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Abstract
Angiogenesis is critical in the progression of prostate cancer. However, the interplay between the
proliferation kinetics of tumor endothelial cells (angiogenesis) and tumor cells has not been
investigated. Also, protein kinase C (PKC) regulates various aspects of tumor cell growth but its role
in prostate cancer has not been investigated in detail. Here, we found that the proliferation rates of
endothelial and tumor cells oscillate asynchronously during the growth of human prostate cancer
xenografts. Furthermore, our analyses suggest that PKCβII was activated during increased
angiogenesis and that PKCβII plays a key role in the proliferation of endothelial cells and tumor cells
in human prostate cancer; treatment with a PKCβII-selective inhibitor, βIIV5-3, reduced
angiogenesis and tumor cell proliferation. We also find a unique effect of PKCβII inhibition on
normalizing pericentrin (a protein regulating cytokinesis), especially in endothelial cells as well as
in tumor cells. PKCβII inhibition reduced the level and mislocalization of pericentrin and normalized
microtubule organization in the tumor endothelial cells. Although pericentrin has been known to be
upregulated in epithelial cells of prostate cancers, its level in tumor endothelium has not been studied
in detail. We found that pericentrin is upregulated in human tumor endothelium compared with
endothelium adjacent to normal glands in tissues from prostate cancer patients. Our results suggest
that a PKCβII inhibitor such as βIIV5-3 may be used to reduce prostate cancer growth by targeting
both angiogenesis and tumor cell growth.

Introduction
In the US, prostate cancer is the third leading cause of cancer-related deaths in males (1).
Although early detection and new therapies have increased survival rates, many men develop
androgen-independent prostate cancers against which chemotherapeutic drugs have been
generally ineffective (2). Furthermore, increases in microvessel density and expression of pro-
angiogenic factors are associated with negative outcomes in patients with prostate cancer (3).
Targeting cells that support tumor growth in addition to using cytotoxic agents to induce cancer
cell death has therapeutic advantages (4–7). However, rather than targeting a single pro-
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angiogenic factor, there is a strong rationale for the development of new pharmacological
treatments that target both tumor angiogenesis and tumor cell proliferation for the treatment
of prostate cancer (8).

The protein kinase C (PKC) family of serine/threonine kinases plays an important role in
angiogenesis both in vitro and in vivo (9–12). Also, PKC is activated by tumor-promoting
phorbol esters and its involvement in carcinogenesis was proposed many years ago (13). Its
role has since been substantiated in many human cancers, including prostate cancer (14–17).
However, the role of PKC in prostate cancer angiogenesis has not been explored explicitly.
Currently, a PKCβ inhibitor, Enzastaurine (a novel macrocyclic bisindolylmaleimide), is being
tested in clinical trials for its anti-angiogenic and anti-cancer effects with promising phase II
studies of high-grade gliomal tumors (18). However, although the initial reports suggested that
Enzastaurine is selective for PKCβ (15), subsequent studies showed that it also inhibits
PKCγ, δ, and ε to a similar degree at the same concentration (14).

PKC family members are known to mediate cytokinesis and cell proliferation by microtubule
regulation (19-21). Functional studies have shown a key role for pericentrin, a centrosomal
protein, in microtubule organization, spindle assembly, and chromosome segregation (22,23).
Chen et al. showed that endogenous PKCβII and pericentrin interact in K562 cells (19) and
that PKCβII co-localizes with pericentrin in G2 and mitotic cells, i.e. dividing cells in culture.
In addition, overexpression of a fragment of pericentrin that binds PKCβII leads to
mislocalization of PKCβII away from the centrosome and a loss of microtubule anchoring at
the centrosome resulting in cytokinesis failure and aneuploidy. Also, overexpression of a
PKCβII fragment that binds pericentrin induces the same phenotype, suggesting that increased
levels of PKCβII could also disrupt interaction with pericentrin. Therefore, there is strong
evidence that PKCβII and pericentrin regulate cytokinesis in cells, but the role of PKCβII and
pericentrin in prostate cancer progression, both in endothelial and tumor cells in vivo, has not
been established.

Here, we set out to determine how PKC activity affects angiogenesis and tumor cell
proliferation during different stages of prostate tumor growth in a xenograft model. Our data
from xenografts and patients suggest PKCβII as a target in anti-cancer treatment for prostate
cancer against tumor-induced angiogenesis and tumor growth.

Materials and Methods
Cell lines and cell culture

PC-3 human prostate cancer cells and mouse tumor endothelial cells (2H-11) were obtained
from the American Type Culture Collection (ATCC, Manassas,VA) and cultured in DMEM
media with 10% fetal bovine serum (FBS, Gibco, NY) with 1% antibiotics (penicillin and
streptomycin, Gibco, NY). Primary cultures of normal human epithelial cells were established
from the peripheral zone of a radical prostatectomy specimen according to established
techniques (24). The tissue of origin was confirmed to be normal by histopathological analyses.
Cells were cultured in a serum-free medium, “Complete PFMR-4A” (24). For in vitro tumor
endothelial cell culture, 5000 cells were seeded into each well of chamber slides in DMEM
with 10% FBS and grown for 2 days in DMEM or conditioned medium from PC-3, i.e. 2 day
old medium from PC-3 cell cultures. Tumor endothelial cells were then treated with TAT
(carrier peptide) or βIIV5-3-TAT at a final concentration of 1 μM, 3 times per day for 2 days.

