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A novel and selective inhibitor of PKC ζ potently inhibits human
breast cancer metastasis in vitro and in mice
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Abstract Cell motility and chemotaxis play pivotal roles in
the process of tumor development and metastasis. Protein ki-
nase C ζ (PKC ζ) mediates epidermal growth factor (EGF)-
stimulated chemotactic signaling pathway through regulating
cytoskeleton rearrangement and cell adhesion. The purpose of
this study was to develop anti-PKC ζ therapeutics for breast
cancer metastasis. In this study, a novel and high-efficient
PKC ζ inhibitor named PKCZI195.17 was screened out
through a substrate-specific strategy. MTT assay was used to
determine the cell viability of human breast cancer MDA-
MB-231, MDA-MB-435, and MCF-7 cells while under
PKCZI195.17 treatment. Wound-healing, chemotaxis, and
Matrigel invasion assays were performed to detect the effects
of PKCZI195.17 on breast cancer cells migration and inva-
sion. Adhesion, actin polymerization, and Western blotting
were performed to detect the effects of PKCZI195.17 on cells
adhesion and actin polymerization, and explore the down-
steam signaling mechanisms involved in PKC ζ inhibition.
MDA-MB-231 xenograft was used to measure the in vivo
anti-metastasis efficacy of PKCZI195.17. The compound
PKCZI195.17 selectively inhibited PKC ζ kinase activity
since it failed to inhibit PKC α, PKC β, PKC δ, PKC η,
AKT2, as well as FGFR2 activity. PKCZI195.17 significantly

impaired spontaneous migration, chemotaxis, and invasion of
human breast cancer MDA-MB-231, MDA-MB-435, and
MCF-7 cells, while PKCZI195.17 did not obviously inhibited
cells viability. PKCZI195.17 also inhibited cells adhesion and
actin polymerization through attenuating the phosphorylations
of integrin β1, LIMK, and cofilin, which might be the down-
stream effectors of PKC ζ-mediated chemotaxis in MDA-
MB-231 cells. Furthermore, PKCZI195.17 suppressed the
breast cancer metastasis and increased the survival time of
breast tumor-bearing mice. In summary, PKCZI195.17 was a
PKC ζ-specific inhibitor which dampened cancer cell migra-
tion and metastasis and may serve as a novel therapeutic drug
for breast cancer metastasis.
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Introduction

Cancer metastasis constitutes the major cause of deaths in
many cancer patients [1, 2]. Metastasis results from a sequen-
tial step process, in which tumor cells first detach from the
original lesions and then intravasate into circulation, survive
and travel along the blood circulation, extravasate to the target
tissue, and grow a new focus [2]. Increasing evidence suggests
that cell motility and chemotaxis play pivotal roles in the
process of tumor metastasis [3, 4]. Chemotaxis is a cellular
capacity to detect an extracellular gradient of chemical stimuli
and to move to the higher concentration site [5, 6]. Both the
processes of extravasation and intravasation are induced by
chemotaxis [7]. Chemotaxis of cancer cells is mediated by
both G-protein-coupled receptors (GPCR) and receptor tyro-
sine kinases (RTK), such as CXCR4 and epidermal growth
factor (EGF) receptor, respectively [8–10], and EGF was
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considered to be a more potent chemoattractant than CXCL12
for human breast cancer cells [11] and markedly enhanced cell
motility, indicative of chemotaxis.

Although the molecular mechanism of cells chemotaxis
and metastasis has not been fully elucidated, protein kinase
C (PKC) family of protein has been proved to be crucial for
signal transduction in chemotactic cell migration. PKC family
comprises about 12 serine/threonine kinases which can be
sorted into three subfamilies based on their activation mecha-
nism [12–14]: conventional PKCs (α,β1,β2, γ) are activated
by both diacylglycerol (DAG) and calcium, novel PKCs (ε, δ,
θ, η) are activated by DAG but insensitive to calcium, and
atypical PKCs (ζ and λ) are not activated by either DAG or
calcium [12]. PKC family plays pleiotropic roles in many
cellular processes including division, proliferation, survival,
anoikis, polarity, adhesion, and migration [14–16]. Moreover,
PKC is abundant in many human cancers, and aberrant PKC
signaling has been demonstrated in many cancer models [17,
18]. For example, PKC-mediated phosphorylation of Cdc42
effector protein-4 (CEP4) at Ser (18) and Ser (80) was in-
volved in Rac activation, filopodium formation, and cell mo-
tility of MCF-10A human breast cells, via causing its dissoci-
ation from Cdc42 and thereby increasing its affinity for tumor
endothelial marker-4 (TEM4) [19]. PKC/GSK-3β signaling
pathway controls both the stability and transcription of Snail,
which is crucial for epithelial-mesenchymal transition (EMT)
induced by EGF and thereby to promote metastasis in PC-3
human prostate and A549 human lung cancer cells [20].
Paeonol (2'-hydroxy-4'-methoxyacetophenone), the main ac-
tive compound of traditional Chinese remedy Paeonia
lactiflora Pallas, suppresses migration and invasion of
chondrosarcoma cells through up-regulation of miR-141 by
modulating PKC δ and c-Src signaling pathways [21].

