
Abstract. Aim: The role of protein kinase D (PKD) in the
context of breast cancer cell biology is not clear. Materials
and Methods: The expression of PKD isoforms was assessed
in various breast cancer cell lines and PKD isoform-specific
siRNAs and selective inhibitors were used to study the role of
PKD in breast cancer cell growth. Results: PKD2 and PKD3
were two major isoforms expressed at the highest levels in
tumorgenic HCC1806 triple-negative breast cancer cells.
Silencing PKD2 or PKD3 significantly inhibited HCC1806
cell proliferation, and PKD3 silencing had a higher inhibitory
effect than PKD2 silencing on cell growth and PKD-mediated
signaling. HCC1806 breast cancer cells were highly
responsive to PKD inhibitors but not to a general protein
kinase C (PKC) inhibitor. Conclusion: We have identified
PKD2 and PKD3, especially PKD3, as novel cell growth
regulators in HCC1806 triple-negative breast cancer cells.
Targeting PKD instead of all PKCs effectively inhibited cell
proliferation in a number of breast cancer cell lines. 

The serine/threonine protein kinase D (PKD) family of kinases
include PKD1 (also called protein kinase Cμ-PKCμ), PKD2 and
PKD3 (PKCν) (1, 2). PKD contains a tandem repeat of zinc
finger-like cysteine-rich motifs at its N terminus, which display
high affinity for diacylglycerol or phorbol ester, a pleckstrin
homology domain, and a C-terminal catalytic domain that
shares homology with the calmodulin-dependent kinases (1, 2).
Although the PKD family kinases exhibit a homologous
catalytic domain, they vary with respect to their subcellular
localization, expression, and regulation (1-4). PKD1 contains a
high frequency of apolar amino acids, mainly alanine and
proline at the N terminus. PKD2 has unique N- and C-terminal
domains that determine its nucleocytoplasmic shuttling,

activation and substrate targeting (3, 5, 6), whereas PKD3 lacks
the alanine- and proline-rich regions at the N terminus and an
autophosphorylation site at the C terminus. These findings
suggest a functional difference among PKD isoforms. To date,
PKD1 is the best characterized isoform of this family, and it has
been implicated in cell migration, membrane trafficking, and the
expression of gene sets modulated by class II histone
deacetylases (HDACs) (1, 7-10). In contrast, relatively less is
known about the biological functions of PKD2 and PKD3. 

Breast cancer can be classified into three major subtypes,
estrogen receptor (ER)-positive, epidermal growth factor
receptor-2 (ErbB2/HER2)-positive, and triple-negative (ER-
negative, progesterone receptor-negative, and HER2-negative/
not overexpressed) breast cancer, depending on current clinical
treatment strategies. Triple-negative breast cancer comprises 15-
20% of all breast cancers (11, 12). Triple-negative breast cancer
has distinct clinical and pathological features, and is a clinical
problem because of its aggressive behavior and poor overall
survival (13). Currently, targeted therapies for triple-negative
breast cancer are lacking, leaving chemotherapy as the mainstay
of treatment. It has been shown that PKD1 is expressed in the
normal human breast cell line MCF-10A and low invasive
breast cancer cell lines (MCF-7 and BT474); PKD1 does not
regulate breast cancer cell growth but inhibits breast cancer cell
invasion (14). Interestingly, PKD2 and PKD3 were two major
PKD isoforms found in human invasive breast cancer cells and
tumor samples (14). Despite these intriguing observations, the
specific roles of PKD2 and PKD3 in the context of breast
cancer cell biology have not yet been explored. 

In this study, we have investigated the expression and
function of PKD2 and PKD3 in various breast cancer cell
lines and identified PKD2 and PKD3, especially PKD3, as
novel cell growth regulators in HCC1806 triple-negative
breast cancer cells. 