Materials
For Western blot analyses, rabbit antibodies directed against Gαi-3 (C-10) were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA) and anti-GAPDH antibody, clone 6C5, was from
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Advanced Immunochemical (Long Beach, CA). For immunofluorescence, α-tubulin and γ-
tubulin Cy3 antibodies were from Sigma (St. Louis, MO). Pericentrin antibodies used for
immunofluorescence were from Abcam (4448, Cambridge, MA). Pericentrin antibodies used
for Western blot analyses (M1, 4b and UM225) were from Dr. Stephen Doxsey (University of
Massachusetts, Worcester, MA). Paraffin-embedded prostate tissues were from the Urology
Department at Stanford Medical School (IRB # 348).

Peptide synthesis and administration
The PKCβII-selective inhibitor (βIIV5-3) was derived from the PKCβII V5 region (amino acids
645–650 [QEVIRN]) (25). For intracellular delivery, peptides were synthesized and
conjugated to a membrane-permeable TAT carrier peptide as previously described (26). TAT
carrier peptide or saline was used as a control. Peptides were delivered in vivo using Alzet
osmotic mini-pumps (Alzet model 2001) as described (27). The peptides were dissolved in
saline and administered at a constant rate (0.5μl/hr) corresponding to 2.4 or 24 mg/day/kg
(3mM or 30mM of TAT) and 3.6 or 36 mg/day/kg (3mM or 30mM of βIIV5-3-TAT). Pumps
were replaced every 2 weeks because of the t1/2 (about 2 weeks) of the peptides in the pump
(27). Peptides were delivered for up to 5 weeks.

Xenograft tumor studies
Six week old male nude mice were purchased from Harlan (Indianapolis, IN) and housed at
the animal care facility at Stanford University Medical Center (Stanford, CA). All mice were
kept under standard temperature, humidity, and timed lighting conditions and provided mouse
chow and water ad libitum. All animal experimentation was conducted in accordance with the
Guide for Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal
Resources, National Research Council, and published by the National Academy Press (revised
1996) and was approved by the Stanford University Animal Care and Use Committee. Five
million PC-3 tumor cells were injected subcutaneously in the flank of male, 7–8 week old,
athymic nude mice in sterile PBS (Figure 2) or in a mixture of 1:1 serum-free medium and
Matrigel (Figure 3, Beckton Dickinson, Bedford, MA). Peptide treatment began when the
tumors reached a group average of 100mm3 after about 1 week. Tumor volume (mm3) was
calculated using the equation 0.52× (width (cm))2 × (length (cm)).

Measurement of cell proliferation
Animals were administered 4% deuterated water and tumor endothelial cells and tumor cells
were isolated using flow cytometric sorting (refer to supplemental Figure 1 for cell isolation)
and prepared for GC-MS analyses as previously described (28, 29).

Immunofluorescence
Dual-color immunofluorescence was performed on fresh-frozen sections fixed in O.T.C.
compound (Torrance, CA) using PKC and biotin linked rat-anti mouse CD31 antibodies (Santa
Cruz Biotech Inc, Santa Cruz, CA and BD Pharmingen, San Diego, CA, respectively). For
pericentrin and PKC detection, sections were stained with rabbit anti-pericentrin (ab4448,
Abcam, Cambridge, MA) followed by PKC antibodies. TUNEL staining was carried out using
an in situ cell death detection kit (TMR red) according to manufacturer’s instructions (Roche
Applied Science, Indianapolis, IN). Cleaved caspase-3 antibody was from Cell Signaling
(Danvers, MA). CD31- and TUNEL-positive areas were measured using Photoshop (Version
9.0.1). Hoechst 333242 was from Molecular Probes (Carlsbad, CA). The apparatus for
immunofluorescence experiments consisted of a Leica DMI 6000B microscope with 350FX
camera (JH Technologies, San Jose, CA).
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Immunoblot analysis
Frozen tumors and livers were weighed and two volumes of homogenization buffer [20 mM
Tris-HCl, pH 7.5, 2 mM EDTA, 10 mM EGTA, 250 mM sucrose, 1:300 protease inhibitor
cocktail (Sigma) and 1:300 phosphatase inhibitor cocktail (Sigma)] were added. The tissue
was homogenized and were fractionated by spinning at 100,000g for 30 min at 4°C. The
supernatants correspond to the cytosolic fractions. The particulate fractions correspond to the
rest of the intracellular organelles including nuclear and plasma membrane. The particulates
were resuspended in homogenization buffer with 1% Triton X-100 and both detergent soluble
and insoluble fractions were analyzed together. Translocation of PKCα, βI, βII and ε was
determined in cytosolic and particulate fractions from tumor and liver samples as described
(26). Whole cell lysates refer to total homogenates without fractionation. For all PKC
detections, 10 μg of whole cell lysates, cytosolic and particulate fractions were used. Antibodies
against GAPDH (1:10,000) and Gαi-3 (1:1000) were used as loading controls for cytosolic and
particulate fraction, respectively.