PKC ζ belongs to atypical PKC and has been reported to be
concerned with cell growth, cell survival, ligand-induced cell
adhesion, determination of cell polarity and actin polymeriza-
tion, and so on [22–24]. Early studies have revealed that PKC
ζ is essential for migration and invasion of multiple cancer cell
types [22, 23], and isozyme-specific inhibitors of PKC ζ sup-
pressed Gi protein-mediated cell adhesion and actin polymer-
ization in polymorphonuclear cells [25, 26]. PKC ζ is in-
volved in the control of glioblastoma cell migration and inva-
sion by regulating the cytoskeleton rearrangement, cell adhe-
sion, and matrix etalloprotease-9 expression through small-
interference RNA technology [27]. It has also confirmed that
PKC ζ mediated CSF-1-induced migration of human
acutemonytic leukemia cell line THP1 as well as mouse peri-
toneal macrophages [28], emphasizing a potential and essen-
tial mechanism of PKC ζ in tumor metastasis which involved
crosstalk between tumor and tumor-associated macrophage.
Particularly, our previous work have indicated that PKC ζ is
uniquely required for EGF-induced chemotaxis of breast and
lung cancer cell lines [29, 30], and the data also confirmed that

receptor tyrosine kinase (RTK)- and G-protein-coupled
receptor-mediated chemotactic signaling pathways converge
at PKC ζ [29]. Therefore, blocking activation of PKC ζ will
be a novel strategy to inhibit cancer metastasis by blocking
migration of cancer cells [28]. Taken together, we investigated
the inhibition of a small molecular compound named
PKCZI195.17 targeting of PKC ζ as a potential anti-
metastasis drug.

Materials and methods

Cells and materials

Human breast cancer cell line MCF-7, MDA-MB-231, and
MDA-MB-435 were obtained from ATCC, Shanghai, China.
The cells were grown in Dulbecco’s modified Eagle medium
(DMEM)with 10% fetal bovine serum (FBS) under 5%CO2.
The DMEM was bought from Invitrogen (Grand Island, New
York, USA); FBS was from Hyclone (South Logan, UT,
USA). Chemotaxis chambers and membranes were obtained
fromNeuroprobe (Gaithersburg,MD, USA); human EGFwas
from Peprotech (Rocky Hill, NJ, USA); fibronectin (0.1 %)
from Sigma (St. Louis, MO); Oregon Green 568 phalloidin
from Molecular Probes Inc. (Eugene, OR); Ki67 Rabbit mAb
(IHC Specific) fromCell Signaling Technology, Inc. (Beverly,
USA); antibodies against PKC ζ, Akt, cofilin and p-cofilin
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA); antibodies against p-PKC ζ, p-Akt from Cell Signaling
Technology, Inc. (Beverly, USA); antibodies against integrin
β1 from BD Transduction (San Jose, CA); antibodies against
p-integrin β1 and p-LIMK from Calbiochem (La Jolla, CA);
the micromolecular compound PKCZI195.17 (C9H9NO4) was
bought from Sigma-Aldrich; and G 6850 was from Alexis
Biochemicals (San Diego, CA). MTT assay kit was from Sig-
ma, and Z′-LYTETMKINASEASSAYKIT-SER/THR 7 PEP-
TIDE Kit (Cat. No. PV3180), Z'-LYTETM KINASE ASSAY
KIT-SER/THR 6 PEPTIDE Kit (Cat. No. PV3179), PKC ζ
(Part No. P2273), PKC α (Part no. P2227), PKC β (Part No.
P2291), PKC δ (Part No. P2293), PKC η (Part No. P2633),
AKT2 (Part No. PV3184), and FGFR2 (Part No. PV3368)
were purchased from Invitrogen Corporation.