Materials and Methods

Antibodies and reagents. PKD3, epidermal growth factor receptor
(EGFR), and phospho-HDAC4(S246)/HDAC5(S259)/HDAC7(S155)
antibodies and reagents for chemiluminescence detection were from Cell
Signaling (Beverly, MA, USA). Antibodies against PKCμ/PKD1/2 (C-
20), HER2/ErbB2, and vinculin were from Santa Cruz Biotechnology
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(Santa Cruz, CA, USA). PKD2 and phospho-heat shock protein 27(S82)
(HSP27-S82) antibodies were from Millipore (Billerica, MA, USA). The
selective PKD inhibitor kb-NB142-70 was from Tocris Bioscience
(Minneapolis, MN, USA); and Gö6976 was from LC Laboratories
(Woburn, MA, USA). Gö6983 and PKCβ inhibitor were from EMD
Biosciences (Billerica, MA, USA). CellTiter96 aqueous one solution
reagent for cell proliferation assay was from Promega (Madison, WI,
USA). Lipofectamine 2000 and Opti-MEM reduced serum medium
were from Invitrogen (Carlsbad, CA, USA). 

Cell culture and cell growth assay. Human breast cancer cell lines
T47D, HCC38, MDA-MB-468 (MB468), HCC1806, BT474,
HCC1954, and MDA-MB453 (MB453) were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum. Cells were transfected with siRNA duplexes or treated with
PKD or PKC inhibitors, and the cell proliferation was assessed by
CellTiter96 one solution reagent (Promega) and by cell counting with
a Beckman Coulter Z1 cell counter as described previously (15). 
Western blotting analysis. Western blotting was performed as
described previously (16).

RNA isolation and reverse transcription polymerase chain reaction
(RT-PCR). Total RNA was isolated, and semiquantitative RT-PCR was
performed according to the manufacturer’s protocol (Qiagen, Valencia,
CA, USA) using the following primers: PKD1 (expected product of
579 bp), 5’-TGC CAG AGC ACA TAA CGA AG-3’ (forward) and 5’-
TTC TCC CAC CTC AGG TCA TC-3’ (reverse); PKD2 (697 bp), 5’-
CAA CCC ACA CTG CTT TGA GA-3’ (forward) and 5’-CAC ACA
GCT TCA CCT GAG GA-3’ (reverse); PKD3 (273 bp), 5’-CGG AGC
AAA GGT TAC AAC-3’ (forward) and 5’-AAG CCA AGT CTG ATA
GTC CTG-3’ (reverse); and internal control GAPDH, 5’-CGC TGA
GTA CGT CGT GGA G-3’(forward) and 5’-GAG GAG TGG GTG
TCG CTG TTG-3’ (reverse). RT-PCR conditions were 50˚C for 30
min and 95˚C for 15 min, followed by 30 cycles of 94˚C for 30 s, 55˚C
for 1 min, and 72˚C for 1 min, followed by 72˚C for 10 min. 

Small-interference RNA (siRNA) and siRNA transfection. AllStars non-
targeting negative control siRNA (#1027280) and the validated human
PKD2 siRNA-1 (PKD2-S1, #SI04379578), PKD2 siRNA-2 (PKD2-
S2, #SI04379571), PKD2 siRNA-3, (PKD2-S3, #SI02224768), PKD3
siRNA-1 (PKD3-S1, #SI02223977), PKD3 siRNA-2 (PKD3-S2,
#SI02223984), and PKD3 siRNA-3 (PKD3-S3, #SI00301357) were
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Figure 1. Protein kinase D2 (PKD2) and PKD3 are two major PKD isoforms expressed in breast cancer cell lines. A: Cell lysates at equal protein
amounts (60 μg) from different breast cancer cell lines were subjected to western blot analysis with antibodies against PKD1/2, PKD2, PKD3,
epidermal growth factor receptor (EGFR), epidermal growth factor receptor-2 (HER2), or vinculin, as indicated. B: Relative expression levels of
PKD2 and PKD3, after normalization to vinculin, are shown in bar graphs. C: Reverse transcription-polymerase chain reaction showing the mRNA
levels of PKD1, PKD2 or PKD3 in BT474 and HCC1806 breast cancer cells. Results represent three independent experiments. 



from Qiagen. PKCα 27-mer siRNAs and negative control siRNA were
from OriGene (Rockville, MD, USA). For siRNA transfection, breast
cancer cells were seeded into different plates for 24 h to reach 50-70%
confluence, and then siRNA was transfected into the cells at a final
concentration of 20 nM by using Lipofectamine 2000 and Opti-MEM
reduced serum medium according to the manufacturer’s protocols
(Invitrogen). The medium was replaced with fresh growth medium 12
h after transfection. The silencing effects of siRNAs were confirmed
by western blot analysis as described elsewhere (15). 