Kinase assay after immunoprecipitation
Tumor lysates were subjected for immunoprecipitation using PKCβ II according to Chen et al.
(19) and the immunoprecipitate was assayed for kinase activity in the absence of PKC activators
(30).

Immunohistochemistry
Tissue sections in the slides were deparaffinized and with xylene, hydrated by using a diluted
alcohol series, and immersed in 3% H2O2 in distilled water for 15 minutes to quench
endogenous peroxidase activity. The sections were then microwaved in a pressure cooker for
30 minutes in distilled water containing 1mM EDTA. To avoid non-specific staining, each
section was incubated with 4% bovine serum albumin (Qbiogene, Irvine, CA) in PBS with
0.1% Tween 20 (PBST) for 30 minutes at room temperature. The sections were then incubated
with rabbit anti-pericentrin polyclonal antibody (4b, dilution: 1:250) in TBST [50mM Tris
(pH7.5), 150mM NaCl, and 0.5% Tween 20] containing 4% Tryptone casein (Amresco, Solon,
OH) for 1 hour at room temperature. HRP-conjugated secondary antibody against rabbit
immunoglobulins (DAKO, Carpinteria, CA) was applied for 20 min at room temperature.
Signals were amplified by catalyzed reporter deposition tyramine signal amplification (CSA
II kit, DAKO, Carpinteria, CA), following manufacturer’s instructions. Each section was
incubated with fluorescyl-conjugated tyramide for 15 minutes and protected from light.
Sections were then incubated with HRP-conjugated anti-fluorescein antibody for 15 minutes
at room temperature. Each step was followed by three successive rinses with TBST for 5 min.
The chromogen used was 3,3′-diaminobenzidine (DAKO, Carpinteria, CA). Sections were
counterstained in Meyer’s hematoxylin.

Statistical analysis
Data are expressed as mean±SE. Paired t test and repeated ANOVA were used to assess
significance (p<0.05).

Results
High levels of PKCβII are present in growing tumors and in the tumor endothelium

Because PKC activation has been implicated during growth of various tumors (31,32), we first
determined which PKC isozyme is present in growing PC-3 human prostate cancer cells in a
xenograft model, in vivo. PKCα, βI, βII and ε were all found in the PC-3 tumors (Figure 1A).
We next compared the cellular distribution of the PKC isozymes in the PC-3 xenografts with
that in a primary culture of normal human prostate epithelial cells (PEC). We used the cellular
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distribution of the isozymes in PEC as a measure of basal levels of PKC activation (Figure 1A,
left; cytosolic enzyme represents inactive PKC (33)). All the PKC isozymes were more active
in the PC-3 xenografts relative to the primary PEC and PKCβII appeared more active relative
to the other isozymes, as evidenced by high levels of this isozyme in the particulate fraction
relative to the cytosolic fraction. This was also apparent when comparing PKCβII and its
alternatively spliced form, PKCβI (n=4 each, p=0.01, Figure 1A, right). Immunofluorescence
studies demonstrated that PKCβII was more localized to endothelial cells relative to PKCα,
βI or ε (Figure 1B, arrow heads). Based on these results, we focused our study on determining
the role of PKCβII in angiogenesis and in tumor growth.

Increase in proliferation rate of tumor endothelial cells precedes that of tumor cells
To examine the proliferation kinetics of tumor cells and endothelial cells in the growing tumor,
we used a new method that measures directly the proliferation rates of these cells, in vivo
(Figure 2A, B, C). PC-3 cancer cells were injected subcutaneously (5×106 cells) into the flank
area of male nude mice and the resulting solid tumors were isolated each week, for up to 6
weeks after tumor cell injection (Figure 2A, B). For each time point, deuterated water was
administered in drinking water for 1 week before sacrificing and the tumor endothelial cells
and tumor cells were isolated by fluorescence activated cell sorting (FACS). The proliferation
rate of each cell type was calculated by measuring the amount of deuterium in the DNA of
these cells, as we previously described (28, 29).

Interestingly, the rise in tumor endothelial cell (TEC) proliferation rate preceded the rise in the
proliferation rate of the tumor cells (TC) during the first 4 weeks (Figure 2C); rates of
proliferation of these two cell types continued to change in an oscillating pattern for about 4
weeks. These data support the predicted coordination between tumor growth and angiogenesis
with TEC proliferation and angiogenesis rising to meet the metabolic demand of the growing
tumor (4, 34). After week 4, the tumor endothelial cell and tumor cell proliferation rates
appeared to reach a steady-state, suggesting that the rate of angiogenesis had matched the
metabolic demand of the growing tumor (4, 34). We further examined the kinetics of cell
proliferation during the days 0–7 of post-tumor injection (n=6–10 animals each, insert). The
proliferation rate of tumor endothelial cells was several-fold higher than that of tumor cells
during days 0–4 and days 4–7 (Figure 2C, insert), indicating active tumor angiogenesis during
the early period of tumor growth with only moderate tumor cell proliferation at that period.
This confirms that angiogenesis is particularly active in the early period of tumor growth and
suggests a window of treatment for anti-angiogenesis.

