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Abstract The protein kinase D (PKD) family members,

PKD1, PKD2 and PKD3 constitute a family of serine/

threonine kinases that are essential regulators of cell

migration, proliferation and protein transport. Multiple

types of cancers are characterized by aberrant expression of

PKD isoforms. In breast cancer PKD isoforms exhibit

distinct expression patterns and regulate various oncogenic

processes. In highly invasive breast cancer, the leading

cause of cancer-associated deaths in females, the loss of

PKD1 is thought to promote invasion and metastasis, while

PKD2 and upregulated PKD3 have been shown to be

positive regulators of proliferation, chemoresistance and

metastasis. In this review, we examine the differential

expression pattern, mechanisms of regulation and contri-

butions made by each PKD isoform to the development and

maintenance of invasive breast cancer. In addition, we

discuss the potential therapeutic approaches for targeting

PKD in this disease.

Keywords Protein kinase D � PKD �
Invasive breast cancer � Invasion � Multi-drug resistance

Abbreviations

CaMK Calcium/calmodulin-dependent kinase

CML Chronic myelogenous leukemia

S6K1 S6 Kinase 1

DMTI DNA methyltransferase inhibitors

EGFR Epidermal growth factor receptor

EMT Epithelial to mesenchymal transition

ER Estrogen receptor

ERE Estrogen response element

GABP GA-binding protein

GIT1 G-protein-coupled receptor kinase-interacting

protein 1

IDC Invasive ductal carcinoma

LIMK LIM domain kinase

MMP Matrix metalloproteinase

mTORC1 Mammalian target of rapamycin complex 1

PAK4 p21-activated kinase 4

PDZ Postsynaptic density 95/Discs large/zona

occludens 1

PKC Protein kinase C

PKD Protein kinase D

RIN1 Ras and Rab interactor 1

SSH1L Slingshot 1L

TNBC Triple-negative breast cancer

Introduction

Protein kinase D (PKD) encompasses a family of serine/

threonine kinases that belong to the calcium/calmodulin-

dependent kinase (CaMK) superfamily. The first family

member to be identified was PKD1, initially designated as

PKCl, an atypical member of the protein kinase C (PKC)

family [1, 2]. Two other PKD family members have since

been identified, PKD2 [3] and PKD3 [4]. PKDs have

multiple cellular targets and have therefore been implicated

in diverse biological functions such as cell migration [5–7],

proliferation [8, 9], protein transport [10], epithelial to

mesenchymal transition (EMT) [11, 12], angiogenesis [13],

and transcriptional regulation [14]. Given the vast array of

cellular functions relevant to tumor development and
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progression regulated by PKD isoforms, it is not surprising

that deregulated expression of PKD family members have

been reported in multiple types of cancers. PKDs seem to

have organ-specific tumor suppressive or tumor promoting

functions. In pancreatic cancer and basal cell carcinoma,

increased expression of PKD1 has been described [15, 16].

In other types of malignancies, opposing roles for PKD

family members have been reported. For example, in

androgen-independent prostate cancer, PKD1 is down-

regulated while PKD3 has been shown to be a positive

regulator of cancer cell growth and survival [17, 18].

Increasing recent evidence suggests that PKD isoforms are

critical regulators of breast cancer and studies aimed at

elucidating the functional roles and expression patterns of

PKDs in this malignancy are an active area of ongoing

research.

PKD isoforms in breast cancer

In females, breast cancer is the most frequently diagnosed

malignancy and accounts for most cases of cancer-related

deaths globally [19]. Although breast cancer is a very

complex and heterogeneous disease, gene expression

studies conducted over a decade ago have identified

specific molecular traits associated with the disease [20].

Molecular subtypes of breast cancer include the luminal A

and B cancers characterized by the high expression of the

estrogen and/or progesterone hormone receptors; the HER2

type characterized by high expression of HER2, a receptor

tyrosine kinase which belongs to the epidermal growth

factor receptor (EGFR) family; and basal-like/triple-nega-

tive breast cancer (TNBC). TNBCs express neither HER2

nor the hormone receptors and as such they are unsuitable

for molecular targeted therapy [21]. Despite improvements

in therapeutic strategies and diagnostic techniques, mor-

tality resulting from breast cancer, particularly TNBC is

still high [19]. It is therefore imperative to understand the

contribution made by molecules such as PKD family

members to breast cancer progression. PKD1 is strongly

expressed and active in ductal epithelial cells of the normal

breast, but its expression is lost during tumor development.

Analysis of human breast cancer samples have shown that

in some of the most highly invasive tumors PKD1

expression is completely lost [5, 22]. On the other hand,

PKD2 and PKD3 are only marginally expressed in the

normal breast while both have been reported to be upreg-

ulated in advanced and aggressive breast cancer [23, 24].