Statistical analysis. Data are expressed as the mean±SE. A Student’s
t-test was used for statistical analysis. p<0.05 is considered
statistically significant. 

Results

PKD2 and PKD3 are two major PKD isoforms expressed in
breast cancer cell lines. We showed that PKD1 and PKD2 were
detected as 115 kDa and 105 kDa protein bands in endothelial
cells by a PKD1/2 (C-20) antibody that recognizes both PKD1
and PKD2 (15). As shown in Figure 1A (top panel), consistent
with an early report (14), a single protein band corresponding
to PKD1 molecular mass (115 kDa) was only detected in
BT474, a HER2-overexpressing breast cancer cell line. In
contrast, a protein band corresponding to PKD2 molecular mass
(105 kDa) was mainly detected in another seven breast cancer
cell lines, which was confirmed by a PKD2-specific antibody
(Figure 1A, 2nd panel). Western blotting analyses revealed that
the PKD2 protein was detected at an abundant level in a
tumorigenic triple-negative HCC1806 breast cancer cell line
(17); moderate in triple-negative HCC38 and MB468, HER2-
overexpressing BT474 and HCC1954, and EGFR-
overexpressing T47D (T47D/E) breast cancer cell lines; and low
in ER-positive T47D and HER2-positive MB453 breast cancer
cells (Figure 1B). Similar to PKD2, we found that PKD3 was
also highly expressed in triple-negative HCC1806 breast cancer
cell line (Figure 1A, 3rd panel). An elevated protein level of
PKD3 was also observed in MB468 and T47D/E breast cancer
cells that overexpress EGFR. In contrast, the PKD3 protein level
was low in HER2-positive BT474, HCC1954 and MB453
breast cancer cell lines (Figure 1B). The expression of PKD2
and PKD3, but not PKD1, was confirmed in HCC1806 breast
cancer cells by RT-PCR (Figure 1C). These data indicate that
PKD2 and PKD3 are two major PKD isoforms expressed in
breast cancer cells and that tumorgenic HCC1806 triple-
negative breast cancer cells express PKD2 and PKD3 at the
highest levels among the examined breast cancer cell lines.
Additionally, these data reveal that a stable expression of EGFR
in T47D breast cancer cells up-regulates PKD2 and PKD3. 

Identification of PKD2 and PKD3 as novel cell growth
regulators in HCC1806 triple-negative breast cancer cells.
Since PKD2 and PKD3 are highly expressed in HCC1806
triple-negative breast cancer cells, we therefore utilized the loss

of function approach by silencing PKD2 and PKD3 with
isoform-specific siRNAs to determine their roles in cell growth.
As shown in Figure 2, PKD2 or PKD3 was markedly knocked-
down by three different isoform-specific siRNAs in HCC1806
cells, and the knockdown of each isoform had only a minor
effect on the expression of the other PKD isoform. Interestingly,
we found that silencing PKD2 or PKD3 significantly inhibited
HCC1806 cell growth; and PKD3 silencing had a higher
inhibitory effect (51-65% inhibition) than PKD2 silencing (25-
35% inhibition) (Figure 2). In addition, we measured histone-
associated DNA fragments and caspase-3 activation and found
that PKD2 or PKD3 knockdown did not induce apoptosis of
HCC1806 cells, as compared with cells transfected with control
siRNA (data not shown). These novel findings indicate that
PKD2 and PKD3 are critical for the proliferation of HCC1806
triple-negative breast cancer cells. 

