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SUMMARY

Protein kinase C (PKC) isozymes are commonly recognized as oncoproteins based on their 

activation by tumor-promoting phorbol esters. However, accumulating evidence indicates that 

PKCs can be inhibitory in some cancers, with recent findings propelling a shift in focus to 

understanding tumor suppressive functions of these enzymes. Here, we report that PKCα acts as a 

tumor suppressor in PI3K/AKT-driven endometrial cancer. Transcriptional suppression of PKCα 
is observed in human endometrial tumors in association with aggressive disease and poor 

prognosis. In murine models, loss of PKCα is rate limiting for endometrial tumor initiation. PKCα 
tumor suppression involves PP2A-family-dependent inactivation of AKT, which can occur even in 

the context of genetic hyperactivation of PI3K/AKT signaling by coincident mutations in PTEN, 
PIK3CA, and/or PIK3R1. Together, our data point to PKCα as a crucial tumor suppressor in the 

endometrium, with deregulation of a PKCα→PP2A/PP2A-like phosphatase signaling axis 

contributing to robust AKT activation and enhanced endometrial tumorigenesis.

Graphical Abstract

In Brief

Hsu et al. find that PKCα is frequently lost in human and murine endometrial tumors and that 

PKCα deficiency enhances PI3K/ AKT-driven endometrial neoplasia. PKCα suppresses aberrant 

AKT activity via a PP2A family phosphatase-dependent mechanism. Thus, PKCα loss appears to 

cooperate with PI3K/AKT perturbations to hyperactivate AKT and promote endometrial 

tumorigenesis.
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INTRODUCTION

Protein kinase C (PKC) serine/threonine kinases are a family of signaling intermediates that 

act downstream of cell-surface receptors and the second messenger diacylglycerol to control 

multiple cellular responses, including proliferation, differentiation, migration, survival, and 

tumorigenesis (Black and Black, 2013; Garg et al., 2014). The identification of PKC as the 

major cellular receptor for tumor promoting phorbol esters provided the first link between 

these kinases and cancer (Castagna et al., 1982). In the years following this discovery, 

research focused on the oncogenic properties of PKCs, and considerable effort was 

dedicated to their development as therapeutic targets (Mochly-Rosen et al., 2012). However, 

it has become increasingly apparent that there is significant complexity in the roles of PKC 

isozymes in tumorigenesis (Garg et al., 2014). The PKC family consists of ten isozymes 

divided into three classes based on differences in structure and regulation: conventional or 

classical PKCs (cPKCs; α, βI, βIl, and γ), novel PKCs (nPKCs; δ, ε, η, and θ) and atypical 

PKCs (aPKCs; ζ and λ/ɩ). While there is strong evidence for pro-oncogenic functions of 

some PKCs (e.g., PKCε and PKCɩ), studies from our laboratory and others have 

demonstrated antiproliferative and tumor-suppressive activity of these kinases in several 

systems (Garg et al., 2014; Pysz et al., 2009; Hill et al., 2014; Osterand Leitges, 2006; 

Black, 2001). A tumor-suppressive role of PKCs was further highlighted by a recent 

comprehensive analysis of cancer-associated PKC mutations, which showed that 28 of 46 

mutations tested led to loss of kinase function (Antal et al., 2015). Much of the complexity 

regarding the involvement of PKCs in cancer arises from their pleiotropic and context-

dependent effects on cellular function. Contradictory data on PKC isozyme levels in tumors, 

combined with the use of a limited number of cell lines to assess PKC isozyme function and 

a lack of correlation between in vitro and in vivo data, have added to the confusion (Garg et 

al., 2014). Thus, understanding of the roles of PKCs in tumorigenesis will require 

comprehensive and coordinated in vivo and in vitro studies of individual isozymes in a 

specific cancer type.

Endometrial cancer (EC) is the most common gynecological malignancy in the United 

States, with an estimated 61,380 new cases and 10,920 deaths in 2017 (Siegel et al., 2017). 

With an overall 5-year survival rate of >80%, EC has attracted less public attention than 

other cancers. However, advanced and recurrent disease is refractory to treatment, and the 

prognosis for these patients is dismal, with survival estimates of less than 1 year (Engelsen 

et al., 2009). Because of its high incidence, EC is the sixth leading cause of cancer death in 

women, accounting for more deaths than melanoma, cervical cancer, glioblastoma, all 

lymphomas, or all leukemias (Siegel et al., 2017). Alarmingly, the incidence and mortality 

for EC are on the rise, with a >50% increase since 2005. Since obesity is a major risk factor 

for the disease (Fader et al., 2009), EC will become an even greater health concern as the 

effects of increased societal obesity become evident in coming years.

EC has historically been classified into two histopathological subtypes. Type I tumors (85%

−90% of cases) are of endometrioid histology, while type II non-endometrioid tumors are 

predominantly of serous histology (Suarez et al., 2017). Recent genomic analysis has 

recognized four molecular subgroups (POLE ultramutated, microsatellite instability 
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hypermutated, copy number low, and copy number high) that are distinct from their 

histological classification (Kandoth et al., 2013). A common feature of these subgroups is 

the prevalence of mutations in the phosphatidylinositol 3-kinase (PI3K)/AKT signaling 

pathway (Dedes et al., 2011; Hong et al., 2015). Activation of PI3K by growth factor 

receptors generates phosphatidylinositol-3,4,5-trisphosphate (PIP3), which recruits AKT to 

the plasma membrane, where it is phosphorylated and activated by PDK1 (T308) and 

mTORC2 (S473) (Manning and Toker, 2017). AKT directly or indirectly inactivates 

inhibitors of cell-cycle progression, survival, glycolysis, angiogenesis, and translation (e.g., 

p27, FOXO1, BAD, and 4E-BP1), thus unlocking key processes involved in oncogenesis 

