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Abstract
Endometrial cancer is the most common invasive gynecologic malignancy, yet molecular
mechanisms and signaling pathways underlying its etiology and pathophysiology remain poorly
characterized. We sought to define a functional role for the protein kinase C (PKC) isoform,
PKCα, in an established cell model of endometrial adenocarcinoma. Ishikawa cells depleted of
PKCα protein grew slower, formed fewer colonies in anchorage-independent growth assays and
exhibited impaired xenograft tumor formation in nude mice. Consistent with impaired growth,
PKCα knockdown increased levels of the cyclin dependent kinase (CDK) inhibitors p21Cip1/WAF1

(p21) and p27Kip1 (p27). Despite the absence of functional phosphatase and tensin homologue
(PTEN) protein in Ishikawa cells, PKCα knockdown reduced Akt phosphorylation at serine 473
and concomitantly inhibited phosphorylation of the Akt target, glycogen synthase kinase-3β
(GSK-3β). PKCα knockdown also resulted in decreased basal ERK phosphorylation and
attenuated ERK activation following EGF stimulation. p21 and p27 expression was not increased
by treatment of Ishikawa cells with ERK and Akt inhibitors, suggesting PKCα regulates CDK
expression independently of Akt and ERK. Immunohistochemical analysis of grade 1
endometrioid adenocarcinoma revealed aberrant PKCα expression, with foci of elevated PKCα
staining, not observed in normal endometrium. These studies demonstrate a critical role for PKCα
signaling in endometrial tumorigenesis by regulating expression of CDK inhibitors p21 and p27
and activation of Akt and ERK dependent proliferative pathways. Thus, targeting PKCα may
provide novel therapeutic options in endometrial tumors.
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Introduction
The protein kinase C (PKC) family of serine-threonine signaling kinases regulate cellular
processes critical to malignant transformation including proliferation, apoptosis, invasion,
metastasis, and angiogenesis; and thus have gained recognition as potential therapeutic
targets for the treatment of various malignancies 1, 2. In various types of cancer cells, PKCα
is associated with increased proliferation 3, survival 4, invasion and metastasis 5, and
tumorigenicity 6. However, PKCα can also exert growth inhibitory functions 7,
underscoring the importance of defining PKCα function in specific tissues.
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Endometrial cancer is the fourth most common malignancy in women in the United States,
resulting in 7400 deaths per year 8. Despite these figures, signal transduction pathways that
underlie endometrial carcinogenesis are poorly understood. PKC activity has been
implicated in proliferation of normal and endometrial cancer cells, but few studies have
addressed isoform specific effects 9. Others have suggested a role for PKCα in growth of
both normal endometrium and endometrial tumors 10, and we have shown that PKCα
regulates cell survival and apoptosis in endometrial cancer cells 11. In other cell types,
PKCα has been implicated in regulation of the PI3 kinase/Akt pathway 12 13 14 which is
frequently activated in endometrial tumors 15. However, the role of PKCα signaling in
endometrial carcinogenesis had not been determined.

In this report, we show that PKCα regulates endometrial cancer cell proliferation, anchorage
independent growth and xenograft tumorigenesis, indicating a fundamental role for PKCα
signaling in endometrial carcinogenesis. Consistent with these observations, we demonstrate
that PKCα knockdown in endometrial cancer cells increases expression of CDK inhibitor
proteins p21 and p27, and suppresses activation of the Akt and extracellular signal-regulated
kinase (ERK) growth pathways.

