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Abstract

The protein kinase D (PKD) family consists of three serine/threonine protein kinases involved in 

the regulation of fundamental biological processes in response to their activation and intracellular 

redistribution. Although a substantial amount of information is available describing the 

mechanisms regulating the activation and intracellular distribution of the PKD isozymes during 

interphase, nothing is known of their activation status, localization and role during mitosis. The 

results presented in this study indicate that during mitosis, PKD3 and PKD are phosphorylated at 

Ser731 and Ser744 within their activation loop by a mechanism that requires protein kinase C. 

Mitosis-associated PKD3 Ser731 and PKD Ser744 phosphorylation is related to the catalytic 

activation of these kinases as evidenced by in vivo phosphorylation of histone deacetylase 5, a 

substrate of PKD and PKD3. Activation loop-phosphorylated PKD3 and PKD, as well as PKD2, 

associate with centrosomes, spindles and midbody suggesting that these activated kinases establish 

dynamic interactions with the mitotic apparatus. Thus, this study reveals a connection between the 

PKD isozymes and cell division, suggesting a novel role for this family of serine/threonine 

kinases.
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Introduction

The protein kinase D (PKD) family consists of three serine/threonine protein kinases termed 

PKD, PKD2 and PKD3 with different structural, enzymological and regulatory properties 

from the protein kinase C (PKC) family [1–5]. The N-terminal regulatory portion of the 

PKDs contains a cysteine-rich domain, which is comprised of a tandem repeat of cysteine-

rich, zinc finger like motifs termed cys1 and cys2 that confer high affinity binding to 
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phorbol esters and diacylglycerol (DAG), and a pleckstrin homology domain that regulates 

catalytic activity [6–9]. The C-terminal region of the PKDs contains their catalytic domain, 

which is distantly related to the Ca2+-regulated kinases [1].

The PKD isozymes can be activated in intact cells by pharmacological agents, including 

biologically active phorbol esters and physiological stimuli mediated by G protein-coupled 

receptor (GPCR) agonists, growth factors and antigen-receptor engagement [10]. In many 

cases, activation involves a PKC-dependent phosphorylation of two serine residues within 

the activation loop of the PKDs [5,11,12].

Reversible protein phosphorylation has emerged as a fundamental mechanism for 

transducing growth-promoting signals in quiescent cells and for controlling subsequent 

checkpoints throughout the cell cycle. Previous studies have indicated that PKDs play a 

critical role in facilitating early events in growth stimulation, including prolongation of ERK 

signaling and entry into the S phase of the cell cycle [13,14]. Recently, PKD has been shown 

to mediate cardiac growth and hypertrophy in response to Gq-coupled agonists [15].

In contrast to these studies implicating PKD in early stages of cell cycle control, nothing is 

known of any PKD isozyme regarding activation status, localization and role during mitosis. 

The results presented here show that PKD, PKD2 and PKD3 are activated and recruited to 

centrosomes, spindles and midbody during mitosis.

Materials and methods

Cell culture

Rat intestinal epithelial IEC-18 cells were maintained as previously described [16]. Human 

embryonic kidney HEK-293 cells were maintained in DMEM supplemented with 10% fetal 

bovine serum (FBS), 1000 U/ml penicillin, 1 mg/ml streptomycin (complete medium), and 

incubated in a humidified atmosphere containing 90% air and 10% CO2 at 37 °C [17]. The 

nontransformed human colonic epithelial cell line NCM460 was obtained from INCELL 

(San Antonio, TX). Cultures of these cells were maintained as previously described in a 

humidified atmosphere containing 5% CO2 and 95% air at 37 °C. T-Rex cells (HEK-T) 

(Invitrogen), a cell line derived from HEK-293 cells that constitutively express the 

tetracycline (Tet) repressor, were grown in a humidified atmosphere of 90% air and 10% 

CO2 at 37 °C in DMEM supplemented with 10% FBS, 1000 U/ml penicillin, 1 mg/ml 

streptomycin, and 5 µg/ml blasticidin. HEK-T and IEC-18 cells predominantly express PKD 

over PKD2 [18]. Both cell lines express PKD3. PKD2 is the only detectable member of the 

PKD family in NCM460 cells [17].

Construction of plasmids for tetracycline-regulated expression of PKD3 and PKD

The cDNA for PKD3was amplified from pGFP-PKD3 [5] by PCR with Taq DNA 

Polymerase High Fidelity (Invitrogen) using the forward primer 5-

GGGGTACCGCCACCATGTCTGCAAATAATTCCCCTCC-3 and reverse primer 5-

TTATTAAGGATCTTCTTCCATATCATCTGGATTAGG-3. The PCR product was 

digested with KpnI and resolved in a 1% low-melting agarose gel-1× TAE buffer. The band 

with the predicted size for PKD3 was eluted from the gel and subcloned into pENTR-2B 
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(Invitrogen) previously digested with KpnI and EcoRV. The cDNA for PKD was obtained 

by EcoRI digestion of pGFP-PKD [19], gel purified and subcloned into pENTR-2B 

previously digested with EcoRI and treated with alkaline phosphatase. pENTR-2B-PKD3 

and pENTR-2B-PKD were used as donor vectors to recombine the coding sequences for 

PKD3 and PKD into the destination vector pLenti4/TO/V5-Dest (Invitrogen). The 

recombinant constructs pDEST-PKD3 and pDEST-PKD cDNA sequences were confirmed 

by DNA sequence analysis and the products of their expression analyzed by Western blot 

using antibodies against PKD3 or PKD.