Isoform specificity of the PKD family

The differential expression pattern of PKD family mem-

bers in breast cancer indicates that each one is fulfilling a

unique role during disease progression. Disparate functions

of isoenzymes in the same protein family are not just

restricted to the PKD family. A similar phenomenon is seen

in the Akt protein kinase family where despite high

structural homology among members, non-redundant

functions have been reported [25]. Indeed, though PKD1,

PKD2 and PKD3 have overlapping functions, isoform-

specific functions are described in the literature. Despite

high structural homology among the PKD isoforms, some

structural variability exists and to a certain extent can help

explain the different functions of each PKD that will be

discussed below. For example, PKD1 and PKD2 contain a

c-terminal PDZ-binding motif, while PKD3 does not

(Fig. 1) [26]. This is functionally relevant since it was

demonstrated that this particular characteristic allows

PKD1 and 2, but not PKD3 to regulate the localization of

Kidins220 at the surface of neural cells and its trafficking

between the trans-golgi network and the plasma membrane

[27]. Moreover, differences in localization within the cell

likely contribute to the isoform-specific functions of PKD

family members. In resting cells PKD1 is localized pri-

marily within the cytosol [28], but upon stimulation can be

found in other cellular structures such as the Golgi [29],

nucleus [30] or mitochondria [31]. Like PKD1, in

unstimulated cells PKD2 is predominantly cytoplasmic

[32]. On the other hand, in the absence of stimulation,

PKD3 is localized in both the nucleus and cytoplasm [33].

In summary, the level of expression, spatial distribution

and activation status of each PKD may determine its

impact on a specific biological function. For example, in

gastric cancer cells, PKD2, compared to its counterparts

PKD1 and PKD3 is particularly well positioned to phos-

phorylate HDAC7 and induce the expression of the

transcription factor Nur77 [34]. There is not a lot of evi-

dence identifying isoform-specific substrates for each

PKD, but some studies have shown that it is possible. For

example, G-protein-coupled receptor kinase-interacting

protein 1 (GIT1) has been identified as a substrate specific

for PKD3. PKD3-mediated phosphorylation of GIT1 on

serine 46 induces cellular protrusive activity and paxillin

trafficking [35]. Below we discuss in further detail the

isoform specificity of the PKDs in the context of breast

cancer.

Regulation of PKD isoform expression

PRKD1 is epigenetically silenced during breast

tumor progression

PKD isoforms often show different expression and acti-

vation status in tissues. In the normal breast, PKD1 is the

major isoform present while PKD2 and PKD3 are moder-

ately expressed [5, 22, 23, 36, 37]. PKD1 expression has
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been assessed in breast cancer cell lines as well as in a

large number of breast cancer patient samples [5, 22, 23].

The same pattern of expression is always observed; PKD1

expression is gradually lost during breast cancer progres-

sion as the tumor becomes increasingly aggressive [22, 38].

The mechanisms underlying this regulation have been

investigated and while missense mutations in the exon

sequences of PRKD1 were described, these genetic varia-

tions do not account for the loss of PKD1 expression during

breast tumorigenesis [39, 40]. Genetic alterations are not

always the causative agents which govern changes in

protein expression, and in this case epigenetic changes,

specifically, promoter-specific DNA methylation is

responsible for PKD1 silencing. It was shown that the loss

of PKD1 expression in invasive breast cancer cell lines was

directly correlated with hypermethylation of its promoter

(Fig. 2). Comparing the PRKD1 promoter region in a

subset of invasive and non- or minimally invasive breast

cancer cell lines, Borges et al. found a very high percentage

of methylated CpG sites in the invasive cells and as

expected, no methylation in the non-invasive cells which

also express a high level of PKD1 [22]. The same mech-

anism of regulation was observed in patient samples where

increased PRKD1 gene promoter methylation was also
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Fig. 1 Schematic representation of PKD isoforms. PKD1, PKD2, and

PKD3 exhibit high homology with the presence of cysteine-rich

domains C1a and C1b, pleckstrin homology (PH) and kinase domains

in all three isoforms. Only PKD1 and PKD2, but not PKD3 have a

C-terminal PDZ-binding motif (PBM). Serine residues in the

activation loop kinase domain critical for PKD activation by novel

PKC (nPKC) isoforms are indicated. Autophosphorylation sites

within the PDZ-binding motif are indicated in red
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Fig. 2 Regulation of expression of PKD isoforms in invasive breast

cancer. In invasive breast cancer, the PRKD1 gene is silenced by

hypermethylation of its promoter region which leads to inhibition of

transcriptional activity and loss of PKD1 expression. The potential

regulators of PKD2 expression in the breast have not yet been

identified. However, the transcription factor GABP, a positive

regulator of PRKD2 gene expression in CML, could also possibly

modulate its expression during breast tumor progression. ERa
represses PKD3 expression by direct binding to the PRKD3 promoter.