(Manning and Toker, 2017). PI3K/AKT signaling is negatively regulated by the tumor 

suppressor PTEN, a lipid phosphatase that opposes the activity of PI3K by 

dephosphorylating PIP3 (Manning and Toker, 2017; Georgescu, 2010). The most common 

alterations in EC are loss-of-function mutations in PTEN and mutation or amplification of 

the catalytic subunit of PI3K, PIK3CA (Dedes et al., 2011; Hong et al., 2015). Mutations in 

PIK3R1, the regulatory subunit of PI3K, AKT, or factors that crosstalk with PI3K/AKT 

signaling, such as KRAS and EGFR, are also observed. The importance of PI3K/AKT 

pathway alterations in uterine tumorigenesis is highlighted by the increased incidence of EC 

in Cowden syndrome patients, who carry germline mutations in PTEN (Hollander et al., 

2011), and the predisposition of mice with deletion or loss-of-function mutations in Pten to 

uterine neoplasia (Podsypanina et al., 1999; Stambolic et al., 2000). Notably, alterations in 

PI3K/AKT pathway components are not mutually exclusive in EC, with multiple mutations 

frequently coexisting at higher than predicted rates (Oda et al., 2005). The association 

between accumulation of multiple pathway mutations and tumor progression, combined with 

the sensitivity of EC cells to PI3K/AKT pathway inhibition (Hayes et al., 2006; Weigelt et 

al., 2013), indicates that strong hyperactivation of PI3K/AKT signaling is critical for driving 

EC tumorigenesis. A better understanding of the dysregulation of PI3K/AKT signaling in 

EC may, therefore, point to new therapeutic targets for this disease.

PKCα is a ubiquitously expressed PKC isozyme that has been implicated in control of cell 

proliferation, differentiation, survival, and motility (Garg et al., 2014). The effects of this 

kinase appear to be context dependent, with evidence for tumor-suppressive (e.g., in 

colorectal, lung, and basal cell cancers) and tumor-promoting (glioma and breast cancers) 

activity in different tumor types (Pysz et al., 2009; Oster and Leitges, 2006; Neill et al., 

2003; Hill et al., 2014; Tam et al., 2013; Cameron et al., 2008). Using patient samples, 

animal models, and a panel of human EC cell lines, our in-depth studies show that PKCα 
plays a key tumor-suppressive role in the endometrial epithelium that is at least partially 

mediated by its ability to suppress the PI3K/AKT signaling pathway.

RESULTS

Loss of PKCα Expression Is Associated with High-Grade EC

As a first step toward understanding the role of PKCα signaling in EC, we used 

immunohistochemistry (IHC) to profile its expression in a panel of 436 human endometrial 

tumors (330 endometrioid and 106 non-endometrioid) in tissue microarray (TMA) format. 

While PKCα was detected in normal secretory and proliferative endometrium, the enzyme 
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was absent or markedly reduced in >60% of endometrioid ECs and >50% of all non-

endometrioid tumors, with the proportion of PKCα-deficient tumors ranging from 31% of 

malignant mixed Mullerian tumors (MMMT) to 70% of clear cell ECs (Figures 1A and 1B). 

The availability of frozen tissue for a subset of these ECs allowed parallel quantification of 

PKCα mRNA by qRT-PCR. A significant correlation was noted between PKCα mRNA and 

protein levels (Figure 1C), indicating that downregulation of PKCα protein in human EC is 

controlled primarily at the level of mRNA expression. Analysis of The Cancer Genome 

Atlas (TCGA) data confirmed that PKCα mRNA is markedly downregulated in human ECs 

(p = 2.77e−9) (and pointed to altered expression of several additional PKC family members 

in these tumors) (Figure S1A).

To further examine the regulation of PKCα in EC, we determined its expression in a panel 

of 16 well-characterized human EC cell lines (Table S1)(Weigelt et al., 2013). Six of these 

cell lines expressed markedly reduced levels of PKCα (Figures 1D and 1E), and a 

significant correlation was observed between PKCα protein and mRNA levels across the 

panel of EC cell lines (Figure 1C). To test for changes in mRNA transcription, RNA was 

pulse-labeled with 5-ethynyluridine (EU) in two PKCαhigh (HEC-1-B; HEC-50Co) and two 

PKCαlow (RL95–2; Ishikawa) EC cell lines. PKCαlow cells incorporated markedly lower 

amounts of EU into PKCα mRNA than PKCαhigh cells, with the extent of labeling closely 

paralleling the differences in overall levels of PKCα mRNA in the cells (Figure 1F). 

Together, these data confirm that PKCα is downregulated in a significant fraction of human 

ECs and EC cell lines and that PKCα deficiency primarily reflects a reduction in the 

transcription rate of the PKCα gene.

Further analysis of the TMA data revealed a positive correlation between decreased levels of 

PKCα and disease aggressiveness in the endometrioid EC subtype, with 56% of grade 

1,61% of grade 2, and 76% of grade 3 lesions showing loss of the enzyme (Figure 1G). A 

significant association was also observed between loss of PKCα and risk of high-grade 

endometrioid disease (odds ratio [OR] = 3.4) (Figure 1H, table). PKCα deficiency also 

correlated with disease severity when only PTEN negative endometrioid tumors were 

considered (OR = 2.8), indicating that PKCα loss is a risk factor for aggressiveness in 

human EC even in the presence of activating mutations in the PI3K/AKT pathway. 

Consistent with this conclusion, low PKCα expression was indicative of reduced survival in 

patients with endometrioid EC (Figure 1H, graph). Similarly, reverse phase protein array 

analysis of 244 EC cases (~80% endometrioid; Liang et al., 2012) from The Cancer 

Proteome Atlas (TCPA) showed that PKCα expression trends with enhanced survival of EC 

patients (Figure 1I). In contrast, the expression of other PKC isozymes either showed no 

association with survival or correlated with a less favorable prognosis (e.g., PKCε and 

PKCɩ; Figure S1). Collectively, the data show that loss of PKCα can be an early event in EC 

and that PKCα deficiency is associated with more aggressive disease, pointing to a potential 

tumor-suppressive function of PKCα signaling in the endometrium.