Transfection and selection of stable transformant cells expressing PKD3 and PKD

To generate cell lines stably expressing PKD3 or PKD under the control of an inducible 

promoter, exponentially growing HEK-293 cells constitutively expressing a Tet repressor 

(HEK-T) were transfected with plasmids encoding PKD3 or PKD (pDEST-PKD3 or 

pDEST-PKD) under the control of a Tet-inducible promoter using Lipofectamine Plus 

(Invitrogen). After 6 h, the media was replaced with complete medium supplemented with 5 

µg/ml blasticidin and the cells further incubated at 37 °C. After 48 h, 250 µg/ml Zeocin 

(Invitrogen) was added for selection of the transfected cells. Growth was monitored for two 

weeks, with the culture medium refreshed at 48 h intervals. Colonies were analyzed 

separately for PKD3 or PKD expression by Tet induction (100 ng/ml for 16 h) using 

Western blot and indirect immunofluorescence.

Cell synchronization

G1/S synchronized HEK-293 derived cultures were obtained using previously described 

protocols [20–24]. In brief, cells plated in 10 cm dishes at 3.5×105 cells/dish in complete 

medium were rinsed (3×) 24 h after plating with pre-warmed (37 °C) DMEM minus serum. 

The cells were then incubated for 36 h with DMEM supplemented with 0.2% FBS, 1000 

U/ml penicillin and 1 mg/ml streptomycin followed by 18 h incubation in complete medium 

supplemented with 5µg/ml aphidicolin. For HEK-T, HEK-TPKD3 and HEK-TPKD, 100 

ng/ml Tet in conjunction with aphidicolin was added to induce expression of PKD3 or PKD. 

After 18 h, the cells were rapidly rinsed twice with pre-warmed DMEM with a final 10 min 

incubation/wash with complete medium at 37 °C. After aspirating the final wash, the cells 

were incubated in fresh medium with 10% FBS, supplemented or not, with 100 ng/ml Tet. 

Mitotic cells were collected at different times after aphidicolin release by shake-off [20]. 

The collected cells were pelleted at 700 g at 4 °C, washed once with ice-cold PBS, pelleted 

again and lysed in 2× SDS-protein sample buffer [25]. Control cells were kept at all times 

with 5 µg/ml aphidicolin. Briefly, after the 18 h aphidicolin incubation, the cultures were 

rapidly rinsed twice with pre-warmed DMEM with a final 10 min incubation/wash with 

complete medium at 37 °C in the presence of aphidicolin. After aspirating the final wash, the 

cells were incubated in fresh medium with 10% FBS, supplemented or not, with 100 ng/ml 

Tet plus aphidicolin and cell lysates obtained at the indicated times by lysing the monolayers 

in 2× SDS-protein sample buffer. A synchronization protocol previously described [20] was 

used to obtain G2/M HEK-293 derived cultures [26–28]. Briefly, cells plated in 60-mm 

dishes at 1.5×105 cells/dish in complete medium were incubated for 18–20 h at 37 °C before 

being rinsed 3× with DMEM and incubated in DMEM supplemented with 0.2% FBS, plus 

or minus Tet (100 ng/ml), for 36 h at 37 °C. Subsequently, these cells were incubated in 
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complete medium, i. e. DMEM plus 10% FBS, without or with Tet (100 ng/ml) and 

nocodazole (40 ng/ml) for 12 h at 37 °C. Mitotic cells were collected as described above. 

The efficiency of the aphidicolin and nocodazole treatments was determined by examining 

the percentage of cells undergoing mitosis by immunofluorescence analysis of DAPI-stained 

cells. In agreement with published results, we found that the number of HEK-T, HEK-

TPKD and HEK-TPKD3 cells undergoing mitosis reached a peak (20–30%) between 12–14 

h after aphidicolin removal [22,23] and 50–70% 12 h after nocodazole incubation [26–28]. 

IEC-18 cells were synchronized at G1/S using the procedure described above for HEK-293 

cells.

Western blot analysis

Cell lysates directly solubilized by boiling in 2× SDS-PAGE sample buffer were resolved in 

SDS-4.5–15% or 12.5%-PAGE, transferred to Immobilon-P membranes (Millipore Corp.) 

and processed for Western blot as described [19] using horseradish peroxidase-conjugated 

IgG and enhanced chemiluminescence ECL reagent (GE Healthcare). Autoradiograms were 

scanned using a Calibrated Densitometer GS800 (BioRad) and the intensity of the detected 

bands was quantified using the BioRad Quantity One 4.6 software. The Western blots 

displayed in the appropriate figures were representative of at least three independent 

experiments.