In ER-negative breast cancer, the loss of ER expression allows the

upregulation of PKD3

Functional and therapeutic significance of protein kinase D enzymes in invasive breast cancer 4371

123



detected only in the most aggressive types of breast cancer

including invasive ductal carcinoma (IDC) ER?/HER2-,

IDC ER-/HER? and TNBC [22]. Moreover, this study

showed an increase in PRKD1 promoter methylation in

IDC patients with positive lymph nodes compared to

patients with negative lymph nodes indicating that silenc-

ing of PKD1 by hypermethylation of its promoter may be

associated with metastasis. Interestingly, it was also shown

that there is a correlation between the expression of PKD1

and ERa in breast cancer cell lines [5, 22, 41]. This cor-

relation most likely indicates that similar mechanisms lead

to silencing of both signaling molecules. This is supported

by a recent study, in which PKD1 protein expression was

assessed in a large array of breast cancer patients diagnosed

with TNBC and in the normal breast [23]. In this study, it

was shown that loss of ER goes along with loss of PKD1,

but this most likely is due to epigenetic silencing of both

genes by DNA methyltransferases, and therefore may not

be functionally related. To date, the mechanism of regu-

lation underlying the possible association between the

kinase and the hormone receptor is unknown and warrants

further investigation.

Is GABP a potential regulator of PKD2 expression

in the breast?

In numerous reports, the expression pattern of PKD2 in

breast cancer cell lines is very uniform and cannot be

linked to tumor subtypes [5, 22, 36, 37]. In samples from

patients with TNBC, PKD2 was weakly expressed but

still showed a slight but significant decrease in expression

when compared to less aggressive cancers or normal tis-

sue [23]. However, in vitro studies have shown its

presence in invasive breast cancer cell lines including

MDA-MB-231, MDA-MB-468, BT20 and HCC1806 [23,

36]. Furthermore, PKD2 in some of these cell lines has

been shown to drive proliferation, migration and invasion

and mediate multi-drug resistance [36, 42, 43]. The

information available about the genetic regulation of

PKD2 is limited, but a recent study on chronic myel-

ogenous leukemia (CML) has identified PRKD2 as a

candidate target gene for the GA-binding protein (GABP),

a tetrameric transcription factor involved in cell cycle

regulation [44]. The same study showed that PRKD2 was

among the GABP-bound genes upregulated in mice and

human CML and further concluded with chromatin

immunoprecipitation and gene expression data that

PRKD2 expression was regulated by direct binding of

GABP to its promoter (Fig. 2). To date, this is the only

study showing how PKD2 can be regulated at the gene

expression level; however, it is still not clear if a similar

mechanism of regulation occurs in normal breast tissue or

during breast carcinogenesis.

Estrogen receptor negatively regulates PKD3

expression

PKD3 is only weakly detected in the normal breast [23],

but has been shown to be highly upregulated in invasive

breast cancer [23, 24, 36]. Furthermore, PKD3 was asso-

ciated with metastatic progression to distant organs in vivo,

but also poor prognosis for patients with advanced breast

cancer [23]. Elevated levels of PKD3 protein were detected

in TNBC cells and analysis of microarray gene expression

data sets showed increased expression of PKD3 mRNA in

basal-like breast cancer [24]. This is in concordance with

another study by Hao et al. where the expression of PKD2

and PKD3 was investigated in a subset of breast cancer cell

lines. Here, the authors found that unlike the expression of

PKD2 which remained relatively homogeneous, an

increase in PKD3 expression was detected in TNBC cell

lines as well as in EGFR-overexpressing breast cancer cells

[36]. In a more recent study, the same pattern of PKD3

expression was observed on a greater scale in TNBC as

well as in basal breast cancer using large cohorts of patient

biopsies or breast cancer cell lines [23, 45, 46]. Here, a

reverse correlation between the expression of PKD3 and

ERa was described, and elevated PKD3 levels were asso-

ciated with the loss of hormone receptor expression

(Fig. 2). Interestingly, analysis of the PRKD3 promoter

sequence led to the identification of a new mechanism of

regulation, showing that ERa inhibits PRKD3 expression

through direct binding to its promoter at two distinct

estrogen response element (ERE) sites [23]. ER is gener-

ally described as an activator of transcription but in some

cases it can also act as a repressor of gene expression [47,

48], so it is not surprising that its presence in the less

aggressive and invasive forms of breast cancer prevents or

blocks the expression of oncogenic PKD3.

Roles of PKD isoforms in invasive breast cancer

PKD1 blocks migration and metastatic progression

In normal epithelial cells of the breast PKD1 is the main

isoform present [5, 22]. In breast cancer, PKD1 affects both

cell proliferation and invasive behavior (Fig. 3). In ER-

positive MCF-7 breast cancer cells PKD1 has been shown

to sensitize cells to b-estradiol-induced proliferation and to

enhance cell cycle transition from G0/G1 to S phase

through MEK/ERK-dependent signaling [41, 49]. How-

ever, loss of PKD1 expression has been shown to lead to an

acquisition of metastatic characteristics. It is now well-

established that PKD1 acts as a negative regulator of the

motile and invasive phenotype by targeting multiple sig-

naling pathways [5, 11, 22, 50, 51]. Actin-driven directed
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cell migration is regulated by a cycle of phosphorylation