A PKCβII-specific inhibitor effectively reduced PC-3 tumor growth rate
Because we found PKCβII to localize mainly in endothelial cells, we next determined its role
in tumor growth and angiogenesis, in vivo. We implanted osmotic pumps with saline, control
peptide (TAT47–57 carrier peptide (35,36)) or βIIV5-3 (PKCβII-selective inhibitor peptide)
conjugated to TAT47–57 to deliver the PKCβII inhibitor (25) into the cells. Specifically, one
week after injection of the PC-3 cells, mice were implanted with osmotic pumps with saline/
TAT or βIIV5-3 at 3.6 mg/kg/day for 2 weeks followed by 36 mg/kg/day for the following 3
weeks. Already after two weeks of treatment, there was a trend towards decreased tumor size
in the βIIV5-3-treated animals (Figure 3A). When the βIIV5-3 concentration was increased
from 3.6 mg/kg/day to 36 mg/kg/day for the next 3 weeks [a dose that was well tolerated
(37)], tumor volume was found to be significantly smaller in the βIIV5-3-treated group over
time (Figure 3A, repeated ANOVA, *; p<0.05, n=4–5 each). Previous in vivo studies
demonstrated that inhibition of PKC translocation by systemic peptide delivery was observed
in all tissues (26). Similarly, we found here that βIIV5-3 treatment reduced the level of
PKCβII in the particulate fraction relative to the cytosolic fraction in tumor as well as in other
tissues e.g., in liver (βIIV5-3 treatment decreased PKCβII translocation by 25–35%; Figure
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3B, right, p<0.05, n=3 each). We have previously shown that such a decrease in PKC
translocation is sufficient to inhibit its pathological activity [e.g., (38,39)]. We further
confirmed the selectively of the PKCβII inhibitor; sustained treatment of βIIV5-3 did not affect
translocation of the closely related PKCμI in the tumor nor PKCε in the liver (supplemental
Figure 3). Using kinase assay in vitro in the absence of added PKC activators, we found that
βIIV5-3 treatment resulted in an ~85% reduction in the catalytic activity of PKCβII
immunoprecipitated from total tumor lysates containing equal amounts of protein (Figure 3C),
confirming sustained inhibition of PKCβII in the treated tumors.

We next set out to confirm the tumor growth inhibitory effect in vivo by administering βIIV5-3
at the higher dose of 36 mg/kg/day from week 1 - week 5 (i.e., when we observed the most
active angiogenesis, see Figure 2C). This treatment decreased overall tumor growth rate by
60% compared to 16% with the lower dose of βIIV5-3, calculated as the change in tumor
volume over time (Figure 3D; p<0.05, n=8–9 each vs. Figure 3A).

βIIV5-3 decreased proliferation rates of tumor endothelial cells and tumor cells
Next, we determined whether βIIV5-3 affected cell division of tumor endothelial cells by
directly measuring in vivo cell proliferation rates using deuterated water, as in Figure 2. At
week 3 with two weeks of sustained treatment with βIIV5-3 (3.6 mg/kg/day), tumor endothelial
cell (TEC) proliferation rates were reduced by 40%, as compared to control mice (Figure 4A,
p=0.008, n=8–9 each). However, there was no difference in the proliferation rates five weeks
after sustained treatment (at week 6) of βIIV5-3 (3.6 mg/kg/day followed by 36 mg/kg/day).
These data suggest that the anti-angiogenic effect of β IIV5-3 is more pronounced at the early
stage of tumor growth, even at a lower dose. To confirm the anti-angiogenic effect of βIIV5-3,
tumor sections at week 3 and 6 were stained with anti-CD31 antibody, a marker of endothelial
cells (Figure 4B). There was a significantly lower number of CD31-positive tumor vessels in
the βIIV5-3-treated samples compared to controls at week 3 (28±11 vs. 6±3 %, p<0.05, Figure
4B), but not at week 6 (not significant, data not shown), quantified using Photoshop program
(Ver. 9.0.1, San Jose, CA).

βIIV5-3 treatment also decreased tumor cell (TC) proliferation rates at week 3 (Figure 4C,
p<0.001) and showed a trend for inhibition at week 6 (p=0.065, Figure 4C). Moreover, there
was a stronger tendency of increased TUNEL-positive cells in the βIIV5-3-treated tumors at
week 6 relative to TAT or saline controls (Figure 4D, 2±1 vs. 8±2 %, p=0.06), compared to
week 3 (not significant). We found that TUNEL-positive cells overlapped with staining for
cleaved caspase 3 (Figure 4D, insert), further confirming an increase in apoptosis. This suggests
that at an earlier tumor stage, βIIV5-3 treatment decreases cell proliferation of both the tumor
endothelial cells and tumor cells rather than inducing apoptosis.

βIIV5-3 treatment induced co-localization of PKCβII and pericentrin in PC-3 tumors
We next set out to determine the molecular basis for inhibition of tumor growth by β IIV5-3.
An unbiased two hybrid screen by Newton and collaborators demonstrated that a centrosomal
protein, pericentrin, which is involved in controlling cytokinesis, microtubule organization and
spindle formation, binds PKCβII (19).