We next determined the effects of PKD2 or PKD3
knockdown on intracellular signal transduction through
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Figure 2. Identification of protein kinase D2 (PKD2) and PKD3 as
novel cell growth regulators in HCC1806 triple-negative breast cancer
cells. HCC1806 cells were transfected with 20 nM non-targeting control
siRNA-1 (Control-S1), control siRNA-2 (Control-S2), human PKD2
siRNA-1 (PKD2-S1), PKD2 siRNA-2 (PKD2-S2), PKD2 siRNA-3
(PKD2-S3), PKD3 siRNA-1 (PKD3-S1), PKD3 siRNA-2 (PKD3-S2), or
PKD3 siRNA-3 (PKD3-S3) and grown for 100 h. Cell growth of the
transfected cells was assessed by CellTiter96 aqueous one solution
reagent and a Z1 cell counter. Protein levels of PKD2 and PKD3 were
assessed by western blotting with specific PKD2 or PKD3 antibodies.
Data are means±SEM (N=4). *p<0.05, **p<0.01 or ***p<0.001 versus
control siRNA1. Results represent three independent experiments. 



evaluation of the phosphorylation of two well-known PKD
protein substrates, such as class II HDACs (8-10) and HSP27
in HCC1806 cells. We found that PKD3 knockdown
markedly inhibited the phosphorylation of HSP27 on Ser82
and HDAC4/5/7 on Ser246/Ser259/Ser155 in HCC1806 cells
(Figure 3A). In contrast, PKD2 knockdown slightly inhibited
the phosphorylation of HDAC4/5/7 on Ser246/Ser259/Ser155,
and had only a minor effect on HSP27 phosphorylation
(Figure 3B). These data suggest that PKD3 is an important
isoform mediating the phosphorylation of PKD substrates in
HCC1806 triple-negative breast cancer cells. 

HCC1806 triple-negative breast cancer cells are highly
responsive to PKD inhibitors. Since HCC1806 triple-negative
breast cancer cells highly express PKD2 and PKD3, that are
involved in cell proliferation, we examined the growth response
of HCC1806 cells to PKD inhibitors compared with other breast
cancer cell lines. Kb-NB142-70 is an newly-developed selective
PKD inhibitor (18). As shown in Figure 4A, PKD inhibition by
Kb-NB142-70 markedly and dose-dependently inhibited
HCC1806 cell growth with a half maximal inhibitory
concentration (IC50) of 0.7 μM. In contrast, we found that
HER2-overexpressing HCC1954 and BT474 breast cancer cells
are less sensitive to Kb-NB142-70; and the IC50 for HCC1954
and BT474 cells was 2.2 or 5.5 μM, respectively. Thus,
HCC1806 triple-negative breast cancer cells that express higher
levels of PKD2 and PKD3 are more responsive to the PKD
inhibitor Kb-NB142-70, compared to HER2-overexpressing
HCC1954 and BT474 breast cancer cells. 

We next utilized another PKD inhibitor, Gö6976 (19) and
determined its effect on cell growth in a number of well-
defined breast cancer cell lines. Gö6976 is a selective

inhibitor of PKD and classical PKC isoforms (19). It inhibits
PKD (IC50=20 nM), PKCα (IC50=2.3 nM), and PKCβI
(IC50=6.2 nM) in vitro and has been widely used as a PKD
inhibitor for intact cell studies (20-22). Figure 4B shows the
dose-dependent effect of Gö6976 on breast cancer cell growth.
On the basis of the IC50 for each cell line, HCC1806 triple-
negative breast cancer cells were most sensitive to Gö6976,
with an IC50 of 65 nM. Triple-negative MB468 and HCC38,
and EGFR-overexpressing T47D breast cancer cells were
moderately sensitive to Gö6976, with IC50s of 110-135 nM.
Whereas the HER2-positive HCC1954 and MB453 breast
cancer cells were less sensitive to Gö6976 with IC50s of 210-
400 nM, and HER2-overexpressing BT474 breast cancer cells
were essentially resistant to Gö6976 (Figure 4B). Additionally,
we found that a general PKC inhibitor Gö6983 (19) and a
PKCβ inhibitor (23) only had minor effects on cell growth in
HCC1806, HCC1954 and MB468 cells (Figure 5). Taken
together, these findings reveal that the sensitivity of breast
cancer cells to Gö6976 is largely correlated with PKD2 and
PKD3 expression levels. It also indicates that targeting PKD
and/or PKCα instead of all PKCs or PKCβ could effectively
inhibit cell proliferation in breast cancer cells, especially in
triple-negative breast cancer cells expressing high amounts
of PKD2 and PKD3. 

