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Abstract

Atypical protein kinase C ζ (PKCζ) forms an apico-basal polarity complex with Partitioning 

Defective (Pard) 3 and Pard6 to regulate normal epithelial cell apico-basolateral polarization. The 

dissociation of the PKCζ/Pard3/Pard6 complex is essential for the disassembly of the tight/

adherens junction and epithelial-mesenchymal transition (EMT) that is critical for tumor 

spreading. Loss of cell polarity and epithelial organization is strongly correlated with malignancy 

and tumor progression in some other cancer types. However, it is unclear whether the PKCζ/

Pard3/Pard6 complex plays a role in the progression of non-small-cell lung cancer (NSCLC). We 

found that hypoxia downregulated the PKCζ/Pard3/Pard6 complex, correlating with induction of 

lung cancer cell migration and invasion. Silencing of the PKCζ/Pard3/Pard6 polarity complex 

components induced lung cancer cell EMT, invasion, and colonization in vivo. Suppression of 

Pard3 was associated with altered expression of genes regulating wound healing, cell apoptosis/
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death and cell motility, and particularly upregulation of MAP3K1 and fibronectin which are 

known to contribute to lung cancer progression. Human lung adenocarcinoma tissues expressed 

less Pard6b and PKCζ than the adjacent normal tissues and in experimental mouse lung 

adenocarcinoma, the levels of Pard3 and PKCζ were also decreased. In addition, we showed that a 

methylation locus in the gene body of Pard3 is positively associated with the expression of Pard3 

and that methylation of the Pard3 gene increased cellular sensitivity to carboplatin, a common 

chemotherapy drug. Suppression of Pard3 increased chemoresistance in lung cancer cells. 

Together, these results suggest that reduced expression of PKCζ/Pard3/Pard6 contributes to 

NSCLC EMT, invasion, and chemoresistance.
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epithelial-mesenchymal transition; hypoxia; invasion; lung cancer; PKCζ /Pard3/ Pard6 polarity 
complex

1. Introduction

Lung cancer is the most common cause of cancer-related death in the United States and 

worldwide [1]. Despite decades of efforts on research and smoking cessation, the 5-year 

survival rate of lung cancer patients remains poor at 15% [1, 2], and the number of 

adenocarcinoma cases in nonsmokers is rising [3, 4]. The main cause of death in patients 

with lung cancer is local invasion followed by metastasis [1, 2]. Effective therapeutic options 

for advanced lung cancers are limited and the response rates to second- and third-

generations of chemotherapy regimens are poor (30% to 40%), plateauing at a median 

survival of 8 to 9 months [5]. Thus, there is an urgent need for novel therapeutic targets for 

advanced lung cancers.

During lung cancer growth, cancer cells obtain increased invasiveness and metastatic 

potential, which is the main cause of death[1, 2]. The first step of tumor progression is the 

detaching of tumor cells from the environment and the acquisition of motility and 

invasiveness, which correspond to the characteristics of epithelial-mesenchymal transition 

(EMT) [6-8]. During EMT, epithelial cells lose cell-cell connections and apico-basal polarity 

and acquire mesenchymal and migratory properties. EMT features changes on cell 

morphology and genetic markers including the disappearance of epithelial markers such as 

E-cadherin and acquisition of mesenchymal markers such as α smooth muscle actin (α-

SMA) and vimentin [9-11]. Recently, researchers observed the loss of E-cadherin paired 

with the gain of α-SMA, vimentin, etc. in the invasive front in a few tumor models, pointing 

to a possible contribution of EMT in tumor progression [12, 13]. In non-small-cell lung 

cancer (NSCLC), EMT has been observed in surgically resected specimens [14, 15]. Clinical 

cases of NSCLC and NSCLC cell lines exhibiting EMT characteristics are more invasive 

and insensitive to chemotherapy [15-17], resulting in a lower survival rate for patients with 

EMT-positive tumors compared to those with EMT-negative tumors [15].

Recent evidence suggests that dissociation of the PKCζ/Pard3/Pard6 polarity complex is 

essential for disassembly of tight/adherens junction and EMT [18]. Normal epithelial cells 

display an asymmetric distribution of proteins along the internal apical-basal axis, which is 
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known as apico-basal polarity [19, 20]. The apico-basolateral polarization is mediated by a 

protein complex named polarity complex, consisting of atypical protein kinase C ζ (PKCζ), 

Pard (partitioning defective) 3, and Pard6 [18, 21]. In mammalian cells, Pard3 contains 

multiple postsynaptic density, disc large and ZO-1 domains and is localized to tight 

junctions at the apical/lateral boundary [18, 21]. It binds to junction adhesion molecule and 

nectin-1/3 to promote junction assembly through a cofilin-mediated actin dynamics [22]. 

Thus, Pard3 provides an anchorage for the other components of the polarity complex (e.g. 

Pard6 and Pard6-associated proteins) at the apical-lateral border [22]. In addition to bind to 

Pard6 and PKCζ, it may also inhibits atypical PKC activity to regulate the location of Pard3 

between apical domains and adherens junctions [23]. Pard6 is a scaffold protein that 

interacts with Pard3 and recruits PKCζ to the tight junctions [24]. Regulation of PKCζ 
activity has been the main focus of studies to understand mechanisms controlling intact cell 

polarity [19, 20]. PKCζ is a member of the atypical PKC subfamily and does not respond to 

second messenger diacylglycerol or phorbol-diesters. The kinase domain of PKCζ contains 

important threonine residues (Thr-410 and Thr-560) that are phosphorylated upon activation, 

which results in its ubiquitination and degradation via proteasome [25]. Transforming 

growth factor-β1 (TGF-β1), a prototypical cytokine for induction of EMT [9], enables the 

dissociation of the PKCζ/Pard3/Pard6 polarity complex, thus leading to disassembly of 

tight/adherens junction and EMT [18].