and dephosphorylation of cofilin [52]. The balance between

LIM kinase (LIMK) and slingshot phosphatase 1L

(SSH1L) activities regulating cofilin phosphorylation at

serine residue S3 is essential to ensure proper cofilin-me-

diated actin reorganization. Both, the accumulation of

either unphosphorylated or hyperphosphorylated cellular

cofilin can lead to decreased migration. Downstream of

RhoA, PKD1 affects the cofilin cycle by mediating inac-

tivation of SSH1L [7, 38, 53, 54] and activation of p21-

activated kinase 4 (PAK4) which is upstream of LIMK [55,

56]. PKD1 phosphorylates SSH1L in its actin-binding

motif. This phosphorylation generates a binding site for

14-3-3 proteins which facilitates the translocation of

slingshot from the lamellipodium to the cell cytoplasm

[38]. PKD1-mediated phosphorylation of PAK4 facilitates

the activation of LIMK, which directly phosphorylates

cofilin [55]. In sum, such signaling results in an accumu-

lation of S3-phosphorylated inactive cofilin. Consequently,

actin severing activities are attenuated, free barbed ends are

not generated and a concomitant decrease in cell migration

is observed. Inhibition of directed cell migration has also

been shown to be dependent on PKD1-mediated phos-

phorylation of cortactin [6] and Ras and Rab interactor 1

(RIN1) [51]. PKD1-mediated phosphorylation of cortactin

attenuates WAVE2-driven actin polymerization [6] while

PKD1 inhibition of cell migration via RIN1 was shown to

be dependent on the tyrosine kinase Abl [51].

In addition, PKD1 also can inhibit EMT, a biological

process that allows a polarized epithelial cell to undergo

multiple biochemical changes that enable it to assume a

mesenchymal phenotype which includes enhanced migra-

tory capacity and invasiveness. EMT is central to the

metastasis process of multiple types of cancers including

breast cancer [57–59]. An EMT is characterized by

increased expression of matrix metalloproteinases

(MMPs); and upregulation of various MMPs has been

shown to occur in breast cancer [60]. Eiseler et al. showed

that expression of an active PKD1 was able to reduce the

mRNA level of several MMPs including MMP-2, MMP-7,

and MMP-9 in MDA-MB-231 cells which subsequently

diminished the ability of these cells to invade [5].
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Fig. 3 PKD1 signaling in breast cancer and normal breast. In non-

invasive breast cancers PKD1 promotes cell proliferation by induction

of the MEK/ERK signaling cascade and by sensitizing cells to b-
estradiol possibly through positive regulation of ERa expression.

Phosphorylation of Cortactin, Slingshot, PAK4 and RIN1 by PKD1

leads to the stabilization of F-actin filaments and decreased cell

migration. Phosphorylation of Snail by PKD1 diminishes its ability to

inhibit its target genes (e.g., E-cadherin) by losing its interaction with

its co-repressor Ajuba; PKD1-mediated phosphorylation also induces

nuclear export and targets Snail for proteasomal degradation.

Phosphorylation of b-catenin by PKD1 facilitates its nuclear export

and re-localization to the plasma membrane. PKD1 negatively

regulates MMP expression which results in decreased invasion

abilities. Loss of PKD1 occurs in invasive breast cancer and this

promotes cell migration, invasion and EMT
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Recently, other studies have shed light on additional

mechanisms that explain how PKD1 maintains the

epithelial phenotype of normal breast cells in vitro [11].

E-cadherin is an important marker for epithelial cells

which plays a critical role in epithelial cell–cell contacts

and has thus been implicated in the maintenance of

mammary gland tissue architecture and homeostasis. The

loss of its expression is also associated with EMT and the

acquisition of metastatic characteristics. The transcription

factor Snail (SNAI1) acts as a repressor of E-cadherin

expression and its upregulation in several types of cancers

promotes the EMT process [61–65]. Snail forms a com-

plex with its co-repressor Ajuba, which is indispensable

for the repression of E-cadherin transcription [66]. PKD1-

mediated phosphorylation of Snail at S11 results in the

positive regulation of E-cadherin expression [11, 12, 50].

Phosphorylation of Snail at S11 which occurs in the

nucleus decreases its interaction with Ajuba [11] and

facilitates its interaction with the E3 ubiquitin ligase

FBXO11 in the nucleus [50]. FBXO11 acts as a classical

E3 ligase by targeting Snail for proteasomal degradation

[50]. Nuclear export of S11-phosphorylated Snail can be

mediated by 14-3-3 proteins [12]. Interestingly, the active

form of PKD1 as well as Snail phosphorylated at S11

were detected in epithelial cells of the normal breast, and

both were decreased in IDC [11]. Together, these data not

only confirm that PKD1 is a negative regulator of cell

motility and invasion but that it also contributes to the

maintenance of the epithelial phenotype of breast cells by

preventing E-cadherin loss.

In addition to its impact on E-cadherin expression,

PKD1 has been shown to phosphorylate and regulate the

subcellular localization of b-catenin. In prostate and colon

cancer, PKD1 is associated with the trafficking of b-catenin
out of the nucleus and its decreased transcriptional activity

which in turn leads to reduced expression of oncogenes

such as c-Myc and cyclin D1 [67–69]. There is no evidence

so far that the same mechanism of regulation of b-catenin
occurs during breast tumor progression, but it is highly

possible.

