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ABSTRACT 

 
 

Title of Dissertation: Role of p38δ and MEP50 in Epidermal Keratinocyte Homeostasis 

Kamalika Saha, Doctor of Philosophy, 2015 

Dissertation Directed by: Richard L. Eckert, Ph.D., John F.B. Weaver Distinguished 

 Professor and Chair of Biochemistry and Molecular Biology Department 

 

Keratinocytes are the major cell type in the human epidermis, the outer layer of skin. 

These cells undergo a tightly regulated terminal differentiation program which results in 

the formation of the cornified envelope. This envelope is essentially the barrier which 

protects us from mechanical stress, extreme climate conditions and infectious agents. A 

fully functional epidermal barrier dictates a perfect balance between proliferation and 

differentiation. PKCδ, a novel PKC isoform and a key controller of epidermal 

differentiation regulates proliferation by increasing p21Cip1 expression. However, little is 

known about the mediators involved in this regulation. We hypothesize that p38δ MAPK, 

a downstream kinase is a mediator in this process. We observe that p38δ regulates p21Cip1 

mRNA/protein levels in a p53 dependent manner. Additionally, PKCδ selectively 

activates p38δ and treatment with p38δ-siRNA or dominant negative p38 results in 

attenuation of the PKCδ induced p21Cip1 response. Furthermore, p53 is identified as a 

novel target of p38δ and is a key mediator in the p38δ-p21Cip1 signaling cascade. 

Moreover, the physiological relevance of this pathway is confirmed in the PKCδ and 

p38δ knockdown organotypic cultures which are thicker, have additional layers and 

reduced cornified envelope formation as compared to the controls. We have also 



 
 

identified the Protein Arginine Methyltransferase (PRMT5) and Methylosome Protein 50 

(MEP50) as novel targets of PKCδ and p38δ. MEP50 enhances keratinocyte proliferation 

and opposes differentiation by mechanisms involving silencing p21Cip1 and involucrin. 

We found that symmetric demethylation of arginines in histones H3 and H4 plays a key 

role in this regulation. Additionally, the pro-proliferation role of MEP50 is 

physiologically relevant as MEP50 knockdown rafts are significantly thinner and have 

fewer number of Ki67 positive cells than the control rafts. These studies highlight p38δ 

as a common kinase regulating the dual processes of proliferation and differentiation and 

characterize the role of MEP50/PRMT5 as novel players in controlling epidermal 

homeostasis. 
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CHAPTER 1: INTRODUCTION 

A. THE EPIDERMIS: 

 
Epidermis, the outermost layer of skin is the body’s first line of defense against 

environmental hazards. This stratified squamous epithelium protects the body from 

pathogenic agents and prevents dehydration in extreme environments. The epidermis is 

separated from the underlying dermis by a basal lamina. The keratinocytes constitute the 

major cell type in the epidermis and they undergo an elegantly orchestrated program of 

terminal differentiation to form the cornified envelope (Eckert 1989, Green, Fuchs et al. 

1982). The epidermis consists of four layers namely the basal, spinous, granular and the 

cornified layer. Fig. 1-1 shows the different layers of the epidermis. The innermost layer, 

the basal layer consists of the undifferentiated stem cell population which provides a 

continuous supply of cells to form the upper differentiated layers (Lavker, Miller et al. 

1993, Pincelli, Marconi 2010, Yang, Lavker et al. 1993). The spinous layer or the stratum 

spinosum immediately follows the basal layer and is characterized by the presence of 

desmosomal networks between cells. Involucrin and transglutaminase which are early 

markers of differentiation are expressed in this layer (Holbrook, Wolff 1987). The next 

layer is the stratum granulosum or the granular layer. As the name suggests, it is 

recognized by the presence of granules which contain products necessary to assemble the 

upper layers such as filaggrin, loricrin and the lipids necessary for formation of the 

cornified envelope (Steven, Bisher et al. 1990). The cells in the intermediate layer do not 

have any proliferative potential but they are viable and metabolically active. The final 
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layer is the cornified envelope which consists of dead, flattened polyhedral cells known 

as corneocytes. 
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Reprinted with permission from Elsevier (License # 3550851301190) 
Eckhart L et al, Declerq W, Biochimica et Biophysica Acta, 1833 (12), 3471-80, (December 
2013) 
 
Figure 1-1: Morphological progression in keratinocyte differentiation. 

The human epidermis is divided into four layers namely the basal, spinous, granular and the 
cornified layer. The highly proliferative cells are located in the basal layer and function to 
replenish cells in the upper differentiated layers. This phenomenon is characterized by 
specific morphological changes in a strictly regulated process known as terminal 
differentiation. The spinous layer is characterized by the presence of desmosomal 
connections between the cells. The granular layer contains membrane-bound granules. The 
keratinocytes in the cornified layer are non-viable, devoid of the nucleus and are covalently 
crosslinked to form a barrier. 
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B. CORNIFICATION – AN ORCHESTRATED EVENT: 

 
The efficient formation of the epidermis requires a perfect balance between the rate of 

proliferation in the basal layer and desquamation in the cornified layer. Any imbalance in 

this process leads to diverse diseases (Eckert, Crish et al. 1997). Cornification is defined 

as the process of keratinocyte terminal differentiation resulting in the formation of a 

protective barrier. The cornified envelope is an insoluble protein structure which replaces 

the plasma membrane of corneocytes resulting in the formation of a protective outer 

layer. It consists of a protein network covalently cross-linked by transglutaminase via N-

(γ-glutamyl)-lysine bonds (Eckert, Rorke 1989). The process of cornification constitutes 

a carefully regulated sequence of events: a) the degradation of the cellular organelles is 

accompanied by their subsequent replacement with a proteinaceous cytoskeleton b) 

peripheral proteins are enzymatically cross-linked to form the cornified envelope within 

the cells c) the corneocytes are linked to form a functionally relevant but non-viable 

structure. 

The major structural proteins in the basal keratinocytes are keratin 5 (K5) and keratin 

14 (K14). The basal keratinocytes commit to the differentiation module once they detach 

from the basal lamina and migrate to the next layer. As the cells reach the spinous layer, 

this keratinocyte intermediate filament network is replaced by K1 and K10. These 

spinous keratinocytes are connected to each other via desmosomes (Fuchs, Green 1980, 

Woodcock-Mitchell, Eichner et al. 1982). The spinous layer marks the initiation phase of 

cornified envelope formation. It involves the synthesis of structural proteins like loricrin, 

keratins, filaggrin, involucrin, small proline rich proteins (SPRs) and lipids which are 

extruded in the cell interior. The next phase which is the reinforcement phase of 
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differentiation occurs in the granular layer. The granular keratinocytes acquire the 

keratohyalin granules containing the precursor of filaggrin, profilaggrin. Filaggrin is 

formed by dephosphorylation and proteolysis from pro-filaggrin. It results in aggregation 

of the keratin intermediate filaments (KIF) into tight bundles resulting in the flattened 

phenotype of corneocytes (Dale, Presland et al. 1997). The reinforcement phase is also 

characterized by covalent attachment of lipids to the structural proteins and cross-linking 

of the SPRs with loricrin by transglutaminases TG1 and TG3. The lipid envelope 

formation occurs in the upper granular layers and involves further crosslinking of the 

lipids on the cross-linked proteins of the previous stages. The final product of the 

terminal differentiation process is the cornified envelope which consists of corneocytes 

enveloped in a lipid matrix and cross-linked by corneodesmosomes. The lipids serve as 

effective water repellants and the corneodesmosomes add to the physical strength of the 

envelope.  

C. EPIDERMAL DISEASES DUE TO IMPAIRED CORNIFICATION: 

 
 Structural proteins, crosslinking enzymes and lipids are important components of 

the cornified envelope and their absence or mutation results in epidermal diseases. 

Interestingly, no diseased condition has been attributed to the absence of a specific 

structural protein. This could be due to embryonic lethality or alternative compensatory 

mechanisms by the other proteins. Filaggrin; a key component of the keratohyalin 

granules is essential for alignment of KIFs, regulation of cell morphology during 

cornification and maintenance of epidermal flexibility. Kawasaki et al demonstrated that 

filaggrin null mice displayed altered keratin filament network in the upper granular and 

stratum corneum layers. Additionally, the epidermis from the filaggrin null mice were 
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more susceptible to mechanical stress accompanied with increased cornified layer 

fragility and increased desquamation (Kawasaki, Nagao et al. 2012). Ichthyosis vulgaris, 

an autosomal dominant keratinization disorder was reported to be caused by loss-of-

function in the filaggrin gene (Smith, Irvine et al. 2006). The loss-of function filaggrin 

mutants are major predisposing factors for atopic dermatitis (Palmer, Irvine et al. 2006). 

Involucrin; a 68 kDa structural protein is expressed in the spinous and granular layers 

(Rice, Green 1979). It is an important transglutaminase 1 target and serves as a scaffold 

for incorporation of other precursors of the cornified envelope (Rice, Green 1979, Eckert, 

Yaffe et al. 1993). Overexpression of a transgene expressing involucrin in mice lead to 

delayed hair growth and diffuse alopecia (Crish, Howard et al. 1993a). Interestingly, the 

involucrin knockout mice did not display any phenotype as compared to the wild-type 

mice suggesting the existence of compensatory mechanisms (Djian, Easley et al. 2000). 

Loricrin, a 38 kDa protein; constitutes 85-90% of the total protein mass in the cornified 

envelope and is expressed in the granular layer (Kalinin, Marekov et al. 2001, Steinert, 

Marekov 1995). Frameshift mutations in the loricrin gene leads to Vohwinkel syndrome 

and progressive symmetric erythrokeratoderma (PSEK) (Ishida-Yamamoto, McGrath et 

al. 1997). These arise from deletions in the latter half of the coding sequence resulting in 

a frameshift mutation. This arginine rich loricrin mutant has reduced number of 

glutamine and lysine crosslinking sites. Patients with Vohwinkel syndrome suffer from 

hyperkeratosis of the extremities, epidermal constrictions on the digits of hands and feet. 

PSEK patients have impaired barrier function, plaques and hyperkeratosis (Ishida-

Yamamoto, McGrath et al. 1997). 
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 Keratins are another important class of structural proteins in the epidermis. 

Keratins K5, K14 of the basal layer and K1 and K10 in the suprabasal layers are 

structural proteins which function in intermediate filament assembly (Fuchs, Green 1980, 

Sun, Eichner et al. 1983). Mutations in the highly conserved NH2 and COOH terminal of 

the rod domain of these proteins results in skin blistering diseases (Vassar, Coulombe et 

al. 1991, Fuchs, Esteves et al. 1992). Epidermal bullosa simplex (EBS), an autosomal 

dominant disease occurs due to point mutations in the basal K5/K14 proteins resulting in 

skin blisters upon subjection to mechanical stress (Coulombe, Hutton et al. 1991, Eckert 

1989). Epidermal hyperkeratosis is a similar blistering disease caused by mutations in the 

suprabasal K1/K10 keratins (Cheng, Syder et al. 1992, Rothnagel, Dominey et al. 1992). 

 Lamellar ichthyosis (LI) is a congential disease of keratinization which results 

due to mutation of the transglutaminase gene (Phillips, Baden 1993). It is characterized 

by the presence of a collodion membrane which sheds during the early months of life. 

This increases the risk of sepsis and dehydration. Patients with LI express low amounts of 

transglutaminase which leads to a large pool of non-cross-linked involucrin and loricrin 

in the suprabasal layers (Hohl, Huber et al. 1993). 

 Impaired lipid synthesis also results in diseases affecting the cornified envelope. 

X-linked ichthysosis (RXLI) is caused by a mutation in the steroid sulphatase enzyme 

resulting in accumulation of cholesterol sulphate enzyme in the extracellular space of the 

cornified layer (Shapiro, Buxman et al. 1978). This impacts desquamation, involucrin 

crosslinking to precursor proteins and TG1 activity. Gaucher disease is caused due to a 

mutation in the enzyme β-glucocerebrosidase involved in hydrolysis of 

glucosylceramides to ceramides (Holleran, Ginns et al. 1994). Ceramides are a 
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constituent of the intracellular lamellae. Patients suffering from Gaucher disease type-2 

display scaly skin which has been attributed to reduced intercellular lamellar bilayers in 

the cornified layer. 

D. MAPK CASCADES IN KERATINOCYTE DIFFERENTIATION: 

 
 The MAPK pathway is a pivotal regulator of keratinocyte differentiation. They 

are a family of evolutionary conserved serine/threonine family of kinases which regulate 

a host of cellular events. The three major families of MAPK which have been identified 

are the extracellular-signal related protein kinase (ERK), c-Jun NH2-terminal kinases 

(JNKs) and p38 (Raman, Chen et al. 2007). The activity of the MAPKs is regulated by 

the upstream cascade involving the MAPK kinase kinase (MEKK, MAP3K) and MAPK 

kinase (MEK, MKK, MAP2K). On activation, the MAPKs translocate to the nucleus and 

phosphorylate transcription factors and proteins. Involucrin, the early keratinocyte 

differentiation marker has been used as an effective tool to elucidate the different 

pathways which regulate keratinocyte differentiation. Studies by Welter et al revealed the 

presence of two regulatory elements which were critical for involucrin expression: the 

distal regulatory region (DRR) located at nucleotides (-2473/-1953) and the proximal 

regulatory region (PRR) located at nucleotides (-241/-7). Simultaneous deletion of both 

these regions resulted in the loss of 80% of promoter activity (Welter, Crish et al. 1995a). 

Extensive DNA-protein studies confirmed the presence of an activator protein 1 site 

(AP1-5) and specificity protein 1 (Sp1) site at the DRR as well as an AP1-1 and a 

CCAAT/enhancer binding protein (C/EBP) at the PRR. The AP1 transcription factors 

found to bind at these regions are JunB, JunD and Fra-1 (Welter, Crish et al. 1995a). 

Interestingly, mutation of the AP1-5 site leads to complete loss of promoter activity while 
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Sp1 site mutation leads to partial loss of activity (Banks, Crish et al. 1998). Additionally, 

the DRR is physiologically relevant as its deletion leads to complete loss of human 

involucrin expression in vivo (Crish, Zaim et al. 1998, Crish, Bone et al. 2002). Studies 

using kinase inhibitors, dominant negative and constitutively active kinases reveal that 

involucrin gene expression is mediated by a cascade involving protein kinase C, MEKK1, 

MEK isoforms (MEK3, MEK6, MEK7) and p38 MAPK (Efimova, LaCelle et al. 1998, 

Dashti, Efimova et al. 2001a, Dashti, Efimova et al. 2001b, Efimova, Eckert 2000).  

 Protein kinase C (PKC) isoforms play a key role as regulators of cell 

differentiation (Newton 1997). PKCs include three families. The novel PKCs (nPKC δ, ε, 

η, and θ) are activated by diacylglycerol and phospholipids, but they do not respond 

directly to calcium; classical PKCs (α, β and γ) are calcium-, phospholipid-, and 

diacylglycerol-dependent; and atypical PKCs (ζ and λ) are calcium and diacylglycerol-

independent and undergo allosteric activation (Nishizuka 1992, Rosse, Linch et al. 2010). 

PKCα, βII, δ, ε, η and ζ are expressed in human epidermal keratinocytes (Gherzi, 

Sparatore et al. 1992, Matsui, Chew et al. 1992, Hara, Saito et al. 2005). Several studies 

have emphasized the important role of PKCs in skin biology and pathogenesis of skin 

conditions (Denning, Dlugosz et al. 1995, Denning, Wang et al. 2002, Dlugosz, Yuspa 

1994, Dlugosz, Yuspa 1991). Luciferase assays revealed that the novel PKCs were solely 

associated with activation of involucrin promoter activity. Additionally, overexpression 

of novel PKC isoforms also resulted in increased involucrin levels. Interestingly, 

induction of gene expression is not affected by a conventional PKC inhibitor Go-6976 

while it dramatically reduces on treatment with rottlerin, a selective PKCδ inhibitor 

(Efimova, Eckert 2000). Subsequent studies identified that overexpression of novel PKCs 
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resulted in increased p38 activity and simultaneous reduction in ERK1/2 activity. No 

changes were observed in total MAPK levels. The p38 MAPK isoforms predominantly 

present in the keratinocytes are p38α, p38β and p38δ (Dashti, Efimova et al. 2001b). An 

important finding was that the novel PKCs selectively activated p38δ resulting in 

increased C/EBP α levels and binding to the involucrin promoter resulting in increased 

involucrin gene expression (Efimova, Deucher et al. 2002). The novel PKCs, PKCδ and 

η, MEKK1, MEK3, MEK6 and p38δ serve as critical mediators of the response to 

differentiation agents in human epidermal keratinocytes (Adhikary, Chew et al. 2010). 

Another significant study reported the existence of the p38δ-ERK1/2 complex which 

serves as a signaling nexus or control point. Differentiation signals result in activation of 

p38δ as opposed to ERK1/2 resulting in increased expression of C/EBP and AP1 levels 

(Efimova, Broome et al. 2003, Balasubramanian, Efimova et al. 2002). Recent studies by 

Kanade et al have identified the protein arginine methyl transferase 5 (PRMT5) as a 

novel part of the p38δ-ERK1/2 complex. PRMT5 expression resulted in inhibition of 

p38δ activity and also blocked differentiation agent dependent activation of involucrin 

promoter activity emphasizing its role as an anti-differentiation factor. Interestingly, 

PKCδ resulted in decreased PRMT5 levels and enzymatic activity (Kanade, Eckert 

2012). These studies highlight the dynamic nature of the p38δ-ERK1/2 complex in 

regulating keratinocyte cell fate. Identification of additional members of this complex is 

currently under investigation. MAPK cascades have also been implicated in the 

regulation of other differentiation markers like small proline rich protein 1B (SPRR1B) 

and cystatin A (Takahashi, Honma et al. 2001, Vuong, Patterson et al. 2000). 
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 Increased differentiation and cessation of proliferation are parallel events and few 

reports have suggested that a common pathway regulates these processes. The novel PKC 

η, a known regulator of keratinocyte differentiation has also been shown to suppress 

proliferation by inhibiting cdk2 activity by forming a complex with cyclin E/cdk2/p21 

(Kashiwagi, Ohba et al. 2000). Additionally, PKCη has been shown to form a complex 

with Fyn, a Src kinase which is known to regulate keratinocyte differentiation (Cabodi, 

Calautti et al. 2000). PKCδ is another novel PKC isoform which has been shown to 

regulate both keratinocyte differentiation and proliferation. A recent study by Chew et al 

showed that PKCδ regulates keratinocyte proliferation by suppression of p21Cip1 in a 

KLF4 dependent mechanism (Chew, Adhikary et al. 2011). KLF4, a member of the 

Kruppel like factor family of transcription factor is expressed in the suprabasal cells and 

essential for epidermal barrier formation (Foster, Ren et al. 1999). PKCδ was shown to 

increase KLF4 mRNA and protein levels resulting in increased binding on the p21Cip1 

promoter (Chew, Adhikary et al. 2011). Thus keratinocyte cell fate depends on the 

strength and balance of input from the pro-differentiation or pro-survival cascades.  

E. p38δδδδ: 

 
 p38δ or (Stress activated protein kinase 4) SAPK4 is the fourth isoform belonging 

to the family of the p38 family of the mitogen activated protein kinases. The MAP3Ks 

which activate the p38 MAPKs are MEKK1-4, MLKs (mixed lineage kinases), ASK1 

(apoptosis signal-regulating kinase), TAK1 (transforming growth factor β activated 

kinase 1) and DLK1 (dual leucine zipper bearing kinase) (Cheung, Campbell et al. 2003, 

Gallo, Johnson 2002, Cuevas, Abell et al. 2007). Further upstream, the GTP binding 

proteins Rac1 and cdc42 as well as p21 activated kinases (PAKs) regulate p38 MAPK 
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signaling. The primary MEKs phosphorylating the threonine-180 and tyrosine 182 

residues of the p38 MAPKs are MEK3 and MEK6 (Ono, Han 2000). p38δ is strongly 

activated by inflammatory cytokines like TNFα and IL1b and by environmental stressors 

such as oxidative stress, arsenate, UV radiation and osmotic shock (Jiang, Gram et al. 

1997, Wang, Diener et al. 1997a, Goedert, Cuenda et al. 1997). The net effect of p38 

signaling is stimulus and cell type dependent potentially due to differential expression 

patterns of the upstream activators. The p38 MAPKs are distinguished by the presence of 

a threonine-glycine-tyrosine (TGY) motif in the activation loop (Ono, Han 2000). Based 

on its amino acid sequence, p38δ is 61%, 59% and 65% identical to p3α, p38β and p38γ 

respectively (Goedert, Cuenda et al. 1997, Jiang, Gram et al. 1997, Wang, Diener et al. 

1997b). The principal difference lies in the sequence of the ATP binding pocket which 

has implications in substrate specificity and inhibitor sensitivity. p38α and p38β MAPKs 

are sensitive to inhibition by pyridinyl-imidazole compounds like SB203580 and 

SB202190. Threonine 106 in p38α and p38β is the governing factor which helps orient 

the drug in the ATP binding pocket leading to inhibition of these isoforms. In p38δ, this 

residue is substituted with a methionine residue which results in sensitivity to the 

inhibitors (Coulthard, White et al. 2009). Conversely, the amino acid sequence in the 

kinase domains is highly conserved across all the isoforms (Coulthard, White et al. 2009). 

p38δ is highly abundant in salivary, prostate, adrenal and pituitary glands, skin, pancreas, 

stomach, colon, trachea and the lung (Wang, Diener et al. 1997a). Interestingly, p38δ 

knockout mice have a normal phenotype, are viable and fertile (Sabio, Arthur et al. 

2005). This could be attributed to compensatory mechanisms by the other p38 isoforms 

namely p38α, β and γ. Conversely, p38α mice are embryonic lethal emphasizing its 
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contribution to early development (Beardmore, Hinton et al. 2005, Sabio, Arthur et al. 

2005).  

 Few substrates of p38δ have been reported. p38δ phosphorylates proteins which 

regulate microtubule assembly. Stathmin, a regulator of microtubule dynamics, is a p38δ 

substrate in vivo and in vitro. Stathmin is involved in rapid microtubule remodeling 

(Jourdain, Curmi et al. 1997, Curmi, Andersen et al. 1997). Stathmin interacts with two 

molecules of α, β tubulin forming a ternary complex which leads to depolymerisation of 

microtubules. It is postulated that stathmin phosphorylation by p38δ leads to inhibition of 

this depolymerisation resulting in enhanced cell survival under stress (Parker, Hunt et al. 

1998). Another important substrate of p38δ is the microtubule associated protein Tau 

(Goedert, Hasegawa et al. 1997). Phosphorylation of Tau at threonine-50 was observed in 

neuroblastoma cells upon osmotic shock. This phosphorylation enhances its ability to 

assemble microtubules. Subsequent hyperphosphorylation of Tau at additional sites leads 

to its dissociation from the cytoskeleton resulting in self-assembly and formation of 

neurofibrillary tangles. The neurofibrillary tangles are an important characteristic of 

tauopathies, including Alzheimers. 

 Aberrant p38δ signaling has been implicated in several pathogenic conditions. 

Psoriasis is a hyperproliferative skin condition characterized by increased secretion of 

inflammatory cytokines. Increased p38δ activity as well as p38α and p38β activity is 

observed in psoriatic skin lesions as compared to the normal skin counterparts (Haider, 

Peters et al. 2006). p38δ has also been linked to the pathogenesis of diabetes mellitus. In 

these studies, p38δ deficiency resulted in increased protection against high fat induced 

insulin resistance and oxidative stress stimulated pancreatic β cell death (Sumara, 
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Formentini et al. 2009). Increased p38δ MAPK activity has been observed in type 1 and 

type 2 diabetes and is associated with complications of hyperglycemia (Price, Agthong et 

al. 2004, Komers, Lindsley et al. 2007). Protein Kinase D1 (PKD1) is a pivotal regulator 

of insulin exocytosis and is negatively regulated by p38δ. Since p38δ integrates insulin 

secretory pathway and survival of pancreatic β cells, it could serve as an attractive target 

for diabetes treatment. 

 p38δ protein expression and activity is increased in a variety of cancers like 

cholangiocarcinoma, liver cancer, head and neck squamous carcinoma (HNSCC) and 

primary cutaneous squamous carcinoma (Haider, Peters et al. 2006, Junttila, Ala-Aho et 

al. 2007, Tan, Ooi et al. 2010). p38δ has been shown to be an essential regulator of 

HNSCC proliferation, invasion and motility (Junttila, Ala-Aho et al. 2007). In the 

multistage chemical carcinogenesis model, p38δ MAPK deficient mice showed delayed 

tumor development with a reduction in tumor number and size as compared to the wild 

type counterparts (Schindler, Hindes et al. 2009). This was attributed to reduced signaling 

via the proliferative ERK ½ pathway and reduction in STAT3 levels. Additionally, p38δ 

knockout mice have shown to be less susceptible to K-Ras driven lung tumorigenesis 

(Schindler, Hindes et al. 2009). Similar effects were observed in cholangiocarcinoma 

cells upon silencing of p38δ (Tan, Ooi et al. 2010). Conversely, p38δ has also been 

shown to be a tumor suppressor in certain cell types. p38δ levels have been reported to be 

downregulated in brain metastases of triple negative breast cancer (TNBC). Knockdown 

of p38δ leads to reduced cell growth in TNBC (Choi, Woo et al. 2013). Studies by 

O’Callaghan et al showed that introduction of p38δ into cells lacking endogenous p38δ 

resulted in substantial reduction in proliferation, migration and invasion. Pronounced 
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effects were observed on expression of constitutively active p38δ. An important 

mechanism by which cancer cells silence the expression of tumor suppressor genes is via 

hypermethylation of their promoters (Merlo, Herman et al. 1995). Subsequently, 

hypermethylation of the MAPK13 gene promoter has been reported in cutaneous 

melanoma and pleural mesothelioma and correlates with decreased p38δ mRNA and 

protein (Gao, Smit et al. 2013, Goto, Shinjo et al. 2009). 