Z′-LYTE™ assay

The Z′-LYTETM assay was carried out according to the man-
ufacturer’s instruction [24]. Briefly, 10 μl per well reactions
were set up in 384-well plates containing kinase buffer, 10 μm
ATP, 2 μm Z′-LYTE Ser/Thr peptide substrate, 125 ng/ml
PKC ζ (or 9 ng/ml PKC α, PKC β, PKC δ, PKC η, AKT2,
FGFR2), and inhibitors. After 1-h incubation, development
solution was added to each well, and 1 h further incubation
was allowed followed by reaction stopping. The fluorescent
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signal ratio of 445 nm (Coumarin)/520 nm (Fluorescin) was
analyzed, which reflects the peptide substrate cleavage status
and/or kinase inhibitory activity in the reaction.

MTT cytotoxicity assay

Human breast cancer cells were planted into 96-well plates,
attached overnight, and subsequently exposed to different
concentrations of PKCZI195.17 for different times (24, 48,
and 72 h). Cytotoxicity of PKCZI195.17 was assessed by
MTT assay as previously described [24], and the data was
measured at the 490-nm wavelength.

Cell proliferation assay

Human breast cancer cells were planted in 35-mm dishes. At
the same time, 30-nM concentration of PKCZI195.17 or
DMSO was added to every dish. Cells were harvested and
counted every 24 h. At least three wells were used for each
data point.

Scratch assay (would healing)

Cells were plated in 35-mm dishes for 2 days to grow a mono
layer, pre-treated with inhibitors or DMSO in medium for
12 h; after which, a linear scratch was lined out in the middle
using a pipette tip. The cells were then incubated at 37 °C in
5 % CO2, and the widths of the wounds were measured at
different time points (0, 6, and 24 h) under a light microscope.

Chemotaxis assay

Chemotaxis assay was done as described by Sun R.H. et al.
[29]. Briefly, chemoattractants (EGF) were loaded into the
lower chamber and cells (5×105 cells/ml) suspended in bind-
ing medium (DMEM, 0.1 % bovine serum albumin, and
25 mM HEPES) and were then loaded into the upper cham-
bers. For the inhibition assay, cells were pre-treated with in-
hibitors at 37 °C for 3 h. Thereafter, the filter membrane was
washed, fixed, and then stained. The number of migrating
cells was counted under a light microscope. Chemotaxis
index= the number of migrating cells under a chemoattractant
gradient/the number of migrating cells in the control group.

Matrigel invasion assay

The upper surface of a Transwell (6.5-mm diameter and 8-μm
pore size; Corning) was coated with 20 μl of diluted Matrigel
(BDBiosciences). Cells were seeded at 3.5×104 cells per well
in the upper chamber of the Transwell in serum-free medium
with or without EGF (10 ng/ml) in the presence or absence of
30 nM PKCZI195.17. The lower chamber was filled with the
same medium as in the upper chamber but with 10 % FBS.

After incubation for 20 h, the cells remaining on the upper
surface of the membrane were removed with a cotton swab,
and the average invaded cell number per field of view was
obtained from five random fields.

Adhesion assay

Adhesion assay was carried out as described by Sun R.H. et al.
[29]. Shortly, MDA-MB-231 cells were pre-treated with
30 nM PKCZI195.17 or DMSO for 1 h, trypsinized, and re-
suspended in serum-free medium (3×105 cells/ml) with or
without 10 ng/ml EGF. The suspensions were incubated at
37 °C for 30 min; after which, 1.5-ml cell suspensions were
added in 35-mm dishes containing a glass coverslip which had
been coated with 10 μg/ml fibronectin in serum-free medium
at 4 °C. After 5-, 10-, and 15-min incubations, cells were
washed with cold PBS and then fixed with 4 % paraformal-
dehyde (PFA). The cells attached to the coverslips were count-
ed under a light microscope.