Materials and methods
Cell lines and reagents

Ishikawa human endometrial adenocarcinoma cells 16 were a generous gift from Dr. K. K.
Leslie (University of New Mexico, Albuquerque). Unless stated otherwise, cells were
cultured in DMEM supplemented with 12.5% horse serum, 2.5% FBS, 10 units/ml
penicillin, 10 μg/ml streptomycin, and 200 μM L-glutamine (Mediatech Inc, Manassas, VA).
The Akt inhibitor Akti-1/2 (Akt inhibitor VIII), and MEK1/MEK2 inhibitor U0126 were
from Calbiochem (San Diego, CA). For PKCα knockdown, DNA oligomers matching a
previously published shRNA sequence 5′-CAAGGCTTCCAGTGCCAAG-3′ 10 designed to
target human PKCα were annealed and inserted into the pSuper retroviral vector
(Oligoengine Inc., Seattle, WA). A vector generating shRNA's 5′-
CGTACGCGGAATACTTCGA-3′ targeting the luciferase (Luc) protein was used as a
control. To generate retrovirus, PT67 RetroPack cells (Clontech) were transiently
transfected with a 3:1 ratio of pSuper to pCL-Ampho (Imgenex; San Diego, CA) using
Polyfect (Qiagen). Cells were infected with retrovirus-containing media harvested twice at
48 and 56 h post-transfection, supplemented with 8 μg/mL polybrene, then filtered using a
0.45 μm syringe filter, (Sigma, St. Louis, MO), and immediately added to plates of dividing
Ishikawa cells. Selection of stably transduced cells began 48 h following infection using 2
μg/mL puromycin, and mixed pools of stable cells remained under puromycin selection for
at least two weeks before use or selection of clones. Clonal cell lines were generated by
pipetting a single cell under a microscope and injecting the cell into a 96-well dish
containing puromycin media. Of 96 clones isolated from the PKCα shRNA mixed
population, 25 remained viable to be screened for their level of PKCα expression. From
these 25 clones, the three clones with the lowest level of PKCα expression were selected.
From the Luc shRNA mixed population, 20 cells were originally isolated, with eight
remaining viable and three clones randomly chosen from this cohort.

Western blot analysis
Detailed protocols for cell harvest and western blotting have been published 11. Antibodies
used for immunoblotting included PKCα (sc-208), PKC βI (sc-209), PKCβII (sc-210), PKCγ
(sc-211), p53 (sc-126), p57 (sc-8298), Pol II (sc-900) and secondary anti-rabbit (sc-2004) or
anti-mouse (sc-2005) IgG-HRP antibodies obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Antibodies for p21 (#2946), p27 (#2552), phospho-Akt S473 (#4051), total Akt
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(#9272), phospho-GSK3β (#9336), total GSK-3β (#9315), phospho-ERK (#9101), and total
ERK (#9102) were obtained from Cell Signaling Technology, Inc. (Beverly, MA). Loading
controls were assessed using monoclonal anti-β-actin (A5316) or anti-β-tubulin (T8535)
antibodies (Sigma) and molecular weight estimated using Rainbow markers (Amersham
Biosciences, Piscataway, NJ). Quantitation of band intensity was performed by densitometry
using the ChemDoc imaging system and Quantity One software (v. 4.5.1; Bio-Rad,
Hercules, CA).

Cell proliferation and cell cycle analysis
Subconfluent cultures were maintained in either 60 or 100 mm tissue culture dishes with
media containing serum. Cell number was determined using a Vi-Cell Coulter Counter
(Beckman-Coulter Inc., Fullerton, CA). The proportion of cells in G1, S, and G2/M phases
of the cell cycle was determined by staining cells with Krishan's stain (0.1% NP-40, 10 mM
sodium acetate, 0.5% w/v Propidium Iodide) and analyzing DNA content by flow cytometry
using a Beckman Coulter Cytomics FC 500 and Modfit analysis software (Verity, Topsham,
ME).

Colony formation assay
The growth area of a 35 mm tissue culture dish was coated with a 1% (w/v) mixture of agar
and serum-containing medium. Once solidified, a second layer containing cells and 1% agar/
media mixture was applied on top. The plates were incubated in a humidified chamber for
45 d before processing. To visualize colonies, plates were stained with 0.005% (w/v) crystal
violet for 30 min, and then washed with distilled water to reduce background. Plates were
photographed using a Gel-Doc imaging system (Bio-Rad) and colonies counted using the
colony count feature in the Quantity-One Software package (v. 4.5.1; Bio-Rad).

Xenograft tumor formation assays
Intact, female athymic nu/nu mice between 5 and 6 weeks of age were obtained from Harlan
Sprague-Dawley (Indianapolis, IN). Tumorigenicity of the three PKCα or Luc shRNA
clones was assessed by subcutaneously injecting 10×106 cells bilaterally into five mice, so
that a total n = 15 mice were used. Tumor measurement began one and a half weeks after
injection and was conducted twice weekly with a digital calipers. Volume was calculated as
((1/2 length)(width2)). All procedures were approved by the University of Colorado
Institutional Animal Care and Use Committee.