PKCα Expression Is Lost in Mouse Models of Endometrial Neoplasia

Next, we characterized PKCα expression in tissues from mouse models of endometrial 

neoplasia. In the normal murine endometrium, PKCα was detectable in all four phases of 
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the estrous cycle (Figure S2; data not shown). PKCα expression was relatively low and 

predominantly cytoplasmic in metestrus, diestrus, and early proestrus. However, endometrial 

glands showed robust expression and plasma membrane association of PKCα in late 

proestrus and estrus (arrows). The proestrus-to-estrus transition was also accompanied by 

increased expression and strong plasma membrane translocation of PKCα in a majority of 

cells of the luminal epithelial compartment (Figure S2, arrows). Since membrane association 

is indicative of PKC activation (Black and Black, 2013), these data suggest that PKCα is 

predominantly active during late proestrus and estrus phases. Membrane-associated PKCα 
generally coincided with reduced staining for the proliferation marker Ki67 (Figure S3, 

arrows), with cytoplasmic PKCα staining coinciding with stronger Ki67 signal in both 

proestrus and estrus (Figure S3, arrowheads). These results, which were confirmed by 

immunofluorescence analysis of frozen uterine tissues (Figure S2), suggest that PKCα may 

be involved in antiproliferative signaling in the endometrium and are thus consistent with a 

tumor-suppressive function of the enzyme in this tissue.

The expression of PKCα in endometrial lesions was explored in mice with single-allele 

knockin of Pten mutations seen in Cowden syndrome (frameshift/truncation PtenαΔ4−5/+ 

mutation, and missense PtenG129E/+ or PtenC124R/+ mutations). These mice develop 

endometrial hyperplasia with high penetrance upon loss of expression of the wild-type (WT) 

Pten allele (Figure 2; Wang et al., 2010). Loss of the WT allele is reflected in absence of 

PTEN staining in PtenΔ4−5/+ lesions and a reduction in PTEN staining in PtenG129E/+ or 

PtenC124R/+ lesions (Figures 2A–2C). As expected, loss of PTEN function was accompanied 

by a marked increase in AKT activity, as indicated by enhanced pAKTSer473 signal. 

Remarkably, these lesions uniformly lacked PKCα protein expression, with a perfect 

correspondence between PTEN deficiency, AKT activation, and PKCα loss (arrows and 

boxed areas). The reduced levels of PKCα protein were associated with decreased mRNA 

expression, as revealed by qRT-PCR analysis of normal and tumor tissues obtained by laser 

capture microdissection (LCM) (Figures 2E and S4). Interestingly, the lesions also expressed 

increased levels of inhibitor of DNA binding 1 (Id1), a gene known to be suppressed by 

PKCα signaling (Figure S5) (Hao et al., 2011). PKCα loss was also observed in uterine 

tumors of mice with cre-mediated conditional endometrial deletion of Pten in the epithelium 

and stroma (Ptenpr−/−) or the epithelium alone (Ptenltf−/−) regulated by the progesterone 

receptor promoter or the lactoferrin promoter, respectively (Figure 2F) (Daikoku et al., 2008, 

2014). The loss of PKCα in multiple in vivo models of PI3K/ AKT-driven endometrial 

neoplasia further supports a role for PKCα deficiency in uterine tumorigenesis.

PKCα Deficiency in EC Is Not a Direct Result of PTEN Loss/AKT Activation and Does Not 
Appear to Drive Loss of PTEN Expression

To determine if PKCα deficiency in EC is a direct consequence of PTEN loss of 

function/AKT activation, PTEN was stably knocked down in three PTEN WT, PKCαhigh 

human EC cell lines (Figure 3A). While the functional consequences of PTEN knockdown 

were confirmed by increased AKT phosphorylation, loss of PTEN did not affect the levels of 

PKCα (or of any other PKC isozyme) (Figure 3B). Similarly, inhibition of aberrant AKT 

activity in PTEN mutant/PKCαlow EC cell lines by restoration of PTEN expression (Figure 

3C) or treatment with AKT or PI3K inhibitors (MK-2206 or LY294002, respectively) 
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(Figure 3D) failed to affect PKCα levels. Collectively, these data indicate that PKCα 
deficiency is not simply a passenger event downstream of PI3K/AKT hyperactivation and 

suggest that loss of the enzyme may contribute directly to endometrial tumor development. 

To test the possibility that PKCα deficiency drives loss of PTEN in endometrial cells, we 

explored the effects of PKCα knockdown in PTEN WT, PKCαhigh EC cell lines. As shown 

in Figure 3E, PKCα knock-down failed to affect PTEN levels in these cells.

PKCα Inhibits Endometrial Tumorigenesis In Vivo and In Vitro

To directly examine the effects of PKCα deficiency on endometrial tumor development, we 

generated Prkca+/+
;PtenΔ4−5/+ and Prkca−/−

;PfenΔ4−5/+ mice. Uterine tissue was collected at 

1,3,5, 7, and 9 months, and hyperplastic lesions were identified by pAKTSer473 staining and 

histopathological analysis (Wang et al., 2002) (Figure 4A, top and middle panels). 

Quantification of the proportion of pAKT positive endometrium pointed to a statistically 

significant 3-fold increase in tumor burden in PKCα−/− animals at both 1 and 3 months 

compared with PKCα+/+ littermate controls (Figure 4A). However, this difference 

diminished at later times. Blinded histological analysis of H&E-stained sections by a 

pathologist (Y.M.S.) confirmed this conclusion (not shown). Since hyperplastic lesions 

arising in Prkca+/+,PtenΔ4−5/+ mice uniformly lacked PKCα (Figure 2), the increased tumor 

burden in Prcka−/−;PtenΔ4−5/+ mice indicates that PKCα loss is a rate-limiting step in 

endometrial tumorigen-esis in this model.