Pericentrin levels in human prostate cancer have been shown to be elevated with increasing
Gleason grade (23,40). Furthermore, pericentrin overexpression is associated with centrosomal
defects leading to chromosomal instability, microtubule mis-segregation, larger nuclei and
increased cell proliferation in human prostate and other types of cancer cells (23,40–43). We
therefore hypothesized that regulation of interaction of PKCβ II with pericentrin may play a
role in the phenotype that we observed. Pericentrin staining appears as a dot or two in normal
cells (19,23,40 and in supplemental Figure 2). However, staining of the PC-3 tumor xenografts
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showed an abnormal pattern of pericentrin staining with elongated filamentous structures
(Figure 5A, left panel). Treatment with 36 mg/kg/day of βIIV5-3 for 4 weeks significantly
reduced the abnormal filamentous pericentrin staining, reduced the overall staining intensity
and resulted in the return of a dotted staining pattern with anti-pericentrin antibodies (Figure
5A, right panel). This was confirmed by Western blot analyses of pericentrin (~220kDa) and
its cleaved form (~150kDa) in the total tumor lysate (Figure 5B). The amount of cleaved form
of pericentrin was reduced by ~90% with βIIV5-3 treatment compared to TAT controls (Figure
5B, lower arrow). We also found that enlongated and filamentous pericentrin did not co-
localize with PKCβII in TAT-treated tumors (asterisk, Figure 5C,2,3,4), whereas dotted
pericentrin co-localized with PKCβII in βIIV5-3-treated tumors (arrows, Figure 5C,6, 7, 8).
This was confirmed by determining the interaction between pericentrin and PKCβII in vivo by
co-immunoprecipitation assay followed by Western blot analysis of the immunoprecipitate.
PKCβII was immunoprecipitated from the total tumor lysate using anti-PKCβII antibodies and
detected with antibodies against pericentrin (Figure 5D, upper panel, lanes 2 and 3). We
detected pericentrin (~220kDa) and its cleaved form (~150kDa) in the immunoprecipitate
(44,45). Even though the total level of pericentrin was lower in the βIIV5-3-treated group as
compared with the TAT-treated group (Figure 5B), there was 10-fold more pericentrin
associated with PKCβII as compared with that associated in immunoprecipitates from TAT-
treated tumors (Figure 5D, upper panel, lanes 2 and 3). Immunoprecipitate from the lysate of
primary culture of PECs that were not treated with βIIV5-3 was also used to show interaction
of PKCβII and pericentrin in normal human cells. The interaction between PKCβII and
pericentrin was stronger than that in untreated PC-3 tumors (Lane 5).

Abnormal pericentrin staining in the tumor endothelial cells and in human tumor
endothelium

Because we found that filamentous pericentrin was present in structures similar to microvessels
(Figure 5A, left panel), we co-stained tumor sections for CD31 (a marker of vessels) and
pericentrin. In TAT-treated tumors, enlongated and filamentous pericentrin was seen in tumor
vessels (Figure 6A, left panel, arrows). In βIIV5-3-treated tumors, pericentrin staining was
significantly reduced in tumor microvessels and dotted staining was apparent in both tumor
cells (arrow heads) and tumor endothelium (arrows, Figure 6A, right panel).

Since tumor endothelial cells are contributed by the mice, we used a mouse tumor endothelial
cell line cultured in medium from PC-3 human cancer cells to simulate in vivo system (46).
Medium from PC-3 cells increased the level of pericentrin staining in the endothelial cells
(Figure 6B, left panel, middle row) relative to those cultured in normal DMEM (Figure 6B,
left panel, top row). βIIV5-3 treatment reduced this effect (Figure 6B, left panel, bottom row).
To confirm that the pericentrin abnormality correlates with centrosomal defect, endothelial
cells were also stained for γ-tubulin (Figure 6B, middle panel). PC-3-conditioned medium
increased the centrosomal γ-tubulin staining in the endothelial cells (Figure 6B, second panel,
middle row) whereas βIIV5-3 treatment normalized it similarly to TAT-treated cells (Figure
6B, second panel, bottom and top rows). Also, PC-3-conditioned medium resulted in
disorganized forms of α-tubulin, representative of microtubule organization (Fig. 6C, second
panel, middle row) in the endothelial cells, whereas βIIV5-3 treatment resulted in an organized
form of microtubules, similar to TAT - treated cells in DMEM (Fig. 6C, second column, bottom
and top rows).

To determine the clinical relevance of our findings, we assessed location and levels of
pericentrin in prostate tissue from patients with Gleason grades 3, 4 and 5 cancers. Similar to
our data in the xenograft model, in some patients, we found higher levels of pericentrin in the
cytoplasm of endothelial cells adjacent to tumor glands (Figure 6D, middle, 100X) compared
to those among benign prostatic hyperplasia (Figure 6D, left, 100X). The figure on the right is
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showing a magnified view of the middle figure (right, 400X). In tumors of other patients, some
tumor endothelial cells were strongly stained for pericentrin, whereas others were stained at
similar levels to those seen in endothelial cells among normal glands. These data suggest that,
at least in some patients with Gleason grades 3 and up prostate cancers, there is upregulation
of pericentrin levels and localization in tumor endothelium.