Recent evidence also suggests that cell polarity plays a role in tumor progression [18-20] 

and that loss of epithelial organization is strongly correlated with malignancy [22, 26]. 

PKCζ is downregulated or mutated in lung cancers [27-30], whereas PKCζ knockout 

enhances Ras-induced lung cancers [31], pointing out that PKCζ is a tumor suppressor [32, 

33]. Indeed, majority of PKCζ mutations in cancer is loss-of-function [33]. However, it is 

worth to point out that another member of atypical PKC, PKCι is essentially an oncogene, 

opposing PKCζ's effects [32, 33]. Loss or inactivation of Pard3 correlates with invasion in 

prostate cancer and lung squamous cell carcinoma, likely via impaired STAT3 signaling [34, 

35]. Furthermore, high levels of Pard6 are associated with a good prognosis of lung cancer 

[36]. Our previous reports have also demonstrated that hypoxia downregulates PKCζ and 

induces EMT in lung cancer cells [30, 37, 38]. This suggests that the PKCζ/Pard3/Pard6 

polarity complex is clinically relevant in lung cancers and may serve as a tumor suppressor.

However, it remains unknown whether the PKCζ/Pard3/Pard6 polarity complex plays a role 

in lung adenocarcinoma invasion. We aim to test the hypothesis that decreased levels or loss 

of the PKCζ/Pard3/Pard6 polarity complex promotes EMT and invasion. Our results suggest 

that both human and mouse lung adenocarcinoma tissues express less PKCζ/Pard3/Pard6 

proteins than the adjacent normal tissues and that loss of PKCζ/Pard3/Pard6 polarity 

complex results in EMT and increased invasion in vitro, colonization in vivo, and 

chemoresistance.
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2. Materials and methods

2.1 Materials

Cisplatin and carboplatin were purchased from Sigma-Aldrich (St. Louis, MO) and 

dissolved in water. Bisindolylmaleimide I (Bis) was obtained from Cayman Chimicals and 

dissolved in DMSO.

2.2 Cell culture

Human lung adenocarcinoma cells (A549) were obtained from the American Type Tissue 

Collection and grown in DMEM supplemented with 10% fetal bovine serum (FBS), 100 

U/ml penicillin, and 100 μg/ml streptomycin. Cell cultures were routinely passaged when 

85–90% confluent. Hypoxic conditions (1.5% O2) were achieved in a humidified 

workstation (Invivo2; Ruskinn Technologies, Leeds, UK). The hypoxia workstation contains 

an oxygen sensor and the workstation's oxygen tension was continuously monitored.

2.3 Western blot analysis

Western blot analysis was performed as previously described [39] using the following 

primary antibodies: PKCζ (C-20, SC-216, Santa Cruz Biotechnology, Santa Cruz, CA), 

pPKCζ (T410), E-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA), Pard3 (Millipore, 

Temecula, CA), Pard6a, Par6b (Santa Cruz Biotechnology, Santa Cruz, CA), MAP3K1, 

CEACAM1, CEACAM6, FGFR2 (Sigma-Aldrich, St. Louis, MO), PKCiota (ab5282, 

Abcam, Cambridge, MA), and fibronectin (Millipore, Temecula, CA).

2.4 In vitro scratch assay

Cells were plated in 35-mm cell culture dishes to reach confluence. We scratched the cell 

monolayer with a 250-μl tip vertically in the center of the plate to create a wound and 

washed away the floating cells. We took images of the wound under microscope with Zeiss 

AxioCam LCC1 and measured the beginning width of each wound with AxioVision LE 

software. After experimental procedures, the image of each wound was taken and the final 

width of the wound was measured. We calculated the migration distance by subtracting the 

final width from the beginning width.

2.5 In vitro invasion analysis

2.5×104 cells were seeded on Matrigel-coated inserts (BD Biosciences, Franklin Lakes, NJ) 

and incubated for 24 or 48 hours. For the experiment with Bisindolylmaleimide I (Bis), we 

treated cells for one hour then exposed cells to normoxia or hypoxia for 48 hours. The cells 

that migrated to the other side of the Matrigel were fixed and stained. The total number of 

invaded cells was counted under the microscope. Five random microscopic fields at 200× 

magnification were counted in each filter using a calibrated ocular grid.

2.6 Small interfering RNA (siRNA) suppression of selected genes

A549 cells were plated in 60-mm dishes at ∼70-80% confluence and transfected with 

siRNAs (Santa Cruz Biotechnology, Santa Cruz, CA) using Lipofectamine 2000 (Invitrogen, 

Grand Island, NY) as described [40]. The siRNAs are pools of at least three different siRNA 
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oligoes that are specific to the target. Negative control siRNA (siNeg, Santa Cruz 

Biotechnology) was used as a negative control. Two days after transfection, cells were lysed 

for Western blot analysis.

2.7 Establishment of stable cell lines with suppression of PKCζ, Pard3, and Pard6

As we described previously [38, 41], these stable cell lines were established utilizing 

lentiviral vectors encoding shRNA against PKCζ, Pard3, or Pard6 (Santa Cruz 

Biotechnology).

2.8 In vivo colonization assay

We injected cancer cells intravenously into the athymic nude mouse tail vein at the density 

of 2×106 cells in 0.1 ml of PBS. Five weeks after injection, mice were sacrificed and left 

lungs were stained with Bouin's solution for quantification of lung cancer nodules. Right 

lungs were formalin-fixed, paraffin-embedded for hematoxylin and eosin staining [42, 43].