PKD2 mediates drug resistance and affects cancer

cell proliferation and motility

Unlike PKD1 (or PKD3), expression levels of PKD2 are

not correlating with certain breast cancer subtypes [22, 43].

Using MDA-MB-231 as a model system, PKD2 has been

shown to be a critical mediator of multi-drug resistance in

breast cancer cells (Fig. 4). The level of phosphorylated

PKD2 increased in a time-dependent manner in response to

stimulation with paclitaxel. Furthermore, depletion of

PKD2 decreased the paclitaxel-induced expression of

P-glycoprotein (P-gp), a protein that functions as an efflux

pump for multiple types of drugs [43]. Increased levels of

auto-phosphorylated PKD2 have also been detected in

doxorubicin-resistant MCF-7 when compared to the
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Phosphorylation of GIT1 regulates Paxillin trafficking and contributes

to cell spreading. Furthermore, endogenous high PKD3 activity

contributes to PAK4 activation, while SSH1L activity is unaffected.

This allows a functional cofilin cycle that facilitates F-actin re-

organization and directed cell migration. PKD2, when active, has

been shown to induce the expression of p-glycoprotein, a transmem-

brane protein which mediates the export of multiple types of cancer

drugs from cells
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parental cell lines [42]. In this case, however, PKD2 did not

alter multi-drug-resistance as no changes in multi-drug

resistance- or apoptosis-related gene expression were

detected [42]. Interestingly, doxorubicin-resistant MCF-7

cells were previously characterized as more mesenchymal

than the parental epithelial MCF-7 cells [70, 71].

Additionally, PKD2 was shown to positively regulate

migration of the drug-resistant cells, and under the same

conditions to negatively regulate migration of the parental

MCF-7 cells. Such pro- and anti-migratory properties

attributed under different conditions long-time made it

difficult to establish PKD2’s impact on cell migration and

invasion [36, 42, 55, 72, 73]. A recent study now has

shown that highly migratory breast cancer cells express

PKD2 in complex with PKD3. In these complexes PKD3 is

basally active and promotes pro-migratory cofilin function

by activating PAK4/LIMK. This can be altered when

PKD2 is additionally activated, shifting the cofilin pool

into the inactive S3-phosphorylated state by inactivating its

phosphatase slingshot [74]. Alternatively, the decrease in

basal PKD3 activity can shift the cofilin pool into the

dephosphorylated active state (basal activity of SSH1L and

decreased PAK4/LIMK activity), also having a negative

impact on cell motility. This model now would implicate

that even if PKD3 is inactive, an activation of PKD2 (i.e.,

by exposure to above chemotherapeutics) may increase

directed cell migration [74].

In TNBC cell lines such as HCC1806, inhibition of

PKD2 led to a reduction in cell proliferation [36]. Even

though PKD2 has been shown to promote proliferation in

other cancer cells like colorectal cancer [75] and glioma

[76], the exact mechanisms by which PKD2 promotes

cancer cell growth are still elusive.

PKD3 is associated with all tumorigenic functions

In breast cancer PKD3 is involved in all aspects of onco-

genic signaling (Fig. 4). Multiple studies have confirmed

overexpression of PKD3 protein in invasive breast cancer

cell lines [23, 24, 36]. Moreover, in patient samples of

basal-like and TN breast cancers, increased levels of PKD3

mRNA and protein have been reported [23, 24]. PKD3

appears to have typical oncogenic functions in invasive

breast cancer. In the TNBC cell line HCC1806, depletion

of PKD3 attenuated cell proliferation by up to 65 % [36].

The same effect on cell proliferation was also observed in

another TNBC cell line (MDA-MB-231) as well as in the

ER-/HER? cell line, HCC1954 [23]. One of the possible

mechanisms responsible for the effects of PKD3 on cell

proliferation seems to involve S6 Kinase 1 (S6K1). S6K1

was identified as a major downstream target of PKD3

which mediates its pro-oncogenic functions. S6K1 is a

substrate of mammalian target of rapamycin complex 1

(mTORC1) [24]. The mTOR signaling cascade is a prin-

cipal regulator of cell homoeostasis, metabolism and

survival. mTORC1-mediated activation of S6K1 promotes

protein synthesis, a process central to cell growth [77].

Using MDA-MB-231 cells as a model for TNBC, treatment

of these cells with the PKC/PKD activator phorbol-12,13-

dibutyrate (PDBu) induced phosphorylation of S6K1.

Stimulation of cells with the mTORC1 inhibitor rapamycin

attenuated the PDBu-induced phosphorylation of S6K1

which suggests that mTORC1 is necessary for this PKD3-

mediated effect. Furthermore, depletion of PKD3 in two

cell lines, MDA-MB-231 and MDA-MB-468, diminished

serum-induced phosphorylation of S6K1. As expected,

depletion of PKD3 in these cell lines also blocked prolif-

eration [24].