F. PROTEIN ARGININE METHYLATION: 

 
 The amino acid arginine possesses a guanidino group containing five potential 

hydrogen bond donors positioned uniquely to mediate hydrogen bonding, aromatic 

interactions with DNA, RNA and proteins (Bedford, Clarke 2009). Arginine methylation 

is a post-translational event during which a methyl group is added to the arginine side 

chain. It is the most quantitatively extensive protein methylation reaction in mammalian 

cells (Gary, Clarke 1998). Addition of a methyl group modifies the amino acid 

conformation increasing its hydrophobicity. Simultaneously, it also results in loss of a 

potential hydrogen bond donor. Thus arginine modification impacts the protein’s binding 

interactions which in turn affects the physiological functions. Three types of arginine 

methylation have been identified in eukaryotes: ω-NG, NG-asymmetric dimethyl arginine 

(ADMA), ω-NG, N’G-symmetric dimethyl arginine (SDMA) and ω-NG-monomethyl 

arginine (MMA) with the ADMA mark being the most prevalent (Najbauer, Johnson et 

al. 1993, Paik, Kim 1980). The class of proteins which catalyze the arginine methylation 

reactions are known as protein arginine methyltransferases (PRMTs). The PRMTs are 

classified as follows: Type I enzymes are PRMT1, PRMT2, PRMT3, PRMT4 (CARM1), 

PRMT6 and PRMT8 and they catalyze the formation of the ADMA mark. PRMT5 is the 
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type II enzyme which catalyzes the formation of the SDMA mark (Gary, Clarke 1998). 

The type III enzyme, PRMT7 catalyzes the formation of the MMA mark. All three types 

catalyze the MMA mark which serve as precursors for the subsequent ADMA and 

SDMA mark. Fig. 1-2 distinguishes the methylation reactions catalyzed by the different 

PRMTs. 

 All PRMTs display the motifs of the seven-beta strand methyltransferases, double 

E (two glutamate residues) and the THW (threonine- histidine-tryptophan) sequence 

motifs (Bedford, Clarke 2009). The substrates of PRMTs are diverse and include RNA 

binding proteins, histones and signal transduction proteins such as interferons, cytokines 

as well as proteins essential for organelle biosynthesis (Bedford, Clarke 2009). Aberrant 

expression of several PRMTs results in cancer, diabetes and cardiovascular diseases. 

Thus, PRMTs have the potential of being important therapeutic targets. 
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Reprinted with permission from Elsevier (License # 3562000882292) 
Yang Y, Bedford MT, Nature Reviews Cancer, 13 (1), 37-50, (2012)  
 
Figure 1-2: Types of methylation on arginine residues. 

Types I, II and III protein arginine methyltransferases (PRMTs) generate 
monomethylarginine (MMA) on one of the terminal (ω) guanidino nitrogen atoms. These 
two nitrogen atoms are equivalent. The subsequent generation of asymmetric 
dimethylarginine (ADMA) is catalysed by type I enzymes (PRMT1, PRMT2, PRMT3, 
co-activator-associated arginine methyltransferase 1 (CARM1), PRMT6 and PRMT8), 
and the production of symmetric dimethylarginine (SDMA) is catalysed by type II 
enzymes (PRMT5 and PRMT7). On certain substrates, PRMT7 functions as a type III 
enzyme, which only generates MMA products. PRMT9 activity has not yet been 
characterized. To date, no enzyme has been found that forms both ADMA and SDMA 
modifications. These arginine methylation marks are regarded as very stable, and an 
enzyme (or enzymes) with clear demethylase activity has not yet been identified. 
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G. PRMT5: 

 
 Protein arginine methyltransferase 5 (PRMT5), a major type II methyltransferase; 

was initially identified as a part of the yeast two-hybrid assay to identify Janus Kinase 2 

(JAK2) binding protein (Pollack, Kotenko et al. 1999). PRMT5 plays a pivotal role in 

embryonic development as PRMT5 null mice are embryonic lethal between E 3.5 and 

6.5. This is attributed to the fact that PRMT5 knockdown resulted in downregulation of 

pluripotent genes and upregulation of differentiation-associated genes (Tee, Pardo et al. 

2010). It was first identified as a transcriptional repressor as it catalyzed the formation of 

key repressive histone marks H4R3me2s and H3R8me2s (Fabbrizio, Messaoudi et al. 

2002, Pal, Baiocchi et al. 2007a). Its role as a transcriptional regulator can be 

methyltransferase dependent or independent. PRMT5 interacts with chromatin 

remodeling complexes like SWI/SNF, NuRD and regulates transcription in a 

methyltransferase dependent manner to repress the transcription of suppressor of growth 

inhibitory genes like tumorigenicity (ST7), NM23-H1, p16INK4A and cyclin E1 (Wang, 

Pal et al. 2008a, Pal, Baiocchi et al. 2007b, Pal, Vishwanath et al. 2004). Conversely, 

PRMT5 regulates androgen receptor mediated transcription independent of its 

methyltransferase activity. Mutation of the key arginine residue R368 resulted in loss of 

its methyltransferase activity but no change in PRMT5 mediated AR promoter activity 

(Hosohata, Li et al. 2003). 

PRMT5 plays a crucial role in cell transformation. PRMT5 overexpression or 

increased activity has been observed in several transformed cell lines such as melanoma, 

lymphoma, leukemia, breast, prostate, colorectal, gastric and lung cancer (Pal, Sif 2007, 

Pal, Baiocchi et al. 2007b, Powers, Fay et al. 2011, Wang, Pal et al. 2008b, Gu, Li et al. 
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2012, Wei, Juan et al. 2012a, Kim, Sohn et al. 2005, Zhongping, Shen et al. 2012). 

PRMT5 knockdown results in cessation of cell proliferation and its overexpression leads 

to cellular hyperproliferation (Wang, Pal et al. 2008b, Pal, Baiocchi et al. 2007b). 

PRMT5 has been shown to play a role in regulating epithelial to mesenchymal transition 

(EMT); a process which enables the cancer cells to migrate and invade effectively. Loss 

of E-cadherin is an important feature of EMT. SNAIL is an important transcription factor 

which regulates EMT by transcriptionally repressing E-cadherin. PRMT5 interacts with 

SNAIL via an adaptor molecule AJUBA resulting in suppression of E-cadherin. 

Conversely, increased E-cadherin expression was observed on PRMT5 knockdown (Hou, 

Peng et al. 2008). p53 is another important PRMT5 substrate. Upon DNA damage, tumor 

suppressor p53 is methylated by PRMT5 at R333, R335 and R337. Interestingly, this p53 

triple mutant retains its apoptotic function but is unable to induce G1 cell cycle arrest 

(Jansson, Durant et al. 2008). Thus PRMT5 abrogation in combination with 

chemotherapy might be a potential approach to promote apoptosis of cancer cells.  

Programmed cell death protein 4 (PDCD4) is a tumor suppressor which is a prognostic 

indicator in several cell types (Lankat‐Buttgereit, Göke 2009). Interestingly, PDCD4 can 

be oncogenic under certain circumstances and studies by Powers et al showed that 

PRMT5 might be involved in this alteration. Their studies revealed that PRMT5 binds 

and methylates PDCD4 at its N-terminus GAR motif. Additionally, overexpression of 

PRMT5 and PDCD4 enhanced tumor growth in an orthotropic model of breast cancer 

and this was contingent on the presence of PRMT5 as well as its target residue (Powers, 

Fay et al. 2011). The other proteins which impact cell transformation and are methylated 

by PRMT5 include E2F, RAD9, FEN1, p65 subunit of NFkβ and EGFR (Guo, Zheng et 



20 
 

al. 2010, Cho, Zheng et al. 2012, Hsu, Chen et al. 2011, Wei, Wang et al. 2013, He, Ma 

et al. 2011). 

PRMT5 and MEP50 exist in the form of tetramer of heterodimers containing four 

copies each of MEP50 and PRMT5 (Antonysamy, Bonday et al. 2012, Ho, Wilczek et al. 

2013). MEP50 binds and positions the arginine containing substrate to the PRMT5 

catalytic site (Ho, Wilczek et al. 2013). MEP50, a WD-40 protein is an important PRMT5 

partner and essential for its enzymatic activity (Ho, Wilczek et al. 2013, Krause, Yang et 

al. 2007a). Studies by Liu et al revealed that phosphorylation of PRMT5 by mutant JAK 

kinases leads to disruption of the MEP50-PRMT5 interaction resulting in impaired 

methyltransferase activity and tumorigenesis. Conversely, phosphorylation of MEP50 by 

cyclin D1-CDK4 was found to increase the activity of PRMT5 leading to repression of 

culins CUL4A and CUL4B. These encode the scaffolding proteins for E3 ubiquitin ligase 

to direct the degradation of the replication licensing protein CDT1. Stabilization of CDT1 

leads to increased neoplastic growth (Aggarwal, Vaites et al. 2010).  

The versatile nature of PRMT5 function is evident by the fact that it participates 

in Golgi apparatus assembly and ribosome biogenesis. Studies by Zhou et al showed that 

PRMT5 localizes in the Golgi and methylates GM130 at R6, R18 and R23. GM130 is a 

matrix protein which controls the Golgi architecture by regulating stacking and ribbon 

assembly. Substitution of the arginine residues with lysines affected the Golgi 

architecture. An interesting finding was that knockdown of PRMT5 lead to fragmented 

Golgi apparatus further ratifying the contribution of PRMT5 (Zhou, Sun et al. 2010). 

PRMT5 has been shown to regulate ribosome biogenesis by methylating ribosomal 
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protein S10 (RPS10); a component of the ribosome 40S subunit which is essential for 

ribosome assembly and function (Ren, Wang et al. 2010). 

The MAPK p38δ exists in a complex with ERK and the balance between ERK 

and p38δ governs keratinocyte survival status. ERK activation leads to keratinocyte 

survival and proliferation while p38δ activation leads to keratinocyte differentiation or 

apoptosis (Efimova, Broome et al. 2004a). A recent study by Kanade et al showed that 

PRMT5 exists in a complex with p38δ and regulates its activity. These studies also 

revealed that PRMT5 negatively impacts involucrin expression which is an early marker 

of keratinocyte terminal differentiation (Kanade, Eckert 2012). This was the first study 

which showed the function of PRMT5 in primary human epidermal keratinocytes. 

H. MEP50: 

 
Methylosome protein 50 (MEP50), also known as WDR77 or as the androgen 

receptor cofactor p44. It is a WD40 protein with 7 WD domains and highly expressed in 

the heart, skeletal muscle, spleen, thymus, prostate, testis and the uterus (Hosohata, Li et 

al. 2003). WD proteins form a β-propeller structure which facilitates protein-protein and 

protein-DNA interactions (Li, Roberts 2001). MEP50 plays crucial roles in cellular 

processes ranging from receptor co-activator, transcriptional regulation, cell proliferation 

and mRNA splicing (Hosohata, Li et al. 2003, Gu, Zhang et al. 2013, Friesen, Wyce et al. 

2002). It is the primary binding partner of PRMT5 and contributes to its increased 

stability and methyltransferase activity (Antonysamy, Bonday et al. 2012). The MEP50-

PRMT5 complex has also been reported in Xenopus laevis and Drosophila (Anne, 

Mechler 2005, Wilczek, Chitta et al. 2011). In humans, the MEP50-PRMT5 complex 

exists as a hetero-octamer with PRMT5 molecules forming a tetramer at the center and 
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the four MEP50 molecules interacting with the TIM barrel domains of PRMT5 

(Antonysamy, Bonday et al. 2012). 

MEP50 is a 342 amino acid protein that was originally identified as a non-

catalytic component of the protein methyltransferase complex known as the methylosome 

(Friesen, Wyce et al. 2002). The methylosome regulates snRNP assembly by post-

translationally modifying the Sm proteins to contain SDMA. This facilitates SMN 

binding to the symmetrically methylated RG domains to be incorporated in the 

spliceosomal snRNP. MEP50 interacts with the other components of the methylosome 

namely PRMT5 and pICln and modulates methylosome activity (Friesen, Wyce et al. 

2002) MEP50 facilitates Sm protein methylation by positioning them effectively for 

methylation by PRMT5. 

The role of MEP50 in primary cells has been limited to the prostate and lung 

epithelial cells. Nuclear expression of MEP50 in the prostate epithelial cells regulates 

prostate function and differentiation via expression of the AR dependent genes (Zhou, 

Wu et al. 2006). Targeted deletion of MEP50 in the mouse prostate lead to impaired 

prostate development reflected by reduced number of terminal branches and duct tips in 

the anterior prostate (AP), ventral prostate (VP) and dorsolateral (DLP) lobes (Gao, Wu 

et al. 2010). Homozygous MEP50 deletion also resulted in prostatic hyperplasia (Gao, 

Wu et al. 2010). Studies in lung epithelial cells revealed that MEP50 expression 

correlated with proliferation in these cells. Additionally, MEP50 deletion dramatically 

reduced the growth of murine lung epithelial cells (Gu, Zhang et al. 2013).There is 

increasing evidence of the role of MEP50 in cancer formation. It was initially identified 

as an androgen receptor (AR) cofactor and an estrogen receptor (ER) cofactor in prostate 
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and breast cancer respectively (Peng, Chen et al. 2008, Peng, Li et al. 2010). MEP50 

leads to transcriptional activation of AR regulated genes in an androgen dependent 

manner (Hosohata, Li et al. 2003). Another interesting facet of MEP50 function in sex 

hormone responsive tissues is its subcellular localization. MEP50 is found in the 

cytoplasm of prostate cancer (Peng, Chen et al. 2008) and testicular tumor (Liang, Wang 

et al. 2007) while it exhibits a nuclear localization pattern in breast (Peng, Li et al. 2010) 

and ovarian cancer (Ligr, Patwa et al. 2011). Forced expression of cytosolic targeted 

MEP50 leads to significant increase in prostate cancer cell numbers while the reverse 

trend is observed with forced expression of the nucleus localized mutant form of MEP50. 

The nuclear localized MEP50 inhibited cell proliferation by targeting p21 and p27 while 

the cytolosic MEP50 promoted cell proliferation by regulating cyclin D2 and cyclin 

dependent kinase 6 (CDK6) (Peng, Chen et al. 2008). There is evidence of the role of 

MEP50 in AR and ER independent cell lines. In lung adenocarcinoma cell lines, MEP50 

is distributed in the nucleus as well as the cytoplasm. It is overexpressed in lung cancers 

and is essential for proliferation of lung cancer cells (Gu, Zhang et al. 2013, Wei, Hsia et 

al. 2014). MEP50 leads to G1-S cell cycle progression by negatively regulating the p21-

retinoblastoma pathway (Gu, Zhang et al. 2013). Additionally, MEP50 was identified as a 

biomarker for colon cancer (Yan, Li et al. 2012). 
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I. SUMMARY AND GOALS OF THE STUDY: 

 
 The skin is a stratified squamous epithelium and is tightly regulated by the 

process of terminal differentiation. The efficient formation and function of the epidermis 

entails a perfect balance between differentiation and proliferation. Any imbalance in this 

homeostasis leads to diseases of cornification or hyperproliferation. The PKCδ-MEKK1-

MEK3-p38δ pathway is a crucial signaling cascade which regulates keratinocyte 

differentiation by regulating involucrin expression (Efimova, LaCelle et al. 1998, 

Efimova, Eckert 2000). This cascade directs specific transcription factors to regulatory 

regions on the involucrin promoter. Since triggering the differentiation pathway is 

associated with cessation of proliferation, it is imperative that a single cascade regulates 

both the processes. Very few reports have reported the involvement of novel PKCs in 

regulation of keratinocyte proliferation. Previous studies have indicated that Sp1 factors 

and KLF4 play a role in PKCδ mediated regulation of p21Cip1 (Chew, Adhikary et al. 

2011). Since p21Cip1 is a major regulator of keratinocyte proliferation, multiple pathways 

might mediate its expression. The focus of our first study is to identify additional 

mediators of the PKCδ pathway. We present evidence of the involvement of MEK3, 

p38δ and p53 as additional downstream factors in the PKCδ-p21Cip1 pathway. 

 The MAPK p38δ/ERK1/2 complex serves as a key signaling control point in 

keratinocytes (Efimova, Broome et al. 2003). Elevated p38δ activity inversely correlates 

with ERK1/2 activity resulting in increased AP1 factor levels and interaction with the 

involucrin promoter. This pathway is significant in keratinocytes as several 

differentiation markers such as loricrin and filaggrin are also regulated by this 

mechanism. The importance of this complex in keratinocyte biology suggests that several 
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additional proteins might exist with p38δ and ERK1/2 in a multiprotein complex. An 

important goal is to identify and characterize the function of new players both in the 

context of epidermal homeostasis and potential therapeutic targets in disease. Previous 

studies reported that PRMT5, a type II protein arginine methyltransferase is a component 

of this complex, antagonizes p38δ activity and negatively regulates involucrin levels 

(Kanade, Eckert 2012). This was an important finding as this was the first study linking 

PRMT5 to regulation of epidermal homeostasis. MEP50, a WD40 protein is a crucial 

binding factor of PRMT5 and is essential for its enzymatic activity (Krause, Yang et al. 

2007b). The goal of our second and third study is to determine the localization and 

function of MEP50 in regulating keratinocyte proliferation and differentiation. Also, we 

aim to identify the pathways regulating MEP50 expression in our model system. 
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CHAPTER 2: p38δ δ δ δ DEPENDENT REGULATION OF p21
Cip1

 IN  

HUMAN EPIDERMAL KERATINOCYTES 

A. ABSTRACT 

 
 PKCδ suppresses keratinocyte proliferation via a mechanism that involves 

increased expression of p21Cip1. However, the signaling mechanism that mediates this 

regulation is not well understood. Our present studies suggest that PKCδ activates p38δ 

leading to increased p21Cip1 promoter activity and p21Cip1 mRNA/protein expression. We 

further show that exogenously expressed p38δ increases p21Cip1 mRNA and protein, and 

that p38δ knockdown or expression of dominant-negative p38 attenuates this increase. 

Moreover, p53 is an intermediary in this regulation, as p38δ expression increases p53 

mRNA, protein and promoter activity and p53 knockdown attenuates the activation. We 

demonstrate a direct interaction of p38δ with PKCδ and MEK3, and show that exogenous 

agents which suppress keratinocyte proliferation activate this pathway. We confirm the 

importance of this regulation using a stratified epidermal equivalent model, that mimics 

in vivo-like keratinocyte differentiation. In this model, PKCδ or p38δ knockdown results 

in reduced p53 and p21Cip1 level and enhanced cell proliferation. We propose that PKCδ 

activates a MEKK1/MEK3/p38δ MAPK cascade to increase p53 level and that p53 

interacts with the p21Cip1 gene to drive expression. 

_________________ 
 
2 CITATION: Saha K, Adhikary G, Kanade S. R, Rorke EA, Eckert R. L. JBC 2014 Apr 

18;289(16):11443-53. 
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B. INTRODUCTION 

 
 Protein kinase C (PKC) isoforms play a key role as regulators of cell differentiation 

(Newton 1997). PKCs include three families. The novel PKCs (nPKC δ, ε, η, and θ) are 

activated by diacylglycerol and phospholipids, but they do not respond directly to 

calcium; classical PKCs (α, β and γ) are calcium-, phospholipid-, and diacylglycerol-

dependent; and atypical PKCs (ζ and λ) are calcium and diacylglycerol-independent and 

undergo allosteric activation (Nishizuka 1992, Rosse, Linch et al. 2010). PKCα, βII, δ, ε, 

η and ζ are expressed in human epidermal keratinocytes (Gherzi, Sparatore et al. 1992, 

Matsui, Chew et al. 1992, Hara, Saito et al. 2005). PKCδ stimulates keratinocyte 

differentiation (Denning, Dlugosz et al. 2000, Denning 2004, Adhikary, Chew et al. 

2010, Sonkoly, Wei et al. 2009, Papp, Czifra et al. 2004, Balasubramanian, Efimova et al. 

2002, Kamioka, Akahane et al. 2010) by activating MAPK signaling to increase nuclear 

levels of key transcription factors which act to increase target gene transcription 

(Efimova, Eckert 2000, Eckert, Crish et al. 2003a, Efimova, Deucher et al. 2002). PKC 

isoforms also regulate keratinocyte proliferation by altering cell cycle control protein 

expression (Papp, Czifra et al. 2004, Bollag, Dodd et al. 2004, Balasubramanian, 

Efimova et al. 2002, Praskova, Kalenderova et al. 2002, Wheeler, Reddig et al. 2002, 

Bollag 2009). Since increased keratinocyte differentiation is associated with cessation of 

proliferation and it makes mechanistic sense that a common signaling cascade may 

control these processes. p21Cip1 is an important suppressor of cell cycle progression and 

cell proliferation (Gorospe, Wang et al. 1999) and is a key PKCδ target in keratinocyte 

(Chew, Adhikary et al. 2011). Moreover, increased p21Cip1 expression suppresses 

keratinocyte proliferation (Wong, Pickard et al. 2010, Cheng, McLaughlin et al. 2009, 
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Aliouat-Denis, Dendouga et al. 2005, Devgan, Mammucari et al. 2005, Okuyama, LeFort 

et al. 2004, Hauser, Ma et al. 2004). 

 However, in spite of this progress, we have a limited understanding of the 

mechanisms whereby PKCδ increases p21Cip1 level. Our previous study indicates that 

Kruppel-like factor 4 is a downstream mediator of PKCδ action which increases p21Cip1 

expression, and that this involves KLF4 interaction at DNA sites located in the proximal 

promoter of the p21Cip1 gene (Chew, Adhikary et al. 2011). Our present studies identify a 

second pathway that mediates PKCδ action. This involves PKCδ-dependent activation of 

the p38δ kinases to activate p53 expression which interacts via the p53 sites in the distal 

p21Cip1 promoter to drive transcription. Moreover, we confirm that this regulation is 

physiologically meaningful using a stratifying epidermal equivalent culture model that 

mimics in vivo epidermal differentiation. Knockdown of p38δ in this model results in 

reduced p21Cip1 expression, enhanced cell proliferation and reduced differentiation. 
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C. MATERIALS AND METHODS 

 

 Chemicals, Reagents and Antibodies 1.
 
 Rabbit polyclonal antibodies for MEK3 (sc-961), PKCδ (sc-937), p53 (sc-6243), goat 

anti-p38δ (sc-7587), and mouse monoclonal antibodies for p38δ (sc-271292), p38α (sc-

7972) and anti-MEK3-P (sc-8407) were obtained from Santa Cruz Biotechnology (Santa 

Cruz, CA). Rabbit anti-MEKK1 (ab69533) and anti-MEKK1-P (T1381) (ab138662) were 

purchased from Abcam (Cambridge, MA). Rabbit polyclonal antibodies against p21Cip1 

(2947) and PKCδ-P(Tyr311) were obtained from Cell Signaling Technology (Danvers, 

MA) and mouse monoclonal antibody against β-actin (A-5441) and anti-FLAG M2 

(F3165) were purchased from Sigma Aldrich. Peroxidase-conjugated anti-mouse IgG 

(NXA931) and peroxidase conjugated anti-rabbit IgG (NA934V) were obtained from GE 

Healthcare. Phorbol ester, 12-O-tetradecanoylphorbol-13-acetate (TPA) (524400) and 

rottlerin (557370) were obtained from Calbiochem (Billerica, MA). 

 We report results using control (sc-37007), p38δ (sc-36456), PKCδ (sc-36253), p53 

(sc-44218) and MEK3 (sc-35907) siRNA reagents obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA). Key findings were confirmed using additional siRNA 

that targets p38δ (D-003591-01-0005 and D-003591-03-0005), PKCδ (D-003524-03-

0005 and D-003524-05-0005), MEK3 (D-003509-02-0005 and D-003509-06-0005) and 

p53 (D-003329-05-0005 and D-003329-07-0005) which were purchased from 

Dharmacon, Inc (Lafayette, CO). 
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 Cell Culture, Viruses and Plasmids 2.
 
 Keratinocyte serum-free medium (KSFM), trypsin and Hank’s balanced salt solution 

were purchased from Invitrogen (Frederick, MD). Primary cultures of human epidermal 

keratinocytes were obtained by separation of epidermis from the dermis with dispase 

followed by cell dispersion in trypsin. Cells were cultured in KSFM supplemented with 

epidermal growth factor and bovine pituitary extract (Efimova, Broome et al. 2003, 

Efimova, Broome et al. 2004b). Adenoviruses encoding MEK3, HA-p38δ, PKCδ and 

empty control virus (Ad5-MEK3, tAd5-HA-p38δ, Ad5-PKCδ and Ad5-EV) were 

prepared by propagation in HEK293 cells followed by cesium chloride gradient 

centrifugation. For experiments, keratinocytes were incubated with 5 to 15 MOI of 

adenovirus in KSFM containing 6 µg/ml polybrene. Tetracycline-inducible viruses (tAd-

EV, tAd5-PKCδ, tAd5-HA-38δ) were co-infected with Ad5-TA encoding virus and 

treated with doxycycline to induce to induce PKCδ and p38δ expression (Adhikary, 

Chew et al. 2010). 

 The human p21Cip1 promoter luciferase plasmid, p21-2326 was a gift from Dr. Bert 

Vogelstein (El-Deiry, Tokino et al. 1993). p21-124, p21-101 and p21-60 were obtained 

from Dr. Toshiyuki (Nakano, Mizuno et al. 1997). The other p21Cip1 truncation plasmids 

(p21-251, p21-501, p21-1001 and p21-2001) and the p53 site mutants, p21-2326 

p53(∆1), p21-2326 p53(∆2), and p21-2326 p53(∆1-2) were constructed in pBluescript II 

KS(+) (Chew, Adhikary et al. 2012). The p38δ expression vector was pcDNA3.1-HA-

p38δ.  p38α, MEK3, PKCδ, and FLAG-DNp38α expression plasmids were previously 

described (Balasubramanian, Zhu et al. 2006, Efimova, Broome et al. 2003). PG13-Luc 

was obtained from Dr. Nancy Colburn (Li, Cao et al. 2000). 
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 Statistical methods 3.
 
 All experiments were performed a minimum of three times and significance 

difference was determined using the Student’s t-test. 

 p21
 Cip1

 promoter activity assay 4.
 
 p21Cip1 promoter reporter plasmid (1 µg) was mixed with 2 µl of FuGENE-6 (Roche 

Applied Science) diluted with 98 µl of KSFM. The mixture was incubated for 25° C for 

20 min and added to a 50% confluent culture of human epidermal keratinocytes 

maintained in KSFM in a 9.6 cm2 dish. For co-transfection experiments, 1 µg of p21Cip1 

promoter reporter plasmid and 1 µg of pcDNA3.1 or pcDNA3.1-HA-p38δ were mixed 

with FuGENE 6 and added to the cells. After 24 h, the cells were harvested for luciferase 

activity assay, and data was normalized based on protein content. 

 siRNA mediated knockdown 5.