To test the effects of PKCα on the transformed phenotype of human EC cells, PKCα 
expression was restored in PKCαlow cell lines by adenoviral transduction or silenced in 

PKCαhigh cells using siRNA, and anchorage-independent growth was assessed by colony 

formation in soft agarose. Exogenous PKCα markedly inhibited colony formation of 

PKCαlow EC cells, and colonies that did form were substantially smaller than those of 

LacZ-transduced cells (Figure 4B). One infection unit/cell (MOI) of PKCα adenovirus was 

sufficient to suppress anchorage-independent growth of these cells (Figure 4C), pointing to 

strong tumor-suppressive activity of PKCα in human EC cells. The requirement for PKCα 
kinase activity in these effects was tested using kinase-dead enzyme (KD-PKCα). Since 

KD-PKCα is unstable in cells (Pysz et al., 2009), 25 or 50 MOI KD-PKCα adenovirus was 

used to ensure levels of mutant protein expression comparable with WT PKCα at 1 MOI. 

KD-PKCα failed to affect colony formation, even at the highest level of expression (Figure 

4C). The effects of PKCα knockdown were examined in PKCαhigh HEC-6 cells, which 

grow less efficiently in soft agarose than other EC cells in our panel. Notably, PKCα 
depletion led to an ~2-fold increase in colony formation of these cells (Figure 4D). Thus, 

PKCα kinase activity is a potent inhibitor of the transformed phenotype of human EC cells.

PKCα Activity Inhibits PI3K/AKT Signaling in EC Cells via a PHLPP-1/2-Independent, 
PP2A-Family-Dependent Mechanism

Since a majority of ECs are highly dependent on PI3K/AKT signaling (Weigelt et al., 2013), 

we next examined the effects of PKCα activity on this pathway using a panel of human EC 

cell lines harboring different PI3K/AKT pathway mutations (Figure 5A). Treatment with the 

PKC agonists phorbol 12-myristate 13-acte-tate (PMA) orthe short-chain diacylglycerol 1,2-

dioctanoylglycerol (DiC8) markedly decreased AKT activity in PKCαhigh cells (Figures 5B 
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and 5C), as indicated by reduced levels of pAKTSer473 and decreased phosphorylation of the 

AKT substrate PRAS40. Full activation of AKT requires phosphorylation at S473 and T308 

residues, and both of these residues are targeted by PKC activation in EC cells (Figure 5D). 

While PKC agonists failed to affect AKT phosphorylation in PKCαlow cells (Figure 5E), 

adenoviral restoration of PKCα rescued the effect (Figure 5F). In contrast, knockdown of 

PKCα in PKCαhigh cells with two different siRNAs prevented PKC agonist-induced AKT 

hypophosphorylation (Figure 5G). Since PKCα siRNA had no notable effect on the 

expression of other PKC isozymes (Figure 5H), these data confirm a requisite role for PKCα 
in PKC agonist-induced suppression of AKT activity in EC cells. The ability of the cPKC 

inhibitor, Go6976, to block PKCα-induced AKT hypophosphorylation in PKCαhigh cells 

established the requirement for PKCα catalytic activity (Figure 5I), which was sustained for 

at least 6 hr in the cells (Figure S6).

Next, we determined if PKCα knockdown can affect basal levels of AKT activity in EC cells 

in the context of different levels of PI3K/AKT pathway hyperactivation. Loss of PKCα 
resulted in increased steady-state levels of AKT activity (as confirmed by increased 

pFOXOI) in KLE cells, which have no known alterations in the AKT/PI3K pathway, 

pointing to a tonic repressive effect of the enzyme on PI3K/AKT signaling in these cells 

(Figure 5J, left panel). Remarkably, PKCα knockdown also upregulated basal AKT activity 

in HEC-6 and SNG-M cells, two PTEN mutant cell lines that naturally harbor coincident 

mutations in the catalytic (PIK3CA) or regulatory (PIK3R1) subunits of PI3K, respectively 

(Weigelt et al., 2013) (Figure 5J, middle and right panels; also see Figure 5G, compare lane 

1 with lanes 3–6 in both panels). The ability of PKCα to override hyperactive PI3K/AKT 

signaling was further investigated by silencing PTEN in two PTEN WT, PKCαhigh EC cell 

lines (HEC-1 -A and HEC-50Co) that harbor activating mutations in PIK3CA or PIK3R1, 
respectively (Figure 5A). As expected, PTEN knockdown further increased PI3K/AKT 

signaling, as indicated by enhanced basal levels of pAKTSer473, pAKTThr308, and pPRAS40 

(although consistently observed, this effect was modest, as might be expected in cell lines 

that already harbor PI3K subunit mutations) (Figure 5K). Importantly, PKCα signaling was 

able to suppress AKT activity even in the face of further activation of the pathway. These 

data, combined with evidence for downregulation of the PKCα target gene Id1 (Figure 5L), 

a master regulator of tumor aggressiveness (Hao et al., 2011), further support a role for 

PKCα as a tumor suppressor in EC.

Since PP2A and PH domain leucine-rich repeat protein phosphatases (PHLPPs) have been 

identified as the main phosphatases that reverse AKT phosphorylation (Van Kanegan et al., 

2005; Gao et al., 2005), we investigated their involvement in PKCα-mediated AKT 

hypophosphorylation in EC cells. These phosphatases are expressed (Figures 6A and 6B) 

and functional in EC cells. A role for PHLPP1/2 in regulation of AKT in EC cells was 

confirmed by the ability of the PHLPP1/2 inhibitors NCS45586 and NCS117079 (Sierecki 

et al., 2010) to increase basal AKT phosphorylation (Figure 6C). Enhanced AKT 

phosphorylation was similarly observed following inhibition of PP1 and PP2A/PP2A-like 

phosphatases with calyculin A or of PP2A family phosphatases alone with okadaic acid 

(Figure 6E). PMA was still able to suppress pAKT in the presence of the PHLPP1/2 

inhibitors, indicating that the effects of PKCα are independent of PHLPP1/2 (Figure 6C). 