As indicated above, PKD3 regulates the cofilin phos-

phorylation status, but mainly through activation of PAK4/

LIMK. Under normal growth conditions basally active

PKD3 does not inhibit slingshot, with the net effect to

guarantee a functional cofilin cycle and directed cell

migration [74]. Another mechanism of how PKD3 regu-

lates cell motility and cell spreading is through

phosphorylation of GIT1. The incorporation of GIT1 into

motile cytoplasmic paxillin-positive adhesion complexes is

dependent on PKD3-mediated phosphorylation of serine

46. A GIT1.S46A mutant failed to localize to these motile

cytoplasmic paxillin-positive adhesion complexes, but was

instead observed at focal adhesions. MCF-7 cells express-

ing GIT1.S46D, a phospho-mimetic mutant, were more

migratory than cells expressing wild-type GIT1, and cells

expressing GIT1.S46A were less migratory than cells

expressing the wild-type protein [35].

Above effects are in accordance with the data reported

by Borges et al. showing that a knockdown or inhibition of

PKD3 decreased ER-breast cancer cell migration, but also

increased cell spreading and altered F-actin organization.

This study further showed the dramatic impact of PKD3 on

cell invasion not only in vitro but also in vivo in an

orthotopic model of metastatic breast cancer [23]. In this

in vivo model, whether PKD3 was inhibited using a

specific PKD inhibitor or down-regulated with a reverse

genetics approach, both led as expected to a reduction in

tumor growth but also more importantly to a dramatic

decrease in lymph node infiltration and number and size of

lung metastases [23].

The pro-oncogenic functions of PKD3 have been

observed in other types of cancers and are not just limited

to invasive breast cancer. PKD3 has also been shown to be

crucial for prostate cancer cell growth and survival. In

prostate cancer, increased nuclear localization of PKD3

correlates with higher tumor grade [17]. In highly aggres-

sive androgen-independent prostate cancer cell lines (PC3

and DU145), increased expression of PKD3 augmented the
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basal levels of both phospho-Akt and phospho-ERK1/2,

suggesting anti-apoptotic and proliferation signaling [17].

The significance of PKD3-mediated activation of Akt and

ERK1/2 in invasive breast cancer remains unexplored.

Protein kinase D enzymes as therapeutic targets
for advanced breast cancer

The PKD family members represent significant diversity in

respect to their functions in development and progression

of breast cancer. This is not unlike other family of kinases

in which different isoforms can have different, sometimes

opposite functions despite sharing a high structural

homology [25]. PKD isoforms mainly differ in their con-

tribution to cell migration, invasion and chemoresistance

[5, 11, 12, 22–24, 35, 36, 43, 78]. This difference in

function between isoforms is not restricted to just breast

cancer as they were also described in colon, gastric and

prostate cancers [12, 17, 69, 73, 79–81]. The molecular

mechanisms underlying PKD-mediated effects across

multiple types of cancers are still unclear and more in-

depth investigation is required. Generally, opposite func-

tions among members of the same kinase family make it

difficult to utilize therapeutic agents such as pan inhibitors.

However, the particular expression pattern of each PKD in

different types of breast cancer renders their therapeutic

targeting possible. Clearly, loss of PKD1 expression in

context of PKD2/PKD3 expression drives oncogenic pro-

cesses associated with metastatic progression [50, 78, 82].

This setting occurs in ER-negative IDC, which are the most

aggressive breast cancers and associated with the worst

outcome [83–86]. Preclinical studies using orthotopic ani-

mal models have shown that these invasive tumors which

are characterized by the absence of PKD1 and high levels

of PKD2/PKD3 can be targeted by two different strategies

(Fig. 5): (1) the re-activation of the epigenetically silenced

PRKD1 gene to block metastatic progression of highly

invasive breast cancers; or (2) the chemical inhibition of

the oncogenic PKD2/PKD3 to inhibit tumor growth,

metastasis and chemoresistance [22, 23, 78]. Bona fide

targets for both approaches are triple-negative, or more

generally, ER-negative breast cancers.

Re-activation of PRKD1 as an approach to block

metastatic progression

PKD1 is present in non-invasive breast cancer, but inhibits

the ability of these cancer cells to acquire a more aggres-

sive and invasive phenotype [5, 11, 12, 22]. Apparently,

among all PKD isoforms, it is the presence or absence of

PKD1 which seems to be the decisive factor that

determines cell invasiveness. There are two options for

different types of breast cancer. Non-invasive breast can-

cers in which PKD1 is expressed and contributes to cell

proliferation can be targeted with PKD inhibitors (which

are described in the next paragraph). It is expected that

although cells treated with pan PKD inhibitors lose PKD1’s

inhibitory function on EMT at the same time PKD2 and

PKD3 oncogenic signaling are also blocked. An expected

outcome of PKD inhibition with pan inhibitors in breast

cancers that are PKD1, PKD2 and/or PKD3 positive should

be a decrease in primary tumor growth as well as metas-

tasis. However, so far this scenario has not been confirmed

by in vivo studies using orthotopic animal models.