Discussion
Determining isozyme-specific roles of PKC in tumors has been hampered by a lack of
`isozyme-specific regulators for each PKC isozyme. Here, we show that isozyme-specific
inhibition of PKCβII by βIIV5-3 reduces PC-3 tumor growth in a xenograft model by
decreasing angiogenesis, tumor cell proliferation and normalizing pericentrin levels and
subcellular localization.

First, we found an oscillatory pattern of increase in the proliferation rates of tumor endothelial
and tumor cells. This in vivo interplay between the tumor endothelial cells and tumor cell
proliferation has not been reported and provides a new insight into the relationship between
the tumor and microenvironment during prostate cancer progression. These findings also
identified a possible time window for drug treatment to reduce angiogenesis and tumor growth.
Our findings may relate to the alternate apoptotic waves of these two cells types in Lewis lung
carcinoma xenografts with chemotherapy as evidenced by TUNEL staining (6,34); both are
likely reflecting the tight regulation of angiogenesis by the tumor, to match metabolic demand
of the tumor mass.

Microvessel density, the most frequently used method to measure angiogenesis, is not without
limitations (4); vessel density does not represent the angiogenic activity of the tumor. Rather,
it represents local tumor metabolic burden expressed as vessel to tumor ratio (4). Also, this
measurement is laborious and quite subjective (47). We therefore used 2H2O to label DNA in
vivo. Our method accurately measures net in vivo proliferation (i.e. turnover) rates of the tumor
cells and the endothelial cells separately during the 2H2O administration period (28,29) by
analyzing isolated endothelial cells and tumor cells from the tissue (see supplemental Figure
1).

PKC family members are known to mediate cytokinesis and cell proliferation by regulation of
microtubule organization (19–21). Expression studies of pericentrin fragments in cultured cells
demonstrated a key role for pericentrin as a scaffold protein for PKCβII in microtubule
organization, spindle assembly, and chromosome segregation (19). Here, βIIV5-3 appeared to
normalize centrosome defects and microtubule misalignment seen in tumor endothelial cells.
Knockdown of pericentrin in TEC and PC-3 cells using siRNA resulted in decreased γ-tubulin
staining and reduction in the number of cells, supporting our data (supplemental Figure 4B and
C). Because centrosome aberration and microtubule misorganization are thought to be possible
causes of aneuploidy and chromosomal instability in some types of cancer, including prostate
cancer (40,41), the role of PKCβII/pericentrin interaction in the molecular events leading to
aberration in cytokinesis and chromosomal mis-segregation needs to be determined. The
cleaved form of pericentrin was suggested to be involved in malignant transformation (44,
45). Increased binding of PKCβII to pericentrin, especially the cleaved form, may inhibit
further carcinogenesis. The effect of βIIV5-3, which inhibits the binding of PKCβII to its
RACK, a receptor for activated C kinase (25,48), may leave more PKCβII available for binding
with pericentrin at the centrosome. We also found increased staining of pericentrin in
endothelial cells can be induced by PKCβII-activating factor(s) secreted from the tumor cells.
Our data suggest that the secreted factor is unlikely to be VEGF (see supplemental Figure 5);
the role of other secreted factors from prostate cancer cells (e.g. TGF-α, basic fibroblast growth
factor and insulin-like growth factor (3)) remains to be determined.
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The findings that pericentrin levels are greatly elevated in human prostate tumors relative to
normal prostate tissue, that pericentrin levels correlate with the Gleason grade (23,40) and our
immunohistochemistry data of high levels of pericentrin, specifically in the tumor endothelium
(Figure 6D) of some patients suggest that correction of pericentrin abnormalities with a
PKCβII inhibitor, such as βIIV5-3, may improve both anti-angiogenic and anti-tumor therapy.
It remains to be determined whether the catalytic activity of PKCβII plays a role in pericentrin
regulation or whether its role is confined to simply anchoring pericentrin. Our data also suggest
that a larger study of humans with prostate cancer is warranted, to assess the correlation
between the levels of pericentrin in tumor endothelium and the Gleason grade of the cancer.