 
 Keratinocytes were electroporated with control- or p38δ-siRNA using an Amaxa 

electroporator and the VPD-1002 nucleofection kit (Amaxa, Cologne, Germany). 

Keratinocytes were harvested with trypsin and replated 1 day prior to electroporation. 

After 24 h, the keratinocytes were harvested with trypsin and 1 x 106 cells were 

centrifuged at 2000 rpm, washed in 1 ml sterile 1 x phosphate buffered saline (pH = 7.5) 

and suspended in 100 µl of keratinocyte nucleofection solution. Control- or p38δ-siRNA 

(3 µg) was added to the cell suspension, mixed by gentle pipetting and electroporated 

using the T-018 setting.  KSFM (500 µl) was added and the suspension was transferred to 

a 60 mm dish containing 2 ml KSFM medium. The cells were maintained for various 

times before extracts were prepared for preparation of RNA or protein or activity assay. 
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This electroporation method delivers nucleic acid reagents to cells with greater than 90% 

efficiency (Adhikary, Chew et al. 2010). 

 Immunoblot analysis 6.
 
 Equal amounts of protein were electrophoresed on a 12% denaturing polyacrylamide 

gel and transferred to nitrocellulose. The membranes were blocked with 5% skimmed 

milk in Tris-buffered saline (pH 7.5) containing 0.1% Tween 20 for 1 h. Following this, 

the blots were incubated with primary antibody, washed and incubated with the 

appropriate horseradish peroxidase conjugated secondary antibody for 2 h.  

Chemiluminescent detection (Amersham Biosciences) was used to detect antibody 

binding.  β-actin was used as the loading control in all immunoblot experiments. 

 Quantitative RT-PCR 7.

 
 Total RNA was isolated using Illustra RNAspin Mini Kit (GE Healthcare) and 1 µg 

RNA was used for cDNA synthesis. Gene expression was measured by real time PCR 

using Light Cycler 480 SYBR Green I Master Mix (04-707 516 001) from Roche 

Diagnostics (Indianapolis, Indiana). The signals were normalized using cyclophilin A 

control primers. The gene specific primers used for detection of mRNA levels were as 

follows: p38δ (forward, 5’-TGT GCA GAA GCT GAA CGA CAA AGC; reverse, 5’-

AGG GTT CAA AGA AGG GAT GGG TGA), p21Cip1 (forward, 5’-AAG ACC ATG 

TGG ACC TGT CAC TGT; reverse, 5’-AGG GCT TCC TCT TGG AGA AGA TCA), 

PKCδ (forward, 5’-GGC CAC ATC AAG ATT GCC GAC TTT; reverse, 5’-ACT GGC 

CAA TGA GCA TCT CGT ACA), MEK3 (forward, 5’-AGC TCA TGG ACA CAT CCT 

TGG ACA; reverse, 5’- ACA CAT CTT CAC ATG GCC CTC CTT) and cyclophilin A 
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(forward, 5’-CAT CTG CAC TGC CAA GAC TGA; reverse, 5'-TTC ATG CCT TCT 

TTC ACT TTG C). 

 p38δδδδ activity assay 8.

 
 Kinase assays were used to determine the activity of the endogenous p38δ isoform.  

Keratinocyte cell lysates were prepared under nondenaturing conditions. Equal amounts 

of total protein (200 µg) were used per each kinase assay. p38δ-specific antibodies (sc-

7587 or sc-271292) were used to selectively immunoprecipitate this enzyme. The 

precipitated kinase was then assayed for ability to phosphorylate ATF-2 in an in vitro 

kinase reaction performed in the presence of ATP. Phosphorylation of the substrate 

proteins was analyzed by immunoblot using phosphorylated ATF-2-specific antibody 

(Efimova, Broome et al. 2003, Efimova, LaCelle et al. 1998) . 

 Epidermal equivalent cultures 9.
 
 Keratinocytes, freshly isolated from foreskins, were harvested with trypsin and 1.5 x 

106 cells were electroporated with 3 µg of control- or p38δ-siRNA and replated. After an 

additional 72 h, the cells were harvested and 2 x 106 cells from each group were re-

electroporated with 3 µg of control-siRNA or p38δ-siRNA. They were then allowed to 

settle overnight onto the membrane in Millicell-PCF chambers (diameter 12 mm, 0.4 µm 

pore size) in KSFM (Millipore, Billeria, MA). The next day, the cells were shifted to 

Epilife medium containing 1.4 mM calcium chloride and 5 µg/ml of vitamin C and 

cultured at the air-liquid interface with addition of fresh Epilife medium every two days. 

After 4 d, the epidermal equivalents were harvested for preparation of RNA, protein and 

histological sections (Chew, Adhikary et al. 2013). Total RNA was isolated for qRT-PCR 
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using the Illustra RNAspin Mini kit (GE Healthcare). For protein lysates, the inserts were 

washed twice with PBS and the cells were harvested in 0.0625 M Tris-HCl pH 7.5 

containing 10% glycerol, 5% SDS, 5% and β-mercaptoethanol. They were sonicated and 

centrifuged at 10,000 rpm for 5 min, and the supernatant was collected for immunoblot. 
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D. RESULTS 

 

 PKCδδδδ, MEK3 and p38δδδδ regulate p21Cip1 level 1.

 
 PKCδ regulates keratinocyte proliferation by increasing p21Cip1 expression via 

mechanisms that are not well understood (Chew, Adhikary et al. 2011). We propose that 

MEK3 and p38δ may be the intervening signaling kinases that mediate this regulation. To 

test this, we expressed MEK3 and p38δ and monitored the impact on p21Cip1 expression. 

Fig. 2-1A and B show that p21Cip1 expression is directly correlated with MEK3 level. 

MEK3 expression increases and MEK3 knockdown reduces p21Cip1 mRNA and protein 

level. The impact on p21Cip1 mRNA level is particularly dramatic.  We next examined the 

role of p38δ. Three p38 MAPK isoforms, p38α, β and δ, are expressed in keratinocytes 

(Dashti, Efimova et al. 2001a, Dashti, Efimova et al. 2001b), and MEK3 activates p38δ 

to stimulate differentiation-associated gene expression (Efimova, Deucher et al. 2002, 

Efimova, LaCelle et al. 1998). We therefore assessed whether p38δ plays a role in 

regulating p21Cip1 level. Fig. 2-1 A shows that siRNA dependent knockdown of p38δ 

results in a marked reduction in p21Cip1 encoding mRNA and p21Cip1 protein. If p38δ is a 

mediator in this pathway, we would expect that PKCδ and MEK3 should increase p38δ 

activity. This was studied by measuring the ability of p38δ to phosphorylate ATF2 

transcription factor on threonine 71 (Efimova, Deucher et al. 2002, Efimova, Broome et 

al. 2003, Efimova, LaCelle et al. 1998). Cells were infected with empty-, PKCδ-, or 

MEK3-encoding adenovirus and after 24 h endogenous p38δ was immunoprecipitated, 

and ability of precipitated p38δ to phosphorylate ATF2 was measured. We used two 

antibodies to pull-down p38δ - one prepared in goats and a second in mice. This analysis 
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revealed that expression of PKCδ or MEK3 enhances p38δ activity (Fig. 2-1B). No 

precipitation was observed when anti-IgG was used in the pull-down as a negative 

control. 

 The ability of these kinases to produce a change in p21Cip1 expression predicts a 

physical interaction. To assess this, we infected cells with empty or FLAG-p38δ 

encoding vector and prepared extracts for immunoprecipitation with anti-FLAG.  Fig. 2-1 

C shows that PKCδ and MEK3 co-precipitate with FLAG-p38δ, suggesting an 

interaction of p38δ with PKCδ and MEK3. No precipitation was observed when anti-IgG 

was substituted for anti-FLAG (Fig. 2-1 C). We also monitored the activity status of 

MEKK1 and MEK3.  In the presence of increased levels of PKCδ, there is a substantial 

increase in MEKK1 and MEK3 activity as evidence by enhanced phosphorylation (Fig. 

2-1 D). 
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FIGURE 2-1: MEK3 regulates p21
Cip1

 mRNA level 

A KERn were infected with 15 MOI of Ad5-EV or Ad5-MEK3 and after 24 h RNA was 
isolated and MEK3 and p21Cip1 mRNA level was assessed by qRT-PCR. The values are 
mean + SEM, n = 3. In parallel identically treated cultures, protein extracts were prepared 
for assay of p21Cip1 and MEK3 protein level by immunoblot. MEK3 is also present in 
Ad5-EV infected cells but is only visible at higher film exposures (not shown). B KERn 
were electroporated with 3 µg of control-siRNA or MEK3-siRNA. After 24 h RNA was 
prepared and MEK3 and p21Cip1 mRNA level of was measured by qRT-PCR. The values 
are mean + SEM, n = 3. The asterisks indicate significant differences, p < 0.005. In 
parallel identically treated cultures, protein extracts were prepared for assay of p21Cip1 
and MEK3 protein level by immunoblot. Similar results were observed with other 
MEK3-siRNA indicating that these responses are not due to off-site effects. 
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FIGURE 2-2: p38δδδδ regulates p21
Cip1

 protein, mRNA level and promoter activity. 

A KERn were electroporated with 3 µg of control- or p38δ-siRNA and after 24 h extracts 
were prepared for detection of p38δ and p21Cip1 mRNA and protein. The values are mean 
+ SEM, n = 3. The asterisks indicate significant differences, p < 0.005. Similar results 
were observed with other p38δ-siRNA indicating that these responses are not due to off-
site actions (not shown). B KERn were infected with 10 MOI EV, Ad5-EV, Ad5-MEK3 
or Ad5-PKCδ. After 48 h, 200 µg of protein extract was used to immunoprecipitate p38δ 
for use in an in vitro p38 kinase activity assay using ATF2 as substrate (Dashti, Efimova 
et al. 2001a). Immunoprecipitation was achieved using anti-p38δ antibody produced in 
goat or mouse, or anti-IgG, as a negative-control. The level of precipitated p38δ and 
ATF2 phosphorylation was monitored by immunoblot. Similar results were observed in 
each of three experiments. C KERn were infected with 10 MOI of tAd5-EV or tAd5-
FLAG-p38δ and 2.5 MOI of Ad5-TA encoding virus, and after 24 h total extract was 
prepared for electrophoresis or precipitation with anti-IgG or anti-FLAG.  
Immunoprecipitate (IP) and total extract (TE) were electrophoresed and for immunoblot 
with anti-FLAG, anti-PKCδ and anti-p38δ.  Similar results were observed in each of 
three experiments. D PKCδ activate MEKK1 and MEK3. KERn were infected with 
empty or PKCδ encoding adenovirus and after 24 h extracts were prepared for 
immunoblot to detect the indicated epitopes. Similar results were observed in each of 
three experiments. Figure 2-2 C credit: Dr. Santosh Kanade. 
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 To further confirm a role for this cascade, we expressed PKCδ or MEK3 in the 

presence of DNp38α. DNp38α inhibits function of all p38 MAPK isoforms (Efimova, 

LaCelle et al. 1998). Fig. 2-3 A shows that DNp38α inhibits PKCδ- and MEK3-

dependent p21Cip1 promoter activity, confirming that p38δ activity is required for 

activation of p21Cip1. We also examined the impact of p38δ knockdown and found that 

this also reduces the ability of PKCδ and MEK3 to activate p21Cip2 promoter activity 

(Fig. 2-3 B). These findings suggest that a PKCδ/MEK3/p38δ pathway regulates p21Cip1 

expression. 

 p38δ δ δ δ response elements in p21
Cip1

 promoter 2.

 
 We hypothesized that p38δ may regulate p21Cip1 gene promoter activity to increase 

p21Cip1 expression. To examine this, we transfected keratinocytes with p21-2326 and 

monitored the impact of p38δ on promoter activity. p21-2326 encodes the full-length 

p21Cip1 promoter and upstream regulatory region (Chew, Adhikary et al. 2011, Chew, 

Adhikary et al. 2012) (Fig. 2-4 A). Fig. 2-4 B/C shows that p38δ overexpression 

increases p21-2326 activity and confirms that this is associated with an increase in 

p21Cip1 protein. Moreover, we confirm that this activity is enhancer element-mediated, as 

p21-60, which encodes only the minimal promoter, is not regulated by p38δ. These 

findings implicate p38δ as regulating p21Cip1 gene expression. 

 To locate p21Cip1 promoter elements that mediate this regulation, we measured the 

impact of p38δ on activity of a series of promoter deletion constructs. Fig. 2-4 D shows 

that activity of the p21-2326 and p21-2001 constructs are increased in response to p38δ, 

but that the shorter constructs are not. This suggests that DNA elements, located between 
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nucleotides -2326/-1001, mediate this regulation.  This region encodes two p53 response 

elements (Fig. 2-4 A). To determine whether these elements are required for this 

regulation, we transfected keratinocytes with empty- or p38δ-encoding expression 

plasmid, and monitored the impact on activity of p21-2326 constructs encoding wild-type 

and mutant p53 binding sites. Fig. 2-4 E shows that mutation of the p53 transcription 

factor binding sites produces a substantial reduction in promoter response to p38δ. 
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FIGURE 2-3: p38δδδδ is required for PKCδδδδ and MEK3-dependent activation of p21
Cip1 

promoter transcription 

A KERn were transfected with 1 µg of p21-2326 luciferase reporter plasmid in the 
presence of 1 µg of empty vector or vector encoding PKCδ, MEK3 or DNp38α. Levels 
were adjusted to a total of 3 µg per transfection by addition of empty vector (EV). At 48 
h post-transfection cell extracts were prepared and assayed for promoter activity. B 
KERn (1 million cells per group) were electroporated with 3 µg of control- or p38δ-
siRNA. At 48 h post electroporation the cells were harvested and counted and 0.5 million 
cells from each group were re-electroporated with 1 µg of endotoxin-free p21-2326 
luciferase reporter plasmid in the presence of 2 µg of PKCδ or MEK3 encoding 
endotoxin-free plasmid or the empty vector. After an additional 24 h cell extracts were 
prepared for luciferase assay. The values are mean + SEM, n = 3. The asterisks indicate 
significant differences, p<0.005. 
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FIGURE 2-4: p38δδδδ acts via p53 response elements on the p21
Cip1

 promoter. 

A p21Cip1 promoter schematic showing Sp1 and p53 DNA response elements. The 
numbers indicate distance in nucleotides relative to the transcription start site. B p38δ 
increases p21Cip1 level. KERn were infected with 15 MOI of Ad5-EV or Ad5-p38δ.  
After 24 h, extracts were prepared for detection of p38δ and p21Cip1 protein.  β-actin is 
used as the loading control. C KERn were transfected with 1 µg each p21-2326 or p21-60 
p21Cip1 promoter reporter plasmids and 1 µg of pcDNA3.1 or pcDNA3.1-HA-p38δ and 
after 24 h extracts were prepared for assay of luciferase activity. Values are mean + SEM, 
n = 3. The asterisk indicates a significant difference, p < 0.005. D KERn were transfected 
with 1 µg of the indicated p21Cip1 luciferase reporter plasmid and 1 µg of pcDNA3.1 or 
pcDNA3.1-HA-p38δ, and after 24 h extracts were prepared for assay of luciferase 
activity. The values are mean + SEM, n = 3 and the asterisks indicate significant 
differences in activity, p < 0.005. E p53 response elements are required for 
p38δ activation of p21Cip1 expression. KERn were transfected with 1 µg of the indicated 
p21Cip1 promoter plasmid along with 1 µg of pcDNA3.1 or pcDNA3.1-HA-p38δ and after 
24 h extracts were prepared for luciferase activity assay. The values are mean + SEM, n = 
3. The asterisks indicate significant difference, p < 0.005. 
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 PKCδδδδ, MEK3 and p38δδδδ suppress keratinocyte proliferation 3.

 
 Our findings suggest that PKCδ, MEK3 and p38δ activate p21Cip1 expression and we 

predict that this should be associated with reduced cell proliferation. To test this, KERn 

were plated at low density and on day zero infected with empty (EV) adenovirus or virus 

encoding PKCδ, MEK3 or p38δ. After an additional 2 d, the cells were harvested and 

counted. Fig. 2-5 A shows that PKCδ and MEK3 suppress proliferation and a more 

dramatic reduction is observed when both PKCδ and p38δ are present. These findings are 

consistent with a role for these kinases as proliferation suppressors. We also tested the 

inverse experiment and determined whether p38δ- or MEK3 knockdown enhances 

proliferation. Indeed, as shown in Fig. 2-5 B, loss of either kinase resulted in a 15 to 20% 

increase in cell number. 

 p53 level is regulated by p38δδδδ    4.
 
 The fact that the p53 transcription factor binding sites appear important for p38δ 

regulation of p21Cip1 gene expression suggests that p53 level may be regulated by p38δ.  

Fig. 2-6 A shows that p38δ-expressing keratinocytes produce increased p53 mRNA and 

protein and increased p21Cip1 mRNA. Fig. 2-6 B shows that the increase in p53 mRNA is 

associated with increased p53 (PG13-Luc) promoter activity. Moreover, the increase is 

specific for the p38δ isoform, as the other major p38 isoform present in keratinocytes, 

p38α, does not cause a significant increase. To further confirm that the regulation is 

selectively dependent upon p38δ, and not p38α which is abundant in keratinocytes 

(Dashti, Efimova et al. 2001a, Dashti, Efimova et al. 2001b), we examined the impact of 

PKCδ expression on p38α and p38δ phosphorylation (activation). Cells were infected 
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with control or PKCδ-encoding adenovirus and after 24 h p38α or p83δ were precipitated 

and ability of the precipitated kinases to phosphorylate ATF2 was monitored. A control 

precipitation was performed with anti-IgG. These results show that PKCδ does not alter 

p38δ or p38α level, and that only p38δ is activated (phosphorylated) (Fig. 2-6 C). 

 To further assess the role of p53, we electroporated cells with p53-siRNA, then 

challenged with p38δ encoding or empty virus and monitored the impact on p21Cip1 

mRNA level. As shown in Fig. 2-7 A, expression of p38δ substantially increases p21Cip1 

mRNA level and this increase is completely inhibited in the presence of p53-siRNA, 

confirming that increased p53 is required for the response. Fig. 2-7 B shows that 

treatment with p53-siRNA reduces p53 encoding mRNA. These findings suggest that 

increased p53 level is required for PKCδ, MEK3 and p38δ activation of the p21Cip1 

promoter. 
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Figure 2-5: PKCδδδδ, MEK3 and p38δδδδ alter keratinocyte proliferation. 

A KERn were seeded at 15,000 cells per well in triplicate 35 mm dishes and permitted to 
attach. At time zero, the cells were infected with 10 MOI of the indicated adenovirus.  
After an additional 48 h, the cells were harvested and counted. The open bar indicates the 
cell count at time zero and the closed bars indicate the 48 h counts. Ad5-TA encoding 
virus (2.5 MOI) was included in each treatment (Chew, Adhikary et al. 2011). The values 
are mean + SEM, n = 3. The asterisks indicate a significant difference, p < 0.05. B KERn 
(1 million) were twice electroporated with 3 µg of the indicated siRNA. After the second 
electroporation, 15,000 cells were seeded into six well cluster wells and cell number was 
assessed at time zero and 48 h later. The values are mean + SEM, n = 3. The asterisks 
indicate a significant difference, p < 0.05. 
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Figure 2-6: p53 is a downstream target of p38δδδδ. 

A p38δ increases p53 mRNA level.  KERn were infected with 10 MOI of empty or p38δ-
encoding adenovirus and 2.5 MOI of Ad5-TA and after 48 h extracts were prepared for 
qRT-PCR assay of mRNA level or immunoblot to detect the indicated targets. The values 
are the mean + SEM, n = 3. Significant differences are indicated by asterisks, p < 0.005. 
B p38δ increases p53 promoter activity. KERn were transfected with 1 µg PG13-Luc in 
the presence of 1 µg of empty plasmid plasmid or plasmid encoding p38δ or p38α, and 
after 24 h promoter activity was monitored. The values are mean + SEM, n = 4 and the 
asterisks indicate a significant difference, p < 0.005. C PKCδ activates p38δ but not 
p38α.  KERn were infected with 10 MOI of empty or PKCδ encoding adenovirus.  After 
48 h cell extracts were prepared, and 200 µg of protein was immunoprecipitated with 
anti-p38α or anti-p38δ and ability to phosphorylate ATF2 was monitored. Similar results 
were observed in each of three experiments. 



49 
 

 

 

Figure 2-7: p53 is required for the p38δδδδ-dependent increase in p21
Cip1

 expression. 

A KERn were electroporated with 3 µg of control (scrambled) or p53-siRNA and after 24 
h infected with 5 MOI of tAd5-EV or tAd5-p38δ with 2.5 MOI of Ad5-TA. After an 
additional 48 h cells were harvested to monitor mRNA levels by qRT-PCR. Values are 
mean + SEM, n = 4. The asterisks indicate a significant difference, p < 0.005. Similar 
results were observed with other control- and p53-siRNA indicating that these responses 
are not due to off-site actions (not shown). B p53-siRNA reduces p53 mRNA level. This 
plot confirms that the p53-specific siRNA, delivered as outlined above, reduces p53 
expression. Values are mean + SEM, n = 4. The asterisks indicate a significant 
difference, p < 0.005. 
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 p38δδδδ regulation of p53 and p21
Cip1

 expression during differentiation 5.

 
 The above studies implicate PKCδ and p38δ in a cascade that activates p21Cip1 

expression. We wanted to determine whether TPA and calcium, which activate 

keratinocyte differentiation and suppress keratinocyte proliferation (Eckert, Efimova et 

al. 2002a), operate via this cascade. KERn were treated with TPA or calcium in the 

presence of rottlerin, a PKCδ inhibitor, or p38δ knockdown using p38δ-siRNA, and the 

impact on p21-2326 activity was monitored. Fig. 2.8 A/B show that TPA and calcium 

induce p21-2326 promoter activity and that this can be reduced by treatment with 

rottlerin or p38δ-siRNA. 
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Figure 2-8: Activation of p21
Cip1

 expression by keratinocyte differentiating agents. 

A KERn (1 million) were transfected with 0.5 µg of p21-2326 and at 12 h after plating 
treated for 18 h with the indicated agent prior to preparation of extracts for luciferase 
assay. B KERn (1 million each group) were electroporated with 3 µg of control- or p38δ-
siRNA. At 48 h post-electroporation the cells were harvested and counted and 0.5 million 
cells from each group were re-electroporated with 1 µg of endotoxin-free p21-2326 
luciferase reporter plasmid. At 6 h post electroporation, the cells were treated with the 
indicated concentration of TPA or calcium. After an additional 24 h, cell extracts were 
prepared for luciferase assay.  The values are mean + SEM, n = 3. The asterisks indicate 
significant differences, p<0.005. 
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 To further assess the biological relevance of this regulation, we examined the impact 

of altering p38δ level using a keratinocyte epidermal equivalent system. In this model, 

keratinocytes are grown at the air-liquid interface to produce a stratified, multilayered 

and differentiated epidermal equivalent that closely mimics in vivo epidermis. This 

system can be used to assess biological response under in vivo-like conditions (Poumay, 

Dupont et al. 2004). Primary foreskin keratinocytes were electroporated with p38δ- or 

control-siRNA and then transferred to Millicell chambers for growth as epidermal 

equivalent cultures. Fig. 2.9 A shows that the p38δ-siRNA treatment reduces p38δ 

mRNA, and that this is associated with reduced mRNA encoding p53 and p21Cip1. Fig. 

2.9 B shows that forced reduction in p38δ protein level also reduces p53 and p21Cip1 

protein level.  To assess the biological impact on differentiation and proliferation, we 

monitored morphology of the epidermal equivalent cultures. Fig. 2.9 C shows that 

cultures expressing normal endogenous levels of p38δ undergo appropriate 

differentiation and produce a multilayered tissue and stable cornified layer. In contrast, 

p38δ-knockdown cells produce a thicker structure comprised of additional layers that is 

characterized by the absence of a cornified layer which is indicative of enhanced 

proliferation/reduced differentiation. The plot quantifies the increase in thickness that is 

observed in p38δ or PKCδ knockdown cultures. These findings, confirm, using an in 

vivo-like model, that p38δ is required for p21Cip1 expression and differentiation-

associated suppression of proliferation. 
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Figure 2-9: p38δδδδ regulates p21
Cip1

 expression and controls proliferation in 

epidermal equivalent model. 

A p38δ is required for expression of p53 and p21Cip1.  KERn were twice electroporated 
with control- or p38δ-siRNA and then plated in Millicell wells to form stratified and 
differentiated epidermal equivalent cultures. After 4 d at the air-liquid interface, the 
cultures were harvested and extracts prepared for assay of p38δ, p53 and p21Cip1 mRNA. 
The values are mean + SEM, n = 4 and the asterisks indicate a significant difference, p < 
0.005.  Similar results were observed with other p38δ-siRNA indicating that these 
responses are not due to off-site actions (not shown). B p38δ is required for expression of 
p53 and p21Cip1 proteins.  Extracts were prepared from epidermal equivalents, maintained 
for 4 d at the air-liquid interface as in panel A, and level of the indicated proteins was 
monitored by immunoblot. Similar results were observed in each of three experiments. C 
p38δ is required for appropriate cell proliferation and differentiation. KERn were twice 
electroporated with control- or p38δ-siRNA and seeded for epidermal equivalent culture.  
After 4 d at the air-liquid interface the cultures were harvested and stained with H&E.  
The membrane (m) and cornified layer (c) are indicated. Similar results were observed in 
each of three experiments. The graph shows that loss of p38δ expression results in 
reduced cornification and production of a thicker epidermal equivalent (increased 
proliferation). The values are mean + SEM, n = 6. The asterisk indicates a significant 
difference, p < 0.005. D A PKCδ/p53 regulatory pathway controls proliferation. Our 
studies suggest that PKCδ activates a MEKK1/MEK3/p38δ mitogen-activated protein 
kinase module to increase p53 levels and that p53 then interacts with p53 response 
elements in the p21Cip1 promoter to increase p21Cip1 expression and reduce proliferation.  
Also indicated is PKCδ activation of KLF4 expression which acts via the Sp1 response 
elements in the p21Cip1 promoter to drive transcription. This parallel PKCδ-activated 
pathway was previously described (Chew, Adhikary et al. 2011). 
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E. DISCUSSION 

 
 Protein kinase C and p38 MAPK control of cell proliferation has been studied in 

several systems, and p53 and p21Cip1 have been implicated in some of these studies. In 

most cases, this regulation involves PKC-dependent covalent modification and 

stabilization of p53. For example, reovirus infection of target cells increases PKCδ, RAS 

and p38 MAPK signaling leading to increased p53 Ser-1133 phosphorylation and 

stabilization (Lin, Lee et al. 2009) and treatment of dopamanergic neurons with nitric 

oxide increases p53 Ser-15 phosphorylation to stabilize p53 against proteasome 

degradation (Lee, Kim et al. 2006). In vascular smooth muscle cells PKCδ increases p53 

Ser-46 phosphorylation to increase p53 level, and peroxide treatment of aortic endothelial 

cells results in PKCδ-dependent accumulation of p53 (Niwa, Inanami et al. 2002). Some 

studies also implicate p38 MAPK as being important in PKCδ regulation of p53 gene 

expression. In smooth muscle cells PKCδ regulation of p53 expression requires p38 

MAPK (Ryer, Sakakibara et al. 2005). In human endometrial cancer cells, PKCδ 

activation leads to increased p53 and p21Cip1 expression in a process that is inhibited by 

GF109203X (Wu, Schally et al. 2010). Very few studies have described PKCδ activation 

of p53 gene transcription (Ryer, Sakakibara et al. 2005). Moreover, in those cases where 

alteration of p53 function involves p38 MAPK, the p38 isoform involved was not been 

identified (Niwa, Inanami et al. 2002). 