Cytoplasmic and nuclear fractionation
Reagents contained within the Nuclear Extract Kit (Active Motif, Carlsbad, CA) were used
with minor modifications to the manufacturers protocol. Nuclei were pelleted by
centrifugation at 1000 ×g for 1 min, and the cytoplasmic fraction was removed and
centrifuged at 14,000 ×g for 15 min before removing supernatant to a fresh tube and adding
Laemmli sample buffer (Bio-Rad). The pellets of intact nuclei were washed two additional
times in hypotonic buffer to eliminate whole cells and cytoplasmic proteins. After the final
wash, the provided detergent was added to the nuclei, followed by centrifugation at 14,000
×g for 15 min. An aliquot of each fraction was retained for a protein assay using Bradford
reagent (Bio-Rad) and an equal amount of protein from each fraction was resolved by SDS-
PAGE.

Luciferase reporter assays
Creation of the p21-promoter luciferase (Luc) reporter construct has been described 17. The
p27-Luc reporter plasmid, which contains -3568 to -12 bp of the p27 promoter 5′ fused to a
Luc reporter, was a kind gift from T. Sakai (Kyoto Prefectual University of Medicine,
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Kyoto, Japan). Since clonal populations expressing our control vector (pSuper-Luc shRNA)
would target the Luc reporter mRNA, we instead used Ishikawa clones stably transduced
with pRev Tet-On vector (BD biosciences, San Jose, CA) that had been isolated under
similar conditions. To compare p21 and p27 promoter activity in PKCα knockdown and
pRev Tet-On clones, 2.0 × 105 cells per well were seeded into 12-well dishes and transiently
transfected with 1.0 μg p21-Luc or p27-Luc reporter plasmids using Lipofectamine 2000
(Invitrogen, Carlsbad, CA) per the manufacturers protocol. Transfection efficiency was
determined by cotransfection of 0.5 μg plasmid encoding β-galactosidase under control of
the CMV constitutive promoter. Luc and β-galactosidase assays were conducted as
previously described 18.

Human endometrial specimens and immunohistochemistry
Twelve cases of grade 1, endometrioid type uterine endometrial adenocarcinoma and seven
samples of normal cycling endometrium were obtained from the Department of Pathology at
the University of Colorado Health Science Center under Colorado Multiple Institutional
Review Board protocol number 00-1094. Tumor grade was determined according to the
International Federation of Gynecology and Obstetrics (FIGO) criteria. Procedures for
immunohistochemistry have been described 19, briefly, tissue was formalin-fixed, paraffin-
embedded, sectioned into 5 μm slices, and blocked for endogenous peroxidase activity.
Antigen retrieval was performed in citrate buffer (20 mmol/L, pH 6.0) for 10 minutes at
60°C. Sections were incubated with antibodies specific for PKCα (sc-8393; Santa Cruz) and
stained using an indirect avidin biotin immunoperoxidase method on a Dako Autostainer.
Negative controls (not shown) were run using an equivalent concentration of subclass-
matched immunoglobulin G (BD Pharmingen, San Diego, CA) and specificity of staining
was demonstrated by addition of PKCα blocking peptide (Santa Cruz). Sections were
evaluated by blinded review by 4 independent observers.

Statistical analysis
Values shown in figures are given as the mean ± standard deviation or standard error of the
mean. The data were analyzed using a paired Students T test. P values of <0.05 were
considered significant.

Results
Knockdown of PKCα inhibits Ishikawa cell proliferation and colony formation

Ishikawa cells, derived from a well-differentiated endometrial adenocarcinoma 16, are
considered one of the best characterized models of Type I, or sex steroid-dependent,
endometrial cancers 20. To address the functional role of PKCα in endometrial cancer, we
generated stable populations of Ishikawa cells with PKCα expression knocked down by
short hairpin (sh) RNAs (Figure 1a). As shown in figure 1b, Ishikawa cells lacking PKCα
protein grow slower than control cells expressing a control shRNA directed against
luciferase (Luc). The reduced growth rate in the PKCα shRNA population was confirmed by
flow cytometry, which indicated about a 10% increase in the percentage of non-dividing, or
G0/G1 cells, in an unsynchronized population (Figure 1c). No significant differences in the
fraction of viable cells were observed (data not shown).