F-actin polymerization assay

Filamentous actin was quantified through methanol extraction
of Oregon Green 568/phalloidin-stained cells as described
previously [29]. Briefly, MDA-MB-231 cells were planted
in 35-mm dish and cultured overnight in complete medium
followed by further culturing in serum-free medium for 3 h.
Meanwhile, the cells were treated with 30 nM of
PKCZI195.17 or DMSO for 1 h and stimulated by 50 ng/ml
EGF at 37 °C for 0, 15 s, 30 s, 1 min, 2 min, and 5 min.
Thereafter, cells were fixed, permeabilized, and stained in
the dark with Oregon Green 568 phalloidin diluted in F-
buffer (10 mM HEPES, 20 mM KH2PO4, 5 mM EGTA,
2 mM MgCl2, Dulbecco’s PBS, pH 6.8) at room temperature
for 1 h. After five washes, the bound phalloidin was extracted
with methanol at 4 °C for 1 h, and the F-actin content was
measured with a fluorescence reader at 578-nm excitation
wavelength and 600-nm emission wavelength. The results
were expressed as relative F-actin content, where F-actin△t /
F-actin0 = (fluorescence△t / mg per ml) / (fluorescence 0/mg
per ml).

Western blotting assay

Western blotting assay was performed as described by Sun
R.H. et al. [29]. The MDA-MB-231 cells were starved with
serum-free medium for 3 h, pre-treated with 30 nM
PKCZI195.17 or DMSO for another 3 h, and stimulated by
50 ngml−1 EGF for various times. The reactions were stopped
and washed twice with cold PBS, and then lysed using 1×
SDS lysis buffer (Tris–HCl, pH 6.8, 62.5 mM, 2 % SDS,
10 % glycerol.). Thereafter, equal amounts of cell lysates
(20 μg per lane) were loaded onto 10 % SDS-PAGE systems
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and transferred onto a polyvinylidene fluoride membrane. The
membranes were blocked with 5 % nonfat milk, probed with
corresponding primary antibodies followed by HRP-
conjugated secondary antibody. Western blots were visualized
by using enhanced chemiluminescence reagents ECL (Pierce,
Rockford, IL).

In vivo metastasis

All animal experiments were conducted in accordance with
the Guide for the Care and Use of Laboratory Animal of
Tianjin Third Central Hospital. Briefly, 4–6-week-old female
severe combined immunodeficient mice (SCID) were from
Wei Tong Li Hua Experimental Animal Co.Ltd (Beijing, Chi-
na), and 5×106 MDA-MB-231 cells were injected intrave-
nously into the tail vein of SCID mice. And then, mice were
divided into two experimental groups, specifically (i) physio-
logical saline (control, n=8) and (ii) PKCZI195.17 10 mg/kg
(n=8). PKCZI195.17 was i.v. administrated through the tail
vein once a day for 6 weeks thereafter. The body weight of
mice was measured individually every three days, and the
survival times were monitored. The tumors were excised for
size determination and IHC staining for Ki67 protein. The
lungs tissues of mice were finally removed and embedded
for the dissection on a cryostat (14 μm). The immunohisto-
chemical staining will be operated on the slide-mounted sec-
tions, and metastatic tumor nodules were counted under a
Zeiss inverted microscope.

Statistical analysis

SPSS 17.0 software was used for data analysis. The results of
Western blotting were quantified using software ImageJ. Data
were presented as mean±SD, and t test and ANOVA were
used.

Results

Screening of a PKC ζ inhibitor

PKCZI195.17 (C9H9NO4) was screened as a PKC ζ inhibitor
from almost three hundred compounds by the Z′-LYTE™
KINASE ASSAY KIT-SER/THR 7 PEPTIDE Kit, which
has been proved as a mature method basing on the differential
sensitivity of phosphorylated and nonphosphorylated peptides
for proteolytic cleavage [31]. According to manufacturer’s
instruction, a pilot assay was carried out which determined
that 125 ng/ml of PKC ζ kinase was an optimal concentration
for the following screening procedures, and 30-nM concentra-
tion of PKCZI195.17 exhibited a 42.8 % inhibition of PKC ζ
activity (Fig. 1a). The molecular structure of PKCZI195.17
was shown in Fig. 1b. The dose-response curve identified that

the half maximal (50 %) inhibitory concentration (IC50) of
PKCZI195.17 was 32 nM (Fig. 1c). In order for the specificity
analysis of PKCZI195.17, the same assay was performed only
that PKC ζ was substituted PKC α, PKC β, PKC δ, PKC η,
AKT2, or FGFR2, and the results showed that PKCZI195.17
has no significant inhibition on PKCα (Fig. 1d), PKCβ, PKC
δ, PKC η (Fig. 1g), AKT2 (Fig. 1e), or FGFR2 (Fig. 1f).