2.9 Quantitative real-time RT-PCR and microarray analysis

We extracted total RNAs with the miRNeasy mini kit (Qiagen, Valencia, CA) and measured 

RNA concentrations with Nanodrop 2000 Spectrophotometer (Thermo Scientific, Waltham, 

MA). Complementary DNA (cDNA) was synthesized with the ABI High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA). Quantitative real-time 

RT-PCR (qRT-PCR) was performed on the ABI StepOnePlus real-time PCR system with the 

ABI SYBR Green PCR master mix (Applied Biosystems Inc.). The amplification of the 

genes was normalized to the amplification of the mitochondrial ribosomal protein L19 

(RPL19). The sequences of the primers used in the real time qRT-PCR are shown in 

Supplemental Table ST2. For microarray analysis, we extracted the total RNA from A549-

sh-Neg and A549-sh-Pard3 and performed microarray analysis with the OneArray system 

(PhalanxBio Inc., Belmont, CA). Quality control of RNA samples was performed with 

Agilent BioAnalyzer (Agilent Technologies, Santa Clara, CA) and NanoDrop (Thermo 

Scientific, Waltham, MA). Raw data were quantile-normalized and summarized using the 

Robust Multi-array Average (RMA) [44]. We removed 12,887 genes not found in both 

A549-sh-Neg and A549-sh-Pard3, leaving us 16,300 genes for the final analysis set. 

ANOVA test was used to calculate significance of the differential expression between A549-

sh-Neg and A549-sh-Pard3 cells. False discovery rate was controlled at 10%, i.e., nominal p 

< 6e-6, using the Bonferroni correction. Fold-change cutoff was set at 1.4. These criteria 

gave us 419 differential genes. Among these dysregulated genes, we evaluated the enriched 

canonical pathways based on KEGG (Kyoto Encyclopedia of Genes and Genomes) [45] and 

Gene Ontology[46] biological processes at the Benjamini-Hochberg [47] adjusted p < 0.25.

2.10 KRasG12D lung cancer model

KRasG12D mouse carries a point mutation (G12D) in the KRas gene with loxP-flanked stop 

codon[48]. Intranasal infection with an adenovirus encoding Cre (Ad-Cre) can excise the 

stop codon and permit the expression of KRasG12D, resulting in a very high frequency of 

lung tumors [48]. All animals were handled according to National Institutes of Health 
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guidelines and the Institutional Animal Care and Use Committee-approved experimental 

protocols.

2.11 Human lung cancer samples, Tissue array, and Immunohistochemical staining

Human lung tissue samples were obtained from patients with suspected or proven NSCLC 

undergoing pulmonary resection. Informed consent was obtained from all subjects. The 

acquirement and handling of these samples were approved by the Scientific Review 

Committee and the Institutional Review Board of Northwestern University and the 

University of Illinois at Chicago, and complied with all relevant federal guidelines. Human 

Lung Adenocarcinoma Tissue microarray was purchased from tissue array network (Tissue-

Array.net). PKCζ, Pard3, and Pard6 immunohistochemical staining was performed as we 

described previously with multiple antibody dilutions [49].

2.12 Exploring cytosine modification, gene expression and cytotoxicity in human 
lymphoblastoid cell lines

We obtained baseline cytosine modification data using the Illumina 450K array [50] 

(GSE39672) and baseline gene expression data using the Affymetrix Human exon array [51] 

(GSE7851) on the European (CEU: Caucasian residents from Utah, USA) and African (YRI: 

Yoruba people from Ibadan, Nigeria) HapMap lymphoblastoid cell lines (LCLs). Details of 

sample preparation and profiling assays were described in our previous publications [50, 

51]. We obtained cytotoxicity data (IC50) generated for carboplatin on the same HapMap 

LCLs from Huang et al. [52]. Linear regression models were used to link gene expression 

and modification levels of local CpG sites (within 100 kb) as well as between cytosine 

modifications and cytotoxicity data, controlled for population identity and gender as 

described in our previous publications [50, 53-56].

2.13 Cell viability assay

Cells (1 × 104 cells/well) were plated in 96-well flat bottom plates and incubated overnight 

prior to the treatment of cisplatin or carboplatin at various doses for two days either in 

normoxic or hypoxic conditions. Cell viability was determined using the Cell Titer 96® 

AQueous One Solution Cell Proliferation Assay (Promega Corporation, Madison, WI), 

which measures the amount of modified tetrazolium salt (MTS) reduced to a colored 

formazan product in metabolically active cells [49]. The optical absorbance was read on a 

GloMax®-96 Microplate luminometer/plate reader (Promega, Madison, WI) at a wavelength 

of 450 nm.

2.14 Statistical analysis

Statistical analysis was performed with GraphPad Prism 4 (GraphPad Software, La Jolla, 

CA) and Microsoft Excel program when applicable. Data were expressed as mean ± SEM. p 

< 0.05 and 0.01 were selected as significance levels.
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3. Results

3.1 Hypoxia downregulates PKCζ/Pard3/Pard6b in non-small-cell lung carcinoma cells

In solid tumors including lung cancer, tumor cells proliferate at a rate that exceeds the 

oxygen supply, resulting in regions of low oxygen tension (hypoxia) [57, 58]. Tumor cells 

adapt to hypoxia by inducing genes involved in angiogenesis or glucose metabolism [57-59]. 