Anchorage-independent growth is characteristic of the transformed cell 21. To test if PKCα
modulates anchorage-independent growth, PKCα and Luc shRNA cells were plated into soft
agar colony formation assays. As shown in figure 1d, Ishikawa cells with the Luc shRNA
generated approximately 4 times as many colonies as the PKCα shRNA cells, indicating a
requirement for PKCα in anchorage-independent growth.
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PKCα regulates tumor formation in nude mice
We next examined the effects of reduced PKCα expression on Ishikawa cell growth and
tumorigenesis in vivo. For these studies, three Luc control and three PKCα shRNA clonal
populations were established and their level of PKCα protein expression is compared in
figure 2a. We also confirmed targeting specificity of the shRNA constructs by examining
expression of other conventional PKC isoforms- PKCβI, PKCβII and PKCγ. As shown in
figure 2a, expression of these closely related PKC isoforms was not decreased. A modest
increase in PKCβII and PKCγ expression may reflect compensatory changes in response to
knockdown of PKCα. We also conducted a cell cycle analysis to confirm that the clones
reflected the growth phenotype observed in the mixed population, and indeed, the PKCα
shRNA clones exhibited an increase of approximately 12% in the fraction of non-dividing
cells in G0/G1 (Figure 2b), consistent with changes observed in the mixed population
(Figure 1c).

Tumorigenicity of the Luc and PKCα shRNA clonal populations was compared by injecting
10 ×106 cells from each clone subcutaneously on contra-lateral sides of five nude mice, for a
total of (n = 15) mice. All Luc shRNA clones established a vigorous tumor in every recipient
mouse. Conversely, PKCα shRNA clones formed significantly smaller tumors (Figure 2c)
with some regressing entirely (n = 4) or showing no increase in size relative to their initial
measurement (n = 4). Consistent with a reduction in tumor volume, the final mass of the
tumors was also significantly reduced by PKCα knockdown (Figure 2d). This large disparity
in tumor forming capacity between the Luc and PKCα shRNA clones clearly indicates that
PKCα signaling pathways are important for tumor formation in vivo by endometrial cancer
cells.

PKCα dependent expression of CDK inhibitors
Considering the reduced rate of proliferation and increased proportion of cells in G0/G1
observed in vitro (Figures 1b and 1c), we next examined expression of proteins inhibitory to
cell cycle progression, the CDK inhibitors of the INK4 (p15, p16, p18, and p19) and CIP/
KIP (p21, p27, and p57) families.

Western blotting for the various CDK inhibitors revealed a robust increase in expression of
p21 and p27 protein in the PKCα shRNA clones (Figure 3a). Conversely, there was no
change in expression of the other CIP/KIP family member, p57Kip2, or the INK4 protein,
p15INK4B (Figure 3a). p16INK4A expression was undetectable (data not shown). Inhibition of
cell cycle progression by p21 and p27 requires their localization to the nucleus 22.
Therefore, we examined the sub-cellular distribution of p21 and p27 in both the PKCα and
Luc shRNA clones. In Luc controls, all detectable p27 was localized to the nuclear fraction,
and p21 was present in both nuclear and cytoplasmic fractions (Figure 3b). This pattern is
consistent with a low level of nuclear-localized p21 and p27 being required to promote
cyclin D and CDK 4 and 6 complex formation in G1-phase 22. In the PKCα knockdown
clones, despite the significant increase in levels of p21 and p27, the relative proportions in
nuclear and cytoplasmic fractions were equivalent to control. Thus, reduced PKCα did not
alter p21 and p27 localization; however, abundant p21 and p27 expression leads to their
accumulation in the nucleus, which may underlie the reduction in growth rate and
tumorigenicity in these cells.

To determine the relative basal activity of the p27 and p21 promoters, the PKCα shRNA
clones were compared with clones isolated in a similar fashion, but instead expressing the
Tet-On transcription factor, since the Luc shRNA would target the luciferase reporters. As
shown in figure 3c, no significant changes in activity of the p21 promoter were detected in
response to PKCα knockdown. In contrast, p27 promoter activity was increased
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approximately 3-fold in the PKCα knockdown clones, suggesting that increased p27
transcription contributes to its increased expression. We also examined expression of the
tumor suppressor protein, p53, an activator of the p21 promoter 23. Levels of p53 protein
were decreased in the PKCα knockdown clones (Figure 3d), suggesting that increased p21
protein in the PKCα knockdown clones are not attributable to increased p53-dependent
transcriptional activation.