Since PP2A immunopre-cipitation phosphatase assays combined with PKCα knockdown 
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determined that PKCα activates PP2A in EC cells (Figure 6D), we explored the effects of 

PP2A inhibitors. Both calyculin A and okadaic acid blocked PMA-induced AKT 

hypophosphorylation, pointing to a mechanism dependent on PP2A or a PP2A-like 

phosphatase (Figure 6E). Together, these results indicate that PKCα inhibits PI3K/AKT 

signaling through a PHLPP-independent, PP2A-family-dependent mechanism.

PKCα Loss Is Associated with Increased AKT Activity in Endometrial Lesions In Vivo

While universal loss of PKCα was seen in uterine lesions from PtenΔ4−5/+, PfenG129E/+, and 

PfenC124R/+ mouse models, PKCα-retaining areas were detected in lesions arising in the 

Ptenpr−/− mouse. This allowed comparison of AKT activity in PKCα-retaining and PKCα-

deficient cells in situ. pAKT staining was stratified as none/low, medium, or high, and the 

association between pAKT staining intensity and the presence or absence of PKCα signal 

was quantified in serial sections. PKCα expression was associated with significant 

differences in AKT staining intensity (p < 0.005), with PKCα-negative areas predominantly 

exhibiting high intensity pAKT staining and PKCα-positive areas largely coinciding with 

low-intensity pAKT staining (Figure 7A, compare areas indicated with block and open 

arrows). This correspondence supports a role for PKCα in suppression of PI3K/ AKT 

signaling in endometrial tumor cells in vivo as well as in vitro.

Inhibition of AKT Activity Is a Component of the PKCα Tumor-Suppressive Axis in EC 
Cells

The role of inhibition of PI3K/AKT signaling in the tumor-suppressive effects of PKCα in 

EC cells was tested using constructs expressing constitutively active AKT1: myristoylated 

AKT1 (myr-AKT), AKT-DD (T308D, S473D), and AKT-E17K(an active mutant identified 

in EC). All three constructs were tested in HEC-59 cells and at least one additional PKCαlow 

EC cell line (RL95–2, HEC-116, Ishikawa, and/or HEC-251 EC cells). Constructs were 

introduced into cells by adenoviral or retroviral transduction, and the ability of exogenous 

PKCα to inhibit anchorage-independent growth was assessed. Expression of constitutively 

active AKT had minor, if any, effects on anchorage-independent growth of EC cells on its 

own (Figures 7B–7D). In contrast, all three constructs had a significant effect in cells 

transduced with PKCα, restoring both colony number and overall colony size, albeit to 

different extents in different cell lines (Figures 7B–7D). While the inability of constitutively 

active AKT to fully reverse the effects of PKCα points to the involvement of additional 

mechanisms (e.g., Id1 suppression), these data indicate that inhibition of AKT signaling is 

an important contributor to the tumor-suppressive actions of PKCα in the endometrium.

DISCUSSION

The current study provides evidence for a tumor-suppressive role of PKCα signaling in 

PI3K/AKT-driven EC, via a mechanism that at least partially involves PP2A-family-

mediated inactivation of AKT. The role of PKCα in tumorigenesis appears to be 

multifaceted. While the enzyme has been linked to tumor promotion in some systems, our 

studies add to a growing list of tumor types (e.g., colon and lung) in which PKCα signaling 

has tumor suppressive effects.
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PKCα Is Downregulated Early in Endometrial Tumorigenesis

Our IHC and qRT-PCR analysis of human ECs revealed loss of PKCα protein and mRNA in 

a majority of cases. Notably, more than half of grade 1 ECs showed deficiency of the 

enzyme, indicating that PKCα suppression can occur early during human endometrial 

tumorigenesis. This notion is supported by our analysis of mouse models of PI3K/AKT-

driven endometrial neoplasia, which demonstrated loss of PKCα expression in pre-

malignant hyperplasia regardless of the nature of PTEN dysregulation. Additional supportive 

evidence is provided by previous transcriptome analysis of early Type I ECs, which 

demonstrated a 3-fold down-regulation of PKCα mRNA in tumors relative to normal 

endometrium (Saghir et al., 2010; Risinger et al., 2013), by stage-specific TCGA data, and 

by IHC analysis of a limited set of grade 1 ECs, which revealed regions of low or 

undetectable PKCα protein in a subset of lesions (Haughian et al., 2009).

Although loss of PKCα mRNA and protein has been noted in other tumor types, such as 

colon cancer (Verstovsek et al., 1998), non-small cell lung cancer (Hill et al., 2014), basal 

cell carcinoma (Neill et al., 2003), and T cell acute lymphoblastic leukemia (T-ALL) (Milani 

et al., 2014), the mechanisms underlying PKCα deficiency have yet to be defined. Our qRT-

PCR and IHC analysis argues that decreased mRNA expression is the major mechanism 

involved in disabling PKCα functions in the endometrium. We further demonstrate that 

PKCα loss in EC can be mediated by transcriptional repression of the PKCα gene.

Loss of PKCα Is Rate Limiting for Endometrial Tumor Development and Is Associated with 
More Aggressive EC

The precise correspondence between PKCα loss, PTEN deficiency, and AKT activation in 

murine endometrial lesions suggested that transcriptional suppression of PKCα could be a 

direct result of hyperactivation of the PI3K/AKT pathway, at least in some ECs. However, 

modulation of PTEN expression or AKT activity in human EC cells excluded this 

possibility, indicating that PKCα downregulation is not merely a passenger effect of aberrant 

PI3K/AKT signaling; rather, it is an alteration that is selected for because of specific 

contributions to endometrial tumor development. Anchorage-independent colony-formation 

assays provided direct evidence for a tumor-suppressive function of PKCα in human 

endometrial cells; restoration of PKCα expression and activity profoundly inhibited colony 

formation of human EC cells in soft agarose, while PKCα knockdown enhanced the 

transformed properties of EC cells that retained expression of the enzyme. The importance 

of early loss of PKCα was highlighted by the marked acceleration in uterine hyperplastic 

transformation observed in PKCα`-deficient PtenΔ4−5/+ mice, a finding that pointed to 

abrogation of PKCα signaling as a rate-limiting step for tumor initiation in the 

endometrium. In advanced cases of human EC, the proportion of PKCα-negative tumors 

increased to >75%, suggesting that PKCα deficiency defines a subset of ECs with high risk 

of progression, a notion that is supported by our TMA analysis and TCPA data pointing to 

an association between reduced PKCα expression and decreased survival of EC patients. 