In conclusion, we show that an isozyme-specific inhibitor of PKCβII localization and function
reduces tumor growth by reducing angiogenesis and tumor cell proliferation in a human
prostate cancer xenograft model. We determined the appropriate window of treatment by
analyzing proliferation kinetics of tumor endothelial cells and tumor cells in vivo using a direct
measurement of cell proliferation. PKCβII inhibition corrected pericentrin localization and
reduced other abnormalities, especially in the tumor vessels. Overall, our results suggest that
a PKCβII inhibitor may provide a useful adjuvant treatment to the current therapy for patients
with prostate cancer (and perhaps for patients with other solid tumors) by inhibiting
proliferation of both tumor endothelial cells as well as tumor cells in the early phase.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PKCβII is active in growing PC-3 prostate tumors and is localized mainly in tumor endothelium
as compared with other PKC isozymes. (A) The level of the active form of PKC isozymes was
determined by Western blot analyses of cytosolic (C) and particulate (P) fractions from 3-, 4-
and 6- week-old tumors using anti-PKCα, βI, βII and ε antibodies. Tumors were fractionated
as described in Methods. Normal human prostatic epithelial cells (PEC) grown in serum-free
medium (Complete PFMR-4A (24)) without bovine pituitary extract, were used to show basal
levels of PKC translocation in this cell type. Quantification of the active forms of PKCβI and
βII at week 6 (translocation; expressed as percentage of PKC isozyme in the particulate fraction
over total cellular enzyme) is provided on the right (n=4, *; p=0.01). A 2-tailed Student’s t test
was used to determine significance. Loading controls for cytosolic and particulate fractions
(GAPDH and Gαi) are shown. (B) Immunofluorescence staining of PC-3 prostate tumors 6
weeks after tumor implantation in mice demonstrated different levels of PKC isozymes in
tumor vessels. Representative immunostaining using anti-PKCα, βI, βII, ε antibodies (red, top),
anti-CD31 antibodies (green, middle) and merged images (yellow, bottom, arrow heads) are
shown (n=5 each). Scale bar 10 μm.
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Figure 2.
In the early phase of tumor growth, an increase in endothelial cell proliferation rate precedes
that of the tumor cells. (A) PC-3 tumor cells (5×106 cells) were injected s.c. into the left flank
and the xenograft tumors were isolated each week up to 6 weeks after tumor implantation.
Deuterated water was administered via i.p. injection (8%) and in the drinking water (4%) for
1 week prior to each study. (B) Tumor volume of PC-3 xenografts from week 1 to week 6 after
tumor cell injection was measured using a caliper (mean±SEM). (C) Proliferation rates of
isolated tumor endothelial cells (open circle) and tumor cells (filled circle) were analysed by
GC-MS (n=4–7 per week). Different cell populations were isolated using FACS (see
supplemental Figure 1). Proliferation rate [i.e. fractional turnover rate (k) per day] was
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calculated as previously described (28, 29). Repeated ANOVA was used to determine the
significance of differences between the curves. A 2-tailed Student’s t test and ANOVA were
used to determine the differences (p<0.005, repeated ANOVA; #; p<0.05, Student’s t test).
(Insert) The xenograft tumors were grown for 4 and 7 days after tumor cell injection and tumor
endothelial cells and tumor cells were obtained to measure their proliferation rates. Deuterated
water was administered for 4 days before sacrifice (n=6–10 per time point).
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Figure 3.
PC-3 tumor growth rate was reduced with PKCβII-specific inhibitor treatment. One week after
PC-3 cell injection, mice were implanted with osmotic pumps with saline, control peptide
(TAT) or βIIV5-3 conjugated to TAT at 3.6 mg/kg/day for 2 weeks followed by 36 mg/kg/day
for the next 3 weeks. Deuterated water (4%) was administered for 1 week prior to sacrifice.
(A) Tumor volume was measured weekly (repeated ANOVA, *; p<0.05, n=4–5 each). Tumors
were excised and weighed at week 6. Final tumor weight was 40% lower in the βII V5-3-treated
group but this difference did not reach statistical significance and there was no difference in
body weight between the groups. (B) Five-week continuous βIIV5-3-treatment decreased
PKCβII translocation to the particulate fraction of both tumors and livers. The active level of
PKCβII was analyzed by Western blot after fractionation. GAPDH and Gαi were used as
loading controls for the cytosolic (C) and particulate (P) fractions, respectively. IB;
immunoblot. A 2-tailed Student’s t test was used to determine significance (n=3 each, p<0.05).
(C) βIIV5-3 treatment in vivo results in reduced PKC kinase activity as measured in vitro,
following immunoprecipitation with anti-PKCβII antibodies. Kinase assay was performed in
the absence of added PKC activators, using histone (H3) as a substrate as described (30). The
film was exposed for 3 days in −80C°. (D) A greater decrease in PC-3 tumor growth rate was
obtained with a higher dose of βIIV5-3 (36 mg/kg/day for 4 weeks). A repeated ANOVA and
a 2-tailed Student’s t test was used to determine significance (*; p<0.05 in repeated ANOVA,
§; p<0.05 vs. TAT-treated and §§; p <0.005 vs. TAT-treated in t test, n=8–9 each, 16% vs. 60%
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reduction in the overall tumor growth rate, Figure 3A vs. 3D). Additional blots for (B) and (C)
are provided in supplemental Figure 3.
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Figure 4.
Analysis of proliferation rates of tumor endothelial cells (TEC) and tumor cells (TC) after