 Novel PKC isoforms are important regulators of keratinocyte function that increase 

MAPK signaling and the nuclear level of key transcription factors to activate expression 

of differentiation-associated gene (Newton 1997, Denning, Dlugosz et al. 2000, Denning 

2004, Adhikary, Chew et al. 2010, Sonkoly, Wei et al. 2009, Papp, Czifra et al. 2004, 
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Szegedi, Páyer et al. 2009, Balasubramanian, Efimova et al. 2002, Kamioka, Akahane et 

al. 2010, Efimova, Eckert 2000, Eckert, Crish et al. 2003b, Efimova, Deucher et al. 

2002). PKC isoforms also regulate keratinocyte proliferation (Balasubramanian, Efimova 

et al. 2002, Papp, Czifra et al. 2004, Bollag, Dodd et al. 2004, Bollag 2009, Praskova, 

Kalenderova et al. 2002, Wheeler, Reddig et al. 2002) and p21Cip1 is a key target (Chew, 

Adhikary et al. 2011). However, in spite of this progress, we have a limited 

understanding of the mechanisms whereby PKCδ regulates p21Cip1 level. Previous 

studies, from our group, indicate that Kruppel-like factor 4 and Sp1 transcription factors 

have a role (Chew, Adhikary et al. 2011). However, as p21Cip1 is a central controller of 

cell proliferation, it is expected that the regulation will be complex and that 

multiple/reinforcing mechanisms may exist. 

 Our present studies identify a novel PKCδ/MEK3/p38δ/p53/p21Cip1 pathway that 

regulates PKCδ activation of p21Cip1 expression in keratinocytes. This pathway involves 

PKCδ-dependent activation of MEK3 and p38δ kinase which increases p53 expression.  

p53, in turn, interacts with the p21Cip1 promoter via canonical p53 response elements to 

activate transcription which ultimately leads to a reduction in cell proliferation (Fig. 2.9 

D). Also shown is a parallel signaling pathway wherein PKCδ acts via KFL4 to drive 

transcription via the proximal cluster of Sp1 binding sites (Chew, Adhikary et al. 2011) 

(Fig. 2.9 D). It is interesting that although keratinocytes express several PKC isoforms 

(Efimova, Eckert 2000, Efimova, Deucher et al. 2002, Efimova, Broome et al. 2004b); 

the form implicated as controlling proliferation in the present study is PKCδ. This is 

particularly intriguing, as PKCδ has been implicated as the isoform that drives 

keratinocyte differentiation (Efimova, Broome et al. 2003, Kraft, Efimova et al. 2007). 
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This finding suggests that enhanced differentiation and reduced proliferation, which are 

key simultaneously occurring events during keratinocyte maturation, are controlled by a 

common pathway that involves PKCδ. It makes sense, in terms of regulatory efficiency, 

that a common pathway would control both processes. 

 It is also interesting that p38δ is involved as a downstream mediator of PKCδ action 

to increase p53 and p21Cip1. Keratinocyte express three p38 MAPK isoforms, p38α, β and 

δ. The major forms are p38α and δ (Efimova, Broome et al. 2003, Kraft, Efimova et al. 

2007). In the present study, we show that p38δ activation, as evidenced by increased 

phosphorylation, is associated with increased p53 and p21Cip1 expression. In contrast, 

p38α is not important as a regulator of p53 or p21Cip1, as it produces minimal changes in 

expression of these genes, and is not activated (phosphorylated) in response to PKCδ. In 

addition, a known downstream mediator of PKCδ-dependent keratinocyte differentiation 

(Efimova, LaCelle et al. 1998, Dashti, Efimova et al. 2001b), MEK3, is required for 

activation of p53 and p21Cip1 expression.  

 As mentioned above, previous reports in other systems indicate that PKCδ can 

increase p53 level. In most cases, this is associated with direct PKCδ-dependent 

phosphorylation of p53 (Lee, Kim et al. 2006, Lin, Lee et al. 2009, Ryer, Sakakibara et 

al. 2005), but in other cases this involves activation of p53 gene transcription (Ryer, 

Sakakibara et al. 2005). However, the mechanism whereby PKCδ increases p53 gene 

expression is not well understood. In the present study we show that PKCδ, MEK3 and 

p38δ form a cascade that increase p53 expression as measured by increased p53 

mRNA/protein level and promoter activity. We further show that knockdown of p38δ 
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eliminates the ability of PKCδ to increase p21Cip1 mRNA, indicating that p38δ is an 

essential upstream regulator of p53 level. 

 We also studied the link between increased p53 level and p21Cip1 promoter activation. 

These studies show that a key response element in the p21Cip1 promoter is located within 

nucleotides -2626/-1001 relative to the transcription start site which is located at 

nucleotide -1. This region encodes two p53 protein binding elements located at 

nucleotides -2281/-2261 and -1393/1374. Mutation of these sites results in loss of 

promoter activity, suggesting that p53 interaction at these sites, in response to 

PKCδ/MEK3/p38δ activation, drives the increase in transcription. 

 To assess the physiological relevance of this regulation, we confirmed that this 

pathway is activated following treatment with agents (TPA and calcium) that suppress 

keratinocyte proliferation. We also used a stratifying epidermal equivalent model system 

where cells are grown at the air-liquid interface (Chew, Adhikary et al. 2013, Poumay, 

Dupont et al. 2004). This is a particularly useful model, since these cells closely mimic 

the in vivo epidermal differentiation process. Our studies show that knockdown of p38δ 

in this system results in reduced p53 and p21Cip1 expression. In addition, loss of p38δ 

resulted in formation of a thicker epidermal equivalent that did not include a cornified 

layer. These studies strongly suggest that the PKCδ/MEK3/ p38δ/p53/p21Cip1 cascade is 

likely to be functional in in vivo epidermis. 

  



59 
 

CHAPTER 3:  METHYLOSOME PROTEIN (MEP50) AND 

PKCδδδδ/P38δδδδ SIGNALING CONTROL KERATINOCYTE 

PROLIFERATION VIA OPPOSITE EFFECTS ON p21
Cip1

 GENE 

EXPRESSION. 

 

A. ABSTRACT: 

 
Protein arginine methyltransferase 5 (PRMT5) is a key epigenetic regulator which 

symmetrically dimethylates arginine residues on histone H3 and H4 to silence gene 

expression. PRMT5 is frequently observed in a complex with the cofactor, methylosome 

protein 50 (MEP50), which is required for PRMT5 activity. PKCδ/p38δ signaling, a key 

controller of keratinocyte proliferation and differentiation, increases p21Cip1 expression to 

suppress keratinocyte proliferation. We now show that MEP50 enhances keratinocyte 

proliferation and survival via mechanisms that include silencing of p21Cip1 expression. 

This is associated with enhanced PRMT5/MEP50 interaction at the p21Cip1 promoter and 

enhanced arginine dimethylation of promoter-associated histones H3 and H4. It is also 

associated with a MEP50-dependent reduction in the level of p53, a key controller of 

p21Cip1 gene expression. We confirm an important biological role for MEP50 and 

PRMT5 in regulating keratinocyte proliferation using a stratified epidermal equivalent 

model that mimics in vivo epidermal keratinocyte differentiation. In this model, PRMT5 

or MEP50 knockdown results in reduced keratinocyte proliferation. We further show that 

PKCδ/p38δ signaling suppresses MEP50 expression leading to reduced H3/H4 arginine 

dimethylation at the p21Cip1 promoter, and that this is associated with enhanced p21Cip1 

expression and reduced cell proliferation. These findings describe an opposing action 
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between PKCδ/p38δ MAPK signaling and PRMT5/MEP50 epigenetic silencing 

mechanisms in regulating cell proliferation. 

_________________ 
 
3 CITATION: Saha K, Eckert R. L. JBC 2015. (Submitted). 
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B. INTRODUCTION: 

 PKCδ and p38δ are key components of a cascade that controls keratinocyte 

differentiation and proliferation (Chew, Adhikary et al. 2011, Chew, Adhikary et al. 

2013, Efimova, LaCelle et al. 1998, Efimova, Deucher et al. 2002, Efimova, Broome et 

al. 2003, Efimova, Broome et al. 2004b, Adhikary, Chew et al. 2010). PKCδ activates a 

MEKK1/MEK3/p38δ signaling cascade which triggers events that enhance keratinocyte 

differentiation and suppress proliferation (Efimova, LaCelle et al. 1998, Efimova, 

Broome et al. 2003, Eckert, Efimova et al. 2003a, Eckert, Crish et al. 2004). Downstream 

events include activation of AP1, Sp1 and Kruppel-like transcription factors leading to 

activation of differentiation and suppression of proliferation (Adhikary, Chew et al. 2010, 

Chew, Adhikary et al. 2013, Welter, Eckert 1995, Welter, Crish et al. 1995b, Han, Rorke 

et al. 2012, Banks, Crish et al. 1999, Banks, Crish et al. 1998, Crish, Zaim et al. 1998, 

Crish, Bone et al. 2002, Crish, Gopalakrishnan et al. 2006, Crish, Eckert 2008). This 

cascade has an important role in controlling differentiation-associated gene expression 

(Crish, Zaim et al. 1998, Crish, Bone et al. 2002, Crish, Gopalakrishnan et al. 2006) 

which has been confirmed by transgenic mouse experiments demonstrating a key role for 

specific transcription factors and gene response elements in this regulation (Crish, Zaim 

et al. 1998, Crish, Bone et al. 2002, Crish, Gopalakrishnan et al. 2006, Rorke, Adhikary 

et al. 2010). 

 A recent study indicates that PRMT5, an arginine methyltransferase that 

symmetrically dimethylates arginine residues on target proteins, acts to antagonize 

PKCδ/MEK3/p38δ signaling (Kanade, Eckert 2012). In this context, PRMT5 acts to 

enhance keratinocyte survival (Kanade, Eckert 2012). PRMT5 associates with a co-



62 
 

activator called MEP50 (Ho, Wilczek et al. 2013, Karkhanis, Hu et al. 2011), an 

interaction that is required for PRMT5 activation (Antonysamy, Bonday et al. 2012, Ho, 

Wilczek et al. 2013). This complex then functions to dimethylate specific arginines on 

target proteins leading to altered protein function. Loss of either PRMT5 or MEP50 

reduces this activity (Ho, Wilczek et al. 2013, Karkhanis, Hu et al. 2011). Histones are 

important PRMT5 targets. PRMT5 produces changes in histone dimethylation that are 

part of the epigenetic code that controls gene expression (Yang, Bedford 2013, Bedford, 

Richard 2005). Histones 3 and 4 are important PRMT5 targets. The PRMT5/MEP50 

complex symmetrically dimethylates arginine 3 of histone H4 (H4R3me2s), and arginine 

8 of histone H3 (H3R8me2s) and these modifications are associated with silencing of 

gene expression (Fabbrizio, Messaoudi et al. 2002, Tae, Karkhanis et al. 2011, Bedford, 

Clarke 2009). 

 Keratinocyte proliferation and differentiation are important processes in keratinocyte 

lifecycle that must be balanced to produce a stratified tissue that functions as an 

appropriate barrier (Eckert, Crish et al. 1997) Delayed cessation of keratinocyte 

proliferation, for example, can lead to epidermal disease (Rorke, Adhikary et al. 2014, 

Rorke, Adhikary et al. 2010). In the present study, we examine the role of MEP50 as a 

controller of keratinocyte proliferation. We show that MEP50 enhances keratinocyte 

proliferation. To understand the mechanism, we study the impact of MEP50 expression 

on p21Cip1 gene expression, a key controller of keratinocyte proliferation (Chew, 

Adhikary et al. 2012, Chew, Adhikary et al. 2011). We show that MEP50 has a role in 

stimulating dimethylation of histones associated with key regulator elements in the 

p21Cip1 gene promoter and that this is associated with silencing of p21Cip1 expression. We 
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further show that PKCδ/p38δ anti-proliferation signaling reduces PRMT5 and MEP50 

expression and PRMT5/MEP5 association with the p21Cip1 gene. This leads to reduced 

H3R8me2s and H4R3me2s formation at the p21Cip1 promoter leading to derepression. We 

propose that PRMT5/MEP50 silencing of anti-proliferation genes is an important 

mechanism of survival. 
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C. MATERIALS AND METHODS: 

 Antibodies and Reagents: 1.
 
 Rabbit polyclonal antibodies for MEP50 (2823), PRMT5 (2252) and p21Cip1 (2947) 

were obtained from Cell Signaling Technology (Danvers, MA), while the mouse 

monoclonal anti-β-actin (A-5441), anti-FLAG antibody (8592) and anti-FLAG M2-FITC 

(F4049) were purchased from Sigma-Aldrich. Normal rabbit IgG was obtained from Cell 

Signaling (2729). Rabbit polyclonal antibodies for histone H4-symmetrically 

dimethylated arginine 3 (H4R3me2s) (ab5823) and Histone H3-symmetrically 

dimethylated arginine 8 (H3R8me2s) (PA5-27039) were obtained from Abcam 

(Cambridge, MA) and Thermo Fisher Scientific (Rockford, IL). Anti-MEP50 (57722) 

was purchased from Abcam (ab5772). Rabbit anti-PKCδ (sc-937), goat anti-PRMT5 (sc-

22132) and mouse monoclonal anti-p38δ (sc-271292) were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA). The secondary antibodies include peroxidase-

conjugated sheep anti-mouse IgG (NXA931, GE Healthcare) and peroxidase-conjugated 

donkey anti-rabbit IgG (NA934V, GE Healthcare). Peroxidase-conjugated donkey anti-

goat IgG (sc-2033) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 

Phorbol ester, 12-O-tetradecanoylphorbol-13-acetate (TPA), was obtained from 

Calbiochem (Billerica, MA, 524400). We report results using control (D-001206-13-05), 

MEP50 (M-006895-01-0005) and PRMT5 (M-015817-02-0005) siRNA reagent from 

Dharmacon Inc (Lafayette, CO). Key findings were confirmed using additional siRNA 

that target MEP50 (D-006895-01-0002 and D-006895-02-0002) and PRMT5 (D-015817-

01-0002 and D-015817-04-0002). 
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 Cell culture, plasmids and viruses: 2.
 
 Keratinocyte (KERn) serum-free medium (KSFM), 0.25% trypsin and Hank’s 

balanced salt solution (HBSS) were purchased from Invitrogen. Foreskin epidermis, 

obtained from newborn infants, was separated from dermis by overnight dispase 

treatment and KERn were obtained after dispersal with trypsin and maintained in KSFM 

supplemented with epidermal growth factor and pituitary extract (Efimova, Broome et al. 

2003, Efimova, Broome et al. 2004b).  p21-2326, encoding the human p21Cip1 promoter 

linked to luciferase, was obtained from Dr. Bert Vogelstein (El-Deiry, Tokino et al. 

1993). The wild-type p21Cip1 promoter and promoter mutants encoding mutant p53 

transcription factor binding sites were constructed in pBluescript II KS (+) (Chew, 

Adhikary et al. 2011).  PG13-Luc was obtained from Dr. Nancy Colburn (Li, Cao et al. 

2000). The human MEP50-encoding plasmid was constructed by primer amplification 

using plasmid p-OTB7-FLAG-MEP50 (pOTB7-WDR77, MHS1011-202830316) from 

Open Biosystems (Huntsville, AL) as template. FLAG-MEP50 was amplified as a 

BamHI / NotI fragment using forward: 5’-GATC GGA TCC ATG GAC TAC AAG 

GAC GAC GAC GAC AAG ATG CGG AAG GAA ACC CCA and reverse: 5’-GATC 

GCG GCC GCC TAC TCA GTA ACA CTT GCA GG primers. The ATG start codon is 

bold and the FLAG epitope is underlined. The product was then cloned into pcDNA3 to 

produce pcDNA3-FLAG-MEP50. Adenoviruses encoding HA-p38δ, PKCδ, and empty 

control virus (tAd5-HA-p38δ, Ad5-PKCδ, Ad5-FLAG-p38δ, and Ad5-EV) were 

prepared by propagation in HEK293 cells followed by cesium chloride gradient 

centrifugation. For experiments involving adenoviral infection, KERn were treated with 

15 MOI of adenovirus in KSFM containing 6 µg/ml polybrene. Tetracycline-inducible 
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viruses (tAd-EV, tAd5-PKCδ, tAd5-HA-38δ) were co-infected with Ad5-TA encoding 

virus to induce PKCδ and p38δ expression (Adhikary, Chew et al. 2010).  

 Promoter luciferase assay: 3.
 
 p21Cip1 promoter reporter plasmid (0.5 µg) and 1 µg of pcDNA3 or pcDNA3-FLAG-

MEP50 was mixed with 4.5 µl FUGENE 6 (Promega) diluted in 95.5 µl KSFM. After a 

20 min incubation, this mixture was added to 2 ml of KSFM in dishes containing fifty 

percent confluent KERn cultures. After 24 h, cell lysates were collected and processed 

for luciferase activity assay (Adhikary, Chew et al. 2010). 

 Keratinocyte electroporation and cell proliferation assay: 4.

 
 The AMAXA electroporator and VPD-1002 nucleofection kit (Cologne, Germany) 

was used for keratinocyte electroporation. KERn were harvested with trypsin and 

replated one day prior to electroporation. The cells were then re-harvested with trypsin 

and 1 million cells were used per electroporation. The cells were suspended in 100 µl of 

keratinocyte nucleofection solution containing 3 µg of control-, MEP50- or PRMT5-

siRNA. The mixture was mixed by gentle pipetting, transferred to the electroporation 

cuvette, and electroporated using the T-018 setting. KSFM (500 µl) was added and the 

mixture was transferred to a 55 cm2 dishes containing 10 ml of KSFM. The cells were 

maintained for various time points before the extracts were prepared for mRNA or 

protein analysis. This method achieves electroporation efficiencies of > 90% efficiency 

(Adhikary, Chew et al. 2010).  

 Cells used for proliferation experiments were double-electroporated. This involved an 

initial electroporation with 3 µg of appropriate siRNA, recovery in culture for 72 h, a 
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repeat electroporation with 3 µg of siRNA, and a 24 h recovery in culture. The cells were 

then harvested and seeded at low density (15,000 cells per well) in 35 mm dishes and cell 

number was counted at 48, 72 and 96 h. 

 Immunoblot: 5.
 
Cell extracts were prepared in cell lysis buffer (Cell Signaling, 9803, Danvers, MA) 

containing protease inhibitors (Calbiochem, 539134). Equivalent amounts of protein were 

electrophoresed on 12% denaturing polyacrylamide gels and transferred to nitrocellulose 

membrane. The membranes were blocked with 5% skimmed milk in Tris-buffered saline 

containing 0.1% Tween 20 and incubated overnight with primary antibody and 

horseradish peroxidase-conjugated secondary antibody for 2 hours. β-actin served as a 

gel loading control. 

 Quantitative RT-PCR: 6.
 
 Total RNA was isolated using the RNAspin system (GE Healthcare) and reverse 

transcribed using the Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA). 

RNA (1 µg) was used for cDNA preparation. The Light Cycler 480 SYBR Green I 

Master mix (Roche Diagnostics) was used to measure mRNA level. The signals were 

normalized to the level of cyclophillin A mRNA. The gene specific primers used for 

detection of mRNA levels were as follows: p21Cip1 (forward, 5’-AAG ACC ATG TGG 

ACC TGT CAC TGT; reverse, 5’-AGG GCT TCC TCT TGG AGA AGA TCA), MEP50 

(forward: 5’-TTG CTC AGC AGG TGG TAC TGA GTT, reverse: 5‘-AAT CTG TGA 

TGC TGG CTT GGG ACA), p53 (forward: 5’- TAA CAG TTC CTG CAT GGG CGG 

C, reverse: 5’- AGG ACA GGC ACA AAC ACG CAC C), and cyclophilin A (forward: 
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5’-CAT CTG CAC TGC CAA GAC TGA, reverse: 5’-TTC ATG CCT TCT TTC ACT 

TTGC). 

 Immunostaining: 7.
 
 Cells, maintained on coverslips, were fixed for 20 min in phosphate buffered saline 

containing 4% paraformaldehyde and permeabilized with -20 C chilled methanol. The 

coverslips were subsequently incubated with the appropriate primary and secondary 

antibodies for 1 h each. Cells were then incubated with Hoechst 33258 (1:2000) for 5 

minutes, washed and mounted on glass slides using Fluoromount (Sigma, F4680). An 

Olympus OX81 spinning-disc confocal microscope was used to collect fluorescent 

images. Paraffin-embedded and formalin fixed foreskin sections were immunostained as 

previously described using fluorescence or peroxidase methods. MEP50 antibody 

(ab5772) staining was detected using an appropriate fluorophore-conjugated or 

biotinylated secondary antibody. Biotinylated secondary antibody was obtained as part of 

the mouse IgG Vectastain ABC kit (Vector Laboratories, Burlingame, CA, PK-6102). 

 Chromatin Immunoprecipitation Assay (ChIP): 8.
 
 ChIP assays were performed using the Diagenode Low Cell ChIP assay kit 

(C01010073: kch-maglow-G48). Cells (0.5 x 106) cells were infected with 15 MOI of 

empty adenovirus or adenoviruses encoding HA-p38δ or PKCδ and after 48 h one 

million 1 x 106 cells were used for shearing and 0.1 x 105 cells were used for 

immunoprecipitation per antibody. Enrichment of MEP50, PRMT5, H4R3Me2s, 

H3R8me2s associated DNA sequences in immunoprecipitated samples was detected by 

qRT-PCR using sequence-specific primers and the LightCycler 480 SYBR Green I 

master mix. Primers were designed to detect the human p21Cip1 promoter p53 binding site 
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located at nucleotides -1426/-1310 (forward:  5′- CCG AGG TCA GCT GCG TTA GAG 

G, reverse:  5′-AGA ACC CAG GCT TGG AGC AGC). 

 Epidermal Equivalent Cultures: 9.
 

Freshly isolated foreskin keratinocytes (1.5 x 106) were electroporated with 3 µg of 

control-, MEP50- or PRMT5-siRNA. After a 72 h recovery, the cells were harvested, and 

2 x 106 cells from each group were re-electroporated with 3 µg of the same siRNA. The 

cells were then seeded onto Millicell-PCF chambers (0.4 µm, 12 mm, PIHP01250) in 

KSFM. After 24 h, the cells were shifted to Epilife medium containing 1.4 mM calcium 

chloride and 5 µg/ml vitamin C and cultured at the air-liquid interface (Chew, Adhikary 

et al. 2013, Saha, Adhikary et al. 2014). Fresh Epilife medium was added every 2 days. 

After 5 days, the epidermal equivalents were harvested for preparation of RNA, protein, 

and histology. Total RNA was isolated for qRT-PCR using the Illustra RNAspin Mini kit 

(GE Healthcare). For protein lysates, the inserts were washed twice with phosphate-

buffered saline and the cells were harvested in 0.0625 M Tris-HCl, pH 7.5, containing 

10% glycerol, 5% SDS, and 5% β-mercaptoethanol. Next, the cells were sonicated, 

centrifuged at 10,000 rpm for 5 min, and the supernatant was collected for immunoblot 

(Saha, Adhikary et al. 2014). 
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D. RESULTS: 

 MEP50 distribution in epidermis: 1.
 
 MEP50 localizes in the nucleus or cytoplasm in a tissue and cell-type dependent 

manner that also depends upon the environment (Peng, Chen et al. 2008, Peng, Li et al. 

2010, Ligr, Patwa et al. 2011). To assess MEP50 localization in keratinocytes, we stained 

paraffin embedded sections of foreskin epidermis with anti-MEP50. Fig. 3-1A identifies 

MEP50 as present in all epidermal layers. Cytoplasmic localization predominates in the 

basal and spinous layers, while nuclear distribution is prominent in the granular layers. 

We next compared the distribution of endogenous and FLAG-tagged expressed MEP50 

in cultured normal epidermal foreskin keratinocytes. Fig. 3-1B shows a mixed 

cytoplasmic and nuclear distribution in these cultures, and that expressed FLAG-MEP50 

assumes a similar distribution to endogenous MEP50. This is consistent with a previous 

report showing that MEP50 localizes in the nucleus and cytoplasm in lung cancer cell 

lines (Wei, Hsia et al. 2014). This data also shows that vector-expressed FLAG-MEP50 

co-localizes with endogenous MEP50. 

 MEP50 regulation of cell proliferation: 2.
 