PKCα contributes partially to the proliferation of HCC1806
breast cancer cells. Since Gö6976 inhibits both PKD and
classical PKCs (19) and PKCβ is not involved in breast
cancer cell growth, we assessed whether PKCα regulates the
proliferation of HCC1806 breast cancer cells. As shown in
Figure 6, we knocked down PKCα in HCC1806 cells by
using Dicer-Substrate 27-mer RNA duplexes that are
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Figure 3. Effects of protein kinase D2 (PKD2) or PKD3 knockdown on intracellular signaling in HCC1806 triple-negative breast cancer cells.
HCC1806 cells were transfected with 20 nM non-targeting control (Con.) siRNA, human PKD3 siRNA-1 (PKD3-S1) or PKD3 siRNA-2 (PKD3-S2)
(A); PKD2 siRNA-1 (PKD2-S1) or PKD2 siRNA-2 (PKD2-S2) (B); and grown for 96 h. Lystates (60 μg) were subjected to western blot analysis with
phospho-HSP27(S82) (p-Hsp27), phospho-HDAC4(S246)/HDAC5(S259)/HDAC7(S155) (p-HDAC4/5/7), PKD2, PKD3 or vinculin antibodies as
indicated. Relative changes in phosphorylation of HSP27 and HDAC4/5/7 and in protein levels of PKD2 and PKD3 are shown in bar graphs.
*p<0.05, **p<0.01 or ***p<0.001 versus control siRNA. Results represent western blots of three independent experiments. 



optimized for Dicer processing (24). We found that
HCC1806 cell growth was only attenuated by 33% when
expression of PKCα was knocked-down by 90% by PKCα-
siRNA3, suggesting that PKCα contributes partially to the
proliferation of HCC1806 breast cancer cells. 

Discussion

The serine-threonine PKD family kinases include PKD1,
PKD2, and PKD3 that are involved in a multitude of
functions in both normal and disease states (25, 26). It has
been shown that PKD2 and PKD3 are two major PKD

isoforms found in human invasive breast cancer cells and
tumor samples (14). However, the specific roles of PKD2
and PKD3 in the context of breast cancer cell biology are not
known. In this study, we investigated the expression and
function of PKD2 and PKD3 in various breast cancer cell
lines and identified PKD2 and PKD3, especially PKD3, as
novel cell growth regulators in HCC1806 triple-negative
breast cancer cells. Our findings also reveal that targeting
PKD and/or PKCα, instead of all PKCs or PKCβ could
effectively inhibit cell proliferation in breast cancer cells,
especially in tumorgenic HCC1806 triple-negative breast
cancer cells. 
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Figure 4. Effects of protein kinase D inhibitors on cell growth in various breast cancer cell lines. Breast cancer cells were plated and allowed to
attach overnight, then either a vehicle (DMSO), Kb-NB142-70 (A) or Gö6976 (B) at the indicated concentrations was added. Fresh medium and
inhibitor were added every two days. After 120 h, cell growth was assessed and presented as percentage of cells treated with the same amount of
vehicle. Data are means±S.E. (n=3). Similar results were obtained in three independent experiments. 

Figure 5. Gö6983 and a protein kinase Cβ (PKCβ) inhibitor minimally affect breast cancer cell growth. HCC1806, HCC1954 and MB468 breast
cancer cells were plated and allowed to attach overnight, then either a vehicle (DMSO), Gö6983 (A) or a PKCβ inhibitor (B) at the indicated
concentrations was added. Fresh medium and inhibitor were added every two days. After 120 h, cell growth was assessed and presented as percentage
of cells treated with same amount of vehicle. Data are means±S.E. (n=3). Similar results were obtained in three independent experiments. 