PKCα modulates activation of ERK and AKT pathways
To further investigate a potential underlying mechanism that would explain the reduced
proliferation and impaired tumorigenicity in the PKCα knockdown cells, we chose to
examine the activation status of the Akt and ERK growth pathways, which are frequently
dysregulated in endometrial and other cancers. As in a majority of low-grade endometrial
adenocarcinoma's 24, 25, Ishikawa cells have an inactivating mutation in the phosphatase
and tensin homologue (PTEN) tumor suppressor gene. Thus, the lipid kinase activity of
phosphatidylinositol-3-OH kinase (PI3K), which is wild-type in these cells 25, is unopposed
and leads to activation of the Akt oncogenic pathway. Accordingly, even under serum-
deprived conditions, Luc clones showed high basal Akt phosphorylation at serine 473
(S473), the primary regulatory site targeted by the mTORC2 complex 26 (Figure 4a and b).
Intriguingly, the PKCα knockdown clones showed a reduction in the level of basal Akt
activation, as S473 phosphorylation was virtually undetectable in two clones. This reduction
in Akt phosphorylation occurred despite an apparent increase in total Akt expression in the
PKCα knockdown clones (Figure 4a). To substantiate diminished Akt activation, the same
lysates were probed for glycogen synthase kinase-3β (GSK-3β) phosphorylated on serine 9
(S9), an Akt target site 27. Consistent with reduced Akt activity, the relative level of
GSK-3β phosphorylation was proportionately decreased in the PKCα knockdown cells
(Figure. 4a).

Similar to Akt, the ERK signaling pathway is frequently upregulated in cancer 28, and
PKCα has been shown in other systems to be an upstream activator of ERK 29. Western
blotting for activated phosphorylated ERK (P-ERK) and total ERK protein in the clonal
populations revealed that PKCα knockdown caused a modest decrease in levels of P-ERK
and concomitant increase in the amount of total ERK, reflected in the decreased fraction of
active kinase (P-ERK/total ERK) (Figure 4c and d). Since others have suggested that the
ERK pathway is highly resilient to suppression and can quickly adapt to inhibitory pressures
30, the clonal isolates could have potentially undergone compensatory changes in ERK
expression and activity during selection. To address this, we used early passage, mixed
populations of Luc and PKCα knockdown cells to reexamine ERK activation under basal
and stimulated conditions. As shown in figure 4e and f, PKCα knockdown reduced basal P-
ERK in serum-deprived cells (0 min time point), and ERK phosphorylation following
stimulation with epidermal growth factor (EGF) was substantially diminished. These results
implicate PKCα as a modulator of growth factor dependent ERK activity in Ishikawa cells.

Expression, stability, and localization of p21 and p27 protein may be regulated by both Akt
31, 32 and ERK 30 pathways in other cell types. To address the possibility that increased
p21 and p27 associated with PKCα knockdown is a consequence of reduced Akt and ERK
activity, cells were treated with inhibitors of Akt (Akti-1/2), or the MEK 1/2 inhibitor
(U0126), to block activation of ERK. Treatment of Ishikawa cells with these inhibitors
specifically reduced levels of activated P-Akt and P-ERK without altering total kinase
(Figure 5), demonstrating the efficacy of the inhibitors. Contrary to expectations, inhibition
of Akt or ERK activity resulted in a decrease in p21 protein, while p27 was relatively
unchanged (Figure 5). These results suggest that enhanced CDK inhibitor expression in
PKCα knockdown cells is not directly attributable to reduced Akt and ERK activation and
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that PKCα regulation of p21 and p27 expression is mediated through Akt and ERK
independent signaling pathways.

Immunohistochemical analysis of PKCα expression in endometrial tumors
Given the observed role of PKCα in the regulation of growth of Ishikawa cells, we examined
expression of PKCα in samples of normal endometrium and low grade tumors.
Immunohistochemical staining of PKCα was performed on paraffin sections of normal
endometrial tissue acquired during the proliferative (n = 4) or secretory (n = 3) phases of the
menstrual cycle and grade 1 endometrioid adenocarcinomas (n = 12). In normal proliferative
(Figure 6a) and secretory (Figure 6b) endometrium, PKCα was detected in both stroma and
glandular epithelium, with epithelial staining typically concentrated at the lumen (Figure
6a). There was no consistent difference in PKCα expression between proliferative and
secretory endometrial epithelium, whereas stromal staining was generally more pronounced
in secretory endometrium (Figure 6b). PKCα staining was detected in all grade 1
endometrial adenocarcinomas; however, the pattern and intensity was highly variable within
tumors and between different patients (Figure 6c). All tumors exhibited regions where
PKCα expression was low or undetectable, despite staining in adjacent stroma (Figure 6c),
and a subset of tumors showed uniform, high intensity staining throughout a majority of the
section (Figure 6d). The majority of tumors exhibited staining intensities comparable to, or
greater than normal tissue, with higher intensity PKCα staining most frequently observed in
multiple discrete foci within continuous gland-like structures (Figure 6e and 6f).
Considerable intratumoral variation in stromal staining was also observed, but maximal
levels of stromal PKCα in tumors did not exceed those in normal stroma. Overall, in
comparison to normal tissue, endometrial adenocarcinoma exhibited aberrant PKCα
staining, consistent with the functional role of PKCα in Ishikawa cell proliferation and
tumorigenesis.