 A previous study showed that PRMT5 acts to enhance keratinocyte survival and 

proliferation (Kanade, Eckert 2012). As MEP50 is frequently engaged as a PRMT5 

cofactor that is required for PRMT5 activation, we examined whether altering MEP50 

expression regulates keratinocyte proliferation. Cells were treated with control-, MEP50- 

or PRMT5-siRNA. Fig. 3-2A shows that MEP50 or PRMT5 knockdown reduces cell 

proliferation. Fig. 3-2B confirms a reduction in MEP50 expression in MEP50-siRNA 

treated cells. It also shows that PRMT5 levels are reduced. The reduction in PRMT5 is 
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not surprising that these proteins are part of a co-regulated complex (Chew, Adhikary et 

al. 2011, Antonysamy, Bonday et al. 2012, Ho, Wilczek et al. 2013). 
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Figure 3-1: MEP50 is expressed in human epidermis and in foreskin KERn. 

A Foreskin tissue sections were stained with anti-MEP50 and binding was visualized 
peroxidase-conjugated secondary antibody (upper panels). The control is IgG. The arrows 
indicate MEP50 nuclear localization in suprabasal keratinocytes. Foreskin tissue sections 
(lower panels) were fixed and stained with anti-MEP50 and antibody binding was 
visualized using a FITC-conjugated secondary antibody. The arrows indicate nuclear 
MEP50 accumulation.  Bar = 10 µm. B Co-localization of endogenous and expressed 
MEP50. KERn were electroporated with 3 µg of pcDNA3 or pcDNA3-FLAG-MEP50. 
After 48 h protein lysates were tested by immunoblot using anti-FLAG and anti-MEP50. 
β-actin was used as the loading control. After 48 h, the cells were fixed and co-stained 
with anti-FLAG (green) and anti-MEP50 (red). Similar results were observed in each of 
three experiments. The staining indicates MEP50 distribution in the nucleus and 
cytoplasm. 
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Figure 3-2:MEP50 and PRMT5 are required for keratinocyte proliferation. 

A KERn were twice-electroporated with control-, MEP50- or PRMT5-siRNA and 15,000 
cells were plated per well. After overnight attachment, cell number was determined (day 
zero) and at the indicated times thereafter. The values are mean + SEM (n = 3). The 
asterisks indicate a significant difference (p < 0.005). B Immunoblot detection of MEP50 
and PRMT5. The immunoblot confirms a reduction in MEP50 in MEP50-siRNA treated 
cultures. PRMT5 is also reduced. 
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 MEP50 control of p21
Cip1

 expression: 3.

 
 To gain insight regarding the mechanism of MEP50 regulation of proliferation, we 

examined the effect of MEP50 expression on p21Cip1 expression. p21Cip1 is an important 

cell cycle control regulator in keratinocytes (Chew, Adhikary et al. 2011, Chew, 

Adhikary et al. 2012). We have previously shown that p21Cip1 is increased when 

keratinocyte proliferation is inhibited (Chew, Adhikary et al. 2011) via a mechanism that 

involves p53 interaction at the p21Cip1 gene promoter (Chew, Adhikary et al. 2012). Fig. 

3-3A shows that increased MEP50 expression is associated with reduced p21Cip1 mRNA 

and protein expression. To examine the impact of MEP50 on p21Cip1 gene expression, 

KERn cells were transfected with constructs encoding various p21Cip1 promoter segments 

fused to the luciferase reporter gene (Chew, Adhikary et al. 2011, Chew, Adhikary et al. 

2012), in the presence or absence of FLAG-MEP50 expression vector. Fig. 3-3A shows 

the structure of the p21Cip1 promoter which includes a cluster of six Sp1 binding sites in 

the proximal promoter and two p53 response elements (p53-1, p53-2) in the distal 

promoter (Chew, Adhikary et al. 2011, Chew, Adhikary et al. 2012). Fig. 3-3B shows 

that MEP50 expression reduces activity of the full-length p21Cip1 promoter by 70%. As a 

control, we show that mutation of one or both p53 transcription factor binding sites 

attenuates the MEP50 impact by reducing overall promoter activity. These findings 

indicate that MEP50 and p53 produce opposite effects on p21Cip1 gene expression and 

that MEP50 expression can antagonize the action of p53. 

 We next examined whether MEP50 expression reduces p53 as part of the mechanism 

that leads to reduced p21Cip1 promoter activity. Fig. 3-3C shows that MEP50 expression 

reduces the level of p53 encoding mRNA and Fig. 3-3D shows that this is associated with 
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a reduction in p53 (PG13-Luc) promoter activity. Fig. 3-3E confirms that this is 

associated with loss of p21Cip1 promoter activity. These findings suggest that MEP50 

suppresses p53 gene expression as part of the mechanism whereby MEP50 increases 

p21Cip1 expression. 
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Figure 3-3:MEP50 regulation of p21Cip1 promoter activity - a role for p53. 

A MEP50 suppresses p21Cip1 expression. KERn were electroporated with the indicated 
plasmid and after 24 h extracts were prepared for qRT-PCR detection of p21Cip1 mRNA 
and immunoblot detection of p21Cip1 and MEP50. B Opposing action of MEP50 and p53. 
Schematic of the human p21Cip1 promoter shows the Sp1 and p53 transcription factor 
response elements.  The numbers indicate distance in nucleotides relative to the 
transcription start site. KERn were transfected with 0.5 µg of p21-2316, which encodes 
the full-length wild-type p21Cip1 promoter, or the promoter harboring mutations at the 
p53-1 or p53-2 sites, linked to luciferase. After 24 h extracts were prepared for luciferase 
activity assay. The values are mean + SEM, n = 3. The asterisks indicate a significant 
change (p < 0.005). C/D/E KERn were transfected with 0.5 µg of the PG13-Luc (p53 
gene promoter linked to luciferase) or p21-2326 and the indicated number of µg of 
pcDNA3 or pcDNA3-FLAG-MEP50. At 48 h post-transfection cell extracts were 
prepared and assayed for promoter activity. The values are mean + SEM, n = 3. The 
asterisks indicate significant differences, (p < 0.005). 
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 MEP50 and PRMT interact at the p21
Cip1

 promoter: 4.
 
 A major role of PRMT5/MEP50 complex is catalyzing symmetric dimethylation 

of arginine 3 of Histone 4 (H4R3m32s) and arginine 8 of Histone 3 (H3R8me2s) 

(Molina-Serrano, Schiza et al. 2013). These modifications occur at histones associated 

with genes that are undergoing silencing (Karkhanis, Hu et al. 2011, Molina-Serrano, 

Schiza et al. 2013). We therefore examined the role of MEP50 in modifying H3 and H4 

associated with the p21Cip1 promoter. We selected the biologically important p21Cip1 

promoter p53-2 binding response element as a target (Chew, Adhikary et al. 2011, Chew, 

Adhikary et al. 2012, El-Deiry, Tokino et al. 1993). This region is known to bind p53 as a 

requirement for increased p21Cip1 expression (El-Deiry, Tokino et al. 1993, Macleod, 

Sherry et al. 1995). Fig. 3-4A uses ChIP analysis to show that MEP50 knockdown 

reduces MEP50 and PRMT5 association with the p21Cip1 promoter. Further ChIP analysis 

in Fig. 3-4B shows that loss of MEP50 is associated with reduced p21Cip1 promoter-

associated H4R3me2s formation, but no reduction in H3R8me2s formation. These 

findings suggest that the increase in p21Cip1 expression observed in MEP50 knockdown 

cells is, in part, due to loss of PRMT5 and MEP50 and reduced formation of H4R3me2s 

in chromatin surrounding the p53-2 DNA response element in the p21Cip1 promoter. It is 

not clear why H3R8me2s levels are not reduced. 
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Figure 3-4: MEP50 knockdown reduces MEP50 and PRMT5 association at the 

p21Cip1 promoter. 

A/B KERn were electroporated with 3 µg of control-siRNA or MEP50-siRNA. After 48 
h, extracts were prepared from ChIP analysis. DNA from one million cells was sheared 
and 50,000 cell equivalents of DNA were used for immunoprecipitation. The primers 
span the p21Cip1 promoter region that includes the p53-2 site. The values are mean + 
SEM, n = 3. The asterisks indicate significant difference (p < 0.005). C Extracts were 
prepared from the electroporated cells after 48 h to confirm MEP50 knockdown. 
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 PKCδ and p38δ regulation of MEP50 level: 5.
 
 The PKCδ, MEKK1, MEK3, p38δ signaling cascade is a central controller of 

keratinocyte proliferation. Activation of this cascade by overexpression of PKCδ or p38δ 

suppresses proliferation and enhances differentiation (Eckert, Crish et al. 2003b) which is 

associated with a specific increase in p21Cip1 gene expression (Adhikary, Chew et al. 

2010, Chew, Adhikary et al. 2011, Chew, Adhikary et al. 2012). We wanted to assess 

whether activation of this cascade results in reduced expression of MEP50 or PRMT5. 

Keratinocytes were grown in the presence of empty, PKCδ or p38δ encoding adenovirus, 

and after 48 h extracts were prepared to assess impact on total MEP50, PRMT5, 

H4R3me2s and H3R8me2s level. Fig. 3-5A shows that PKCδ or p38δ expression reduces 

total MEP50 and PRMT5 level, and total cellular level of H3R8me2s and H4R3me2s. 

We next assessed by ChIP analysis whether PKCδ or p38δ expression is associated with 

reduced MEP50 or PRMT5 interaction at the p21Cip1 gene promoter p53-2 response 

element. Fig. 3-5B/C shows that PKCδ or p38δ expression results in reduced MEP50 and 

PRMT5 interaction and reduced H3R8me2s and H4R3me2s histone modification at the 

p21Cip1 promoter p53-2 site. 

 Impact of TPA treatment on promoter activity: 6.
 
 We also examined whether a known activator of the PKCδ/p38δ cascade 

(Efimova, LaCelle et al. 1998) alters MEP50 and PRMT5 expression. Fig. 3-6A shows 

that TPA treatment reduces total cellular levels of PRMT5 and MEP50. Moreover, the 

ChIP analysis in Fig. 3-6B/C shows that this treatment reduces MEP50 and PRMT5 

levels at the p21Cip1 promoter p53-2 response element, and confirms that this is associated 

with reduced element-associated H4R3me2s and H3R8m2s. Fig. 3-6D confirms reduced 
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modification of methylation of histones at the p21Cip1 promoter is associated with 

increased p21Cip1 protein level. 
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Figure 3-5:PKCδ and p38δ regulate MEP50 and PRMT5 level and activity. 

A KERn were infected with 10 MOI of tAd5-EV, Ad5-PKCδ or tAd5-HA-p38δ and at 48 
h extracts were prepared for detection of PKCδ, MEP50, H3R8me2S and H4R3me2s. 
Similar results were obtained in three different experiments. B/C KERn were infected as 
above and at 48 h extracts were prepared for ChIP using primers spanning the p21Cip1 
promoter region that includes the p53-2 site. The values are mean + SEM, n = 3. The 
asterisks indicate significant difference (p < 0.005). 
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Figure 3-6: TPA regulates MEP50 and PRMT5 levels and activity. 

A KERn were treated with 50 ng/ml TPA for 48 h and extracts were prepared for 
detection of MEP50, PRMT5, H3R8me2s and H4R3me2s. Similar results were obtained 
in three different experiments. B/C KERn were treated with 50 ng TPA/ml and after 48 h 
mRNA extracts were isolated for ChIP analysis and detection of MEP50 and PRMT5 
interaction and H3R8-me2s and H4R3me2s formation at the p21Cip1 promoter. Similar 
results were obtained in three different experiments. D Cells were treated for 48 h with 
TPA and p21Cip1 levels are monitored. 
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 Biological relevance of PRMT5 and MEP50 regulation: 7.
 
 To further assess the biological relevance of this regulation, we examined the 

impact of altering MEP50 and PRMT5 level on proliferation using a keratinocyte 

epidermal equivalent model. In this model, keratinocytes are grown at the air-liquid 

interface to produce a stratified, multilayered and differentiated epidermal equivalent 

(Poumay, Dupont et al. 2004). This system is a faithful mimic of in vivo-like stratification 

(Poumay, Dupont et al. 2004). Primary foreskin keratinocytes were electroporated with 

control-, MEP50- or PRMT5-siRNA and then transferred to Millicell chambers for 

growth as epidermal equivalent cultures. 

To assess the biological impact of MEP50 or PRMT5 knockdown on differentiation 

and proliferation, we monitored the effect on morphology of the epidermal equivalent 

cultures. Fig. 3-7A/B shows that cultures expressing normal endogenous levels of 

MEP50 and PRMT5 undergo appropriate proliferation and differentiation to produce a 

normal multilayered tissue and stable cornified layer. In contrast, knockdown of either 

MEP50 or PRMT5 produces a significantly thinner epidermal equivalent. In particular, 

the viable middle layers are reduced relative to the cornified (top) dead layers, suggestive 

of reduced proliferation in the MEP50 and PRMT5-deficient cultures. To test this, we 

generated epidermal equivalents from cells electroporated with control-, MEP50- and 

PRMT5-siRNA and then stained with anti-Ki67 as a marker of cell proliferation (Gerdes, 

Lemke et al. 1984). Fig. 3-7C/D shows that MEP50 or PRMT5 knockdown reduces the 

number of Ki67 positive (proliferating) cells (green stain, arrows). 

  



86 
 

 

  

0

20

40

60

80

100

120

140

160

E
p
id

e
rm

a
l 
T

h
ic

k
n
e
s
s
 (

µ
m

)
RAFTSA

Control-siRNA
MEP50-siRNA
PRMT5-siRNA

*

*

0

10

20

30

RAFTS

*

K
i6

7
 p

o
s
it
iv

e
 c

e
lls

 p
e
r 

3
5

0
 u

m

*

Control-siRNA

MEP50-siRNA

PRMT5-siRNA

C

B

D

MEP50-siRNA

Control-siRNA

PRMT5-siRNA

E

*

E

KERn

*

*

E

MEP50-siRNA

PRMT5-siRNA

*

E

E

KERn

*

*

E



87 
 

Figure 3-7: MEP50 and PRMT5 regulate differentiation and proliferation in an 

epidermal equivalent model. 

KERn were twice electroporated with control or MEP50 or PRMT5 siRNA and seeded 
for epidermal equivalent culture. After 4 days of exposure at the air-liquid interface, the 
equivalents were harvested and sectioned. A/B MEP50 and PRMT5 are required for 
appropriate skin equivalent formation. KERn were twice electroporated with control-, 
MEP50- or PRMT5-siRNA and seeded for epidermal equivalent culture. After 4 d of 
exposure at the air-liquid interface, the equivalents were harvested and stained with 
hemotoxylin and eosin. The nylon support membrane is indicated by an asterisk and the 
extent of the epidermis is indicated (E). Similar results were observed in three separate 
experiments. The graph compares epidermal equivalent thickness among control-, 
MEP50- and PRMT5-siRNA cultures. The values are mean + SEM, n = 3.  Asterisks 
indicate significant differences from control, p < 0.005.  C/D MEP50 and PRMT5 are 
required for cell proliferation. KERn were twice electroporated with control-, MEP50- or 
PRMT5-siRNA and seeded for epidermal equivalent culture. After 4 d, the equivalents 
were stained with Ki67 antibody and Hoescht. The membrane (*) and extent of epidermis 
(E) are shown. The graph quantitates the number of Ki67 positive cells in the control, 
MEP50 and PRMT5-siRNA rafts. Similar results were observed in three separate 
experiments. Significant differences were determined using the Student t-test (p < 0.005, 
asterisks). Note that the blue-green spots are Ki67 staining, as compared to the larger 
stained circular structures which are non-specific staining to the nylon membrane. 
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Figure 3-8: Proposed regulatory model. 

A balance between transcriptional and epigenetic regulation. Arrows indicate a stimulus 
and flat-headed bars inhibition. Details are explained in the text. 
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E. DISCUSSION: 

 

 Regulation of keratinocyte differentiation and proliferation: 1.
 
 Keratinocytes constitute the major cell type of the epidermis (Eckert, Crish et al. 

1997). These cells begin as proliferative cells in the epidermal basal layer and undergo a 

highly orchestrated differentiation program leading to cornified envelope formation. The 

result is formation of a multilayered epidermis in which differentiated cells are released 

from the surface (Eckert, Crish et al. 1997). Decoding the mechanisms that control 

epidermal homeostasis is an important goal as is understanding how deregulation of this 

process leads to disease. Novel PKC isoforms play pivotal roles in regulation of 

epidermal homeostasis (Efimova, Eckert 2000, Efimova, Deucher et al. 2002, Efimova, 

Broome et al. 2004b). They activate MAPK signaling to direct specific transcription 

factors to increase expression of differentiation associated genes (Efimova, LaCelle et al. 

1998). Simultaneously, they control keratinocyte proliferation by increasing expression 

of growth suppressing genes, including p21Cip1. Previous studies from our group have 

shown that PKCδ activates a MEKK1/MEK3/p38δ cascade that stimulates KLF4, Sp1 

and p53 transcription factor association with the p21Cip1 promoter leading to increased 

p21Cip1 expression and reduced cell proliferation (Chew, Adhikary et al. 2011, Saha, 

Adhikary et al. 2014). However, less is known about mechanisms that antagonize this 

action to maintain keratinocyte proliferative potential. 

 A new role for MEP50 in regulating keratinocyte differentiation: 2.
 
 Our recent mass spectrometry analysis identified PRMT5, a type II symmetric 

arginine methyltransferase, as a novel component of the PKCδ/p38δ regulatory complex 

(Kanade, Eckert 2012). We further showed that PRMT5 acts to enhance cell survival by 
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catalyzing symmetric dimethyl arginine (SDMA) modification of target proteins in this 

complex leading to inhibition of p38δ activity (Kanade, Eckert 2012). This represents a 

mechanism whereby PRMT5 acts to suppress activity in a growth-suppression signaling 

cascade. 

 However, PRMT5 is also known to act at the level of chromatin to increase 

histone arginine dimethylation as a mechanism to silence gene expression (Pal, Baiocchi 

et al. 2007b). Silencing is mediated by PRMT5/MEP50-dependent histone arginine 

dimethylation of H4R3 and H3R8 to form H4R3me2s and H3R8me2s (Ho, Wilczek et al. 

2013, Pal, Baiocchi et al. 2007b, Krause, Yang et al. 2007b). In the present study, we 

examine the impact of PRMT5 on histone arginine dimethylation of the p21Cip1 promoter 

as a mechanism of keratinocyte growth control. We focus on the role of MEP50, a 

cofactor of PRMT5 that is required for PRMT5 catalytic activity. We find that MEP50 is 

abundantly expressed in foreskin epidermis and monolayer keratinocyte cultures where it 

is present in both the nucleus and cytoplasm. This localization is similar to that observed 

in other cell types (Wei, Hsia et al. 2014). We show that MEP50 knockdown leads to a 

substantial reduction in cell proliferation. Moreover, the reduction is associated with 

increased expression of p21Cip1, a known inhibitor of keratinocyte proliferation (Chew, 

Adhikary et al. 2011, Chew, Adhikary et al. 2012). Knockdown studies show that MEP50 

level is inversely correlated with p21Cip1 mRNA level and promoter activity. 

 Previous studies show that the p53 transcription factor is a key positive activator 

of p21Cip1 expression (Macleod, Sherry et al. 1995), and that its acts by binding to two 

p53 response elements, p53-1 and p53-2, in the distal region of the p21Cip1 promoter. In 

an effort to dissect the mechanism of MEP50 action, we manipulated MEP50 expression 
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using siRNA and expression vectors and monitored the impact on p21Cip1 gene 

expression, promoter activity and modification of histone surrounding the p53-2 response 

element in the p21Cip1 promoter. These studies showed an inverse relationship between 

MEP50 level, and p21Cip1 expression and promoter activity. We further show that MEP50 

interaction at the p53-2 response element is associated with acquisition of histone 

silencing marks, H4R3me2s and H3R8m2s. This is a particularly important finding, as 

the p53-2 response element (nucleotides -1393/-1374) in the p21Cip1 promoter, is a key 

positive regulatory element (Chew, Adhikary et al. 2012). This suggests that MEP50, 

acting with PRMT5, inhibits p21Cip1 by producing silencing histone marks in this region 

of chromatin. We have not assayed the impact of these manipulations on arginine 

dimethylation of histones H4 and H3 at the p53-1 site (nucleotides -2281/-2261), but we 

assume the results would be similar.  

 Few studies have examined the interplay between cell cycle regulators, such as 

p21Cip1, and PRMT5/MEP50. However, one study suggests that MEP50 is 

phosphorylated by CDK4 and that this leads to increased PRMT5/MEP50 activity which 

enhances events leading to cyclin D1-dependent cell proliferation (Aggarwal, Vaites et 

al. 2010). A second study shows that PRMT5 accelerates cell cycle progression through 

G1 by upregulation of CDK4, CDK6, cyclins D1, D2 and E1, and that this was associated 

with activation of phosphoinositide 3-kinase (PI3K)/AKT activity (Wei, Juan et al. 

2012b). Thus, our findings are consistent with cell cycle regulation being a target of 

PRMT5/MEP50 activity, and with PRMT5/MEP50 acting to enhance cell proliferation. 
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 Impact of MEP50 on PKCδδδδ/p38δδδδ signaling: 3.

 
 A novel aspect of this work is identifying an opposing/antagonistic relationship 

between PKCδ/p38δ signaling and MEP50/PRMT5 action. We show that activation of 

PKCδ/p38δ signaling, by expression of either of these kinases, or by treatment with an 

activator of PKCδ (TPA), results in increased p21Cip1 expression via direct transcriptional 

activation of p21Cip1 gene expression (Chew, Adhikary et al. 2011, Chew, Adhikary et al. 

2012). The present studies show that PRMT5/MEP50 opposes this regulation and that 

this is associated with SDMA modification of histones on the p21Cip1 promoter. Thus, this 

study establishes a new biochemical link that may help explain the opposing actions of 

PKCδ/p38δ signaling and MEP50/PRMT5 as regulators of the p21Cip1 locus. This would 

be consistent with our previous report showing that PRMT5 dimethylates proteins in a 

p38δ complex leading to reduced p38δ phosphorylation and activity in this cascade 

(Kanade, Eckert 2012). Together, these findings suggest that PRMT5/MEP50 inhibits 

PKCδ/p38δ signaling in keratinocytes via multiple mechanisms. 

 An additional significant finding is that PKCδ/p38δ-dependent signaling reduces 

MEP50 and PRMT5 protein level and histone arginine dimethylation. Specifically, 

H3R8me2s and H4R3me2s levels are reduced at key transcriptional elements in the 

p21Cip1 promoter. This suggests that activity in this pro-differentiation/anti-proliferation 

cascade actively suppresses function of the MEP50/PRMT5 pro-proliferation/pro-

survival regulation. This, in theory, suggests that this combination of events leads to a 

more efficient induction of gene (p21Cip1) expression. These findings are also interesting 

from the perspective that PRMT5 and MEP50 have been shown to be pro-survival 

proteins in a variety of cancer models (Peng, Chen et al. 2008, Ligr, Patwa et al. 2011, 
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Peng, Li et al. 2010, Wei, Hsia et al. 2014, Aggarwal, Vaites et al. 2010, Gu, Zhang et al. 

2013, Zhongping, Shen et al. 2012), which support the idea that these proteins are 

elevated under conditions where cells need to retain proliferative potential. 

 MEP50 in epidermal equivalent models: 4.
 
 In order to better assess the biological relevance of MEP50, we used an epidermal 

equivalent model which efficiently mimics in vivo keratinocyte differentiation (Poumay, 

Dupont et al. 2004). Our studies show that knockdown of MEP50 or PRMT5 results in a 

significant reduction in thickness of the epidermis. This is in agreement with the 

observation that MEP50 and PRMT5 knockdown decrease in keratinocyte cell number in 

studies of monolayer cultures. Additionally, staining of sections from the control, MEP50 

and PRMT5 knockdown epidermal equivalents show fewer Ki67-positive cells in the 

basal layer of MEP50 or PRMT5 knockdown cells as compared to the control 

equivalents. This data strongly suggests that MEP50 and PRMT5 are likely to have a 

physiologically meaningful role in controlling keratinocyte proliferation in vivo. 

 In summary, we have shown that a PKCδ/p38δ cascade activates p53 interaction 

at the p21Cip1 promoter p53 response elements to increase transcription of the p21Cip1 

gene (Fig. 3-8A). p21Cip1 then inhibits cyclin-dependent kinase activity to suppress cell 

cycle progression and reduce cell proliferation (Chew, Adhikary et al. 2011, Chew, 

Adhikary et al. 2012). PRMT5 and MEP50 act to antagonize this action by arginine 

dimethylating proteins that are part of a p38δ regulatory complex to reduce p38δ activity, 

and also act at the p21Cip1 gene level to arginine dimethylate histones H3 and H4 to 

produce closed chromatin and p21Cip1 gene silencing. We further show that activation of 

the PKCδ/p38δ cascade, by PKCδ/p38δ overexpression or TPA treatment, stimulates 
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p21Cip1 expression by three mechanisms (Fig. 3-8B). First, it acts by stimulating p53 

binding to the p53 response elements in the p21Cip1 promoter to increase transcription. 

Second, it suppresses production of PRMT5 and MEP50 mRNA and protein, leading to 

reduced arginine dimethylation of histones H3 and H4 and derepression of p21Cip1 gene 

expression (Fig. 3-8B). Third, loss of PRMT5/MEP50 reduces inhibition of p38δ kinase 

activity, strengthening the stimulus to increase p21Cip1 levels (not shown). 
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CHAPTER 4:  MEP50 AND PRMT5 SUPPRESS INVOLUCRIN 

EXPRESSION BY ARGININE METHYLATION OF PROMOTER-

ASSOCIATED HISTONES AND THIS IS REVERSED BY PKCδ/p38δ 

PRO-DIFFERENTIATION SIGNALING 

 

A. ABSTRACT: 

 
 PKCδ and p38δ are key proteins in a cascade that stimulates keratinocyte 

differentiation. This cascade activates involucrin gene transcription of the involucrin 

(hINV) gene and other genes associated with differentiation. Protein arginine 

methyltransferase 5 (PRMT5) is an arginine methyltransferase that symmetrically 

dimethylates arginine residues on target proteins. This protein interacts with a cofactor, 

MEP50, and symmetrically dimethylates arginine eight of histone 3 (H3R8me2s) and 

arginine three of histone 4 (H4R3me2s) to silence gene expression. We use the involucrin 

gene as a tool to understand the relationship between PKCδ/p38δ signaling and 

PRMT5/MEP50 gene silencing. We show that MEP50 suppresses hINV mRNA level and 

promoter activity. This is associated with increased arginine dimethylation of hINV gene 

promoter-associated H3 and H4. We further show that the PKCδ/p38δ keratinocyte 

differentiation-stimulatory cascade reduces PRMT5 and MEP50 expression, association 

with the hINV gene promoter, and H3R8me2s and H4R2me2s formation. We propose 

that PRMT5/MEP50 silencing of involucrin expression is an epigenetic mechanism that 

assists in silencing of hINV expression, and that PKCδ signaling activates gene 

expression by directly activating transcription and by suppressing PRMT5/MEP50 

dependent arginine dimethylation of promoter associated histones. This is a novel 
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example of crosstalk between PKCδ/p38δ signaling and PRMT5/MEP50 epigenetic 

silencing. 