Among the eight breast cancer cell lines with different
tumor subtypes, we found that PKD1 was only detected in a
HER2-overexpressing BT474 breast cancer cell line, which
is consistent with an earlier report (14). In contrast, we found
that PKD2 and PKD3 were expressed in all seven of the
other breast cancer cell lines examined and were at the
highest levels in a tumorigenic HCC1806 triple-negative
breast cancer cell line. Unlike PKD2, PKD3 expression
varied among breast cancer cell lines. PKD3 was highly
expressed in HCC1806 and MB468 triple-negative breast
cancer cell lines and in ER-positive T47D cells stably
expressing EGFR. Overexpression of EGFR also increased
PKD2 expression in T47D breast cancer cells. Since MB468,
HCC1806 and T47D/E cells are all EGFR-positive, whether
EGFR is a regulator of PKD3 expression merits further
investigation. On the other hand, PKD3 expression, appeared
to be low in HER2-positive BT474, HCC1954 and MB453
breast cancer cell lines. 

Interestingly, we found that silencing PKD2 or PKD3
significantly inhibited HCC1806 cell growth without affecting
cell apoptosis; and PKD3 silencing had a higher inhibitory
effect (51-65% inhibition) on cell proliferation than did PKD2
silencing (25-35% inhibition). Furthermore, PKD3 knockdown

inhibited phosphorylation of PKD substrates HSP27 and
HDAC4/5/7 to a greater extent compared with PKD2
knockdown. These data indicate that PKD2 and PKD3,
especially PKD3, is an important PKD isoform, mediating
PKD signal transduction and cell proliferation in HCC1806
triple-negative breast cancer cells. It has been shown that
PKD3 contributes to prostate cancer cell growth and survival
(27). Importantly, PKD inhibitors Kb-NB142-70 (18) and
Gö6976 (19) markedly and dose-dependently inhibited cell
growth of a number of breast cancer cell lines and a
pharmacological study indicated that sensitivity of the breast
cancer cells to PKD inhibitors is largely correlated with the
expression levels of PKD2 and PKD3. On the basis of IC50
for each cell line, tumorgenic HCC1806 triple-negative breast
cancer cells were most sensitive to PKD inhibitors Kb-NB142-
70 and Gö6976. Triple-negative MB468 and HCC38, and
EGFR-overexpressing T47D breast cancer cells were also
sensitive to Gö6976, whereas the HER2-overexpressing
BT474, HCC1954 and MB453 breast cancer cells were less
sensitive or resistant to PKD inhibitors. Triple-negative breast
cancer is aggressive and confers poor overall survival; it
currently lacks targeted therapies, leaving chemotherapy as the
mainstay of treatment (13). Our findings suggest that PKD2
and PKD3 may be novel drug targets for therapeutic
intervention in aggressive triple-negative breast cancer. 

As Gö6976 inhibits both PKD and classical PKCs (19), we
found that in addition to PKD, PKCα (but not PKCβ), also
contributed partially to the proliferation of HCC1806 breast
cancer cells. PKCα has been identified as a marker for poor
prognosis of breast cancer and its expression correlates with
breast cancer progression (28). Moreover, we found that
Gö6983 (19), a general PKC inhibitor, had only a minor effect
on cell growth in triple-negative HCC1806 and MB468 and
HER2-overexpressing HCC1954 breast cancer cells. A large
body of evidence indicates that the PKC family of kinases are
involved in tumor development and progression. However,
PKC isozymes have opposing roles in tumor biology, and
clinical application of PKC inhibitors for cancer treatment,
including the one of breast cancer, have resulted in
disappointing outcomes (29, 30). Data from this study
revealed that targeting PKD and/or PKCα instead of all PKCs
or PKCβ, effectively inhibited cell proliferation in a number
of breast cancer cell lines, especially in tumorigenic HCC1806
triple-negative breast cancer cells.
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Figure 6. Protein kinase Cα (PKCα) contributes partially to the
proliferation of HCC1806 breast cancer cells. HCC1806 cells were
transfected with 20 nM non-targeting control (con.) siRNA, 27-mer
human PKCα siRNA-1 (PKCα-S1), PKCα siRNA-2 (PKCα-S2) or
PKCα siRNA-3 (PKCα-S3) and grown for 100 h. Cell growth of the
transfected cells was assessed and presented as percentage of cells
treated with control siRNA. PKCα protein level was assessed by western
blotting with PKCα antibody. *p<0.05 versus control siRNA. Results
represent three independent experiments. 
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