Immunocytochemistry and cell imaging

Cells fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) and permeabilized 

with a solution of 0.4% Triton X-100 in PBS for 5 min at 25 °C were processed as described 

[19]. The samples were examined with a laser scanning confocal microscope (LSCM) 5 

Pascal (Carl Zeiss MicroImaging) and images collected in multi-track mode using the same 

image acquisition settings as previously described [29]. In some cases, the cells were 

examined with an epifluorescence microscope (Zeiss Axioskop, Carl Zeiss MicroImaging) 

and images captured as previously described [19]. Fifty cells were analyzed per experiment 

and each experiment was performed at least five times. The selected mitotic cells displayed 

in the appropriate figures were representative of 80% of the population of dividing cells.

Materials

Primary antibodies were obtained from: Cell Signaling Technology (rabbit anti-PKD/PKCµ 

Ser744/Ser748 (pS744) recognizes predominantly phosphorylated Ser731 in PKD3, Ser744 in 

PKD and Ser706 in PKD2; rabbit anti-PKD/PKCµ Ser916 (pS916) that recognizes 

phosphorylated Ser916 in PKD and Ser876 in PKD2); Upstate (rabbit anti-human PKD2; 

rabbit anti-human PKD2 Ser876 (pS876) that recognizes predominantly phosphorylated 

Ser876 in PKD2 and Ser916 in PKD); Abcam Inc. (mouse monoclonal [DM1A] against α-

tubulin, rabbit anti-histone deacetylase 5 phospho-Ser498); EMD Biosciences (rabbit anti-

PKD3, the epitope recognized by this antibody maps to a region between amino acid 

residues 840 and 890 in the C-terminus of human PKD3). The rabbit anti-PKD3 N17, which 

was raised against a peptide corresponding to the human PKD3 N-terminal residues 1-

SANNSPPSAQKSVLPTA-18, was previously described [5]. The antibodies against PKD3 

and PKD used in this study do not cross react as determined by Western blot analysis of 

transiently overexpressed GFP-tagged PKD3 and PKD (data not shown). The rabbit anti-
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histone 3 phospho-Ser10 (H3pS10) and rabbit anti-PKCµ/PKD C20 antibodies were obtained 

from Santa Cruz Biotechnology. Alexa Fluor-conjugated secondary antibodies were 

obtained from Molecular Probes. Horseradish peroxidase-conjugated secondary antibodies 

were from GE Healthcare DAPI (4′, 6-Diamidino-2-phenylindole), aphidicolin, tetracycline, 

and Gö6983 were obtained from Sigma Chemical Company. GF 109203X, Ro 31-8220, 

H-89 and Toxin B from Clostridium difficile were obtained from Calbiochem. ZM-447439 

was purchased from Tocris Bioscience. All other reagents were of the highest grade 

commercially available.

Results and discussion

Mitosis-associated phosphorylation of PKD isozymes

The rapid activation of PKD isozymes in response to a variety of stimuli occurs via 

phosphorylation of two conserved serine residues within their activation loop [10]. To 

determine whether the PKDs are regulated during mitosis, HEK-293 cells were incubated 

with aphidicolin, a reversible DNA polymerases inhibitor [30–32] extensively used to 

induce G1/S synchronization in different cell types [20], including HEK-293 cells [21–24]. 

The phosphorylation of PKD3 and PKD was examined at various time-points after 

aphidicolin removal. In these studies, we used an antibody that predominantly recognizes 

the phosphorylated state of the first serine residue in the activation loop of all the PKD 

isoforms (Ser744 in PKD, Ser706 in PKD2 and Ser731 in PKD3) [33]. Cell lysates obtained 

from parallel cultures kept in the presence of aphidicolin were used as controls.

As shown in Fig. 1A, the pS744 antibody revealed a prominent band with a molecular mass 

of approximately 100 kDa 12 h after the aphidicolin removal. Because the predicted 

molecular masses of PKD3 and PKD are very similar, 100.5 and 102 kDa respectively, this 

band could correspond to phosphorylated PKD3 and/or PKD. This time point coincided with 

the phosphorylation of Ser10 in the N-terminus of histone H3, a widely used mitosis marker 

[34–38], and with published results indicating that HEK-293 cells reach mitosis between 

12–14 h after aphidicolin removal [22,23]. In contrast, no proteins were detected with the 

pS744 antibody in lysates obtained from the cells that were kept in the presence of 

aphidicolin. Accordingly, only a very faint band was revealed with the H3pS10 antibody at 

12 h, indicating that most of the cells did not reach mitosis (Fig. 1A). Isoform-specific 

antibodies reveal no changes in the expression level of endogenous PKD3 or PKD in 

HEK-293 cells during aphidicolin incubation and subsequent release (data not shown). 