__________________ 
 
4 CITATION: Saha K, Adhikary G, Eckert R. L, 2015. (Submitted). 
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B. INTRODUCTION: 

 
 PKCδ and p38δ are key proteins that control keratinocyte differentiation and 

proliferation (Chew, Adhikary et al. 2011, Adhikary, Chew et al. 2010, Chew, Adhikary 

et al. 2013, Efimova, LaCelle et al. 1998, Efimova, Deucher et al. 2002, Efimova, 

Broome et al. 2003, Efimova, Broome et al. 2004b). PKCδ activates a MEK3/p38δ 

cascade which triggers events that enhance keratinocyte differentiation (Eckert, Efimova 

et al. 2003a, Eckert, Crish et al. 2003a, Efimova, LaCelle et al. 1998, Efimova, Broome et 

al. 2003). This increases AP1, Sp1 and Kruppel-like transcription factor activity leading 

to activation of differentiation associated gene expression (Crish, Bone et al. 2002, Crish, 

Gopalakrishnan et al. 2006, Crish, Zaim et al. 1998). In particular, involucrin gene 

expression is increased (Adhikary, Chew et al. 2010, Banks, Crish et al. 1998, Chew, 

Adhikary et al. 2013, Crish, Zaim et al. 1998, Crish, Bone et al. 2002, Crish, 

Gopalakrishnan et al. 2006, Crish, Eckert 2008, Han, Rorke et al. 2012, Welter, Eckert 

1995, Welter, Crish et al. 1995b, Banks, Crish et al. 1999). This regulation is mediated 

via specific elements in the involucrin promoter distal regulatory region (DRR) that 

function both in cultured cells and in vivo (Crish, Zaim et al. 1998, Crish, Bone et al. 

2002, Crish, Gopalakrishnan et al. 2006, Rorke, Adhikary et al. 2010). 

 We have recently been interested in epigenetic mechanisms that antagonize this pro-

differentiation signaling mechanism. Modification of arginine side chain guanidine 

groups is quantitatively one of the most frequent modifications in cells (Bedford, Clarke 

2009). Three distinct types of methylated arginine residues occur in cells. The most 

prevalent is omega-NG,NG-dimethylarginine (Paik, Paik et al. 2007) where two methyl 

groups are placed on one of the terminal nitrogen atoms of the guanidine group to form 
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asymmetric dimethylarginine. Other forms include symmetric dimethylated arginine 

(SDMA), where one methyl group is placed on each of the terminal guanidino nitrogens 

(omega-NG,NG-dimethylarginine) and the monomethylated derivative with a single 

methyl group on the terminal nitrogen atom (omega-NG-monomethylarginine) (Paik, Paik 

et al. 2007).  

 Protein arginine methyltransferase 5 (PRMT5) is an arginine methyltransferase that 

symmetrically dimethylates arginine residues on target proteins in both the cytoplasm and 

nucleus (Bedford, Clarke 2009). Histones H3 and H4 are important targets. PRMT5 

symmetrically dimethylates H3 and H4 as part of an epigenetic mechanism (Molina-

Serrano, Schiza et al. 2013). Histone H4 is symmetrically dimethylated on arginine 3 

(H4R3me2s), and histone H3 is symmetrically dimethylated on arginine 8 (H3R8me2s), 

and this is associated with silencing of gene expression (Bedford, Clarke 2009, Tae, 

Karkhanis et al. 2011, Fabbrizio, Messaoudi et al. 2002). 

 Our recent study shows that PRMT5 antagonizes differentiation-associated signaling 

and reduces involucrin gene expression (Kanade, Eckert 2012). PRMT5 acts with MEP50 

which forms a complex with and activates PRMT5 catalytic activity (Ho, Wilczek et al. 

2013, Hosohata, Li et al. 2003). In the present study, we examine the role of MEP50 in 

mediating this response. We show that MEP50 suppresses involucrin (hINV) gene 

expression as reflected by reduced hINV mRNA level and promoter activity. This is 

associated with increased arginine dimethylation of the hINV gene promoter. We further 

show that the PKCδ/p38δ keratinocyte differentiation cascade reduces PRMT5 and 

MEP50 expression and PRMT5/MEP50 association with the hINV gene promoter 

leading to increased promoter activity. We propose that PRMT5/MEP50 silencing of 
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involucrin expression is an important epigenetic mechanism that suppresses expression of 

differentiation-associated genes in the undifferentiated epidermal basal layers. We further 

propose that loss of PRMT5/MEP50 activity during differentiation is permissive for 

expression of differentiation-associated genes. 
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C. MATERIALS AND METHODS: 

 

 Antibodies and Reagents: 1.
 
 Hanks’ balanced salt solution and keratinocyte serum-free medium were purchased 

from Invitrogen. Mouse monoclonal antibodies specific for MEP50 (ab57722), 

p38δ (sc−271292) and β-actin (A5441) were purchased from Abcam (Cambridge, MA), 

Santa Cruz Biotechnology (Santa Cruz, CA) and Sigma-Aldrich, respectively, while the 

rabbit polyclonal antibodies against MEP50 (2823) and PRMT5 (2252) were purchased 

from Cell Signaling Technology (Danvers, MA). Rabbit polyclonal antibodies against 

symmetrically dimethylated arginine3 of Histone H4 (H4R3me2s) and arginine 8 of 

Histone H3 (H3R8me2s) were obtained from Abcam (Cambridge, MA) and Thermo 

Fisher Scientific (Rockford, IL). Rabbit anti- PKCδ (sc-937) was obtained from Santa 

Cruz Biotechnology.  Normal rabbit IgG (2729) was obtained from Cell Signaling. The 

secondary antibodies used were peroxidase-conjugated donkey anti-goat IgG (sc-2033) 

from Santa Cruz Biotechnology, and peroxidase-conjugated sheep anti-mouse IgG 

(NXA931) and peroxidase-conjugated donkey anti-rabbit IgG (NA934V, GE Healthcare). 

Involucrin promoter luciferase reporter constructs were previously described (Efimova, 

LaCelle et al. 1998, Welter, Crish et al. 1995b). Phorbol ester, 12-O-

tetradecanoylphorbol-13-acetate (TPA), was obtained from Calbiochem (Billerica, MA, 

524400). Our studies use control (D-001206-13-05), MEP50 (M-006895-01-0005) and 

PRMT5 (M-015817-02-0005) siRNA reagent from Dharmacon Inc (Lafayette, CO). 

Important findings were confirmed using additional siRNAs that target MEP50 (D-

006895-01-0002 and D-006895-02-0002) and PRMT5 (D-015817-01-0002 and D-

015817-04-0002). 
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 Cell culture, plasmids and viruses: 2.
 
 The human epidermal keratinocytes used in our studies were obtained from foreskin 

epidermis. Foreskin epidermis, obtained from newborn infants, was separated from 

dermis by overnight dispase treatment. KERn were obtained by trypsin treatment and 

maintained in Keratinocyte Serum-Free Medium (KSFM) supplemented with epidermal 

growth factor and pituitary extract (Efimova, Broome et al. 2003, Efimova, Broome et al. 

2004b). The human involucrin (hINV) promoter constructs were previously described 

(Banks, Crish et al. 1998, Welter, Eckert 1995). The human MEP50-encoding plasmid 

was constructed by primer amplification using plasmid p-OTB7-FLAG-MEP50 (pOTB7-

WDR77, MHS1011-202830316) from Open Biosystems (Huntsville, AL) as template. 

The primers used for amplification of FLAG-MEP50 (BamHI/NotI fragment) were  5’-

GATC GGA TCC ATG GAC TAC AAG GAC GAC GAC GAC AAG ATG CGG AAG 

GAA ACC CCA and  5’-GATC GCG GCC GCC TAC TCA GTA ACA CTT GCA GG. 

The ATG start codon is bold and the FLAG epitope is underlined. The product was then 

cloned into pcDNA3 to get pcDNA3-FLAG-MEP50. Adenoviruses encoding HA-p38δ, 

PKCδ, and empty control virus (tAd5-HA-p38δ, Ad5-PKCδ, Ad5-FLAG-p38δ, and Ad5-

EV) were prepared by propagation in HEK293 cells followed by cesium chloride gradient 

centrifugation as previously described (Chew, Adhikary et al. 2011). KERn were infected 

with 15 MOI of adenovirus in KSFM containing 6 µg/ml polybrene. 

 Promoter luciferase assay: 3.
 
 For luciferase assay, 4.5 µl of FUGENE 6 was diluted in 95.5 µl KSFM and the 

mixture was incubated at room temperature for 15 minutes. Next, the human involucrin 

promoter reporter plasmid (0.5 µg) and 1 µg of pcDNA3 or pcDNA3-FLAG-MEP50 
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were added to the mixture followed by a 20 min incubation. This mixture was then added 

to 2 ml of KSFM in dishes containing fifty percent confluent KERn cultures. After 24 h, 

cell lysates were collected and processed for luciferase activity assay (Adhikary, Chew et 

al. 2010). The readings were normalized to protein concentrations. 

 Keratinocyte electroporation: 4.
 
 Our studies used the AMAXA electroporator and VPD-1002 nucleofection kit 

(Cologne, Germany) for keratinocyte electroporation. KERn were harvested with trypsin 

and replated one day prior to electroporation. After an additional 24 h, the cells were 

harvested with trypsin and 1 million cells were used per electroporation. The cells were 

washed with 1 ml of PBS and suspended in 100 µl of keratinocyte nucleofection solution 

containing 3 µg of control-, MEP50- or PRMT5-siRNA. The mixture was mixed by 

gentle pipetting and transferred to the electroporation cuvette. The T-018 setting was 

used for electroporation. This was followed with addition of warm KSFM (500 µl) and 

the mixture was then transferred to a 55 cm2 dishes containing 10 ml of KSFM. The cells 

were maintained for various time points before the extracts were prepared for mRNA or 

protein analysis. This method achieves electroporation efficiencies of > 90% (Adhikary, 

Chew et al. 2010). 

 Immunoprecipitation and Immunoblot: 5.
 
 Cell extracts were prepared in cell lysis buffer (Cell Signaling, 9803, Danvers, MA) 

containing protease inhibitors (Calbiochem, 539134). For immunopreciptation, 300 µg of 

protein was used per sample. The lysate was first subjected to pre-clearing with 20 µl of 

Protein A/G agarose beads for 1 hour followed by IP with the control IgG and the MEP50 
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antibody. The pre-clearing step is essential to reduce non-specific interactions. After an 

additional 24 h, the bead slurry (20 µl) is added to the lysates followed by gentle rocking 

for 3 hours at 4 C. This is followed by 4 washes with lysis buffer. After the last wash, the 

beads were boiled with sample buffer, centrifuged and supernatants were electrophoresed 

on denaturing polyacrylamide gels. The proteins were then transferred on the 

nitrocellulose membrane and blocked with 5% skimmed milk in Tris-buffered saline 

containing 0.1% Tween 20. Next, the membranes were incubated overnight with primary 

antibody, followed by horseradish peroxidase-conjugated secondary antibody for 2 h. β-

actin served as a gel loading control. 

 Quantitative RT-PCR: 6.
 
 Total RNA was isolated using the RNAspin Mini Kit (GE Healthcare) and reverse 

transcribed using the Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA). 

RNA (1 µg) was used for cDNA preparation. The Light Cycler 480 SYBR Green I 

Master mix (Roche Diagnostics) was used to measure mRNA level. The signals were 

normalized to the level of cyclophillin A mRNA. The following gene specific primers 

were used for detection of mRNA levels: MEP50 (forward: 5’-TTG CTC AGC AGG 

TGG TAC TGA GTT, reverse: 5‘-AAT CTG TGA TGC TGG CTT GGG ACA), 

involucrin (forward:  5’-CCT CAG CCT TAC TGT GAG, reverse:  5’-GGG AGG CAG 

TGG AGT TGG), filaggrin (forward: 5’-ACT CAC AGG TGG GAC AGG AAC AAT, 

reverse: 5‘-ATG GTT TCT GGA AGC AGA CCC AGA) and cyclophilin A (forward: 

5’-CAT CTG CAC TGC CAA GAC TGA, reverse: 5’-TTC ATG CCT TCT TTC ACT 

TTGC). 
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 Chromatin Immunoprecipitation Assay (ChIP): 7.
 
 ChIP assays were performed using the Diagenode Low Cell ChIP assay kit 

(C01010073: kch-maglow-G48). Keratinocytes (0.5 x 106) cells were infected with 15 

MOI of empty adenovirus or adenoviruses encoding HA-p38δ or PKCδ. After 48 h, the 

cells were harvested and 1 x 106 cells per group were used for sonication. Extract 

equivalent to 100,000 cells was used for immunoprecipitation per sample. MEP50, 

PRMT5, H4R3Me2s and H3R8me2s antibodies were used for ChIP analysis and binding 

to the distal regulatory region of the hINV promoter was detected by qRT-PCR using 

sequence-specific primers and the LightCycler 480 SYBR Green I master mix. The 

primers used to detect the distal regulatory region of the involucrin promoter (nucleotides 

-2218/-2055), encoding the AP1-5/Sp1 binding sites, were 5′-TCA GCT GTA TCC ACT 

GCC CTC TTT (forward) and 5′-TCA CAC CGG TCT TAT GGG TTA GCA (reverse). 

  



105 
 

D. RESULTS: 

 

 MEP50 and PRMT5 form a complex: 1.
 
 Our previous study showed that PRMT5 has an important regulatory role in 

keratinocytes (Kanade, Eckert 2012). In the present study, we examine the role of 

MEP50, a putative PRMT5 cofactor (Bedford, Clarke 2009, Karkhanis, Hu et al. 2011, 

Yang, Bedford 2013), as a regulator of keratinocyte differentiation. Recent studies show 

that MEP50 interacts with and is necessary for PRMT5 activity (Antonysamy, Bonday et 

al. 2012). We first examined whether a PRMT5/MEP50 complex exists in keratinocytes. 

Keratinocytes extracts were prepared and immunoprecipitated with anti-MEP50. Fig. 4-

1A shows that PRMT5 co-precipitates with MEP50.  Moreover, as shown in Fig. 4-1B, 

treatment with MEP50-siRNA partially reduces MEP50 mRNA level and this is 

associated with reduced PRMT5 mRNA expression, and a reduction in MEP50 and 

PRMT5 protein level (Fig. 4-1C). These findings suggest that the MEP50 and PRMT5 

interact and are coordinately regulated in keratinocytes. 

 MEP50 suppresses hINV expression: 2.
 
 To assess MEP50 function, we examined the impact of manipulating MEP50 

expression on hINV mRNA level and promoter activity. Keratinocytes were transfected 

with empty vector or MEP50 expression vector and after 24 h the level of mRNA 

encoding involucrin (hINV) and filaggrin was monitored. These genes were selected 

because both are markers of terminal keratinocyte differentiation (Eckert, Crish et al. 

1997, Presland, Kimball et al. 1997). We show that expression of MEP50 reduces hINV 

and filaggrin mRNA level (Fig. 4-2A/B). This suggests that MEP50 acts to suppress 

differentiation-associated gene expression. We have previously identified a -2471/-1 
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segment of the hINV promoter that mediates differentiation-appropriate hINV expression 

in cell culture and in vivo (Adhikary, Chew et al. 2010, Banks, Crish et al. 1999, Banks, 

Crish et al. 1998, Chew, Adhikary et al. 2013, Crish, Zaim et al. 1998, Crish, Bone et al. 

2002, Crish, Gopalakrishnan et al. 2006, Crish, Eckert 2008, Han, Rorke et al. 2012, 

Welter, Eckert 1995, Welter, Crish et al. 1995b), and also a region of the promoter, called 

the distal regulatory region (DRR, nucleotides -2473/-2088), which encodes transcription 

factor binding elements that is essential for appropriate differentiation-associated gene 

expression (Banks, Crish et al. 1998, Crish, Zaim et al. 1998, Crish, Gopalakrishnan et al. 

2006). Transfection of hINV-2473 (full-length promoter) in the presence of MEP50 

suppresses hINV promoter activity (Fig. 4-2C). Moreover, MEP50 expression suppresses 

and MEP50-siRNA increases activity of a reporter construct (-2473/-2088) encoding the 

hINV DRR region (Fig. 4-2D/E). 

 The hINV promoter encodes a key activator protein 1 (AP1) transcription factor 

binding site, AP1-5, located within the hINV gene DRR, that is absolutely required for 

correct differentiation-associated expression in cultured keratinocytes and in vivo (Crish, 

Howard et al. 1993a, Crish, Bone et al. 2002, Crish, Gopalakrishnan et al. 2006). Fig. 4-

3A shows promoter maps indicating the full length (-2473), and -241 and -41 truncation 

constructs, the DRR (-2473/-2088) and the AP1-5 site. Fig. 4-3B shows that mutation of 

the AP1-5 site results in a loss of promoter activity and loss of MEP50-associated 

suppression of promoter activity, suggesting that AP1 transcription factor signaling and 

the MEP50 epigenetic silencing produces opposing responses on the hINV promoter. 
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Figure 4-1: MEP50 and PRMT5 form a complex in keratinocytes. 

A Freshly isolated foreskin keratinocyte lysates (300 µg) were used for immunoprecipitation with 
Rabbit IgG or rabbit anti-MEP50, and 10 µg of total extract was electrophoresed. The antibodies 
for immunoblot are mouse anti-MEP50 and goat anti-PRMT5. Similar results were obtained in 
three separate experiments.  The upper band (*) in the blot probed with MEP50 is non-specific. B 

Keratinocytes were electroporated with 3 µg of control-siRNA or MEP50-siRNA.  After 48h, 
RNA was isolated and MEP50 and PRMT5 mRNA levels were assessed by qRT-PCR. The 
values are mean + SEM, n = 3. The asterisks indicate significant differences as determined by the 
students t-test (*, p<0.005). C MEP50 regulates PRMT5 expression. KERn were electroporated 
with 3 µg of control- or MEP50-siRNA. After 48 h protein lysates were prepared for immunoblot 
with anti-MEP50 and anti-PRMT5. β-actin was used as the loading control.  Similar results were 
observed in each of three experiments. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6 KERn

+ MEP50-siRNA (3µg)
Control-siRNA (3 µg)+

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6 KERn

+ MEP50-siRNA (3µg)
Control-siRNA (3 µg)+

M
E

P
5

0
 m

R
N

A
 a

b
u
n

d
a
n
c
e

 (
a
rb

it
ra

ry
 u

n
it
s
)

P
R

M
T

5
 m

R
N

A
 a

b
u

n
d
a
n

c
e
 (

a
rb

itr
a
ry

 u
n
it
s
)

B

C

A

*

*

KERn

Total Extract
IP: Rabbit IgG
IP: Rabbit anti-MEP50

+
+

+

*

KERn

MEP50

Control-siRNA (3 g)µ
MEP50-siRNA (3 g)µ



108 
 

 

 

Figure 4-2: MEP50 suppresses involucrin expression. 

A/ B KERn were electroporated with the indicated plasmids. After 24 h RNA was isolated and 
MEP50, involucrin and filaggrin mRNA levels were assessed by qRT-PCR. The values are mean 
+ SEM (n = 3). The asterisks indicate a significant difference (p < 0.005). C/D KERn were 
transfected with 0.5 µg of the indicated involucrin promoter plasmids in the presence of 1 µg of 
pcDNA3 or pcDNA3-FLAG-MEP50. At 24 h post-transfection, extracts were prepared and 
assayed for promoter activity. E KERn were electroporated with 3 µg of control-siRNA or 
MEP50-siRNA. After 48 h, the cells were re-electroporated with 3 µg of endo-free involucrin 
promoter. After an additional 24 h, extracts were prepared and promoter activity (luciferase) 
assay.  
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 MEP50 controls histone arginine methylation at the hINV promoter: 3.
 
 As expected of a regulatory protein involved in arginine methylation of histones, 

MEP50 appears to acts at various sites along the hINV promoter (Fig. 4-3C). However, 

because it is a key regulatory region (Crish, Zaim et al. 1998, Crish, Gopalakrishnan et al. 

2006), we studied effect of MEP50 on arginine methylation of histones surrounding the 

hINV promoter DRR region. Keratinocytes were electroporated with 3 µg of control- or 

MEP50-siRNA and after 48 h extracts were prepared for ChIP with anti-IgG, anti-

PRMT5 or anti-MEP50. Fig. 4-4A shows that reducing PRMT5 or MEP50 level is 

associated with reduced binding of PRMT5 and MEP50 to the hINV promoter DRR 

region that encodes the AP1-5 and GC-rich (Sp1) binding sites (Fig. 4-4A). Moreover, 

the reduction in MEP50 level is associated with reduced H3R8me2s and H4R3me2s 

formation (Fig. 4-4B). These findings are consistent with MEP50 control of arginine 

methylation status at the hINV promoter. 

 Impact of PKCδδδδ/p38δδδδ signaling on MEP50 and PRMT5 interaction and activity 4.

at the hINV promoter: 

 We previously described a PKCδ/p38δ MAPK signaling pathway which increases 

hINV expression and promoter activity, and expression of other differentiation-associated 

genes in keratinocytes (Efimova, LaCelle et al. 1998, Efimova, Broome et al. 2003, 

Efimova, Broome et al. 2004b, Efimova, Eckert 2000). We asked whether activation of 

this cascade suppresses MEP50 level. Keratinocytes were infected with empty, PKCδ-

encoding or p38δ-encoding adenovirus and after 48 h extracts were prepared to monitor 

MEP50, PRMT5, H3R8me2s and H4R3me2s. Fig. 4-5A shows that PKCδ and p38δ 

reduce intracellular MEP50 and PRMT5 level and PRMT5/MEP50-dependent histone 
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modification. Fig. 4-5B/C show that this is associated with loss of MEP50 and PRMT5 

interaction and reduced MEP50/PRMT5-dependent histone modification at the hINV 

promoter DRR. 

 Impact of phorbol ester on MEP50 and PRMT5 level and interaction and activity 5.

at the hINV promoter: 

 12-O-tetradecanoylphorbol-13-acetate (TPA) is a known inducer of keratinocyte 

differentiation and involucrin gene expression. We wanted to assess whether an inducer 

of differentiation would replicate the regulation of MEP50 and PRMT5 observed 

following expression of PKCδ and p38δ. Treatment with 50 ng TPA/ml for 48 h 

suppresses MEP50 and PRMT5 mRNA level (Fig. 4-6A), and this is associated with a 

reduced PRMT5 and MEP50 level (Fig. 4-6B) and increased hINV mRNA level (Fig. 4-

6C). To examine the impact of TPA treatment on PRMT5 and MEP50 interaction with 

the hINV promoter DRR region, we prepared extracts for ChIP analysis. Fig. 4-6D shows 

a reduction in PRMT5 and MEP50 association with the hINV promoter that is associated 

with reduced promoter-associated arginine-dimethylated histone (Fig. 4-6E). 
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Figure 4-3: MEP50 suppression of hINV promoter activity. 

A Schematic showing key regulatory elements in the hINV promoter. hINV-2473 is the full-
length promoter and hINV(-2473/-2088) is a construct in which the DRR (nucleotides -2473/-
2088) is linked to the hINV minimal promoter. hINV-41 encodes the minimal promoter 
(nucleotides -41/-1). The dashed line indicates the fusion. The functionally important AP1 (AP1-
1 and AP1-5) sites and GC-rich (Sp1) element are indicated. The distances are in nucleotides 
relative to the transcription start site. B/C KERn were transfected with 0.5 µg of hINV-2473, 
which encodes the full-length wild-type human involucrin promoter, or the promoter harboring a 
mutant AP1-5 site (AP1-5m), or truncated promoters (hINV-241, hINV-41) and 1 µg of pcDNA3 
or pcDNA3-FLAG-MEP50. At 24 h post-transfection cell extracts were prepared and assayed for 
promoter activity. The values are mean + SEM, n = 3. The asterisks indicate a significant change, 
p < 0.005. 
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Figure 4-4:MEP50 controls histone arginine methylation at the hINV promoter. 

A/B KERn were electroporated with 3 µg of control-siRNA or MEP50-siRNA.  After 48 h, 
extracts were prepared for ChIP analysis.  DNA from 1 million cells was sheared, collected and 
100,000 cell equivalents of DNA was immunoprecipitated.  The primers include nucleotides -
2218/-2055 of the DRR region of the hINV promoter region that includes the AP1-5 site.  The 
values are mean + SEM, n = 3 and the asterisks indicate significant difference, p < 0.005. 
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Figure 4-5: PKCδ/p38δ signaling reduces MEP50 and PRMT5 level and hINV 

promoter activity. 

A KERn were infected with 10 MOI of tAd5-EV or Ad5-PKCδ and at 48 h extracts were 
prepared for detection of PKCδ, MEP50, H3R8me2S and H4R3me2s. β-actin was used as a 
loading control. Similar results were obtained in three different experiments. B KERn were 
infected as above and after 48 h ChIP was performed using the Diagenode Low Cell ChIP Kit and 
primers spanning nucleotides -2218/-2055 if the hINV promoter region which includes the AP1-5 
site. The values are mean + SEM, n = 3. The asterisks indicate significant difference (p < 0.005). 
  