The finding that PKCα deficiency is associated with a 3-fold increase in risk of high-grade 

disease is consistent with previous reports in other tumor types. Genetic deletion of PKCα 
led to increased tumor burden, adenoma-to-carcinoma progression, and reduced survival in 

the APCMin/+ mouse model of intestinal neoplasia (Oster and Leitges, 2006) and KRas-
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mediated models of lung tumorigenesis (Hill et al., 2014). Low PKCα expression identified 

a new subgroup of childhood T-ALL with an extremely poor outcome (Milani et al., 2014) 

and appears to enhance the tumorigenic potential of Gli1 in basal cell carcinoma (Neill et al., 

2003). It will be interesting to determine if common mechanisms mediate PKCα loss in 

these tumor types.

PKCα-Mediated Tumor Suppression in the Endometrium Involves Inhibition of PI3K/AKT 
Signaling

A majority of ECs harbor coexisting alterations in two or more PI3K/AKT pathway 

components, with additive effects on AKT activation that are crucial for EC development 

(Weigelt et al., 2013; Oda et al., 2005; Chen et al., 2006). Remarkably, knockdown of PKCα 
in cells with genetic hyperactivation of the PI3K/AKT pathway further enhanced the activity 

of AKT, highlighting the ability of PKCα deficiency to contribute to the strength of 

PI3K/AKT signaling in EC cells. The demonstration that PKCα-negative uterine regions in 

Ptenpr−/− mice are associated with significantly higher levels of pAKT than PKCα-retaining 

regions argues that PKCα loss also contributes to PI3K/AKT hyperactivation during 

endometrial tumorigenesis in vivo.PKCα activity may also restrain AKT in the normal 

endometrium, since increased expression and membrane association of the enzyme coincide 

with the reported downregulation of AKT activity during the proestrus-to-estrus transition in 

rats (Dery et al., 2003). These findings, together with the demonstration that agonist-induced 

PKCα activation suppresses AKT in EC cells, identify PKCα as an inhibitor of PI3K/AKT 

signaling in the endometrium that is capable of disabling the AKT oncoprotein, even in the 

context of multiple activating mutations in upstream signaling intermediates (e.g., PTEN and 

PIK3CA in HEC-251 cells and PTEN, PIK3CA, and KRAS in SNG-M cells). Inactivation 

of AKT appears to be a component of the tumor-suppressive actions of PKCα in 

endometrial cells, since constitutively active AKT diminished the inhibitory effects of PKCα 
on anchorage-independent growth of EC cells. Together, our findings support the idea that 

disruption of PKCα signaling may be critical for achieving the robust PI3K/AKT pathway 

activation that is required to drive EC development and progression (Figure 7E).

Crosstalk between PKCα and the PI3K/AKT pathway has been noted in other systems 

(Guan et al., 2007; Tanaka et al., 2003). PKCα can inactivate upstream modulators of PI3K 

such as growth factor receptors and scaffolding proteins (Koese et al., 2013; Oriente et al., 

2005) and can dampen PI3K activity directly (Sipeki et al., 2006; Hoshino et al., 2012). 

Here, we demonstrate that PKCα activates the serine/threonine phosphatase PP2A in EC 

cells and inactivates AKT via a PP2A- or PP2A-like phosphatase-dependent mechanism. 

PKCα-induced AKT inactivation may involve direct effects of PP2A family phosphatases on 

activating phosphorylation at T308 and S473 (Manning and Toker, 2017), although potential 

effects on upstream regulators of AKT activity remain to be formally excluded (Figure 7E). 

(It should be noted that although PP2A may preferentially dephosphorylate AKT on the 

T308 site, it can also dephosphorylate AKT on the S473 site, as described in a variety of 

biological systems [Liao and Hung, 2010].) A role of PP2A in the antitumor effects of 

PKCα in the endometrium is consistent with known functions of the phosphatase as a bona 

fide tumor suppressor, with key activities in maintenance of cellular homeostasis (Perrotti 

and Neviani, 2013). Future studies will explore the specific PP2A family members involved 
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as well as the specific holoenzyme complex(es) responsible for mediating PKCα-induced 

inactivation of AKT.

Together, our findings indicate that disruption of a PKCα⊣AKT signaling module plays a 

role in the development of EC, contributing to robust, unopposed AKT activation and 

promoting transformation of endometrial cells (Figure 7E). These studies provide a 

foundation for exploring the prognostic value of PKCα expression in EC and the potential of 

harnessing PKCa→PP2A family phosphatase signaling for therapeutic benefit in a subset of 

ECs.

EXPERIMENTAL PROCEDURES

A detailed description of methodology and analysis is provided in Supplemental 

Experimental Procedures.

Human Tissues

Endometrial tumors and normal tissue were collected by C.D.M. with approval from the 

Ohio State University and Roswell Park Comprehensive Cancer Center institutional review 

boards. Analysis of patient survival in relation to PKCα protein status used the MDACC-

endometrial-L3-S40 dataset (TCPA).

Cell Lines and Reagents

The sources of human EC cell lines and reagents used in the study are detailed in 

Supplemental Experimental Procedures.

Mice

All animal husbandry was in compliance with regulations and protocols approved by 

Institutional Animal Care and Use Committees at the University of Nebraska Medical 

Center, Ohio State University, and Cincinnati Children’s Hospital Medical Center. Phases of 

the estrous cycle in female mice were determined by vaginal smears as described previously 

(Byers et al., 2012). Allele-specific mutant Pten-knockin mice were generated and 

characterized as described previously (Wang et al., 2010), and generation and genotyping of 

Prkca+/+;PtenΔ4−5/+ and Prkca−/−PtenΔ4−5/+ mice were performed as detailed in 

Supplemental Experimental Procedures. Pten conditional-knockout animals were generated 

by mating Ptenflf and PR-Cre or Ltf-Cre animals (Daikoku et al., 2008, 2014). Uterine 

tissues were collected from 1- to 9-month-old female mice for analysis.