These results suggest that members of the PKD family are phosphorylated at a critical 

residue of the activation loop in cells traversing the mitotic phase of the cell cycle.

Ser731 and Ser744 in the activation loop of PKD3 and PKD are phosphorylated during 
mitosis

Because the amino acid sequence of the activation loop of all the mammalian PKD isozymes 

is identical [10], there is no isoform-specific activation loop phospho-antibody. Furthermore, 

since the molecular masses of PKD3 and PKD are almost the same, the identity of the 

phosphorylated PKD during mitosis as revealed by the pS744 antibody could not be 

determined. Accordingly, we established HEK-293-derived cell lines overexpressing PKD3 
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(HEK-TPKD3) or PKD (HEK-TPKD) under the control of an inducible tetracycline (Tet) 

promoter to clarify which of these kinases becomes phosphorylated during mitosis. As 

shown in Fig. 1B, HEK-TPKD3 cells showed a marked increase in PKD3 expression after 

16 h of Tet induction (4.7±0.5-fold increase; n=3). Similarly, HEK-TPKD cells also 

exhibited a marked increase in PKD expression in response to Tet exposure (8.6±1.5-fold 

increase; n=3). The intracellular distribution of the overexpressed proteins at interphase was 

identical to endogenous PKD3 and PKD [5,19]. Specifically, PKD3 was present in the 

cytoplasm and nucleus and PKD was found in the cytoplasm of HEK-TPKD3 and HEK-

TPKD cells, respectively (Fig. 1C).

To determine whether PKD3 and/or PKD are phosphorylated in their activation loop during 

mitosis, HEK-TPKD3 and HEK-TPKD cells were incubated with aphidicolin and the 

phosphorylation of Ser731 in PKD3 and Ser744 in PKD was examined at various time-points 

after removing the aphidicolin from the medium. In agreement with the results presented in 

Fig.1A, the pS744 antibody revealed a distinct band 12 h after aphidicolin removal in Tet-

treated or untreated HEK-T cells (Fig. 2A). The same antibody revealed prominent bands at 

12 h and 14 h after aphidicolin removal in Tet-treated HEK-TPKD3 and HEK-TPKD cells, 

demonstrating that both PKD3 and PKD become phosphorylated in their activation loop 

during mitosis (Fig. 2A).

To independently validate these results, we also examined cells arrested at the G2/M 

transition. Growing HEK-T, HEK-TPKD3 and HEK-TPKD cells were incubated for 12 h 

with nocodazole, an inhibitor of tubulin polymerization extensively employed to induce 

G2/M synchronization in different cell types [20], including HEK-293 cells [24,26,27], and 

the phosphorylation of PKD3 and PKD was examined using Western blots. A very 

prominent band became evident with the pS744 antibody after Tet-induced PKD3 and PKD 

expression in nocodazole-treated cells (Fig. 2B), reinforcing the concept that PKD3 and 

PKD are phosphorylated at Ser731 and Ser744 in their activation loop during mitosis. No 

protein was detected by the pS744 antibody in non-synchronized HEK-T cells (Fig. 2B). 

Because PKD3 and PKD were phosphorylated during nocodazole-mediated G2/M arrest 

[20], our results suggest that Ser731 and Ser744 phosphorylation occurs during early mitosis.

Mitosis-dependent phosphorylation of PKD3 Ser731 and PKD Ser744 requires PKC activity

The members of the PKC family are central components in pathways regulating a wide 

variety of cellular processes [39]. For example, conventional and novel PKCs are involved 

in G2/M transition and cytokinesis [40–47]. Furthermore, PKC activity is indispensable for 

the rapid phosphorylation of Ser744 in the activation loop of PKD [33]. In view of these 

observations and the results presented in Figs. 2A, B indicating that PKD3 Ser731 and PKD 

Ser744 are phosphorylated during mitosis, we examined whether PKC inhibitors would 

prevent the phosphorylation of these serine residues.

HEK-TPKD3 and HEK-TPKD cells were synchronized at G1/S by exposure to aphidicolin 

for 18 h. After aphidicolin removal, the cells were further incubated for 10 h before being 

treated with the selective PKC inhibitor Gö6983 [48] and the phosphorylation of PKD3 and 

PKD was determined 2 h later by Western blot using the pS744 antibody. We also examined 

the phosphorylation of Ser731 in PKD3 and Ser744 in PKD after inhibiting the activity of 
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Aurora Kinase A and B [49,50], protein kinase A (PKA) [51–53] and Rho GTPases [54,55], 

which are signaling molecules that regulate cell cycle progression from G2 through 

cytokinesis. Our results show that exposure to the PKC inhibitor Gö6983 blocked the 

phosphorylation of Ser731 in PKD3 and Ser744 in PKD (Fig. 3A, left panel). In contrast, the 

treatment with the Aurora Kinase A and B inhibitor ZM-447439 [56], the PKA inhibitor 

H-89 [57] or the Rho GTPases inhibitor Toxin B from C. difficile [58,59] did not prevent the 

phosphorylation of Ser731 or Ser744 (Fig. 3A, left panels). In agreement with the results 

obtained with Gö6983 and published data [33], other selective PKC inhibitors, including GF 

109203X (also known as bisindolylmaleimide I) or Ro 31-8220 [60,61], also prevented the 

phosphorylation of Ser731 and Ser744 (Fig. 3A, right panels). Thus, these results indicate that 

the phosphorylation of PKD3 Ser731 and PKD Ser744 during mitosis is mediated by a 

mechanism that requires PKC activity.