The effect of PKCZI195.17 on cell viability
and proliferation

MTT assays were used to test the cytotoxic effect of
PKCZI195.17 against the three kinds of breast cancer cells.
As shown in Fig. 2a, gradient concentrations of PKCZI195.17
did not obviously inhibit the cell viability of MDA-MB-231,
MDA-MB-435, and MCF-7 cells after 24-, 48-, and 72-h
treatments. Cell proliferation analyses in Fig. 2b revealed that
30 nM PKCZI195.17 moderately increased the overdoubling
time of MDA-MB-231 and MDA-MB-435 cells, which sug-
gesting an inhibition effect against cell growth and mitosis.

PKCZI195.17 abrogates EGF-induced cell migration,
chemotaxis, and invasion

Previous studies [29, 30] have demonstrated that inhibition
of PKC ζ through a peptide pseudosubstrate blocks the
chemotaxis of a series of human lung and breast cancer
cell lines including A549, H1299, and T47D. In order to
determine whether PKCZI195.17 might have the same ef-
fect, we investigated the chemotaxis of breast cancer cells,
and the results showed that EGF-induced chemotaxis of
MDA-MB-231, MDA-MB-435, and MCF-7 cells was
greatly inhibited by 3-h pre-treatment with PKCZI195.17
compared to the control group, especially at 10 ng/ml
EGF, and the effect was equivalent to the treatment with
G 6850, which is a verified and positive pan-PKC inhibitor
(Fig. 3a).

To study the effect of PKCZI195.17 on the cellular
migration and invasion of cells, we performed wound-
healing and Matrigel invasion assays. In the wound-
heal ing assay, the cel ls pre-treated with ei ther
PKCZI195.17 or G 6850 showed a much slower direc-
tional migration compared with those in the control
groups, which suggesting that PKCZI195.17 inhibited
the directional motility or spreading of MDA-MB-231,
MDA-MB-435, and MCF-7 cells (Fig. 3b, c). In the
Matrigel invasion assay, PKCZI195.17 evidently attenu-
ated the abilities of the three kinds of cells to invade
through the Matrigel membrane (Fig. 3d). Thus,
PKCZI195.17 strongly suppressed the migration and in-
vasion of breast cancer cells.

8394 Tumor Biol. (2016) 37:8391–8401



PKCZI195.17 inhibits EGF-induced cell adhesion
and actin polymerizations

Ligand-induced adhesion and cytoskeleton rearrangement are
two key responses closely correlated with chemotactic activity
of cells [32, 33], which were frequently regulated by PKC ζ
[29]. Thus, we investigated the effect of PKCZI195.17 on
EGF-induced MDA-MB-231 cells adhesion. As shown in
Fig. 4a, 10 ng/ml EGF stimulated a marked increase in the
numbers of cell adhesion after 5, 10, and 15 min. However,
cell attachment in general was significantly decreased under
the condition of PKCZI195.17 pre-treatment when compared
with the corresponding cells in the control group. Ligand-
induced actin polymerization, de-polymerization, and

regulating research are of great significance for microfilament
assembly and the molecular mechanism of cell motility. EGF
at 50 ng/ml elicited a transient actin assembly in MDA-MB-
231 cells, whose first phase peaked at 15 s and second phase
peaked at 1 min (Fig. 4b). In the presence of PKCZI195.17,
actin polymerization stimulated by EGF was significantly re-
duced, and its peak was delayed until at 1 min. Our observa-
tions further confirmed that PKCZI195.17 inhibited cell adhe-
sion and actin polymerization induced by EGF.

Previous study has demonstrated that PI3K and Akt are the
upstream regulators of PKC ζ in the chemotaxis signaling
pathway of human non-small cell lung cancer cells [30], and
inhibition of PKC ζ by myristolated pseudosubstrate did not
interfere with EGF-induced phosphorylation of Akt, which

Fig. 1 Screening results of protein kinase C ζ (PKC ζ) inhibitor. a Some
of the screen results for PKC ζ kinase inhibitor, PKCZI195.17, showed
significantly inhibition of 42.8 %. b Molecular structures of
PKCZI195.17. c Dose-response curve of PKCZI195.17 inhibiting PKC
ζ phosphorylation. d Dose-response curve of PKCZI195.17 inhibiting