Discussion
The functions of specific PKC isoforms are clearly dependent on cell type and context.
Thus, PKCα has been shown to mediate either cell survival and proliferation 3 or growth
inhibition and apoptosis 7. PKCα dependent signaling has been implicated in the
pathogenesis of endometrial tumors 9, though the functional role of PKCα in endometrial
cancers had not been investigated. Defining PKCα dependent responses is critical to provide
a rational basis for potential therapeutic intervention using isoform specific inhibitors 1.

Our experiments clearly demonstrate a requirement for PKCα in xenograft tumor formation
by Ishikawa endometrial adenocarcinoma cells (Figures 2c and d), consistent with inhibition
of xenograft tumor growth by PKCα knockdown in stomach, lung, bladder, and colon cancer
cell lines 6, 33, 34, and increased tumor size from MCF-7 breast cancer cells overexpressing
PKCα 35. We had previously shown that PKCα is important for endometrial cancer cell
survival 11, and these studies show PKCα signaling is important in endometrial cancer cell
proliferation (Figure 1b and c) and anchorage-independent growth (Figure 1d). Our data are
consistent with other studies demonstrating a small reduction in Ishikawa cell growth in
response to transient knockdown of PKCα10; the larger responses we observed may reflect
stable knockdown of the kinase. Collectively, these data indicate a functional requirement
for PKCα in endometrial tumorigenesis.

Analysis of cell cycle regulators suggests that PKCα regulates endometrial cell proliferation
through expression of the CDK inhibitor proteins, p21 and p27. Low-grade human
endometrial tumors have dramatically reduced expression of p27 relative to normal
endometrium 36, 37, suggesting an important role for this CDK inhibitor in not only
regulating normal proliferation, but also as a barrier to dysregulated growth in endometrial
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hyperplasia and carcinoma. In addition, physiologic inhibitors of normal endometrial cell
growth like progestins and transforming-growth factor β (TGF-β) increase p27 38, 39,
whereas PTEN mutations are correlated with reduced p27 expression 40. Our data indicate
that transcriptional regulation of the p27 promoter is partially responsible for the observed
increase in expression associated with PKCα knockdown (Figure 3c). Akt has also been
shown to reduce p27 protein stability 41, another potential mechanism by which PKCα
knockdown could lead to p27 accumulation. However, since pharmacologic inhibition of
Akt had little effect on p27 expression (Figure 5), it appears the predominant effect of PKCα
on p27 is independent of Akt in these cells.

Akt has also been shown to directly phosphorylate p21, increasing its stability 42 and
promoting translocation out of the nucleus 31. Hence, the reduction in p21 following
pharmacological inhibition of Akt in Ishikawa cells (Figure 5) is consistent with a role for
Akt in p21 protein stability. However, despite a similar reduction in Akt activation with
PKCα knockdown (Figure 4a and b), which would predict a decrease in p21 stability and
translocation to the cytoplasm, p21 protein was elevated (Figure 3a) and no shift in
subcellular distribution was observed (Figure 3b). Thus, the disparity between Akt activity
and p21 expression suggests that PKCα also regulates p21 independent of Akt.

Whilst our data cannot exclude a transcriptional basis for increased p21 protein (Figure 3a),
PKCα knockdown cells showed no enhancement of the p21 promoter (Figure 3c) or
expression of the transactivator p53 (Figure 3d). Studies examining p21 in endometrial
cancer cell lines are in agreement with our observation that increased p21 protein is
associated with growth inhibition 43, 44. Moreover, p21 expression has been reported to be
reduced in endometrial tumors 45, with lower levels correlating with disease recurrence 46.

Unregulated activation of the PI3K/Akt pathway is arguably one of the most critical steps in
endometrial carcinogenesis 15. It has been estimated that 50% of endometrial tumors have
mutations in the lipid phosphatase PTEN 47, and female PTEN heterozygous mice develop
endometrial carcinoma with 100% penetrance 48. PKCα knockdown caused a reduction in
Akt phosphorylation and activity in Ishikawa cells (Figure 4a), which also lack functional
PTEN 20. PKCα has been implicated in activation of Akt in myeloid progenitor cells 12,
monocytes 13 and endothelial cells 14. To our knowledge, this is the first report implicating
PKCα in the regulation of Akt in carcinoma cells. Interestingly, recent reports have shown
that PIK3CA and PTEN gene mutations coexist at a high frequency in endometrial
carcinomas 24, 25, thus it was proposed that additional inputs are required to fully activate
Akt, despite PTEN mutation, in endometrial carcinoma cells 25. Our observation that PKCα
is required in Ishikawa cells to elicit and maintain full Akt activation suggests that PKCα
may provide such a stimulus.