Adaptation to hypoxia increases tumor cell invasiveness and metastatic potential, 

contributing to their resistance to radiation-induced cell death. Previously, we have shown 

that hypoxia promotes PKCζ degradation via the proteasome in normal and cancer cells 

[30]. More importantly, we have shown that hypoxia induces EMT in lung cancer cells [37, 

38]. In epithelial cells, PKCζ forms a polarity complex with partitioning defective 3 (Pard3) 

and Pard6 to regulate EMT and maintain epithelial barrier integrity [18, 20, 21]. Since the 

abundance of these proteins is critical to maintain the polarity complex, we sought to 

investigate whether hypoxia induces EMT in lung cancer cells by altering the expression 

levels of PKCζ, Pard3, or the two common isoforms of Pard6 (Pard6a and Pard6b). We 

incubated A549 cells in normoxia (21% O2) or hypoxia (1.5% O2) for two days and then 

measured the expression levels of these proteins. We found that hypoxia decreased protein 

levels of PKCζ, Pard3, and Pard6b, but not Pard6a (Fig 1A-D). PKCζ shares high homology 

with PKCι and PKCζ antibodies cross-react with PKCι to some extent, thus we measured 

the expression levels of PKCι after hypoxic exposure. We found that that hypoxia did not 

alter protein levels of PKCι (Fig 1E). These results suggest the hypoxia-mediated 

downregulation of PKCζ/Pard3/Pard6b is specific.

3.2 Silencing of the PKCζ/Pard3/Pard6 polarity complex increases lung cancer cell EMT 
and invasion

EMT is associated with increased migration and invasion [37, 38, 43]; therefore, we 

measured these parameters in A549 cells exposed to nomoxia or hypoxia. We found that 

hypoxia induced A549 cell migration and invasion in a time-dependent manner (Fig 1F-G). 

To examine whether hypoxia-mediated downregulation of the PKCζ/Pard3/Pard6b complex 

causes the increased migration and invasion during hypoxia, we sought to address whether 

loss of the polarity complex components is sufficient to induce EMT, migration, and 

invasion in normal conditions. As shown in Fig 2A-D, we knocked down the expression of 

PKCζ, Pard3, and Pard6 using siRNAs in A549 cells and found that suppression of PKCζ, 

Pard3, and Pard6 individually resulted in decreased expression of E-cadherin as well as other 

components of the polarity complex, suggesting that suppression of the PKCζ/Pard3/Pard6 

complex indeed leads to EMT. Furthermore, suppression of PKCζ and Pard3 but not Pard6 

increased invasion of A549 cells (Fig 2E). Previously, we have shown that in rat primary 

type II alveolar epithelial cells exposed to transient hypoxia PKCζ is phosphorylated and 

activated [60], which leads to downregulation of PKCζ in chronic hypoxia via enhanced 

ubiquitin-mediated PKCζ degradation [25, 30]. Thus, we speculate that inhibition of PKCζ 
may preserve PKCζ levels and therefore restore its function. To address that, we first 

validated the activation of PKCζ in A549 cells exposed to transient hypoxia. We exposed 

A549 cells to hypoxia for a short time period and measured the phosphorylation of PKCζ at 

Thr-410. As shown in Fig SF1A, hypoxia increased phosphorylation of PKCζ at Thr-410. 

We also measured the membrane fraction of PKCζ (active form), and as shown in Fig 
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SF1B, short term exposure to hypoxia increased PKCζ in the membrane fraction. These 

results suggest that hypoxia indeed activates PKCζ. Next, we treated A549 cells with PKC 

inhibitor bisindolylmaleimide I (Bis) at two doses (1 μM, which inhibits classical PKC such 

as PKCα and β; 10 μM, which inhibits atypical PKC such as PKCζ) and exposed them to 

normoxia and hypoxia, followed with the measurement of cell invasion. We found that 

inhibition of PKC had no effects on cell invasion in normal conditions (Fig SF1C). In 

hypoxic condition, high dose, but not low dose, of Bis prevented hypoxia-induced invasion 

(Fig SF1C), suggesting that activation of PKCζ is required for enhanced cell invasion during 

hypoxia. These results suggest that the PKCζ/Pard3/Pard6 complex, particularly PKCζ and 

Pard3, are coordinately regulated and that the loss of the complex, leads to EMT.

3.3 Silencing of PKCζ and Pard3 increases lung cancer cell colonization to lung in vivo

To address whether loss of PKCζ and Pard3 leads to enhanced cancer spreading in vivo, we 

generated stable cell lines with PKCζ- and Pard3-knockdown A549 using lentiviral particles 

encoding shRNA for PKCζ and Pard3(A549-sh-PKCζ and A549-sh-Pard3). A control cell 

line was established with empty lentiviral particles (A549-sh-Neg). We confirmed the 

suppression of these proteins and once again found that suppression of one component of 

this complex decreased the amount of other component concurrently (Fig 3A-B). We found 

that, in vitro, suppression of PKCζ but not Pard3 decreased cell proliferation rate (Fig 3C). 

In a tail-vein injection model of cancer spreading in athymic nude mice, we found that the 

numbers of lung tumor nodules were significantly increased in mice with injection of A549-

sh-Pard3 but not A549-sh-PKCζ cells (Fig 3D-E), suggesting that suppression of the 

polarity complex, particularly Pard3, increases colonization of lung cancer cells in lungs in 
vivo.