PKC α phosphorylation. e Dose-response curve of PKCZI195.17
inhibiting AKT2 phosphorylation. f Dose-response curve of
PKCZI195.17 inhibiting FGFR2 phosphorylation. g %Inhibition of
30 nmol/l PKCZI195.17 on PKC ζ, PKC β, PKC δ, as well as PKC η
kinase activity
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further confirmed that PKC ζ functioned downstream of Akt
and suggested that there were no feedback regulation of Akt
by PKC ζ [34]. Our observation also indicated PKCZI195.17
which inhibited phosphorylation of PKC ζ did not attenuate
the activations of Akt in human breast cancer cell line MDA-
MB-231 (Fig. 4c). Our results had suggested that
PKCZI195.17 impaired EGF-stimulated cell adhesion.
Integrin β1 is a key component in cell adhesion, and
phosphorylated-integrin β1 can promote cell attachment. To
further confirm this observation, we investigated the effect of
PKCZI195.17 on EGF-induced phosphorylation of integrin
β1 in MDA-MB-231 cells. In the presence of PKCZI195.17,
the phosphorylation of integrin β1 was obviously reduced
(Fig. 4d). These results suggested that PKCZI195.17 impaired
EGF-stimulated cell adhesion through reducing the phosphor-
ylation of integrin β1, which might be a downstream effector
of PKC ζ-mediated chemotaxis.

Our results suggested that PKCZI195.17 reduced EGF-
induced actin polymerization. It has been demonstrated that
LIM kinase (LIMK) modulates the actin assembly by
inhibiting the activity of the actin depolymerizing factor
(ADF)/cofilin. Next, in the presence of PKCZI195.17, we in-
vestigated the activation of LIMK by detecting the phosphor-
ylation of threonine in MDA-MB-231 cells. As shown in
Fig. 4e, EGF significantly induced the phosphorylation of
LIMK, and PKCZI195.17 clearly impaired the activation of
LIMK under EGF stimulation. Cofilin is one of the major
regulators of actin polymerization and cell motility [35, 36].
Cofilin was activated by EGF stimulation through

phospholipase C-mediated hydrolysis of PIP2, a membrane
sequesterer and inhibitor of cofilin. Released cofilin induces
actin polymerization in the presence of free globular actins
[37]. Then, we investigated the effect of PKCZI195.17 on
the phosphorylation of cofilin stimulated by EGF. As shown
in Fig. 4e, 50 ng/ml EGF stimulated the phosphorylation of
cofilin, and the phosphorylation level reached a plateau at
30 s. On the other hand, the phosphorylation of cofilin was
severely reduced in the presence of PKCZI195.17, which was
consistent with a reduction in actin polymerization. Thus,
PKCZI195.17 reduced EGF-stimulated actin polymerization
through attenuating the phosphorylations of LIMK and
cofilin, which might be another two downstream effectors of
PKC ζ-mediated chemotaxis.

PKCZI195.17 inhibits tumor metastasis and improves
survival in vivo

Cell migration plays a crucial role in the complex, mul-
tistep process of cancer metastasis. We finally intended
to explore therapeutic effect of PKCZI195.17 in over-
coming cancer metastasis. The anti-metastasis effect of
PKCZI195.17 was examined using a spontaneous metas-
tasis assay through tail vein injection of human breast
cancer MDA-MB-231 cells into SCID mice. As shown
in Fig. 5a, b, daily i.v. injection of PKCZI195.17 for
6 weeks (10 mg/kg) was effective in retarding tumor
growth compared to the control group treated with
physiological saline, and we found significant reduction

Fig. 2 Effects of PKCZI195.17 on cells viability and proliferation. a
Cytotoxicity assay: MDA-MB-231, MDA-MB-435, and MCF-7 cells
were treated with indicated amounts of PKCZI195.17 or DMSO for up
to 3 days followed by MTT assay. b Proliferation assay: cells were

planted into 35-mm dishes, and 30 nM PKCZI195.17 or DMSO was
added into the dishes. The cells were trypsinized and counted on the days
indicated (*P< 0.05, **P< 0.01, paired Student’s t test)

8396 Tumor Biol. (2016) 37:8391–8401



of nuclear immunolabeling of the surrogate marker of
proliferation Ki67 in PKCZI195.17-treated MDA-MB-
231 xenograft as compared with that of the control tu-
mors (Fig. 5c). Obviously, PKCZI195.17 treatment
(10 mg/kg) also caused a dramatic decrease in the num-
ber of pulmonary metastatic nodules, yielding inhibition
rates of 55.81 % (Fig. 5d, e). There was no difference
in the body weight of mice between the PKC ZI195.17-
treated group and control group. PKCZI195.17-treated
mice showed no signs of toxicity throughout the exper-
iments and showed enhanced survival (Fig. 5f) com-
pared to the control mice. These results suggest the
potential of PKCZI195.17 in cancer therapy via hinder-
ing cancer metastasis.