Our data indicate PKCα signals upstream of the ERK MAPK signal transduction pathway.
ERK has been implicated in the proliferation of endometrial cancer cells in response to
estrogen and growth factors 9, 49. Ishikawa cells deficient in PKCα show reduced basal
ERK activity (Figure 4c and d), and an attenuation of ERK activation in response to EGF
(Figure 4e and f), suggesting that PKCα is required for optimal activity of this proliferative
signaling pathway.

Finally, immunohistochemical analysis of PKCα expression in endometrial
adenocarcinomas demonstrated considerable variability in staining of both stromal and
epithelial derived components, with many tumors exhibiting focal regions of higher PKCα
expression that were not observed in normal endometrium. Estrogen has been shown to
regulate PKCα expression in the endometrium 10, suggesting a possible link to estrogen
receptor-α (ERα) status of the tumor cells. Conversely, another study of endometrial tumors
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correlated increased PKCα with a loss in ERα expression and poorer patient prognosis 50;
however, this latter study used western blot analysis of tumor extracts, which would not
discriminate between PKCα expressed in the tumor or tumor-associated stroma.

In conclusion, these studies demonstrate a requirement for PKCα in xenograft tumor
formation by Ishikawa endometrial carcinoma cells. Impaired tumor growth resulting from
PKCα knockdown was associated with a dramatic increase in expression and nuclear
accumulation of the CDK inhibitor proteins p21 and p27, suggesting that PKCα dependent
signaling may underlie the observed decreases in p21 and p27 expression in endometrial
tumors 36, 37, 45. PKCα knockdown also reduced activation of Akt and ERK, implicating,
PKCα as an upstream regulator of these critical growth and survival signaling pathways.
Thus, PKCα inhibitors may provide a basis for simultaneous therapeutic targeting of both
Akt and ERK dependent signaling in endometrial tumors. PKCα inhibitors may provide a
basis for simultaneous therapeutic targeting of both Akt and ERK dependent signaling in
endometrial tumors.
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CDK Cyclin dependent kinase