LCM

Normal and neoplastic uterine tissue was collected from frozen sections by LCM and 

analyzed for PKCα mRNA levels by qRT-PCR.

IHC

Tissue sections were immunostained for PKCα, pAKTSer473, PTEN, Ki67, and Id1 using 

published protocols. Immunostaining was quantified using DEFINIENS software. For 

quantitative comparison of pAKT and PKCα levels, staining for these markers in 
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consecutive sections was overlaid using Adobe Photoshop CC, and areas of negative/low, 

medium, and high pAKT staining within PKCα-positive and PKCα-negative regions were 

determined.

Western Blotting

Western blot analysis was performed as described previously (Frey et al., 2000). Information 

on antibodies is provided in Supplemental Experimental Procedures. All immunoblots are 

representative of at least three biological replicates.

RNAi

Lentiviral vectors expressing PTEN small hairpin RNA (shRNA) were used to generate 

stable PTEN-knockdown EC cells. Transient knockdown of PKCα was achieved by 

transfection of siRNA using RNAiMAX transfection reagent. Non-targeting shRNA and 

small interfering RNA(siRNA)were used as controls.

PP2A Activity Assay

PP2A activity was measured using a PP2A Immunoprecipitation Phosphatase Assay Kit 

(Millipore) as described elsewhere (Guan et al., 2007).

Anchorage-Independent Growth Assays

Transduction of cells with adenoviral and retroviral vectors expressing LacZ, PKCα, kinase-

dead PKCα, and/or constitutively active AKT1 (myr-AKT, AKT-DD [T308D, S473D], and 

AKT-E17K) and analysis of growth in soft agarose are described in Supplemental 

Experimental Procedures.

RNA Isolation and qRT-PCR Analysis

RNA isolation was performed using the illustra RNAspin Mini RNA isolation kit (GE 

Healthcare) or Trizol reagent (Invitrogen) and qRT-PCR reactions used Brilliant II SYBR 

Green QRT-PCR 1-Step Master Mix, with primers listed in Supplemental Experimental 

Procedures.

Nascent RNA Capture

Isolation of nascent RNA was performed using the Click-iT Nascent RNA Cap-ture Kit 

(Life Technologies). Quantification of PKCα and GAPDH mRNA by qRT-PCR used iScript 

cDNA Synthesis and iTaq Universal SYBR Green Supermix Kits (Bio-Rad).

Statistical Analysis

Data are presented as the mean ± SEM of three or more independent experiments unless 

otherwise stated. Statistical analysis was performed using Excel, GraphPad Prism, or SAS 

software version 9.3. p values of less than 0.05were considered statistically significant. 

Significance was assessed using Student’s t test for comparison of means, chi-square or 

Fisher’s exact test for categorical analysis of two groups, Wilcoxon rank-sum test for 

nonparametic comparison of two samples, two-way ANOVA test for multiple comparisons, 

Spearman’s rank correlation for comparison of ordinal categorical expression data, and log-
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rank test for survival data. A linear mixed-effects model was used to determine the 

association between PKCα and pAKT staining in Ptenpr−/− endometrium. Fixed effects were 

included for analysis of PKCα and pAKT levels and their interaction. A random effect was 

included for the slide. Pairwise comparisons were adjusted for multiple comparisons with 

Tukey’s method. Model assumptions were examined with residual plots.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PKCα deficiency is a common characteristic of human and murine uterine 

neoplasms

• Loss of PKCα is rate limiting for endometrial tumorigenesis in Pten mutant 

mice

• PKCα suppresses AKT activity via a mechanism dependent on a PP2A 

family phosphatase

• Deregulation of a PKCα⊣AKT signaling axis contributes to endometrial 

neoplasia
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Figure 1. PKCα Expression Is Lost in EC
(A) IHC analysis of PKCα in normal human secretory and proliferative endometrium 

(arrows), a PKCα-retaining grade 1 endometrioid tumor, and grade 3 endometrioid tumors 

lacking PKCα. PKCα signal in the stroma (S) serves as a positive control for IHC staining. 

Scale bars, 100 μm.

(B) PKCα expression status (IHC staining) in EC histological subtypes.

(C) Correlation between PKCα mRNA (qRT-PCR) and protein (IHC) levels in 26 

endometrioid and 26 non-endometrioid tumors and 16 EC cell lines.
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(D and E) PKCα protein (immunoblot [IB]) (D) and mRNA(qRT-PCR normalized 

against18S rRNA) (E) levels in EC cell lines. Vertical line indicates rearrangement of lanes 

from a single membrane for clarity. Dark bars, PKCαhigh; light bars, PKCαlow.

(F) PKCα status is an indicator of risk for high-grade disease (table) and survival of patients 

with endometrioid tumors (graph). Grade 1 and 2 tumors are considered low grade, and 

grade 3 tumors are high grade.

(G) Survival probability of EC patients in TCPA endometrial dataset with high and low 

PKCα protein expression.

(H) PKCα mRNA expression and synthesis (EU-labeling) in PKCαhigh and PKCαlow EC 

cells (normalized against GAPDH mRNA).

(I)PKCα expression status in endometrioid ECs of different grades.