peptide treatment. (A) Mice treated with βIIV5-3 at 3.6 mg/kg/day for 2 weeks and with 36
mg/kg/day for the remaining 3 weeks were sacrificed at week 3 (mid point) and at the end of
the treatment at week 6 and the proliferation rates of tumor endothelial cells were then
determined after their isolation. Deuterated water was administered during the 7 days before
sacrifice. A 2-tailed Student’s t test was used to determine significance (Figure 4A, p=0.008
at week 3, n=8–9 each). (B). Tumor sections from week 3 and 6 were stained with CD31-FITC
antibodies and immunostaining intensity was quantified using Photoshop. A 2-tailed Student’s
t test was used to determine significance (Figure 4B, week 3 data, *; p<0.05). Scale bar: 10
μm. (C) Mice treated with βIIV5-3 at 3.6 mg/kg/day for 2 weeks and with 36 mg/kg/day for
the remaining 3 weeks were sacrificed at week 3 (mid point) and at the end of the treatment at
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week 6 to isolate and determine proliferation rates of tumor cells. A 2-tailed Student’s t test
was used to determine significance (Figure 4C, p=0.0007 at week 3, n=8–9 each). (D) Tumor
sections from week 3 and 6 were stained for TUNEL conjugated with Texas Red (Figure 4D,
week 6 data, p=0.06, n=4). TUNEL staining was confirmed with cleaved caspase 3 staining
(FITC- conjugated) of 3-week tumor samples (insert). Scale bars : 10 μm.
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Figure 5.
βIIV5-3 treatment reduced pericentrin levels and induced co-localization of PKCβII and
pericentrin in PC-3 tumors. (A) The level of pericentrin was determined using tumor sections
after a 4-week treatment with TAT or βIIV5-3 at 36 mg/kg/day. Sections were stained for
pericentrin (Abcam, rabbit polyclonal Ab4448; followed by goat anti-rabbit conjugated to Cy3,
pink) and for nuclei (Hoechst, blue). (B) The levels of both the 220 and 150kDa bands
corresponding to pericentrin (arrows, (22,44,45)) were determined using total tumor lysates
after a 4-week treatment with TAT or βIIV5-3 at 36 mg/kg/day. (C) Immunofluorescence
staining of 4-week-treated tumors demonstrated co-localization of PKCβII and normal dot-
structured pericentrin in βIIV5-3-treated tumors. Shown are nuclei staining (panels B1 and 5),
PKCβII (panels B2 and 6, green), pericentrin (panels B3 and 7, red) and merged figure (panels
B4 and 8). Arrows indicate co-localization of pericentrin and PKCβII (yellow), whereas
asterisk shows filamentous pericentrin not co-localized with PKCβII. (D) The interaction of
PKCβII and pericentrin was further confirmed by immunoprecipitation (IP).
Immunoprecipitates from the detergent- solubilized total tumor lysate and PEC cultures using
anti-PKCβII antibody were immunoblotted (IB) with the mixture of 4b, M1 and UM225
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pericentrin antibodies (19) to detect pericentrin (Figure 5C, top panel, lanes 2 and 3, arrows).
Both the 220 and 150kDa bands corresponding to pericentrin (22,44,45) were present in
immunoprecipitates showing that they interact with PKCβII in vivo. The interaction with
PKCβII was stronger with βIIV5-3 treatment (compare top panel, lanes 2 and 3). In the negative
control (lane 1, incubated with IgG and immunoprecipitated with beads), the amount of
pericentrin (top panel, lane 1) or PKCβII (lower panel, lane 1) present was not significant.
Whole tumor lysates of tumor was used as a positive control (lane 4) to show pericentrin and
PKCβII bands (upper and lower panels, lane 4). Also, immunoprecipitate from the lysate of
primary culture of PECs that were not treated with βIIV5-3 was used as another control to
show interaction of PKCβII and pericentrin (Lane 5).
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Figure 6.
Pericentrin abnormality is present in tumor endothelial cells and in human tumor endothelium.
(A) Tumor sections from mice treated for 4 weeks with TAT or βIIV5-3 (36 mg/kg/day) were
stained for nuclei (Hoechst), CD31 (green) and pericentrin (red). Scale bar: 10 μm. (B) The
presence of abnormal pericentrin and centrosomal defects in tumor endothelial cells (TEC)
grown in PC-3 conditioned medium was determined by immunofluorescence. Mouse tumor
endothelial cells were grown in DMEM or in PC-3 conditioned medium (media from PC-3
cells grown for 2 days) and treated with TAT or βIIV5-3 at a final concentration of 1μM (added
3 times per day for 2 days). Representative images of TEC grown in DMEM with TAT (top),
in PC-3 conditioned medium with TAT (middle) and with βIIV5-3 (bottom) are shown
(representative of 3 experiments). Tumor endothelial cells were stained separately for
pericentrin (green) and γ-tubulin (red). Merged figures are also shown (including nuclei stained
with Hoechst). Scale bar: 10 μm. (C) Staining with anti-α-tubulin suggests abnormal
microtubule structure in the tumor endothelial cells. Tumor endothelial cells treated the same
as in (B) were stained separately for pericentrin (green) and α-tubulin (red). Merged figures
are also shown (including nuclei staining with Hoechst). Scale bar: 10 μm. (D) The level of
pericentrin is high in human prostate tumor endothelium. The level of pericentrin was
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determined using paraffin-embedded sections from human prostate with Gleason grades 3, 4
and 5 cancers and were stained for pericentrin and counterstained with hematoxylin.
Representative pictures are shown (n=8; left: pericentrin staining on endothelium adjacent to
benign prostatic hyperplasia, middle: pericentrin staining on tumor endothelium adjacent to
tumor glands with Gleason grades 3+4, right: magnified view of the middle figure). Scale bars:
10 μm.
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