Catalytic activation of PKD3 and PKD during mitosis

Histone deacetylase (HDAC) 5 and 7, two members of the class II of classical HDAC [62], 

are in vivo substrates of PKD3 and PKD [63]. In response to a variety of signals, including 

phorbol esters, T cell receptor engagement, vascular endothelial growth factor and 

angiotensin stimulation, the activity of HDAC5 and 7 are regulated by a mechanism that 

involves PKD3 and PKD-mediated phosphorylation of the highly conserved Ser259 and 

Ser498 residues that are located in N-terminus of class II HDACs [63–67]. To determine 

whether mitosis-mediated phosphorylation of Ser731 and Ser744 in the activation loop of 

PKD3 and PKD was associated with an increase in their catalytic activity, we examined the 

phosphorylation of HDAC5 Ser498 in G2/M synchronized and PKD3 or PKD overexpressing 

cells.

Lysates obtained from nocodazole-treated HEK-T, HEK-TPKD3 and HEK-TPKD cells 

were analyzed by Western blot using an antibody that recognizes the phosphorylated Ser498 

in HDAC5. As shown in Fig. 3B, the pS498 antibody revealed a band migrating within the 

predicted molecular mass for HDAC5 (122 kDa). This immunoreactive band, which was 

detected in all the samples, showed a dramatic increase only in the cells overexpressing 

PKD3 or PKD. Thus, these results suggest that the phosphorylation of Ser731 and Ser744 in 

the activation loop of PKD3 and PKD that occurs during mitosis is associated with an 

increase in their catalytic activity. No changes in the expression level of HDAC5 were 

detected because of nocodazole treatment or PKDs overexpression (data not shown).

Our data indicate that PKD3 Ser731 and PKD Ser744 phosphorylation during mitosis is 

mediated by a mechanism that requires PKC activity (Fig. 3A). Accordingly, and to further 

reinforce the association between PKD3 and PKD activation during mitosis and downstream 

events, we examined whether the phosphorylation of HDAC5 Ser498 required PKC activity. 

HEK-TPKD3 and HEK-TPKD cells were synchronized at G1/S by exposure to aphidicolin 

for 18 h. After aphidicolin removal, the cells were further incubated for 10 h before being 

treated with the selective PKC inhibitor Gö6983 and the phosphorylation of HDAC5 Ser498 

determined 2 h later by Western blot using the pS498 antibody. As shown in Fig. 3C, 

Gö6983 inhibited the phosphorylation of Ser498 further reinforcing the concept that during 

mitosis PKD3 and PKD become activated by a mechanism that requires PKC activity and 
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that their activation is associated with the phosphorylation of downstream substrates. Similar 

results, i. e. Ser498 phosphorylation inhibition during mitosis, were obtained using GF 

109203X (data not shown).

PKD3 and PKD associate with the mitotic apparatus

To characterize the intracellular distribution of PKD3 and PKD during mitosis, non-

synchronized HEK-TPKD3 and HEK-TPKD cells treated with Tet for 16 h were fixed and 

processed for indirect immunofluorescence, as described under Materials and methods, 

using antibodies against PKD3 or PKD. As Fig. 4A shows, PKD3 and PKD were associated 

with structures resembling spindles (arrows) in cells undergoing mitosis, suggesting that 

both proteins are recruited to the mitotic apparatus during cell division. To confirm that this 

association was not due to PKD3 and PKD overexpression, we examined the intracellular 

distribution of endogenous PKD3 and PKD in intestinal epithelial IEC-18 cells.

In agreement with the results presented in Fig. 4A, immunocytochemistry and laser scanning 

confocal microscopy of non-synchronized IEC-18 cells undergoing mitosis showed that 

endogenous PKD3 associates with the mitotic spindles (Fig. 4B, arrows). This association 

was confirmed with another antibody (N17) generated in our laboratory [5] against the N-

terminus of PKD3 (data not shown). The results also show that the association of PKD3 was 

not limited to the spindles. Specifically, PKD3 was present in centrosomes and midbody 

(Fig. 4C, arrows), indicating that this kinase undergoes a dynamic redistribution during 

mitosis. PKD3 did not colocalize with microtubules during interphase (Fig. 4B), suggesting 

that the interaction between PKD3 and the spindles is mediated by a protein(s) specifically 

present in these mitotic structures. In agreement with our published data [5] and results 

obtained with HEK-TPKD3 cells (see Fig. 1C), PKD3 was present in the nucleus and 

cytoplasm of IEC-18 cells during interphase. The localization of endogenous PKD3 to the 

mitotic apparatus was detected in different cell types, including human pancreatic cancer 