In contrast to non-invasive breast cancers, highly inva-

sive breast cancers do not express PKD1 due to

hypermethylation of the PRKD1 gene promoter [22]. A

similar silencing mechanism of downregulation of PKD1

expression has also been observed in gastric cancer [22,

81]. Epigenetic alterations such as abnormal DNA

methylation of certain gene promoter regions is a well-

known silencing mechanism associated with tumor for-

mation and progression [87, 88]. Furthermore,

hypermethylation of gene promoters is highly associated

with the transcriptional repression of tumor-suppressor

genes [22, 89–91]. Interestingly, unlike genetic mutations,

DNA methylation is a reversible process and silenced

tumor-suppressor genes have been successfully re-acti-

vated using DNA methyltransferase inhibitors (DMTI).

DMTIs include 5-azacytidine, 5-aza-20-deoxycytidine
(decitabine) and RX-3117, all of which have been

approved by the Food and Drug Administration (FDA) [22,

78, 92, 93]. It was shown that in gastric and invasive breast

cancer cell lines PKD1 re-expression can be induced using

low doses of decitabine or RG108, another DMTI [22, 78,

81]. More importantly, treatment with DMTI in breast

cancer cells led to re-expression of PKD1 at physiological

levels, resulting in a PKD1-dependent reversion of their

invasive phenotype in vitro. In vivo in a xenograft model

for metastatic progression such reactivation of PKD1

almost completely blocked metastasis [22]. A caveat with

such a treatment strategy is that DMTIs target multiple

genes and allow their re-activation. For example, the most

common and known decitabine-activated genes in breast

cancer are TP53, CDKN1A and the gene encoding for the

estrogen receptor [94, 95]. This lack of specificity could

raise concern for any clinical application especially since

re-activation of dormant oncogenes could potentially occur

in normal cells. However, it was shown that while decita-

bine dramatically decreased proliferation of different types

of human cancer cell lines, the growth of the control nor-

mal cells was unaffected [96]. A more recent study where

gene re-expression was measured in response to decitabine

in normal cells compared to tumor cells indicated that
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normal cells were less sensitive to such drug-induced gene-

re-activation [97]. Based on multiple animal models and

cell line studies, DMTIs such as decitabine have also been

shown to induce the re-expression of genes involved in the

regulation of apoptosis, cell cycle regulation or the major

histocompatibility complex (MHC) and to therefore pro-

mote the anti-tumor immune response and to block tumor

progression [98–101]. Finally, clinical trials for patients

with leukemia or myelodysplastic syndrome treated with

decitabine were promising and patients showed little side

effects [97]. All these data together indicate that a treat-

ment strategy implicating DMTIs would not only lead to

re-expression of PKD1 and subsequent inhibition of local

invasion and metastasis, but also upregulate the expression

of other genes targeting tumor growth, both of which are

beneficial for patients diagnosed with invasive breast can-

cers and limited treatment options.

It also has been suggested that combination treatments

with other chemotherapeutic agents could increase effi-

ciency of DMTIs. In invasive breast cancer cells (MDA-

MB-231, BT20, HCC1954) a combination of DMTIs with

PKD1 activators has been shown to significantly reduce

their invasive potential in 2D and 3D cell culture, as

compared to when drugs were used alone [78]. In this

study, PKD1 activation was achieved using suramin (8,80-
{carbonylbis[imino-3,1-phenylenecarbonylimino(4-methyl-

3,1-phenylene)carbonyl-imino]}di(1,3,5-naphthalenetrisul-

fonic acid). Suramin, a compound that previously had been

shown to inhibit tumor growth and angiogenesis of meta-

static breast cancer, is also a direct activator of PKD1

in vitro [102] and was used successfully in breast cancer

cells in combination with DMTIs [103, 104]. Other PKD1

activators that potentially could be used include curcumin

[105], a natural polyphenolic compound found in turmeric

that has anti-inflammatory, anti-tumor and anti-oxidant

functions [106, 107]. The additional use of PKD activators

raises the question of how these compounds impact the two

other isoforms in invasive breast cancer cells. However,

published data regarding the predominant role of PKD1 as

an inhibitor of cell motility, suggest that whether or not

PKD2 or PKD3 are present, once PKD1 is re-expressed and

active it will block the invasive phenotype. It is imperative

that PKD activators are only used in combination with

DMTIs, since activation of PKD2 and PKD3 in absence of

PKD1 expression could lead to a complete opposite phe-

notype and promote tumor progression.

invasive 
breast 
cancer

DMTI

PKD1

invasion

metastasis

i.e. suramin

PKD1

PKD3

PKD3

proliferation

multidrug
resistance

PKD2

PKD2

i.e. 
CRT0066101

conventional
chemotherapy

apoptosis

i.e. 
CRT0066101

inhibitor

inhibitor

activator

Strategy 1: 
Re-activation of the 
epigenetically-silenced 
PRKD1 gene 

Strategy 2: 
Chemical inhibition 

of the oncogenic PKDs 
(PKD2 and PKD3)

Fig. 5 Strategies to target PKD isoforms in invasive breast cancer.