Discussion

PKC, a prototypical class of serine/threonine kinase, is certi-
fied to be associated with a number of diseases including
breast cancer, which integrate in the cascades of multiple par-
allel and/or cross cell signaling pathways directing towards
various cellular processes including cell proliferation, differ-
entiation, survival, motility, and metastasis [18, 19]. Extensive
work established PKC isoenzymes levels were always found
elevated in many malignant cancers, which include breast,
lung, liver, colon, leukemia, etc. [20]. Importantly, each
PKC isoform has distinct biological function and may act
differently in cancer progression. Accumulating reports have
shown that PKC ζ plays pleiotropic roles in multiple signal

Fig. 3 Effects of PKCZI195.17 on cells chemotaxis, wound-healing, and
invasion. a Chemotaxis assay: MDA-MB-231, MDA-MB-435, and
MCF-7 cells were pre-treated with inhibitors or DMSO for 3 h in
culture incubator, followed by chemotaxis assay with indicated amount
of EGF as chemoattractant for 3 h. Comparison of EGF-induced
chemotaxis of the control cells and pre-treated cells with inhibitors
(*P< 0.05, two-way analysis of variance). b Scratch assay: cells were
pre-treated with inhibitors or DMSO for 12 h before scratching. Wound

widths were recorded at indicated time points. Asterisks indicate the t test
difference at 24 h (**P< 0.01, paired Student’s t test). c Scratch assay: the
image of MDA-MB-231 cells migration at 6 and 24 h. d Matrigel
invasion assay: cells were incubated in serum-free medium with or
without EGF (10 ng/ml) in the presence or absence of 30 nM
PKCZI195.17 for 20 h. Data were mean± SD of the number of invaded
cells per field of view (n= 5) (*P< 0.05, **P< 0.01, paired Student’s t
test)
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transduction pathways including mitogen-activated kinase
cascade, ribosomal S6-protein kinase signaling, NF-κB acti-
vation, and cell polarity pathway, which is also identified as a
convergence point of RTK- and G-protein-coupled receptor-
mediated chemotaxis signaling pathways in recent research
[29]. Therefore, PKC ζ might be an effective target for more
potent anti-metastasis therapeutic strategies.

Due to the apparent role of PKCs in cancer formation and
progression, a variety of PKC inhibitors, for instance,
enzastaurin, bryostatin, PKC412, LY317615 and G06976,
etc., have been developed and tested in vitro and in vivo can-
cer models, and also in treatment of human cancers to some
extent. These compounds have anti-neoplastic effects as esti-
mated by decreased invasion or reduced growth of cancer cells
both in vitro and in vivo but their clinical efficacy has unfor-
tunately been low, and more importantly, rare effective inhib-
itors of PKC ζ have been identified. Here, we validated a
novel and high-efficient PKC ζ inhibitor named PKCZI195.17

(IC50 = 32 nmol/l), which was screened out through a
substrate-specific strategy, and its selectivity against PKC ζ
has been further confirmed since it failed to inhibit PKC α,
PKC β, PKC δ, PKC η, AKT2, as well as FGFR2 kinase
activity. Besides, PKCZI195.17 displayed moderate inhibitory
effects on breast cancer MDA-MB-231, MDA-MB-435, and
MCF-7 cells proliferation at 30-nmol/l concentration.

Moreover, the EGF-induced chemotaxis assay, wound-
healing assay, and Matrigel invasion assay were performed
to evaluate the functional effects of PKCZI195.17 against
MDA-MB-231, MDA-MB-435, and MCF-7 cells migration
and invasion, and the results showed that PKCZI195.17 pre-
incubation indeed impaired cells migration and invasion with
high significance (Fig. 3, P<0.05), which thus confirmed that
PKC ζ is the key node connecting RTK- and GPCR-mediated
cells migration including cancer cell metastasis, and that the
effects of inhibition of PKC ζ alone were almost equivalent to
the effects of G 6850 which disrupting all types of PKC

Fig. 4 Effects of PKCZI195.17 on EGF-induced MDA-MB-231 cell
adhesion and actin polymerization. a Cell adhesion assay: cells were
pre-treated with 30 nM PKCZI195.17 or DMSO for 1 h, followed by
measuring adhesion capacity on fibronectin over indicated time periods.
Cell numbers in five fields were counted for each coverslip under
microscopy with 200× magnitudes (**P< 0.01, independent t test). b
Effects of PKCZI195.17 on EGF-induced actin polymerization. Cells
were starved for 3 h, treated with 30 nM PKCZI195.17 or DMSO 1 h
and followed by 50-ng/ml EGF stimulation for the indicated time periods.
Cells were fixed, and F-actin contents were assayed as described in the
BMaterials and method^ section (**P< 0.01, paired Student’s t test). c

