/jbc.M111.263046
http://www.ncbi.nlm.nih.gov/pubmed/21971046
http://doi.org/10.1002/hep.31176
http://www.ncbi.nlm.nih.gov/pubmed/32048304
http://doi.org/10.1186/1471-213X-8-47
http://www.ncbi.nlm.nih.gov/pubmed/18439271
http://doi.org/10.1093/emboj/20.11.2885
http://www.ncbi.nlm.nih.gov/pubmed/11387221
http://doi.org/10.1016/S0531-5565(02)00134-1
http://doi.org/10.1038/s41580-019-0101-y
http://doi.org/10.1016/j.ejmech.2021.113846
http://www.ncbi.nlm.nih.gov/pubmed/34563965

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Cell Migration 
	Gene Transfection 
	Cell Lysis 
	Western Blot 
	Proximity Ligation (PLA) Assay 
	Co-Immunoprecipitation (Co-IP) 
	Statistical Analysis 

	Results 
	Inhibition of Hsp90 or PKD Arrests Androgen-Independent Prostate Cancer Cell Migration 
	Hsp90 Inhibition Decreases PKD3 Protein Level in Prostate Cancer Cells 
	A Physical Interaction with Hsp90 Ensures PKD3 Conformational Stability 
	The Hsp90–PKD3 Interaction Is Required for PKD3-Dependent Phosphorylation of p65 
	Hsp90 Chaperones PKD3-Mediated Prostate Cancer Cell Migration 

	Discussion 
	References