Panc-1 cells, murine Swiss 3T3 fibroblasts and human primary keratinocytes (data not 

shown). We also found that endogenous PKD is associated with the mitotic apparatus in 

non-synchronized IEC-18 cells undergoing mitosis (Fig. 4D, arrows), substantiating the 

results obtained with overexpressed PKD (Fig. 4A). Interestingly, we found that long term-

overexpression (72 h) of PKD3 or PKD in HEK-TPKD3 and HEK-TPKD cells was 

associated with the appearance of multinucleated cells and mitotic bridges, both indicators 

of cytokinesis failure [68] (data not shown). Thus, the present results indicate that PKD3 and 

PKD are recruited to the mitotic apparatus during cell division.

Activation loop-phosphorylated PKDs are associated with the mitotic apparatus

The association of PKD3 and PKD with the spindles, centrosomes and midbody could be 

important to regulate the function of these structures. Accordingly, we examined the 

distribution of activation loop-phosphorylated PKDs using the pS744 antibody. 

Immunocytochemistry and laser scanning confocal microscopy of non-synchronized IEC-18 

cells undergoing mitosis revealed a strong reactivity of the pS744 antibody with cells at 

different mitotic stages (Figs. 5A, B). Specifically, the pS744 antibody reacted with 

spindles, centrosomes and midbody (Fig. 5B, arrows), a pattern that closely matches the 

distribution of endogenous PKD3 and PKD presented in Figs. 4B–D. In agreement with the 
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results presented in Fig. 3A, the reactivity of pS744 with IEC-18 cells undergoing mitosis 

was reduced in response to the PKC inhibitors Gö6983 or GF 109203X (Fig. 5C), consistent 

with the notion that during mitosis a mechanism involving PKC mediates PKD3 and PKD 

activation loop phosphorylation. These PKC inhibitors did not interfere in the association of 

PKD3 (Fig. 5D) or PKD (data not shown) with the mitotic apparatus. However, atypical 

spindle morphology and organization, as well as abnormal chromosomal segregation, were 

common in cells treated with Gö6983 or GF 109203X (Figs. 5C and D, arrows), suggesting 

that the activity of PKC is involved in the regulation of spindle assembly and/or dynamics.

Thus, these results obtained with non-synchronized and synchronized cells expressing 

endogenous PKD3 and PKD support the conclusion that PKD3 Ser731 and PKD Ser744 are 

phosphorylated during mitosis and that these phosphorylated kinases associate with 

centrosomes, spindles and midbody.

PKD has in its C-terminus an autophosphorylation site (Ser916) which is absent in PKD3 

[10]. The phosphorylation of this serine residue has been extensively used to evaluate the 

catalytic activity of PKD using the phospho-specific pS916 antibody. As shown in Fig. 6A, 

the pS916 antibody reacted with the same mitotic structures as pS744, further demonstrating 

that catalytically active PKD is associated with the mitotic apparatus. To corroborate this 

observation, cell lysates obtained from G2/M arrested IEC-18 cells were examined by 

Western blot using the pS916 antibody. Lysates obtained from non-synchronized IEC-18 

cells that were either left unstimulated or stimulated with the GPCR agonist vasopressin 

were used as negative and positive controls, respectively. As previously reported [18], 

vasopressin promotes a rapid phosphorylation of PKD Ser916 in IEC-18 cells (Fig. 6B). 

Importantly, a dramatic increase in the reactivity of the pS916 antibody equivalent to the 

phosphorylation observed after GPCR stimulation was also detected in nocodazole-treated 

IEC-18 cells, further demonstrating that PKD autophosphorylation is elevated during 

mitosis.

We next examined the intracellular distribution and phosphorylation of PKD2 during 

mitosis. We employed the nontransformed human colonic epithelial NCM460 cells because 

PKD2 is the only detectable PKD isoform in this cell line [17]. Non-synchronized NCM460 

cells were processed for indirect immunofluorescence as described under Materials and 

methods and stained with a rabbit antibody highly specific for human PKD2 [17]. As shown 

in Fig. 7, top panels, this antibody revealed that PKD2 associates with the mitotic spindles 

(arrows) as well as centrosomes and midbody (data not shown). We also found a 

pronounced reactivity of the pS744 antibody with spindles and centrosomes (Fig. 7, middle 

panels, arrows), indicating that Ser706 in the activation loop of PKD2 is also phosphorylated 

during mitosis. PKD2 has also in its C-terminus an autophosphorylation site (Ser876) that is 

homologous to Ser916 present in PKD [10]. The phosphorylation of this serine residue has 

also been used to evaluate the catalytic activity of PKD2. As shown in Fig. 7, bottom panels, 

the phospho-specific pS876 antibody strongly reacted with centrosomes and spindles, 

demonstrating that catalytically active PKD2 is associated with the mitotic apparatus.