Western blotting analysis of phosphorylated PKC ζ and phosphorylated
Akt in total cell lysates from DMSO and PKCZI195.17-treated cells upon
stimulated with 50 ng/ml EGF for 0, 5, 15, and 30 min. PKC ζ and Akt
were used as loading controls. d Western blotting analysis of
phosphorylated integrin β1 in total cell lysates from DMSO and
PKCZI195.17-treated cells upon stimulated with 50 ng/ml EGF for 0, 5,
and 15 min. Integrin β1 was used as a loading control. eWestern blotting
analysis of phosphorylated LIMK and phosphorylated cofilin in total cell
lysates from DMSO and PKCZI195.17-treated cells upon stimulated with
50 ng/ml EGF for 0, 30 s, 1 min, and 5 min. Cofilin was used as a loading
control
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activities. Cell adhesion and actin polymerization are two fac-
tors contributing to the cells motility and metastasis [38]. Our
data further confirmed that cell adhesion ability and actin cy-
toskeleton remodeling of MDA-MB-231 cells were both se-
verely impaired by PKCZI195.17 (Fig. 4a, b). PKCZI195.17
significantly inhibited phosphorylation of PKC ζ while
showed no effects on activity of Akt, suggesting that Akt

was an upstream regulator of PKC ζ. Furthermore, our data
verified that EGF-induced phosphorylation of LIMK, cofilin,
and integrin β1 was blocked by PKCZI195.17 (Fig. 4c, d, e),
suggesting that LIMK, cofilin [38, 39], and integrin β1 might
be downstream effectors of PKC ζ-mediated chemotaxis.
In vivo, PKCZI195.17 was found to inhibit the tumor growth
(Fig. 5a, b), the expression of proliferation marker ki67

Fig. 5 PKCZI195.17 inhibited
breast cancer metastasis in vivo
and improved survival. a The
tumors of each group treated with
physiological saline (control) and
PKCZI195.17. b Tumor volumes
of the two different treatment
groups. Columns mean of a
typical experiment; bars SD
(**P< 0.01, paired Student’s t
test). c Immunohistochemical
analysis of the Ki67 protein
expression in tissue specimens
from MDA-MB-231 xenografts
treated with physiological saline
and PKCZI195.17 in vivo
(magnification, 200×). d Effect of
PKCZI195.17 on lung metastasis
of MDA-MB-231 breast
carcinoma i.v. xenograft in SCID
mice. The representative
photograph of metastatic nodules
on lungs with H&E staining
(magnification, 200×). e The
histogram showed the inhibitory
action of PKCZI195.17 on the
number of pulmonary metastatic
nodules. Columns mean of a
typical experiment; bars SD
(**P< 0.01, paired Student’s t
test). f Kaplan-Meier survival
curve showing increase in overall
survival for the PKCZI195.17
treatment group of mice (n= 8)
compared to the controls (n = 8,
log-rank test **P< 0.01)
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(Fig. 5c), as well as the lung metastasis of breast cancer cell
lineMDA-MB-231 xenografts (Fig. 5d, e). This represents the
first demonstration of in vivo anti-metastasis efficacy of a
PKC ζ inhibitor using continued i.v. administration. Further-
more, PKCZI195.17 increased the survival time of mice bear-
ing MDA-MB-231 breast tumors (Fig. 5f). This study dem-
onstrated that the novel and selective small-molecule PKC ζ
inhibitor, PKCZI195.17, inhibited EGF-induced breast cancer
cell line chemotaxis, migration, invasion, presumably through
preventing PKC ζ downstream effectors cofilin, LIMK, and
integrinβ1 from activations, and lungmetastasis inmice bear-
ing MDA-MB-231 breast tumors.

Taken together, PKCZI195.17 could be used as an anti-
metastatic drug in oncology. Our data strongly indicate that
our novel and selective small-molecule PKC ζ inhibitor,
PKCZI195.17, showed therapeutic anti-metastatic effects in
MDA-MB-231 breast tumor-bearing mice. However, further
trials and clinical studies are necessary to validate the thera-
peutic potential of PKCZI195.17.
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