3.4 Suppression of Pard3 alters MAP3K1 and fibronectin signaling in lung cancer cells

To study how loss of the polarity complex alters cellular behavior, particularly cell 

proliferation and migration/invasion, we performed a microarray analysis using A549-sh-

Neg and A549-sh-Pard3 cells. ANOVA test was used to calculate significance of the 

differential expression between A549-sh-Neg and A549-sh-Pard3 cells and we performed 

Bonferroni post-test. Through Gene Ontology (GO) analysis, we found that the suppression 

of Pard3 altered expression of genes that participate in cell proliferation, apoptosis, and 

motility, which is consistent with our results in Fig 1-3 (Supplemental Table ST1). Since 

many genes are shared by multiple GO Terms, we selected genes that are in GO:

0009611∼response to wounding (35 genes) and GO:0010941∼regulation of cell death (32 

genes), which contain the most genes, for validation by qRT-PCR. Our GO analysis also 

revealed altered expression of CEACAM1, which is involved in cell motility and localization 

(Supplemental Table ST1). Since two similar genes, CEACAM6 and CEACAM7, have been 

implicated in lung cancer [61, 62], we also examined the levels of these genes. As shown in 

Fig 4A, suppression of Pard3a significantly decreased the mRNA levels of APOE, CCL2, 

IL12A, SFRP5, SOD2, and VCAM1 while inducing mRNA levels of CEACAM1, 

CEACAM6, FGFR2, FN1, IGFBP1, MAP3K1, MMP7, NOX1, PAX7, and VCAN. Next, 

we examined protein levels of MAP3K1, CEACAM1, CEACAM6, FGFR2, and IGFBP1, as 

they are known to play roles in lung cancer [61-65]. We found that suppression of Pard3 

induced MAP3K1 and fibronectin (FN1) protein levels, but had little effect on protein levels 
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of IGFBP1 and CEACAM6 (Fig 4B). In both cell lines, we did not find detectable levels of 

CEACAM1 and FGFR2 proteins (Fig 4B). These results suggest that Pard3 may regulate 

lung cancer cell proliferation and mobility via MAPK3K1 and FN1.

3.5 Downregulation of Pard3 and PKCζ in human lung adenocarcinoma samples and 
animal models of lung cancer

Next, we examined the clinical relevance of PKCζ/Pard3/Pard6 in lung cancer. A few 

laboratories have published studies in which they compared the gene expression profiles 

between lung adenocarcinoma and normal tissues [66-73]. We used Oncomine™ 

(Compendia Bioscience, Ann Arbor, MI) to access these datasets and analyzed the 

expression levels of PKCζ, Pard3, and Pard6 in lung adenocarcinoma and normal tissues. 

Seven out of 8 studies suggest that the expression of PKCζ and Pard3a is significantly 

reduced in lung adenocaricinomas, while Pard6 levels remained unchanged [66-72]. For 

example, in the study by Bhattacharjee et al., PKCζ and Pard3 are 3.65- or 2.67-fold lower 

in lung adenocarcinoma than in normal lung, respectively (Supplemental Fig SF2). Since we 

previously reported that in lung cancer, PKCζ is downregulated [30], we examined whether 

the protein expression levels of Pard3 and Pard6 are altered in lung adenocarcinoma. We 

obtained human lung adenocarcinoma samples and their self-matched normal lung tissues. 

We homogenized these samples and measured the levels of these proteins. We found that 

although there was no difference in the levels of Pard3 and Pard6a between normal and 

cancerous tissues, the levels of Pard6b was significantly lower in lung cancer than normal 

tissues (Fig 5A). In another approach, we obtained a human lung adenocarcinoma tissue 

array from Tissue Array Network (Tissue Array Network, Rockville, MD), which contains 

48 cases of human lung adenocarcinoma tissue samples, 48 cases of self-matched adjacent 

normal tissues, and 4 cases of unmatched normal tissues (Fig 5B) for immunohistochemistry 

staining of these proteins. There is no difference of these protein expression between 

unmatched normal tissues and normal tissues adjacent to tumors. We did not observe any 

differences in PKCζ, Pard3, and Pard6a between normal tissues adjacent to tumors and 

cancer tissues; however, we found that lung adenocarcinoma cells expressed reduced 

staining of Par6b protein (Fig 5C-D). In a mouse lung cancer model, we instilled KRasG12D 

mice with Ad-Cre (108 pfu/mouse) to induce lung cancer, and these mice were maintained 

for up to 24 weeks. We compared the expression levels of PKCζ, Pard3, and E-cadherin in 

these mouse lungs by Western blot analysis, and we found that the expression levels of 

PKCζ, Pard3, and E-cadherin decreased gradually when the cancer develops, suggesting that 

expression levels of PKCζ, Pard3, and E-cadherin may be inversely correlated with lung 

cancer development (Fig 5E).

3.6 Suppression of Pard3 increases NSCLC resistance to cisplatin but not carboplatin

Other than environment factors, epigenetic factors can also regulate the gene expression in 

cancers. 5-methylcytosine occurs in CpG dinucleotides throughout the human genome and is 

known to regulate gene expression [74]. More importantly, alteration in gene expression 

affects resistance to chemotherapy. Thus, we want to address whether there is a correlation 

between epigenetic regulation of PKCζ/Pard3/Pard6 and resistance to chemotherapy. Since 

there are no such datasets available in lung adenocarcinoma, we analyzed 5-methylcytosine 

modifications and gene expression in lymphoblastoid cell lines (LCLs), including 73 
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unrelated African (YRI - Yoruba people from Ibadan, Nigeria) and 60 with European 

ancestry (CEU - Caucasians from Utah, US) (the International HapMap Project [75, 76]) and 

their correlation with the sensitivity to cisplatin and carboplatin, two common chemotherapy 

drugs. We found that there is a methylation locus in the gene body of Pard3 and methylation 

of Pard3 correlated with cellular sensitivity to carboplatin (Fig 6A) but not cisplatin (data 

not shown). Methylation of Pard3 also positively associated with the expression of Pard3 

(Fig 6B). As it is not known whether Pard3 is downregulated via hypomethylation in 

NSCLC, we set out to investigate whether reduced expression of Pard3 contributes to 

selective resistance to cisplatin or carboplatin. We found that suppression of Pard3 had little 

effect on sensitivity to carboplatin in the normal condition but increased cell resistance in the 

hypoxic condition (Fig 6C and 6E). In response to cisplatin, suppression of Pard3 induced 

resistance in both normal and hypoxic conditions (Fig 6D and 6F).