In summary, the studies presented here reveal the existence of a cell cycle-regulated 

signaling pathway involving the activation of the PKD isozymes and their localization to 
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centrosomes, spindles and midbody. Considering that the nuclear levels of polyunsaturated 

DAG species increase during G2/M [69] and that the PKD isozymes can be activated by 

DAG, it is tempting to speculate that during mitosis DAG mediates the activation of these 

kinases directly and/or indirectly via PKC stimulation.

The PKD isozymes have been implicated in the regulation of a variety of important cellular 

functions including DNA synthesis and cell proliferation, chromatin modification, Golgi 

organization and function, c-Jun signaling, NFκB-mediated gene expression and cell 

migration [10]. In addition to these processes, the results presented here raise the possibility 

that these kinases are implicated in the regulation of cell cycle events directly associated 

with the progression of mitosis.
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Fig. 1. 
PKD3/PKD activation loop phosphorylation after cell cycle synchronization (A). HEK-293 

cells synchronized at G1/S by aphidicolin treatment were obtained at the indicated times 

(hpr) after aphidicolin removal (left panels) or not (right panels). Equal amounts of the 

lysates were resolved in a 4.5–15% (PKDs/α-tubulin) or 12.5% (histone H3) SDS-PAGE 

and proteins transferred to PVDF membranes. The membranes were incubated with primary 

rabbit polyclonal antibody (pS744) that recognizes the phosphorylation of Ser731 and Ser744 

within the activation loop of PKD3 and PKD, respectively, or with the primary rabbit 
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polyclonal antibody H3pS10 that recognizes the phosphorylation of Ser10 in histone H3. 

Additionally, the membranes were incubated with a murine monoclonal antibody against α-

tubulin. Signals were detected as described under Materials and methods. Analysis of PKD3 

and PKD expression in stable cell lines (B). Cell lines stably transfected with plasmids 

encoding PKD3 (HEK-TPKD3) or PKD (HEK-TPKD) under the control of a Tet-inducible 

promoter were incubated for 16 h without or with Tet (100 ng/ml). Equal amounts of cell 

lysates, including control HEK-T cells, were resolved in a 4.5–15% SDS-PAGE and 

proteins transferred to PVDF membranes. The membranes were incubated with primary 

antibodies against PKD3, PKD or α-tubulin and signals detected as described under 

Materials and methods. PKD3 and PKD intracellular distribution in stable cell lines (C). 

HEK-T (control), HEK-TPKD3 and HEK-TPKD cells incubated without or with Tet (100 

ng/ml) for 16 h were processed for indirect immunofluorescence as described under Material 

and methods using primary antibodies against PKD3 or PKD and Alexa 488-conjugated 

anti-rabbit IgG as secondary antibody. Bar: 10 µm, hpr: hours post aphidicolin release, h: 

hours.
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Fig. 2. 
PKD3 Ser731 and PKD Ser744 phosphorylation during mitosis. HEK-T (control), HEK-

TPKD3 and HEK-TPKD cells, without or with Tet (100 ng/ml) synchronized at G1/S by 

aphidicolin treatment (A), were collected at the indicated times after aphidicolin removal. 

Alternatively, the cultures, without or with Tet (100 ng/ml), were synchronized at G2/M by 

nocodazole treatment (B) for 12 h. Equal amounts of cell lysates obtained from aphidicolin 

or nocodazole-treated cells were resolved in a 4.5–15% SDS-PAGE. Proteins were 
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transferred to PVDF membranes and the membranes incubated with pS744 or α-tubulin 

antibodies. Signals were detected as described under Materials and methods.
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Fig. 3. 
Effect of PKC inhibitors on mitosis-dependent PKD3 Ser731 and PKD Ser744 

phosphorylation (A). HEK-TPKD3 and HEK-TPKD cells synchronized at G1/S by 

aphidicolin in the presence of Tet (100 ng/ml) were treated 10 h after aphidicolin removal 

with inhibitors of Aurora Kinase A and B (5 µM ZM-447439), PKA (10 µM H-89), Rho 

GTPases (Tox B 40 ng/ml) or PKC (2.5 µM Gö 6983, 3.5 µM GF 109203X, 2.5 µM Ro 

31-8220) and the phosphorylation of PKD3 and PKD examined 2 h later by Western blot 

using the pS744 antibody. PKD3 and PKD-mediated HDAC5 Ser498 phosphorylation during 

mitosis (B). Cell lysates obtained from HEK-T (control), HEK-TPKD3 and HEK-TPKD 

cells synchronized at G2/M by 12 h nocodazole treatment, plus or minus Tet (100 ng/ml), 

were resolved in a 4.5–15% SDS-PAGE. Proteins were transferred to PDVF membranes and 

the membranes incubated with pS498 or α-tubulin antibodies. Effect of PKC inhibition on 

mitosis-dependent HDAC5 Ser498 phosphorylation (C). HEK-TPKD3 and HEK-TPKD cells 

synchronized at G1/S by aphidicolin in the presence of Tet (100 ng/ml) were treated 10 h 

after aphidicolin removal with the selective PKC inhibitor Gö6983 (2.5 µM) and the 

phosphorylation of HADC5 Ser498 examined 2 h later by Western blot using the pS498 

antibody. Signals were detected as described under Materials and methods.