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

%
 o

f 
In

p
u

t 
D

N
A

KERn
hINV (-2218/-2055)

+
+

+
+

anti-MEP50

anti-IgG

+ +

0

1

2

3

%
 o

f 
In

p
u
t 
D

N
A

KERn

tAd5-EV (15 MOI)
tAd5-HA-p38δ (15 MOI)

anti-PRMT5

anti-IgG

Ad5-PKCδ (15 MOI)

0

1

2

3

4

5

6

%
 o

f 
In

p
u
t 
D

N
A

KERn

+
+

+
+

anti-H4R3me2s

anti-IgG

+ +

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

%
 o

f 
In

p
u
t 
D

N
A

KERn

tAd5-EV (15 MOI)
tAd5-HA-p38δ (15 MOI)+

+
+

+

anti-H3R8me2s

anti-IgG

+ + Ad5-PKCδ (15 MOI)

hINV (-2218/-2055)

hINV (-2218/-2055)hINV (-2218/-2055)

+
+

+
+

+ +

B

C

A

β-actin

KERn

17-

H3R8me2s 

H4R3me2s 

45-

17-

Ad5-EV (10 MOI) 
Ad5-PKC  (10 MOI) δ

+
+

PKC  δ

MEP50 44-

75-

*

* * *

*
*

* *

KERn

MEP50

EV (10 MOI)
tAd5-HA-p38 (10 MOI)δ 



114 
 

 
 
Figure 4-6: TPA suppresses MEP50 and PRMT5 level and activity. 

A/B KERn were treated with 50 ng/ml TPA for 48 h, RNA was isolated and MEP50 and PRMT5 
mRNA levels were assessed by qRT-PCR. The values are mean + SEM, n = 3, asterisk indicate a 
significant difference, p < 0.005. Simultaneously, protein extracts were prepared from identically 
treated cultures to detect MEP50, PRMT5, H3R8me2s and H4R3me2s. Similar results were 
obtained in three different experiments. C/D/E KERn were treated with 50 ng TPA/ml and after 
48 h mRNA extracts were isolated for ChIP analysis and detection of MEP50 and PRMT5 
interaction and H3R8-me2s and H4R3me2s formation at the hINV promoter. Similar results were 
obtained in three different experiments. The values are mean + SEM, n = 3. The asterisks indicate 
significant difference (p < 0.005). 
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E. DISCUSSION: 

 
 Involucrin has been extensively studied as a model to understand the mechanisms that 

drive gene expression during keratinocyte differentiation (Bikle, Tu et al. 2003, Bikle, Ng 

et al. 2001, Dlugosz, Yuspa 1994, Denning, Dlugosz et al. 1995, Eckert, Crish et al. 

2004). PKCδ/p38δ MAPK signaling is a key pro-differentiation/anti-proliferation 

pathway in keratinocytes (Eckert, Efimova et al. 2002b, Eckert, Efimova et al. 2003b). 

Genetic and inhibitor studies indicate that PKCδ and p38δ activity stimulate hINV gene 

transcription and increase hINV mRNA and protein level (Efimova, LaCelle et al. 1998, 

Dashti, Efimova et al. 2001a, Efimova, Deucher et al. 2002, Efimova, Broome et al. 

2003, Efimova, Broome et al. 2004b, Efimova, Eckert 2000, Kraft, Efimova et al. 2007). 

Moreover, treating keratinocytes with agents that activate this cascade, including TPA 

and calcium, increase hINV gene expression (Adhikary, Crish et al. 2004, Chew, 

Adhikary et al. 2013, Deucher, Efimova et al. 2002, Eckert, Crish et al. 2004). This 

pathway includes PKCδ, Ras, MEKK1, and MEK3 and activation results in increased 

p38δ and reduced ERK1/2 activity (Fig. 4-7) (Efimova, LaCelle et al. 1998, Efimova, 

Broome et al. 2003, Efimova, Broome et al. 2004b, Efimova, Eckert 2000, Kraft, 

Efimova et al. 2007). p38δ activation drives nuclear accumulation of AP1 transcription 

factors which interacts with the AP1-5 transcription factor binding site in the hINV 

promoter DRR to increase hINV gene transcription (Efimova, LaCelle et al. 1998, 

Welter, Eckert 1995, Welter, Crish et al. 1995b). The DRR also includes a Sp1 (GC-rich) 

transcription factor binding site that is essential for optimal activity (Banks, Crish et al. 

1998, Banks, Crish et al. 1999). Studies in transgenic mice, wherein the AP1-5 site is 

inactivated by mutation, reveal that this site is essential for differentiation-associated 
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involucrin expression in vivo (Crish, Howard et al. 1993a, Crish, Bone et al. 2002, Crish, 

Gopalakrishnan et al. 2006). 

 Epigenetic silencing of involucrin gene expression - MEP50: 1.
 
 Understanding molecular events that occur at the AP1-5 element is important for 

understanding control of differentiation. Although substantial knowledge is available 

regarding pathways that positively regulate differentiation-associated gene expression 

(i.e., differentiation), less is known about pathways that prevent or suppress expression. 

This is important, as suppression of gene expression, in epidermis, prevents premature 

activation of differentiation. Epigenetic mechanisms often inhibit differentiation-

associated gene expression (Gilbert, Gore et al. 2004, Saha, Hornyak et al. 2013) and we 

have shown that these mechanisms are important in controlling keratinocyte 

differentiation (Kanade, Eckert 2012, Eckert, Adhikary et al. 2011). PRMT5 is the major 

type II arginine methyltransferase (Branscombe, Frankel et al. 2001), and its first 

identified biological role was that of a transcriptional repressor (Fabbrizio, Messaoudi et 

al. 2002). We recently reported that PRMT5 interacts with and antagonizes PKCδ/p38δ 

MAPK activation of hINV gene expression (Kanade, Eckert 2012). We showed that 

PRMT5 interacts with a multiprotein regulatory complex that includes p38δ to 

antagonize PKCδ/p38δ signaling and suppress differentiation (Kanade, Eckert 2012). 

However, PRMT5 also modifies histones and chromatin that contains highly arginine 

dimethylated histones silences gene expression (Karkhanis, Hu et al. 2011). PRMT5 acts 

to symmetrical dimethylate arginine eight of H3 and arginine 3 of histone 4 to form, 

respectively, H3R8me2s and H4R3me2s, to silence gene expression (Pal, Vishwanath et 

al. 2004, Pal, Sif 2007, Yang, Bedford 2013). In this context, PRMT5 interacts with 
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MEP50, which has recently been shown to form an octamer with PRMT5 including four 

PRMT5 and four MEP50 subunits (Antonysamy, Bonday et al. 2012, Ho, Wilczek et al. 

2013, Hosohata, Li et al. 2003, Kanade, Eckert 2012). MEP50 is required for optimal 

PRMT5 activity.   

 Regulation of MEP50 and PRMT5 level: 2.
 
 We show that MEP50 and PRMT5 exist as a complex in keratinocytes, and that 

MEP50 and PRMT5 are co-regulated such that a forced change in MEP50 level results in 

a parallel change in PRMT5 level and vice versa. These findings are consistent with 

recent information showing that PRMT5 and MEP50 form an octamer which requires 

that the cell maintain approximately equal amount of each (Antonysamy, Bonday et al. 

2012, Ho, Wilczek et al. 2013). Translational regulation, dependent upon specific 

miRNAs, has been described as a mechanism to control PRMT5 level (Karkhanis, Hu et 

al. 2011, Yang, Bedford 2013). However our studies suggest that regulation of gene 

transcription or mRNA stability may also control PRMT5 and MEP50 levels, since 

knockdown of MEP50 causes a marked reduction in PRMT5 mRNA level (Fig. 4-1), 

suggesting that MEP50 directly or indirectly controls PRMT5 mRNA stability or PRMT5 

gene transcription. Additional future studies will be required to understand this 

mechanism. 
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Figure 4-7: Proposed regulatory model - transcriptional activation and epigenetic 

de-repression. 

PKCδ activates the indicated p38δ MAPK cascade that triggers AP1, KLF4 and Sp1 
transcription factor movement to the nucleus which activates hINV gene expression and 
other differentiation-related events.  The PKCδ/p38δ cascade also suppresses PRMT5 
and MEP50 level, leading to reduced histone arginine dimethylation of histone associated 
with the hINV promoter leading to de-repression of expression.  This cascade can be 
triggered by expression of PKCδ, p38δ or by treatment with pro-differentiation agents 
(e.g., TPA). 
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 MEP50 suppresses hINV expression: 3.

 
 Functional studies indicate an inverse relationship between MEP50 level and hINV 

gene promoter activity and mRNA level. MEP50 suppresses transcription of hINV 

promoter luciferase reporter plasmids encoding nucleotides -2218/-2055, -2473/-1, -241/-

1 or -41/-1 of the hINV promoter. This suggests that arginine dimethylation of chromatin, 

occurring at various regions in the promoter, can reduce gene expression. This is 

anticipated, as PRMT5 activity need not only impact a single target element in a 

promoter, but can impact large tracks of chromatin. To study the details of this 

regulation, we focused on the DRR region, located within nucleotides -2218/-2055, 

which encodes key transcription factor binding sites that are required for hINV gene 

expression (Banks, Crish et al. 1998, Crish, Howard et al. 1993b, Crish, Zaim et al. 1998, 

Welter, Eckert 1995). We observed a reduction in MEP50 interaction with DRR 

chromatin following MEP50 knockdown. Consistent with an obligatory interaction 

between PRMT5 and MEP50, MEP50 knockdown also reduced PRMT5 levels in 

chromatin, and these reductions were associated with reduced H3R8me2s and H4R3me2s 

formation. Thus, histone arginine dimethylation is associated with reduced hINV gene 

expression and demethylation is required for increased expression. The idea that PRMT5 

and MEP50 act as anti-differentiation/pro-survival regulators is consistent with current 

reports showing that PRMT5 negatively controls transcription of growth inhibitory genes 

(Gu, Li et al. 2012, Wang, Pal et al. 2008a). 

 PKCδδδδ/p38δδδδ versus PRMT5/MEP50 signaling - a productive balance: 4.
 
 We also show that activation of a classic PKCδ/p38δ cascade, which increases 

differentiation (Eckert et al., 2004; Efimova et al., 2002; Efimova et al., 2003; Efimova et 
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al., 2004), is associated with the reduction in MEP50 and PRMT5 level and PRMT5-

dependent chromatin modification. Reduced PRMT5 and MEP50 level and activity was 

observed when PKCδ or p38δ were overexpressed, or when activity of these kinases was 

stimulated by phorbol ester, a known inducer of keratinocyte differentiation (Eckert et al., 

2004; Efimova et al., 2002; Efimova et al., 2003; Efimova et al., 2004). This novel 

observation suggests that pro-differentiation signaling inhibits PRMT5/MEP50 

epigenetic silencing as a component of the process that drives differentiation. We also 

observed that PRMT5/MEP50 feedback regulates PKCδ and p38δ activity, suggesting 

that a balance between these regulatory mechanisms controls cell status. For example, 

MEP50 overexpression reduces PKCδ-Y311 phosphorylation, an indicator of reduced 

PKCδ activity (not shown). This finding is consistent with our recent report showing that 

PRMT5 arginine dimethylates proteins in the p38δ MAPK complex, that this part of the 

PKCδ/p38δ signaling cascade, to reduce p38δ phosphorylation and activity (Kanade, 

Eckert 2012). This suggests that proper control of keratinocyte fate requires a balance 

between PKCδ/p38δ pro-differentiation signaling and PRMT5/MEP50 anti-

differentiation/pro-survival signaling. 

 Regulation of PRMT5 level has been extensively studied at the translational and post-

translation level. An important study showed that mutant JAK kinase, in 

myeloproliferative neoplasms, phosphorylates PRMT5 (Liu, Zhao et al. 2011) which 

reduced PRMT5 association with MEP50 leading to reduced PRMT5 activity, but no 

change in PRMT5 level (Liu, Zhao et al. 2011). Additional studies show that specific 

miRNAs control translation of PRMT5 and MEP50 protein (Yang, Bedford 2013). 

Moreover, another study suggests that MEP50 is phosphorylated by CDK4 and that this 
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leads to increased PRMT5/MEP50 activity (Aggarwal, Vaites et al. 2010). Our present 

studies suggest a third option - that PRMT5 and MEP50 levels can be controlled by 

transcriptional mechanisms or by altered mRNA stability. We show that stimulation of 

PKCδ/p38δ signaling reduces PRMT5 and MEP50 mRNA level, leading to reduced 

production of these proteins, as a mechanism to reduce PRMT5 activity and arginine 

methylation of the hINV promoter (Fig. 4-7). We have previously shown that a PKCδ, 

MEKK1, MEK3, p38δ cascade increases AP1/Sp1 and KLF4 transcription factor binding 

to the DRR element to activate transcription (Eckert et al., 2004; Efimova et al., 2002; 

Efimova et al., 2003; Efimova et al., 2004). We now propose that this same pathway acts 

to suppress PRMT5/MEP50 expression, leading to reduced histone arginine 

dimethylation of the involucrin DRR. It is a particular interesting feature that 

PKCδ/MAPK signaling converges via two mechanisms, transcriptional activation of 

hINV gene expression and inhibition of hINV promoter histone arginine dimethylation, 

to increase hINV promoter activity (Fig. 4-7). We propose that this may be a general 

mechanism to regulate differentiation-associated gene expression in keratinocytes. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

A. CONCLUSIONS: 

 
 A key aspect contributing towards efficient barrier formation is a perfect balance 

between proliferation and differentiation (Eckert, Crish et al. 1997). Deciphering the 

mechanisms of epidermal homeostasis is an important goal. The novel PKC isoforms act 

as critical regulators of this epidermal homeostasis. PKCδ activates the MAPK pathway 

and controls transcription of genes involved in keratinocyte differentiation (Denning, 

Dlugosz et al. 2000, Denning 2004, Adhikary, Chew et al. 2010, Sonkoly, Wei et al. 

2009, Papp, Czifra et al. 2004, Balasubramanian, Efimova et al. 2002, Kamioka, Akahane 

et al. 2010, Efimova, Eckert 2000). The role of PKCδ in keratinocyte proliferation has 

not been heavily studied. Our current studies identify p38δ as a key mediator in PKCδ 

regulated keratinocyte proliferation. We show that PKCδ activates the MEK3-p38δ 

cascade to increase p21Cip1 transcription in a p53 dependent manner. Our studies identify 

p53 as a novel target of p38δ (Saha, Adhikary et al. 2014). Furthermore, these studies are 

physiologically relevant as PKCδ/p38δ knockdown rafts are significantly thicker 

displaying additional layers than the control. These rafts also have reduced cornified 

layer formation indicating that absence of PKCδ/p38δ drives proliferation. Additionally, 

both p21Cip1 and p53 mRNA and protein levels were found to be reduced in the p38δ 

knockdown rafts as compared to the controls (Saha, Adhikary et al. 2014). Our studies 

have identified the novel role of p38δ in keratinocyte proliferation and have identified 

PKCδ-MEK3-p38δ-p53 as an additional cascade contributing to p21Cip1 transcription. 
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 The p38δ/ERK complex is a crucial signaling control point in the novel PKC 

activated cascade wherein stimulus dependent activation of p38δ or ERK1/2 directs 

keratinocyte cell fate (Efimova, Broome et al. 2003). Given the key function of this 

complex, it is logical to assume that p38δ and ERK1/2 exist as part of a multiprotein 

complex. An interesting finding was the presence of PRMT5 as a novel component of 

this complex (Kanade, Eckert 2012). PRMT5, a type II protein arginine methyltransferase 

is a highly versatile protein resulting in symmetric methylation of arginine residues in 

proteins. PRMT5 was shown to inhibit differentiation by methylating proteins in the p38δ 

complex and inhibiting p38δ activity. MEP50, a WD40 protein is an important binding 

partner of PRMT5 and essential for its activity. Characterizing the role of MEP50 in 

keratinocytes is the focus of our recent work. 

 We began by staining the foreskin epidermis, fixing and labeling the tissue with 

anti-MEP50 antibody. We observed that MEP50 is expressed in all layers of the 

epidermis with the basal layers displaying a cytoplasmic localization and the granular 

layers exhibiting a nuclear localization. We also expressed MEP50 exogenously and 

tested for localization with the endogenous MEP50. These experiments revealed that 

MEP50 is abundantly expressed in keratinocytes and localized to both the nucleus and 

cytoplasm (Saha, Eckert 2015). Similar localization patterns have also been reported in 

lung epithelial cells (Wei, Hsia et al. 2014). MEP50 and PRMT5 knockdown resulted in 

significant decrease in keratinocyte cell proliferation (Saha, Eckert 2015). Additionally, 

MEP50 was found to decrease p21Cip1 and involucrin mRNA and protein levels. p21Cip1 

acts as a negative regulator of the cell cycle by inhibiting the activation of the cyclin 

dependent kinases, CDK1 and CDK2. p21Cip1 expression is associated with suppression 
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of keratinocyte proliferation (Wong, Pickard et al. 2010, Cheng, McLaughlin et al. 2009, 

Aliouat-Denis, Dendouga et al. 2005, Devgan, Mammucari et al. 2005, Okuyama, LeFort 

et al. 2004, Hauser, Ma et al. 2004). The pro-proliferation role of MEP50 and PRMT5 

was further confirmed in the organotypic raft cultures. These epidermal equivalents 

mimic in vivo differentiation and are valuable tools to study gene function. We observed 

that thickness of the MEP50 and PRMT5 knockdown rafts was significantly less than the 

control rafts. Furthermore, the MEP50/PRMT5 knockdown rafts contained fewer Ki67-

positive cells suggesting reduced proliferation rates (Saha, Eckert 2015). PKCδ/p38δ is 

the classic pathway which regulates epidermal homeostasis by controlling the dual 

processes of proliferation and differentiation (Adhikary, Chew et al. 2010, Chew, 

Adhikary et al. 2011, Efimova, Deucher et al. 2002). A significant finding of our current 

study was that pro-differentiation stimulus of PKCδ/p38δ expression lead to reduction in 

MEP50/PRMT5 level and downstream methylated histone level. This correlated with 

reduced enrichment of MEP50, PRMT5 and methylated histones at the p21Cip1 and 

involucrin promoter indicating increased gene transcription (Saha, Adhikary et al. 2015, 

Saha, Eckert 2015). This novel finding highlights the importance of divergent pathways 

necessary to mediate target gene expression. Our studies are significant as they:  

a) Identify a novel link between the MAPK pathway and arginine methylation in 

mediating keratinocyte differentiation.  

b) Identify involucrin as a MEP50 target. 

c) Establish the role of MEP50 and PRMT5 as key regulators of keratinocyte 

proliferation. 

d) Identify p38δ as a common kinase regulating proliferation and differentiation. 



125 
 

B. FUTURE DIRECTIONS: 

 
 MEP50 and PRMT5 are new players in the keratinocyte biology arena. While 

these studies have enhanced our understanding of the role of MEP50 and PRMT5 as 

negative regulators of differentiation in keratinocytes, several questions remain to be 

answered. A current area of interest is to investigate the role of MEP50 in tethering 

PRMT5 to the p38δ/ERK complex. This will be investigated by testing the effect of 

MEP50 knockdown on PRMT5 association with the complex. The experiment will 

involve electroporation of the keratinocytes with control-siRNA or MEP50-siRNA for 72 

hours. This will be followed by IP with p38δ and levels of MEP50 and PRMT5 will be 

measured in the precipitate. Based on our previous results, we anticipate that MEP50 

knockdown will impact complex formation between p38δ and PRMT5. Decreased or no 

interaction between p38δ and PRMT5 will be observed in the MEP50 knockdown 

cultures. Another important goal is to identify the effect of MEP50 knockdown on 

PRMT5 methyltransferase activity. We aim to study changes in global SDMA as well as 

SDMA levels of the proteins involved in the p38δ-PRMT5 complex. We expect that 

MEP50 knockdown will result in the reduction of global SDMA levels as well as 

decrease the methylation status of the proteins in the p38δ-ERK1/2 complex. 

 Another area of interest is the mechanism of cross-regulation of PRMT5 by 

MEP50. Our data suggests that MEP50 regulates PRMT5 mRNA and protein levels 

however the mechanism is unknown. We predict that MEP50 knockdown disrupts the 

interaction between PRMT5 and MEP50 resulting in degradation of PRMT5 protein. We 

will test this by first electroporating the cells with control-siRNA or MEP50-siRNA for 

48 hours followed by treatment with a proteasome inhibitor for 24 hours. These lysates 
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will be used for immunoblot and monitored for stabilized PRMT5 protein in the MEP50-

siRNA and proteasome treatment group. Another possibility is that MEP50 regulates the 

rate of PRMT5 transcription or mRNA stability. We can test this by nuclear run-on assay 

or actinomycin D assay respectively. 

 Additionally, we aim to study the role of MEP50 and PRMT5 in skin cancer cells. 

Our studies have indicated that MEP50 is expressed in squamous cell carcinoma tissue 

sections and in the squamous carcinoma SCC-13 cell line (Fig. 5-1 A/B). Additionally, 

MEP50 and PRMT5 siRNA resulted in substantial reduction in proliferation in the SCC-

13 cells as compared to the control-siRNA transfected cells (Fig. 5-1 C). These indicate 

that MEP50 and PRMT5 act as pro-proliferation factors in the SCC-13 cells. We aim to 

identify the pathways in which MEP50 and PRMT5 contribute to cell proliferation. 
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Figure 5-1:MEP50 is expressed in squamous cell carcinoma and negatively impacts 

proliferation. 

A The skin cancer tissue microarray (US Biomax BC21014) were stained with anti-
MEP50 and binding was visualized using a peroxidase-conjugated secondary antibody 
(upper panels). Bar = 125 µm. B SCC-13 cells were fixed and stained with anti-MEP50 
(green). Similar results were observed in each of three experiments. The staining 
indicates MEP50 distribution in the nucleus and cytoplasm. C KERn were electroporated 
with 3 µg of control, MEP50-siRNA or PRMT5-siRNA. The cells were allowed to seed 
overnight. Next, 15,000 cells from each group were seeded in each well of a 6 well plate 
and day 0 counts were taken the same day. Cells were counted on Day 2, Day 3 and Day 
4. Simultaneously, protein lysates were tested by immunoblot using anti-MEP50, anti-
PRMT5, anti-H4R3me2s or histone H4 antibody. β-actin was used as the loading control. 
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Another area of interest is the contribution of PRMT5 and MEP50 to tumor 

growth using a xenograft model. In order to study this, we aim to generate a stable cell 

line which is able to reduce PRMT5 or MEP50 expression in an inducible manner 

(tetracycline dependent). These cells will be injected in nude mice. The role of MEP50 

and PRMT5 as essential contributors for tumor growth will be studied in two 

experiments. In the first setting, the mice will be given control or the tetracycline analog, 

doxycycline, immediately after injection of the cancer cells. This will enable us to 

monitor the role of PRMT5 and MEP50 in tumor formation. We predict that the control-

treated mice will form tumors while the doxycycline treated mice will be unable to form 

tumors or form fewer tumors as compared to the control. The second experiment will 

involve feeding the mice doxycycline once tumors reach an appropriate size. This will be 

significant from the chemotherapeutic standpoint and allow us to test if PRMT5 or 

MEP50 depletion results in reduction in tumor numbers and tumor load. We predict that 

tumors in the control-treated mice will continue to proliferate while the tumors in 

doxycyline-treated mice will reduce in size or disappear. The number and size of tumors 

will be monitored weekly. At the end of the study; mRNA, protein and tumor sections 

will be collected to monitor for pro-proliferation markers. These experiments are 

important from the clinical standpoint as they will test the possibility of MEP50/PRMT5 

as therapeutic targets in squamous cell carcinoma treatment. 

  



130 
 

REFERENCES 

ADHIKARY, G., CHEW, Y.C., REECE, E.A. and ECKERT, R.L., 2010. PKC-δ and-η, 
MEKK-1, MEK-6, MEK-3, and p38-δ are essential mediators of the response of normal 
human epidermal keratinocytes to differentiating agents. Journal of Investigative 

Dermatology, 130(8), pp. 2017-2030. 

ADHIKARY, G., CRISH, J., LASS, J. and ECKERT, R.L., 2004. Regulation of 
involucrin expression in normal human corneal epithelial cells: a role for activator protein 
one. Investigative ophthalmology & visual science, 45(4), pp. 1080-1087. 

AGGARWAL, P., VAITES, L.P., KIM, J.K., MELLERT, H., GURUNG, B., 
NAKAGAWA, H., HERLYN, M., HUA, X., RUSTGI, A.K. and MCMAHON, S.B., 
2010. Nuclear Cyclin D1/CDK4 Kinase Regulates< i> CUL4 Expression and Triggers 
Neoplastic Growth via Activation of the PRMT5 Methyltransferase. Cancer cell, 18(4), 
pp. 329-340. 

ALIOUAT-DENIS, C.M., DENDOUGA, N., VAN DEN WYNGAERT, I., 
GOEHLMANN, H., STELLER, U., VAN DE WEYER, I., VAN SLYCKEN, N., 
ANDRIES, L., KASS, S., LUYTEN, W., JANICOT, M. and VIALARD, J.E., 2005. p53-
independent regulation of p21Waf1/Cip1 expression and senescence by Chk2. Molecular 

cancer research : MCR, 3(11), pp. 627-634. 

ANNE, J. and MECHLER, B.M., 2005. Valois, a component of the nuage and pole 
plasm, is involved in assembly of these structures, and binds to Tudor and the 
methyltransferase Capsuleen. Development (Cambridge, England), 132(9), pp. 2167-
2177. 

ANTONYSAMY, S., BONDAY, Z., CAMPBELL, R.M., DOYLE, B., DRUZINA, Z., 
GHEYI, T., HAN, B., JUNGHEIM, L.N., QIAN, Y., RAUCH, C., RUSSELL, M., 
SAUDER, J.M., WASSERMAN, S.R., WEICHERT, K., WILLARD, F.S., ZHANG, A. 
and EMTAGE, S., 2012. Crystal structure of the human PRMT5:MEP50 complex. 
Proceedings of the National Academy of Sciences of the United States of America, 

109(44), pp. 17960-17965. 

BALASUBRAMANIAN, S., EFIMOVA, T. and ECKERT, R.L., 2002. Green tea 
polyphenol stimulates a Ras, MEKK1, MEK3, and p38 cascade to increase activator 
protein 1 factor-dependent involucrin gene expression in normal human keratinocytes. 
The Journal of biological chemistry, 277(3), pp. 1828-1836. 

BALASUBRAMANIAN, S., ZHU, L. and ECKERT, R.L., 2006. Apigenin inhibition of 
involucrin gene expression is associated with a specific reduction in phosphorylation of 
protein kinase Cdelta Tyr311. The Journal of biological chemistry, 281(47), pp. 36162-
36172. 



131 
 

BANKS, E., CRISH, J. and ECKERT, R., 1999. Transcription factor Sp1 activates 
involucrin promoter activity in non-epithelial cell types. Biochem.J, 337, pp. 507-512. 