4. Discussion

Pard3 forms an apico-basal polarity complex with PKCζ and Pard6 to regulate normal 

epithelial cell apico-basolateral polarization. The dissociation of the Pard3/PKCζ/Pard6 

complex is essential for the disassembly of the tight/adherens junction and epithelial-

mesanchymal transition (EMT) that is critical for tumor spreading[18]. Loss of cell polarity 

and epithelial organization is strongly correlated with malignancy and tumor progression in 

several cancer types[18-20, 22, 26], whereas the role of Pard3/PKCζ/Pard6 in non-small-cell 

lung cancer (NSCLC) is less known. Hypoxia is also known to induce EMT and lung cancer 

progression; however, whether there is a link between hypoxia, polarity, and EMT has not 

been known in lung cancer. In the current study, we have shown that hypoxia degrades 

PKCζ to induce EMT and invasion by lung cancer cells. Suppression of the PKCζ/Pard3/

Pard6 polarity complex causes EMT and cancer cell invasion and lung colonization. A 

recent study also suggests a loss-of-function mutation of Pard6G, another isoform of Pard6, 

in multiple epithelial cancer cells [77]. Thus, hypoxia may disrupt the polarity complex to 

induce EMT and lung cancer progression.

Previously, we have shown that hypoxia induces EMT in lung cancer cells via ROS/HIF/

TGF-β1 pathway and activation of PKA [37, 38]. Interestingly, either HIF or PKA activation 

alone is not sufficient to induce EMT [37, 38], suggesting that there are other mechanisms 

involved in hypoxia-mediated EMT. In this study, we have shown that hypoxia 

downregulates PKCζ/Pard3/Pard6 and that reduction of PKCζ/Pard3/Pard6 leads to EMT, 

implicating PKCζ as well as its binding partners Pard3 and Pard6 as other key players in the 

hypoxia-mediated EMT.

Our results suggest that hypoxia reduces levels of PKCζ/Pard3/Pard6b, which is consistent 

with our previous study in which we report that, during hypoxia, PKCζ is ubiquitinated and 

degraded via the ubiquitin ligase HOIL-1L, a component of the linear ubiquitin chain 

assembly complex (LUBAC) [30]. HOIL-1L ubiquitinates PKCζ at Lys-48 for subsequent 

proteasomal degradation. Whether hypoxia-mediated downregulation of Pard3/Pard6b is 

LUBAC-dependent warrants further investigation. We also show that HOIL-1L is controlled 

by HIF [30]. Thus, the HIF transcription factor may be a key coordinator to simultaneously 

upregulate PKA [37] and downregulate PKCζ/Pard3/Pard6 (Fig 1) [30] for the induction of 
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EMT. Given the evidence that activation of PKCζ results in its degradation, we speculate 

that inhibition of PKCζ may preserve PKCζ levels and therefore restore its function, as 

evidenced that treatment of bisindolylmaleimide I (Bis) at a higher dose normalized invasion 

in hypoxia (Fig SF1C). However, we have not measured the levels of total and activated 

PKCζ levels in these conditions and further investigations are warranted.

We show that the expression levels of the three polarity complex components are 

interrelated. Suppression of each component causes the reduction of the other two 

components (Fig 2-3). This suggests that an intact polarity complex is likely required for 

epithelial integrity. Intriguingly, the effect of the loss of each component on lung cancer cell 

proliferation and motility varies significantly (Fig 2-3). This could be due to the 

compensation of other polarity complex proteins such as PKCι, which can form a complex 

with Pard3 and three isoforms of Pard6 in place of PKCζ. Although both PKCι and PKCζ 
can contribute to the polarity complex, the role of PKCι and PKCζ appears to be opposite as 

PKCι drives a NOTCH-3-mediated stemness in lung adenocarcinoma cells [78]. Thus, loss-

of-function of PKCζ may in part represent a gain-of-function of PKCι to drive lung cancer. 

Accordingly, PKCι is known to activate MEK/ERK signaling to promote lung cancer cell 

growth [79], and we observed that loss of PKCζ upregulates MAP3K1 (Fig 4). In addition, 

TGF-β and EGF can activate MAP3K1 [80]. Nonetheless, Pard3 is the unique component in 

this polarity complex and the effect of the reduction of Pard3 is more consistent and 

significant (Fig 2-3). Thus, loss of Pard3 may serve as a switch to turn on MAP3K1 after 

TGF-β stimulation.

The importance of the coordinated regulation of the three polarity complex components is 

also evident in seemingly discrepant results. Although PKCζ knockdown decreases Pard3 to 

a similar extent as in A549-sh-Pard3 cells, there is no increase in tumors in A549-sh-PKCζ 
(Fig 3). This may be due to the decreased cell proliferation of A549-sh-PKCζ cells (Fig 3C). 