Papazyan et al. Page 19

Exp Cell Res. Author manuscript; available in PMC 2016 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Intracellular distribution of overexpressed PKD3 and PKD during mitosis (A). 

Unsynchronized HEK-TPKD3 and HEK-TPKD cells (A) incubated with Tet (100 ng/ml) for 

16 h were processed for immunocytochemistry as described under Materials and methods 

using rabbit primary antibodies against PKD3 or PKD and Alexa 488-conjugated anti-rabbit 

IgG. The preparations were examined with an epifluorescence microscope and images 

acquired as previously described [19]. Intracellular distribution of endogenous PKD3 and 

PKD during mitosis (B–D). Unsynchronized IEC-18 cells were processed for indirect 

immunofluorescence and laser scanning confocal microscopy as described under Materials 

and methods using rabbit primary antibodies against PKD3 (B, C) or PKD (D), and Alexa 

488-conjugated chicken anti-rabbit IgG. α-tubulin was detected using a murine monoclonal 

antibody and secondary Alexa 568-conjugated goat anti-mouse IgG. DNA was 

counterstained using 0.0005% DAPI. Bar: 10 µm.
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Fig. 5. 
Intracellular distribution of activation loop-phosphorylated PKDs during mitosis. 

Unsynchronized IEC-18 cells were processed for indirect immunofluorescence and 

examined using a LSCM as described under Materials and methods using the rabbit 

phospho-specific antibody pS744 (A, B) and Alexa 488-conjugated chicken anti-rabbit IgG. 

α-tubulin was detected using a murine monoclonal antibody and secondary Alexa 568-

conjugated goat anti-mouse IgG. DNA was counterstained using 0.0005% DAPI. Effect of 

PKC inhibition on PKDs mitosis-dependent activation loop phosphorylation. IEC-18 cells 
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synchronized at G1/S by exposure to aphidicolin, following the same procedure described in 

Materials and methods for HEK-T derived cell lines, were further incubated for 4 h after 

aphidicolin removal before being treated for 2 h with the selective PKC inhibitors Gö6983 

(2.5 µM) or GF 109203X (3.5 µM). After the treatment, the cells were fixed and processed 

for indirect immunofluorescence using the rabbit pS744 antibody and a murine monoclonal 

antibody against α-tubulin (C) or rabbit anti-PKD3 and a murine monoclonal antibody 

against α-tubulin (D). Alexa 488-conjugated chicken anti-rabbit IgG and Alexa 568-

conjugated goat anti-mouse IgG were used as secondary antibodies. DNA was 

counterstained using 0.0005% DAPI. Preparations were examined using a LSCM (A, B, D) 

or an epifluorescence microscope (C). Bar: 10 µm.
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Fig. 6. 
Intracellular distribution of activated PKD during mitosis (A). Unsynchronized IEC-18 cells 

were processed for indirect immunofluorescence and examined using a LSCM as described 

under Materials and methods using a rabbit phospho-specific antibody pS916 and Alexa 

488-conjugated chicken anti-rabbit IgG. DNA was counterstained using 0.0005% DAPI. 

Bar: 10 µm. Western blot analysis of endogenous PKD Ser916 phosphorylation during 

mitosis (B). Unsynchronized IEC-18 cells were left unstimulated (−) or stimulated with 100 

nM vasopressin (Vas) for 10 min at 37 °C and then lysed. Parallel cultures of IEC-18 cells 

synchronized at G2/M following the same procedure described in Materials and methods for 

HEK-T derived cell lines were also collected and lysed. Equal amounts of the different 

lysates were resolved in a 4.5–15% SDS-PAGE and proteins transferred to PVDF 

membranes. The membranes were incubated with pS916 or α-tubulin antibodies and signals 

detected as described in Materials and methods.
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Fig. 7. 
Intracellular distribution of activated PKD2 during mitosis. Unsynchronized NCM-460 cells 

were processed for indirect immunofluorescence and examined with an epifluorescence 

microscope as described under Materials and methods. Samples were stained with an 

antibody that recognizes PKD2 (top panels), with the phospho-specific antibody pS744 

(middle panels) which recognizes phosphorylated Ser706 within the activation loop of 

PKD2, or with the phospho-specific antibody pS876 that recognizes PKD2 phosphorylated 

at Ser876 (bottom panels), a PKD2 autophosphorylation site. Alexa 488-conjugated chicken 

anti-rabbit IgG was used as secondary antibody. α-tubulin was detected using a murine 

monoclonal antibody and secondary Alexa 568-conjugated goat anti-mouse IgG. DNA was 

counterstained using 0.0005% DAPI. Bar: 10 µm.
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