Invasive breast cancers express PKD2 and PKD3, but not PKD1. Two

strategies have been shown to be successful in preclinical animal

models. First, PKD1 re-expression can be initiated by treatment with

DNA methyltransferase inhibitors (DMTIs). Upregulation of PKD1

bocks invasion and metastasis, and additional activation with

activators such as suramin further enhances these effects. A second

strategy is the use of pan PKD inhibitors to target oncogenic functions

of PKD2 and PKD3. Inhibition of PKD3 decreases tumor cell

proliferation, invasion and metastasis. Inhibition of PKD2 in cancer

cell lines has been shown to decrease multi-drug resistance, and

therefore it is predicted that PKD inhibitors will act synergistically

with currently used conventional chemotherapy, by sensitizing cancer

cells to these agents
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Chemical inhibition of oncogenic PKD2/PKD3

signaling to inhibit tumor growth, metastasis

and chemoresistance

Since PKD2 and PKD3 in invasive breast cancers have

been associated with increased tumor growth, metastatic

progression, multi-drug resistance as well as decreased

metastasis-free survival [23, 24, 36, 42, 43, 108], an

alternative to a PKD1 re-expression strategy, is to target

these kinases with small molecule inhibitors. For exam-

ple, CID755673 and its analogs [109, 110], 3,5-

diarylazoles [111], 2,6-naphthyridine and bipyridyl inhi-

bitors and analogs [112], as well as CRT0066101 [113]

and CRT5 [114] have been shown to inhibit PKD activity

in vitro and in different cell lines. An issue with most of

these compounds is that although they are effective

in vitro in blocking proliferation, migration and invasion

[115], they are metabolized too quickly when adminis-

tered to mouse xenograft models. Among all these

compounds only CRT0066101 has been used successfully

in vivo in xenograft models of pancreatic [113] and col-

orectal [75] cancer as well as in a model of metastatic

progression of breast cancer [23]. In mice with orthotopic

ER-negative breast cancers, CRT0066101 significantly

reduced primary tumor growth, local invasion, and

metastasis to distant organs in vivo without showing any

side effects. More importantly, the same results were

obtained with specific knockdown of PKD3 suggesting

that this kinase is the main target of CRT0066101 in ER-

negative breast cancer cells [23]. It is however possible,

since CRT0066101 is administered orally, that some of

the additional anti-tumorigenic effects observed in the

CRT0066101-treated model are due to systemic inhibition

of PKD-mediated angiogenesis [79, 116, 117]. Of course,

a potential problem with using pan inhibitors is the

management of detrimental off-target effects and to

combat this problem the specificity of each compound

must be fully investigated. CRT0066101 appears to be a

promising candidate since no detrimental effects have

been observed in all the models tested. For the treatment

of advanced breast cancers that do not express PKD1, pan

PKD inhibitors could be even more effective if used in

combination with current chemotherapeutic agents for

which PKD2 or PKD3 have been associated to mediate

multi-drug resistance [42, 43, 108].

Alternative approaches to chemical inhibition, could

include nucleic acid-based therapies such as micro-RNA

replacement therapy or systemic delivery of siRNA that

could allow to specifically target the oncogenic PKDs

[118–120]. Such strategies have been used successfully in

animals suggesting that the therapeutic applications in

humans could be very promising [121, 122]. Using the

miRGen 2.0 database (http://diana.cslab.ece.ntua.gr/

mirgen/) [123], 18 potential miRNAs were found to be

complementary with the PRKD1 mRNA sequence but none

with PRKD2 and PRKD3 mRNA. Thus, the development

of miRNA mimics specific for both kinases, as well as a

stable systemic or targeted delivery system, need further

investigation. However, targeting breast cancer cells with

siRNA specific for PKD isoforms seams feasible. For

example, shRNA-mediated depletion of PKD3 had a strong

impact on growth and the metastatic potential of estrogen

receptor negative tumors, similar as results obtained with

CRT0066101 [23].

Conclusions

Evidence from multiple studies investigating the role of

PKD isoforms in the development and metastatic pro-

gression of breast cancer suggests disparate functions. In

summary, PKD1 contributes to proliferation but blocks

EMT and inhibits invasion, while the two other isoforms

promote proliferation, migration and multi-drug-resistance

of breast cancer cells. These incongruent functions of PKD

family members in breast cancer can in part be attributed to

substrate specificity and structural differences. Because

PKD1 expression is lost in the most aggressive type of

breast cancer, whereas the oncogenic version PKD3 is

upregulated, PKDs can be valid therapeutic targets. The

efficacy of the aforementioned treatment options (reacti-

vation of PKD1 or use of pan PKD inhibitors) would

require reliable diagnostic tools to detect the expression of

each PKD isoform and to predict response. Patients with

down-regulated PKD1 are the ideal candidates for both

treatment strategies, and data obtained from large cohorts

of breast cancer cell lines, breast tissue biopsies as well as

from clinical datasets suggests that patients with TNBC or

ER-breast cancer would benefit the most from PKD-based

therapies. Collectively, the results obtained with preclinical

orthotopic animal models using both PKD-based treatment

regimens have been promising. Nonetheless, additional

work is needed to determine the efficacy of pan PKD

inhibitors in conjunction with currently used chemothera-

peutics and to elucidate in even further detail the

mechanisms which govern the expression and effects of

PKD isoforms in breast cancer.
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