Even though they can invade (Fig 2E) but are not able to grow to a palpable tumor (Fig 3D-

E). This is presumably caused by the different levels of PKCζ in these two cell lines: there is 

complete loss of PKCζ in A549-sh-PKCzeta, while about 30% of PKCζ remains in A549-

sh-Pard3 (Fig 3B). Although we don't know whether PKCζ activity is required for this 

effect, in an experiment with PKCζ inhibitor, inhibition of PKCζ has no effect on A549 cell 

invasion in normal condition, while prevents invasion in hypoxia, in which PKCζ is 

activated and degraded (supplemental Fig SF1). Therefore, we reason that it is likely that 

activation and subsequent loss of PKCζ/Pard3/Pard6 complex, but not the PKCζ activity per 

se, are key to lung cancer cell invasion. Another example is that siRNA-Par6b leads to 

marginal levels of Pard3, but not enhanced invasion as seen in siRNA-Pard3 (Fig 2). This 

may be explained by the compensation effect of Pard6b as we show that in siRNA-Pard3 

cells, both Pard6a and Pard6b are down, whereas in siRNA-pard6b cells, Pard6a remains 

(Fig 2A and Fig 2D). Similarly, siRNA-Pard6a also does not change Pard6b levels or 

increase invasion (Fig 2C). Another explanation may be the compartmentalization of Pard3, 

as there is a compartment-specific function of Pard3 [81]. Thus, despite their unique 

functions of each component, these components act together to fully achieve the function of 

a polarity complex.
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Another upregulated molecule after Pard3 suppression is fibronectin (FN1), a well-known 

downstream target of TGF-β1. As a major component of extracellular matrix, fibronectin is 

well known to regulate cancer cell proliferation, migration, and invasion. During 

development, perturbation of the polarity complex disrupts polarized fibronectin fibril 

assembly on mesodermal tissue surfaces [82]. Intriguingly, Pard6 appears to not be involved 

in the regulation of fibronectin organization [83]. Activation of PKCζ is required for 

arachidonic acid (AA) signaling. AA stimulates induction of membrane type 3-matrix 

metalloproteinase (MT3-MMP) and fibronectin degradation in human umbilical cord blood-

derived mesenchymal stem cells [84]. In rat mesangial cells (RMCs), BMP-7 simultaneously 

decreases PKCζ and fibronectin [85]. However, in the microarray assay, we did not find any 

changes in the expression levels of fibronectin receptor integrins, suggesting that Pard3 

mainly regulates the abundance of fibronectin to control ECM assembly during EMT.

The alteration of the PKCζ/Pard3/Pard6 levels between human lung cancer tissues and 

normal tissues varies, depending on the methods of measurement (Fig 5). For example, in 

the mRNA levels, PKCZ (the gene that encodes PKCζ) and Pard3 are significantly down in 

human adenocarcinoma, PARD6A mRNA remains unchanged. In immunohistochemical 

staining, only Pard6b exhibits distinguishable downregulation, whereas Western blot 

analysis show both PKCζ [30] and Pard6b are reduced. One possible explanation for these 

discrepancies is the sensitivity and specificity of the antibodies we used in this study. 

However, we are able to show that Pard3, PKCζ, and E-cadherin levels are reduced in the 

KRas-driven mouse lung cancer model by Western blot analysis, suggesting an overall 

downregulation of PKCζ/Pard3/Pard6 in human and mouse lung adenocarcinam.

We observe that the expression of PKCζ/Pard3/Pard6b may also be regulated by epigenetic 

regulation. In lymphoblastoid cell lines (LCLs), we find that a methylation locus in the gene 

body of Pard3 is positively associated with the expression of Pard3 (Fig 6B) and that 

methylation of Pard3 increases cellular sensitivity to carboplatin (Fig 6A). Suppression of 

Pard3 also displays a differential resistance to chemotherapy drugs carboplatin and cisplatin 

(Fig 6C-F). Consistently, Fischer and colleagues demonstrate that EMT contributes to 

chemoresistance [86].

In summary, we show that PKCζ/Pard3/Pard6b is downregulated in lung cancer by hypoxia 

or likely hypomethylation, leading to EMT, invasion, and chemoresistance (Fig 6G). 

Although in current study we did not pursue the molecular mechanism underlying 

downregulation of PKCζ/Pard3/Pard6 during hypoxia, one mechanism is likely the 

ubiquitination and degradation of these proteins as we have shown the ubiquitination and 

degradation of PKCζ during hypoxia [30]. Another mechanism could be hypomethylation of 

the Pard3 gene (Fig 6). Thus, the loss of Pard3 may represent a novel biomarker for NSCLC, 

and Pard3 status may help determine whether cisplatin or carboplatin is a better therapeutic 

drug for a specific subset of NSCLC patients. Further studies are warranted to determine 

whether Pard3 is hypomethylated in lung cancer and whether targeting the downregulation 

of PKCζ/Pard3/Pard6b may be a novel approach to treat invasive lung cancer in the future.
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Highlights

PKCζ/Pard3/Pard6b is downregulated in lung cancer by hypoxia or hypomethylation.

Suppression of the PKCζ/Pard3/Pard6 causes EMT, invasion, and lung colonization.