**p < 0.01, ***p < 0.005 (2-sided Fisher’s exact test). Error bars represent SEM (n = 3 

biological replicates, except in F [n = 2 biological replicates]).
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Figure 2. PKCα Expression Is Lost in Mouse Models of Endometrial Neoplasia
(A-D and F) IHC analysis of PTEN, pAKT, and PKCα expression in consecutive sections of 

uterine lesions arising in mutant Pten allelic-knockin mice (PtenΔ4−5/+ [A and D], 

PtenG129E/+ [B], and PtenC124R/+ [C]) and conditional Pten-knockout mice (F). Arrows 

indicate boundary between normal endometrial tissue (NE) and endometrial hyperplasia 

(EH). Inserts in (B) show a higher magnification of boxed areas; note the correspondence 

between a WT PTEN retaining region delineated by a dotted line, the absence of pAKT, and 

retention of PKCα. Scale bars, 50 μm.
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(E) PKCα mRNA expression (normalized against GAPDH) in normal and neoplastic uterine 

tissue collected from PtenΔ4−5/+ mice by LCM.
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Figure 3. PKCα Deficiency in EC Is Not a Direct Result of PTEN Loss/AKT Activation and Does 
Not Promote PTEN Loss
(A and B) IB analysis of indicated proteins in EC cells expressing two different PTEN 

shRNAs (1 and 2) or non-targeting shRNA (nt).

(C) IB analysis of PTEN-null EC cells with restored PTEN expression.

(D) IB analysis of EC cells treated with AKT inhibitor MK-2206 or PI3K inhibitor 

LY294002.

(E) IB analysis of PTEN in PKCα-knockdown EC cells.

Data are representative of 3 biological replicates.
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Figure 4. PKCα Inhibits Endometrial Tumorigenesis In Vivo and In Vitro
(A) Quantification of relative levels of hyperplastic uterine epithelium identified by 

pAKTS473 staining, as shown in representative images at 1 and 3 months. Dotted line, Prkca
+/+;PtenΔ4−5/+; solid line, Prkca−/−;PtenΔ4−5/+. Scale bars, 200 μm.

(B) IB analysis and anchorage-independent growth (colony formation in soft agarose) of 

PKCαlow EC cells transduced with 20 MOI adenovirus expressing LacZ or PKCα.
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(C) Anchorage-independent growth of HEC-59 cells transduced with WT-PKCα-or KD-

PKCα. The higher mobility of KD-PKCα in the IB reflects absence of priming 

phosphorylation (Pysz et al., 2009).

(D) Anchorage independent growth of HEC-6 cells transfected with two different PKCα 
siRNAs (1 and 2) or nt siRNA.

*p < 0.05; **p < 0.01; ns, not significant. Error bars represent SEM for each animal cohort 

in (A) or 3 biological replicates in (B)-(D).
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Figure 5. PKCα Activity Inhibits PI3K/AKT Signaling in EC Cells
(A) PI3K/AKT pathway mutations and PKCα expression in EC cell lines. (B-D) IB analysis 

of PKCαhigh EC cells treated with PMA for 2 or 6 hr (B), DiC8 for 6 hr (C), or PMA for 

various times as indicated (D). C, vehicle control; D, DiC8; P, PMA.

(E and F) IB analysis of PKCαlow EC cells (E), or HEC-251 cells transduced with 1 MOI of 

LacZ or PKCα adenovirus (F), treated with PMA.

(G) PKCαhigh EC cells transfected with nt or PKCα siRNAs (1,2) and subjected to PMA 

treatment.
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(H) PKC isozyme expression in PKCα-knockdown EC cells.

(I) EC cells pretreated with GÖ6976 (2.5 μM, 30 min) to inhibit classical PKCs prior to 

addition of PMA.

(J) Induction of pAKT activity in PKCα-knockdown EC cells.

(K)PMA treatment of EC cells with stable expression of nt or PTEN shRNA.

(L) Down regulation of Id1 in PMA-treated PKCαhlgh (left) but not PKCαlow (right) EC 

cells.

(L) C, vehicle-treated. P, PMA (100 nM). D, DiC8 (200μg/ml, replenished every 30 min). 

(M) In (B), (E), (J), and (K), effects on AKT activity are confirmed by analysis of the 

phosphorylation status of the AKT substrates, PRAS40 or FOXO1. Vertical lines in (C), (N) 

(F),(G), and (I) indicate rearrangement of lanes from a single membrane for clarity. Results 

are representative of at least 3 biological replicates.
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Figure 6. PKCα Inhibits AKT Phosphorylation via a PHLPP-1/2-In-dependent, PP2A-like 
Phosphatase-Dependent Mechanism
(A) PHLPP 1/2 mRNA expression in EC cells (HEK293 cells; positive control).

(B) Expression of PP2AC in EC cells.

(C) IB analysis of EC cells treated with PMA(P) or vehicle (C) in the presence of the 

PHLPP 1/2 inhibitors NSC45586 or NSC117079 (50 μM). Vertical lines indicate 

rearrangement of lanes from a single membrane for clarity.

(D) PP2A activity in EC cells treated with PMA in the presence or absence of PKCα 
knockdown.

Hsu et al. Page 28

Cell Rep. Author manuscript; available in PMC 2018 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) EC cells treated with PMA in the presence of calyculin A (CA; 10 nM) or okadaic acid 

(OA; 1 μM).</p/.Results are representative of at least 3 biological replicates. Error bars 

represent SEM. ***p = 0.005; n.s., not significant.
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Figure 7. Inhibition of AKT Activity Is an Important Component of the PKCα Tumor-
Suppressive Axis in EC Cells
(A) Serial sections of uterine tissue from Ptenpr−/− mice immunostained for PKCα or 

pAKTSer473. Quantification of pAKT staining intensity (none/low, medium, or high) in 

PKCα-positive and negative areas. Data are representative of 3 independent experiments.

(B-D) Colony formation in soft agarose of EC cells expressing LacZ and/or empty vector 

(controls), myr-AKT1 (B), AKT-DD (C), AKT-E17K (D), and/or PKCα as indicated.
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(A) Schematic representation of PI3K/PTEN and PKCα as independent regulators of AKT 

activation in endometrial tumorigenesis. The PKCα/PP2A inhibitory module may intersect 

the PI3K/AKT pathway at the level of AKT and/or upstream of the kinase.

*p < 0.05; **p < 0.01; ***p < 0.005. Error bars represent SEM from 3 independent 

experiments.
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