DMSO dimethyl sulfoxide

Luc luciferase

MAPK Mitogen activated protein kinase

PBS phosphate-buffered saline

PKC protein kinase C
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Figure 1.
PKCα knockdown inhibits endometrial cancer cell proliferation and anchorage-independent
growth. (a) Western blot depicting knockdown of PKCα expression in stable, mixed
populations of Ishikawa cells expressing short hairpin (sh) RNA constructs targeting PKCα
or luciferase (Luc). β-actin is included as loading control. (b) proliferation assay comparing
the growth rate of Luc and PKCα shRNA cells. 50,000 cells were plated initially; with the
first count (0h) conducted 24h later. The number of viable cells at each time point was
determined using an automated Vi-Cell Coulter Counter (Beckman-Coulter Inc.). Growth
profile is a single experiment and representative of three separate experiments. (c) Luc and
PKCα shRNA cells were deprived of serum for 24h and the proportion of cells in the
indicated phases of the cell cycle was determined by flow cytometry. Data represents an
average calculated from three independent experiments. (d) anchorage-independent growth
was assayed by plating 30,000 Ishikawa cells stably expressing a Luc or PKCα shRNA into
soft agar and allowing growth for 45 days before staining with crystal violet and imaging.
The number of colonies formed was determined using the colony counting feature in the
Quantity One software package (BioRad). Bar graphs represent mean ± SEM; * denotes P <
0.01.
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Figure 2.
PKCα knockdown impairs tumorigenesis in vivo. (a) Ishikawa cell clones expressing
luciferase (Luc) or PKCα shRNA constructs were isolated as described in materials and
methods. Lysate from clonal populations was harvested after 24h of serum deprivation and
probed for PKCα PKCβI, PKCβII, and PKCγ. β-actin is included as loading control and
arrow (<) indicates the correct molecular weight band for PKCγ. (b) Luc and PKCα shRNA
clones were deprived of serum for 24h and the proportion of cells in the indicated phases of
the cell cycle was determined by flow cytometry. Data represent an average derived from
two independent experiments. (c) Volume of xenograft tumors resulting from the
subcutaneous injection of 10 million cells from Luc and PKCα shRNA clonal cell lines into
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athymic, nude mice. Each PKCα knockdown clone was injected contra-laterally to a Luc
control in a total of 5 mice, thus data represent the combined average from n = 15 animals.
(d) Average final weight of excised xenograft tumors assessed after the final dimension
measurement. Bar graphs represent mean ± SEM; * denotes P < 0.01.
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Figure 3.
PKCα knockdown increases CDK inhibitors p21 and p27. (a) Western blot analysis of CDK
inhibitor proteins p21, p27, p57, and p15 in Ishikawa cell clones expressing shRNA's
directed against luciferase (Luc) or PKCα. Clones were deprived of serum growth factors for
24h before harvest; β-actin is included as loading control. (b) Luc and PKCα clones were
deprived of serum for 24h before isolating nuclear and cytoplasmic fractions as described in
materials and methods. RNA polymerase II (RNA Pol II) and β-tubulin are included as
markers of nuclear (n) and cytoplasmic (c) fractions, respectively. (c) basal transcriptional
activity of the p21 and p27 promoters was determined in PKCα shRNA clones and Ishikawa
clones expressing the Tet-On transcription factor. Data are presented as luciferase-derived
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light units normalized to β-galactosidase activity and are mean ± SEM of three experiments
conducted in triplicate, * - P < 0.05. (d) Western blots of Luc and PKCα shRNA clones
probed for p53, a transcriptional activator of the p21 promoter. β-actin is loading control.
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Figure 4.
PKCα knockdown inhibits Akt and ERK activation. (a) Ishikawa clones expressing shRNA
constructs directed against luciferase (Luc) or PKCα were deprived of serum for 24h before
cell harvest. Western blots were probed with phospho-specific antibodies to residues S473
of Akt (P-Akt (S473)) and S9 of GSK-3β (P-GSK-3β (S9)), and antibodies to total Akt and
total GSK-3β as indicated. (b) Quantitation of P-AKT/total AKT, results are mean ± s.d.
N=6,**p<0.002. (c) Luc and PKCα shRNA clones were cultured in 1% FBS for 24h before
cell harvest. Western blots of cell lysates were probed with phospho-specific antibodies to
ERK (P-ERK) and antibodies directed against total ERK. (d) Bands were quantitated and
expressed as mean ± s.d. P-ERK/total ERK. N=6, **p <0.002 (e) Representative Western
blots of P-ERK and total ERK in a mixed, non-clonal population of Ishikawa cells stably
expressing Luc or PKCα shRNA's. Following 24h of serum deprivation, the cells were
treated with 10 ng/mL epidermal growth factor (EGF) and harvested at the times indicated.
(f) Quantitation of P-ERK/total ERK results are mean ± s.d. of 4 independent experiments,
*p<0.05, **p<0.002.
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Figure 5.
Effects of Akt and ERK on p21 and p27 expression. Ishikawa cells were serum starved for
8h before treatment with vehicle (DMSO); Akt inhibitor Akti-1/2 (5μM); or the MEK1/
MEK2 inhibitor U0126 (5 nM) to block ERK activation. Cells were treated in medium
containing 0.5% serum and vehicle or inhibitors were added fresh at 24 and 48h time points.
Treated cells were harvested at 24, 48 and 72h and probed using antibodies to CDK
inhibitors p21 and p27; phospho-ERK (P-ERK), Akt phosphorylated on S473 (P-Akt
(S473)), total Akt and total ERK. β-actin is loading control. Blots shown are representative
of two separate experiments.
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Figure 6.
PKCα is abnormally expressed in endometrial tumors. Representative images of
immunohistochemical staining for PKCα in normal proliferative (a) and secretory (b)
endometrium. Staining in normal glandular epithelial cells was typically uniform and of low
intensity; whereas endometrial stroma showed variable expression and was generally higher
in stroma from secretory endometrium. Original magnification, ×100. (c) and (d), PKCα
expression in representative grade 1 endometrioid adenocarcinomas. Original magnification,
×100. (c) typical PKCα staining in tumors was highly variable, with more intense staining
frequently observed in discrete foci. (d) PKCα staining observed in a subset of tumors where
high intensity expression occurred throughout the majority of the tissue section. (e) and (f),
images from gland-like structures in endometrial tumors displaying focal variation in PKCα
staining. Original magnification, ×250 and ×160, respectively.
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