Suppression of the PKCζ/Pard3/Pard6 leads to chemoresistance.
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Fig 1. Hypoxia-mediated downregulaion of PKCζ/Pard3/Pard6 correlates with the induction of 
migration and invasion in non-small-cell lung carcinoma cells
A-D) A549 cells were exposed to normoxia (N) or hypoxia (H, 1.5% O2) for two days. The 

whole cell lysates were prepared and aliquots with the same amount of protein were 

subjected to SDS-PAGE followed by Western blot analysis for PKCζ (A), Pard3 (B), Pard6a 

(C), Pard6b (D), and PKCι (E). The amount of tubulin was used as control for equal 

loading. Data were expressed as mean ± SEM. n = 4. *, p < 0.05; **, p < 0.01. F) A549 cells 

were cultured on 35-mm dishes overnight to reach confluence. Wounds were created by 

scratching a straight line with a 250-μl tip. After 24 hours or 48 hours of incubation in 

normoxia or hypoxia (1.5% O2), the widths of the wounds were measured and the difference 

between the width before and after migration was presented as the migration distance. Data 

were expressed as mean ± SEM. n = 5. *, p < 0.05. G) A549 cells were cultured on BD 

Matrigel invasion chambers for 24 or 48 hours in normoxia or hypoxia. Invaded cells were 

stained and the number of invaded cells in each field was counted under microscopic fields 

at 200x magnification. Experiments were carried out in triplicates and repeated three times. 

The results were compared to that of A549 cells and data are expressed as mean ± SEM. *, p 

< 0.05.
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Fig 2. Silencing of the PKCζ/Pard3/Pard6 polarity complex increases lung cancer cell EMT and 
invasion
A-D) A549 were transfected with siRNAs for human Pard3 (A), PKCζ (B), Pard6a (C), and 

Pard6b (D). The expression of PKCζ, Pard3, Pard6a, Pard6b, and E-cadherin were measured 

by Western blot analysis with tubulin as control for equal loading. E) A549 cells were 

transfected with siRNAs to suppress the expression of PKCζ, Pard3, Pard6a, and Pard6b 

followed by the measurement of cell invasion by the Matrigel-coated invasion chambers as 

described above. The data are expressed as mean ± SEM. *, p < 0.05.
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Fig 3. Silencing of the PKCζ/Pard3/Pard6 polarity complex increases lung cancer cell 
colonization in lungs in vivo
A, B) A549 cells were infected with control lentivirus (A549-sh-Neg) or a lentivirus 

encoding small hairpin RNA against Pard3 (A549-sh-Pard3) or PKCζ (A549-sh-PKCζ). 

Stable colonies were selected by incubation with media containing puromycin. C) 0.2 

million of these cells were plated, and the number of cells were counted at day 1, 3, 5, and 7 

of culture. D) 2 million of A549-sh-Neg, A549-sh-Pard3, or A549-sh-PKCζ cells were 

injected into the lateral tail vein of athymic nude mice, and after 5 weeks, the metastatic 

cancer colonies were counted in the left lungs. n > 6; *, p < 0.05; **, p < 0.01. The 

representative images of right lung sections of mice injected with A549-sh-Neg and A549-

sh-Pard3 cells are shown in (E).
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Fig 4. Silencing of Pard3 leads to upregulation of MAP3K1 and fibronectin signaling in lung 
cancer cells
A) A549-sh-Neg and A549-sh-Pard3 were used for real time qRT-PCR for the expression 

levels of described genes. RPL19 gene was used as the internal control for qRT-PCR. n ≥ 5. 

B) A549-sh-Neg and A549-sh-Pard3 cells were lysed for the determination of proteins levels 

by Western blot analysis. n = 5. Quantification is shown in the right panel. *, p < 0.05; **, p 

< 0.01.
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Fig 5. Lung adenocarcinoma cells express reduced levels of PKCζ/Pard3/Pard6b
A) Human lung cancer samples (T) and their normal tissues (N) were homogenized for 

Western blot analysis for protein levels of Pard3, Pard6a, and Pard6b. The relative amount of 

these proteins was normalized to those of β-actin or Tubulin. The value of one normal tissue 

sample was set as 1 and others were normalized to that sample. *, p < 0.05; B, C, D) A 

tumor tissue array (48 cases of human lung adenocarcinoma with self-matched adjacent 

normal tissue and 4 cases of unmatched normal tissues) was used for immunohistochemistry 

staining of Pard6b. Brown color represents the staining of Pard6b. The image was obtained 

with Aperio ImageScope (B). A representative image of lung adenocarcinoma (C) and that 

of the self-matched adjacent normal tissue are shown in D (200× magnification). Arrows 

indicate representative cells with positive staining of Pard6b. E) KRasG12D mice was 

instilled with Ad-Cre (108 pfu/mouse) to induce lung cancer. These mice were maintained 

for up to 24 weeks, and the mouse lungs were harvested and the aliquots of tissue 

homogenates with equal amount of proteins were used to detect expression levels of PKCζ, 

Pard3, and E-cadherin by Western blot analysis, with tubulin or β-actin as loading control.

Zhou et al. Page 22

Cell Signal. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 6. Suppression of Pard3 increases NSCLC chemoresistance
A-B) We analyzed 5-methylcytosine modifications and gene expression in HapMap LCLs, 

derived from 73 unrelated African (YRI - Yoruba people from Ibadan, Nigeria) and 60 

European individuals (CEU-Caucasian residents from Utah, US). Relationships between 

cytosine modification and cytotoxicity to carboplatin (carbo IC50) (A) as well as between 

cytosine modification and gene expression (B) are shown. C-F) We cultured A549-sh-Neg 

and A549-sh-Pard3 in the presence of carboplatin (C, E) or cisplatin (D, F) in normal and 

hypoxic conditions and measured the viability of these cells. Data were expressed as mean ± 

SEM. n = 3; *, p < 0.05; **, p < 0.01. G) A schematic diagram on the role of PKCζ/Pard3/

Pard6 on lung cancer cell EMT, invasion, and chemoresistance.
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