BANKS, E.B., CRISH, J.F., WELTER, J.F. and ECKERT, R.L., 1998. Characterization 
of human involucrin promoter distal regulatory region transcriptional activator elements-
a role for Sp1 and AP1 binding sites. The Biochemical journal, 331 ( Pt 1)(Pt 1), pp. 61-
68. 

BEARDMORE, V.A., HINTON, H.J., EFTYCHI, C., APOSTOLAKI, M., ARMAKA, 
M., DARRAGH, J., MCILRATH, J., CARR, J.M., ARMIT, L.J., CLACHER, C., 
MALONE, L., KOLLIAS, G. and ARTHUR, J.S., 2005. Generation and characterization 
of p38beta (MAPK11) gene-targeted mice. Molecular and cellular biology, 25(23), pp. 
10454-10464. 

BEDFORD, M.T. and CLARKE, S.G., 2009. Protein arginine methylation in mammals: 
who, what, and why. Molecular cell, 33(1), pp. 1-13. 

BEDFORD, M.T. and RICHARD, S., 2005. Arginine methylation: an emerging 
regulatorof protein function. Molecular cell, 18(3), pp. 263-272. 

BIKLE, D., TU, C., XIE, Z. and ODA, Y., 2003. Vitamin D regulated keratinocyte 
differentiation: role of coactivators. Journal of cellular biochemistry, 88(2), pp. 290-295. 

BIKLE, D.D., NG, D., TU, C., ODA, Y. and XIE, Z., 2001. Calcium-and vitamin D-
regulated keratinocyte differentiation. Molecular and cellular endocrinology, 177(1), pp. 
161-171. 

BOLLAG, W.B., 2009. Protein Kinase Cα Puts the Handcuffs on Epidermal Keratinocyte 
Proliferation. Journal of Investigative Dermatology, 129(10), pp. 2330-2332. 

BOLLAG, W.B., DODD, M.E. and SHAPIRO, B.A., 2004. Protein kinase D and 
keratinocyte proliferation. Drug News Perspect, 17(2), pp. 117-126. 

BRANSCOMBE, T.L., FRANKEL, A., LEE, J.H., COOK, J.R., YANG, Z., PESTKA, S. 
and CLARKE, S., 2001. PRMT5 (Janus kinase-binding protein 1) catalyzes the formation 
of symmetric dimethylarginine residues in proteins. The Journal of biological chemistry, 

276(35), pp. 32971-32976. 

CABODI, S., CALAUTTI, E., TALORA, C., KUROKI, T., STEIN, P.L. and DOTTO, 
G.P., 2000. A PKC-η/Fyn-dependent pathway leading to keratinocyte growth arrest and 
differentiation. Molecular cell, 6(5), pp. 1121-1129. 

CHENG, J., SYDER, A.J., YU, Q., LETAL, A., PALLER, A.S. and FUCHS, E., 1992. 
The genetic basis of epidermolytic hyperkeratosis: a disorder of differentiation-specific 
epidermal keratin genes. Cell, 70(5), pp. 811-819. 



132 
 

CHENG, F., MCLAUGHLIN, P.J., VERDERAME, M.F. and ZAGON, I.S., 2009. The 
OGF-OGFr axis utilizes the p16INK4a and p21WAF1/CIP1 pathways to restrict normal 
cell proliferation. Molecular biology of the cell, 20(1), pp. 319-327. 

CHEUNG, P.C., CAMPBELL, D.G., NEBREDA, A.R. and COHEN, P., 2003. Feedback 
control of the protein kinase TAK1 by SAPK2a/p38alpha. The EMBO journal, 22(21), 
pp. 5793-5805. 

CHEW, Y.C., ADHIKARY, G., WILSON, G.M., REECE, E.A. and ECKERT, R.L., 
2011. Protein kinase C (PKC) delta suppresses keratinocyte proliferation by increasing 
p21(Cip1) level by a KLF4 transcription factor-dependent mechanism. The Journal of 

biological chemistry, 286(33), pp. 28772-28782. 

CHEW, Y.C., ADHIKARY, G., WILSON, G.M., XU, W. and ECKERT, R.L., 2012. 
Sulforaphane induction of p21(Cip1) cyclin-dependent kinase inhibitor expression 
requires p53 and Sp1 transcription factors and is p53-dependent. The Journal of 

biological chemistry, 287(20), pp. 16168-16178. 

CHEW, Y.C., ADHIKARY, G., XU, W., WILSON, G.M. and ECKERT, R.L., 2013. 
Protein kinase C delta increases Kruppel-like factor 4 protein, which drives involucrin 
gene transcription in differentiating keratinocytes. The Journal of biological chemistry, 

288(24), pp. 17759-17768. 

CHO, E., ZHENG, S., MUNRO, S., LIU, G., CARR, S.M., MOEHLENBRINK, J., LU, 
Y., STIMSON, L., KHAN, O. and KONIETZNY, R., 2012. Arginine methylation 
controls growth regulation by E2F‐1. The EMBO journal, 31(7), pp. 1785-1797. 

CHOI, Y.K., WOO, S.M., CHO, S.G., MOON, H.E., YUN, Y.J., KIM, J.W., NOH, D.Y., 
JANG, B.H., SHIN, Y.C., KIM, J.H., SHIN, H.D., PAEK, S.H. and KO, S.G., 2013. 
Brain-metastatic triple-negative breast cancer cells regain growth ability by altering gene 
expression patterns. Cancer genomics & proteomics, 10(6), pp. 265-275. 

COULOMBE, P.A., HUTTON, M.E., LETAL, A., HEBERT, A., PALLER, A.S. and 
FUCHS, E., 1991. Point mutations in human keratin 14 genes of epidermolysis bullosa 
simplex patients: genetic and functional analyses. Cell, 66(6), pp. 1301-1311. 

COULTHARD, L.R., WHITE, D.E., JONES, D.L., MCDERMOTT, M.F. and 
BURCHILL, S.A., 2009. p38 MAPK: stress responses from molecular mechanisms to 
therapeutics. Trends in molecular medicine, 15(8), pp. 369-379. 

CRISH, J.F., HOWARD, J.M., ZAIM, T.M., MURTHY, S. and ECKERT, R.L., 1993a. 
Tissue‐specific and differentiation‐appropriate expression of the human involucrin gene 
in transgenic mice: an abnormal epidermal phenotype. Differentiation, 53(3), pp. 191-
200. 



133 
 

CRISH, J.F., BONE, F., BANKS, E.B. and ECKERT, R.L., 2002. The human involucrin 
gene contains spatially distinct regulatory elements that regulate expression during early 
versus late epidermal differentiation. Oncogene, 21(5), pp. 738-747. 

CRISH, J.F. and ECKERT, R.L., 2008. Synergistic activation of human involucrin gene 
expression by Fra-1 and p300--evidence for the presence of a multiprotein complex. The 

Journal of investigative dermatology, 128(3), pp. 530-541. 

CRISH, J.F., GOPALAKRISHNAN, R., BONE, F., GILLIAM, A.C. and ECKERT, 
R.L., 2006. The distal and proximal regulatory regions of the involucrin gene promoter 
have distinct functions and are required for in vivo involucrin expression. The Journal of 

investigative dermatology, 126(2), pp. 305-314. 

CRISH, J.F., HOWARD, J.M., ZAIM, T.M., MURTHY, S. and ECKERT, R.L., 1993b. 
Tissue-specific and differentiation-appropriate expression of the human involucrin gene 
in transgenic mice: an abnormal epidermal phenotype. Differentiation; research in 

biological diversity, 53(3), pp. 191-200. 

CRISH, J.F., ZAIM, T.M. and ECKERT, R.L., 1998. The distal regulatory region of the 
human involucrin promoter is required for expression in epidermis. The Journal of 

biological chemistry, 273(46), pp. 30460-30465. 

CUEVAS, B., ABELL, A. and JOHNSON, G., 2007. Role of mitogen-activated protein 
kinase kinase kinases in signal integration. Oncogene, 26(22), pp. 3159-3171. 

CURMI, P.A., ANDERSEN, S.S., LACHKAR, S., GAVET, O., KARSENTI, E., 
KNOSSOW, M. and SOBEL, A., 1997. The stathmin/tubulin interaction in vitro. Journal 

of Biological Chemistry, 272(40), pp. 25029-25036. 

DALE, B.A., PRESLAND, R.B., LEWIS, S.P., UNDERWOOD, R.A. and FLECKMAN, 
P., 1997. Transient expression of epidermal filaggrin in cultured cells causes collapse of 
intermediate filament networks with alteration of cell shape and nuclear integrity. Journal 

of investigative dermatology, 108(2), pp. 179-187. 

DASHTI, S.R., EFIMOVA, T. and ECKERT, R.L., 2001a. MEK6 regulates human 
involucrin gene expression via a p38alpha - and p38delta -dependent mechanism. The 

Journal of biological chemistry, 276(29), pp. 27214-27220. 

DASHTI, S.R., EFIMOVA, T. and ECKERT, R.L., 2001b. MEK7-dependent activation 
of p38 MAP kinase in keratinocytes. The Journal of biological chemistry, 276(11), pp. 
8059-8063. 

DENNING, M., DLUGOSZ, A., CHENG, C., DEMPSEY, P., COFFEY JR, R., 
THREADGILL, D., MAGNUSON, T. and YUSPA, S., 2000. Cross‐talk between 
epidermal growth factor receptor and protein kinase C during calcium‐induced 
differentiation of keratinocytes. Experimental dermatology, 9(3), pp. 192-199. 



134 
 

DENNING, M.F., 2004. Epidermal keratinocytes: regulation of multiple cell phenotypes 
by multiple protein kinase C isoforms. The international journal of biochemistry & cell 

biology, 36(7), pp. 1141-1146. 

DENNING, M.F., DLUGOSZ, A.A., WILLIAMS, E.K., SZALLASI, Z., BLUMBERG, 
P.M. and YUSPA, S.H., 1995. Specific protein kinase C isozymes mediate the induction 
of keratinocyte differentiation markers by calcium. Cell Growth and Differentiation-

Publication American Association for Cancer Research, 6(2), pp. 149-158. 

DENNING, M.F., WANG, Y., TIBUDAN, S., ALKAN, S., NICKOLOFF, B.J. and QIN, 
J.Z., 2002. Caspase activation and disruption of mitochondrial membrane potential during 
UV radiation-induced apoptosis of human keratinocytes requires activation of protein 
kinase C. Cell death and differentiation, 9(1), pp. 40-52. 

DEUCHER, A., EFIMOVA, T. and ECKERT, R.L., 2002. Calcium-dependent involucrin 
expression is inversely regulated by protein kinase C (PKC)alpha and PKCdelta. The 

Journal of biological chemistry, 277(19), pp. 17032-17040. 

DEVGAN, V., MAMMUCARI, C., MILLAR, S.E., BRISKEN, C. and DOTTO, G.P., 
2005. p21WAF1/Cip1 is a negative transcriptional regulator of Wnt4 expression 
downstream of Notch1 activation. Genes & development, 19(12), pp. 1485-1495. 

DJIAN, P., EASLEY, K. and GREEN, H., 2000. Targeted ablation of the murine 
involucrin gene. The Journal of cell biology, 151(2), pp. 381-388. 

DLUGOSZ, A.A. and YUSPA, S.H., 1994. Protein kinase C regulates keratinocyte 
transglutaminase (TGK) gene expression in cultured primary mouse epidermal 
keratinocytes induced to terminally differentiate by calcium. Journal of investigative 

dermatology, 102(4), pp. 409-414. 

DLUGOSZ, A.A. and YUSPA, S.H., 1991. Staurosporine induces protein kinase C 
agonist effects and maturation of normal and neoplastic mouse keratinocytes in vitro. 
Cancer research, 51(17), pp. 4677-4684. 

ECKERT, R.L., 1989. Structure, function, and differentiation of the keratinocyte. Physiol 

Rev, 69(4), pp. 1316-1346. 

ECKERT, R.L., ADHIKARY, G., RORKE, E.A., CHEW, Y.C. and 
BALASUBRAMANIAN, S., 2011. Polycomb group proteins are key regulators of 
keratinocyte function. Journal of Investigative Dermatology, 131(2), pp. 295-301. 

ECKERT, R.L., CRISH, J.F., EFIMOVA, T., DASHTI, S.R., DEUCHER, A., BONE, F., 
ADHIKARY, G., HUANG, G., GOPALAKRISHNAN, R. and BALASUBRAMANIAN, 
S., 2003a. Regulation of involucrin gene expression. Journal of investigative 

dermatology, 123(1), pp. 13-22. 



135 
 

ECKERT, R.L., CRISH, J.F., EFIMOVA, T., DASHTI, S.R., DEUCHER, A., BONE, F., 
ADHIKARY, G., HUANG, G., GOPALAKRISHNAN, R. and BALASUBRAMANIAN, 
S., 2003b. Regulation of involucrin gene expression. Journal of investigative 

dermatology, 123(1), pp. 13-22. 

ECKERT, R.L., EFIMOVA, T., BALASUBRAMANIAN, S., CRISH, J.F., BONE, F. 
and DASHTI, S., 2003a. p38 mitogen-activated protein kinases on the body surface–a 
function for p38δ. Journal of Investigative Dermatology, 120(5), pp. 823-828. 

ECKERT, R.L., YAFFE, M.B., CRISH, J.F., MURTHY, S., RORKE, E.A. and 
WELTER, J.F., 1993. Involucrin—structure and role in envelope assembly. Journal of 

investigative dermatology, 100(5), pp. 613-617. 

ECKERT, R., EFIMOVA, T., DASHTI, S.R., BALASUBRAMANIAN, S., DEUCHER, 
A., CRISH, J.F., STURNIOLO, M. and BONE, F., 2002a. Keratinocyte survival, 
differentiation, and death: many roads lead to mitogen-activated protein kinase, Journal 

of Investigative Dermatology Symposium Proceedings 2002a, Nature Publishing Group, 
pp. 36-40. 

ECKERT, R.L., CRISH, J.F., EFIMOVA, T., DASHTI, S.R., DEUCHER, A., BONE, F., 
ADHIKARY, G., HUANG, G., GOPALAKRISHNAN, R. and BALASUBRAMANIAN, 
S., 2004. Regulation of involucrin gene expression. The Journal of investigative 

dermatology, 123(1), pp. 13-22. 

ECKERT, R.L., CRISH, J.F. and ROBINSON, N.A., 1997. The epidermal keratinocyte 
as a model for the study of gene regulation and cell differentiation. Physiological 

Reviews, 77(2), pp. 397-424. 

ECKERT, R.L., EFIMOVA, T., BALASUBRAMANIAN, S., CRISH, J.F., BONE, F. 
and DASHTI, S., 2003b. p38 Mitogen-activated protein kinases on the body surface--a 
function for p38 delta. The Journal of investigative dermatology, 120(5), pp. 823-828. 

ECKERT, R.L., EFIMOVA, T., DASHTI, S.R., BALASUBRAMANIAN, S., 
DEUCHER, A., CRISH, J.F., STURNIOLO, M. and BONE, F., 2002b. Keratinocyte 
survival, differentiation, and death: many roads lead to mitogen-activated protein kinase. 
The journal of investigative dermatology.Symposium proceedings / the Society for 

Investigative Dermatology, Inc.[and] European Society for Dermatological Research, 

7(1), pp. 36-40. 

ECKERT, R.L. and RORKE, E.A., 1989. Molecular biology of keratinocyte 
differentiation. Environmental health perspectives, 80, pp. 109-116. 

EFIMOVA, T., BROOME, A.M. and ECKERT, R.L., 2004a. Protein kinase Cdelta 
regulates keratinocyte death and survival by regulating activity and subcellular 
localization of a p38delta-extracellular signal-regulated kinase 1/2 complex. Molecular 

and cellular biology, 24(18), pp. 8167-8183. 



136 
 

EFIMOVA, T., BROOME, A.M. and ECKERT, R.L., 2004b. Protein kinase Cdelta 
regulates keratinocyte death and survival by regulating activity and subcellular 
localization of a p38delta-extracellular signal-regulated kinase 1/2 complex. Molecular 

and cellular biology, 24(18), pp. 8167-8183. 

EFIMOVA, T., BROOME, A.M. and ECKERT, R.L., 2003. A regulatory role for p38 
delta MAPK in keratinocyte differentiation. Evidence for p38 delta-ERK1/2 complex 
formation. The Journal of biological chemistry, 278(36), pp. 34277-34285. 

EFIMOVA, T., DEUCHER, A., KUROKI, T., OHBA, M. and ECKERT, R.L., 2002. 
Novel protein kinase C isoforms regulate human keratinocyte differentiation by 
activating a p38 delta mitogen-activated protein kinase cascade that targets 
CCAAT/enhancer-binding protein alpha. The Journal of biological chemistry, 277(35), 
pp. 31753-31760. 

EFIMOVA, T. and ECKERT, R.L., 2000. Regulation of human involucrin promoter 
activity by novel protein kinase C isoforms. The Journal of biological chemistry, 275(3), 
pp. 1601-1607. 

EFIMOVA, T., LACELLE, P., WELTER, J.F. and ECKERT, R.L., 1998. Regulation of 
human involucrin promoter activity by a protein kinase C, Ras, MEKK1, MEK3, 
p38/RK, AP1 signal transduction pathway. The Journal of biological chemistry, 273(38), 
pp. 24387-24395. 

EL-DEIRY, W.S., TOKINO, T., VELCULESCU, V.E., LEVY, D.B., PARSONS, R., 
TRENT, J.M., LIN, D., MERCER, W.E., KINZLER, K.W. and VOGELSTEIN, B., 
1993. < i> WAF1, a potential mediator of p53 tumor suppression. Cell, 75(4), pp. 817-
825. 

FABBRIZIO, E., MESSAOUDI, S.E., POLANOWSKA, J., PAUL, C., COOK, J.R., 
LEE, J., NÈGRE, V., ROUSSET, M., PESTKA, S. and LE CAM, A., 2002. Negative 
regulation of transcription by the type II arginine methyltransferase PRMT5. EMBO 

reports, 3(7), pp. 641-645. 

FOSTER, K.W., REN, S., LOURO, I.D., LOBO-RUPPERT, S.M., MCKIE-BELL, P., 
GRIZZLE, W., HAYES, M.R., BROKER, T.R., CHOW, L.T. and RUPPERT, J.M., 
1999. Oncogene expression cloning by retroviral transduction of adenovirus E1A-
immortalized rat kidney RK3E cells: transformation of a host with epithelial features by 
c-MYC and the zinc finger protein GKLF. Cell growth & differentiation : the molecular 

biology journal of the American Association for Cancer Research, 10(6), pp. 423-434. 

FRIESEN, W.J., WYCE, A., PAUSHKIN, S., ABEL, L., RAPPSILBER, J., MANN, M. 
and DREYFUSS, G., 2002. A novel WD repeat protein component of the methylosome 
binds Sm proteins. The Journal of biological chemistry, 277(10), pp. 8243-8247. 



137 
 

FUCHS, E. and GREEN, H., 1980. Changes in keratin gene expression during terminal 
differentiation of the keratinocyte. Cell, 19(4), pp. 1033-1042. 

FUCHS, E., ESTEVES, R.A. and COULOMBE, P.A., 1992. Transgenic mice expressing 
a mutant keratin 10 gene reveal the likely genetic basis for epidermolytic hyperkeratosis. 
Proceedings of the National Academy of Sciences of the United States of America, 

89(15), pp. 6906-6910. 

GALLO, K.A. and JOHNSON, G.L., 2002. Mixed-lineage kinase control of JNK and p38 
MAPK pathways. Nature reviews Molecular cell biology, 3(9), pp. 663-672. 

GAO, L., SMIT, M.A., DEN OORD, J.J., GOEMAN, J.J., VERDEGAAL, E.M., BURG, 
S.H., STAS, M., BECK, S., GRUIS, N.A. and TENSEN, C.P., 2013. Genome‐wide 
promoter methylation analysis identifies epigenetic silencing of MAPK13 in primary 
cutaneous melanoma. Pigment cell & melanoma research, 26(4), pp. 542-554. 

GAO, S., WU, H., WANG, F. and WANG, Z., 2010. Altered differentiation and 
proliferation of prostate epithelium in mice lacking the androgen receptor cofactor 
p44/WDR77. Endocrinology, 151(8), pp. 3941-3953. 

GARY, J.D. and CLARKE, S., 1998. RNA and protein interactions modulated by protein 
arginine methylation. Progress in nucleic acid research and molecular biology, 61, pp. 
65-131. 

GERDES, J., LEMKE, H., BAISCH, H., WACKER, H.H., SCHWAB, U. and STEIN, 
H., 1984. Cell cycle analysis of a cell proliferation-associated human nuclear antigen 
defined by the monoclonal antibody Ki-67. Journal of immunology (Baltimore, Md.: 

1950), 133(4), pp. 1710-1715. 

GHERZI, R., SPARATORE, B., PATRONE, M., SCIUTTO, A. and BRIATA, P., 1992. 
Protein kinase C mRNA levels and activity in reconstituted normal human epidermis: 
relationships to cell differentiation. Biochemical and biophysical research 

communications, 184(1), pp. 283-291. 

GILBERT, J., GORE, S.D., HERMAN, J.G. and CARDUCCI, M.A., 2004. The clinical 
application of targeting cancer through histone acetylation and hypomethylation. Clinical 

cancer research : an official journal of the American Association for Cancer Research, 

10(14), pp. 4589-4596. 

GOEDERT, M., HASEGAWA, M., JAKES, R., LAWLER, S., CUENDA, A. and 
COHEN, P., 1997. Phosphorylation of microtubule-associated protein tau by stress-
activated protein kinases. FEBS letters, 409(1), pp. 57-62. 

GOEDERT, M., CUENDA, A., CRAXTON, M., JAKES, R. and COHEN, P., 1997. 
Activation of the novel stress-activated protein kinase SAPK4 by cytokines and cellular 



138 
 

stresses is mediated by SKK3 (MKK6); comparison of its substrate specificity with that 
of other SAP kinases. The EMBO journal, 16(12), pp. 3563-3571. 

GOROSPE, M., WANG, X. and HOLBROOK, N.J., 1999. Functional role of p21 during 
the cellular response to stress. Gene expression, 7(4-6), pp. 377-385. 

GOTO, Y., SHINJO, K., KONDO, Y., SHEN, L., TOYOTA, M., SUZUKI, H., GAO, 
W., AN, B., FUJII, M., MURAKAMI, H., OSADA, H., TANIGUCHI, T., USAMI, N., 
KONDO, M., HASEGAWA, Y., SHIMOKATA, K., MATSUO, K., HIDA, T., 
FUJIMOTO, N., KISHIMOTO, T., ISSA, J.P. and SEKIDO, Y., 2009. Epigenetic 
profiles distinguish malignant pleural mesothelioma from lung adenocarcinoma. Cancer 

research, 69(23), pp. 9073-9082. 

GREEN, H., FUCHS, E. and WATT, F., 1982. Differentiated structural components of 
the keratinocyte. Cold Spring Harbor symposia on quantitative biology, 46 Pt 1, pp. 293-
301. 

GU, Z., LI, Y., LEE, P., LIU, T., WAN, C. and WANG, Z., 2012. Protein arginine 
methyltransferase 5 functions in opposite ways in the cytoplasm and nucleus of prostate 
cancer cells. PloS one, 7(8), pp. e44033. 

GU, Z., ZHANG, F., WANG, Z.Q., MA, W., DAVIS, R.E. and WANG, Z., 2013. The 
p44/wdr77-dependent cellular proliferation process during lung development is 
reactivated in lung cancer. Oncogene, 32(15), pp. 1888-1900. 

GUO, Z., ZHENG, L., XU, H., DAI, H., ZHOU, M., PASCUA, M.R., CHEN, Q.M. and 
SHEN, B., 2010. Methylation of FEN1 suppresses nearby phosphorylation and facilitates 
PCNA binding. Nature chemical biology, 6(10), pp. 766-773. 

HAIDER, A.S., PETERS, S.B., KAPORIS, H., CARDINALE, I., FEI, J., OTT, J., 
BLUMENBERG, M., BOWCOCK, A.M., KRUEGER, J.G. and CARUCCI, J.A., 2006. 
Genomic analysis defines a cancer-specific gene expression signature for human 
squamous cell carcinoma and distinguishes malignant hyperproliferation from benign 
hyperplasia. Journal of investigative dermatology, 126(4), pp. 869-881. 

HAN, B., RORKE, E.A., ADHIKARY, G., CHEW, Y.C., XU, W. and ECKERT, R.L., 
2012. Suppression of AP1 transcription factor function in keratinocyte suppresses 
differentiation. PloS one, 7(5), pp. e36941. 

HARA, T., SAITO, Y., HIRAI, T., NAKAMURA, K., NAKAO, K., KATSUKI, M. and 
CHIDA, K., 2005. Deficiency of protein kinase Calpha in mice results in impairment of 
epidermal hyperplasia and enhancement of tumor formation in two-stage skin 
carcinogenesis. Cancer research, 65(16), pp. 7356-7362. 

HAUSER, P., MA, L., AGRAWAL, D., HAURA, E., CRESS, W.D. and PLEDGER, 
W.J., 2004. Efficient down-regulation of cyclin A-associated activity and expression in 



139 
 

suspended primary keratinocytes requires p21(Cip1). Molecular cancer research : MCR, 

2(2), pp. 96-104. 

HE, W., MA, X., YANG, X., ZHAO, Y., QIU, J. and HANG, H., 2011. A role for the 
arginine methylation of Rad9 in checkpoint control and cellular sensitivity to DNA 
damage. Nucleic acids research, 39(11), pp. 4719-4727. 

HO, M.C., WILCZEK, C., BONANNO, J.B., XING, L., SEZNEC, J., MATSUI, T., 
CARTER, L.G., ONIKUBO, T., KUMAR, P.R., CHAN, M.K., BRENOWITZ, M., 
CHENG, R.H., REIMER, U., ALMO, S.C. and SHECHTER, D., 2013. Structure of the 
arginine methyltransferase PRMT5-MEP50 reveals a mechanism for substrate specificity. 
PloS one, 8(2), pp. e57008. 

HOHL, D., HUBER, M. and FRENK, E., 1993. Analysis of the cornified cell envelope in 
lamellar ichthyosis. Archives of Dermatology, 129(5), pp. 618-624. 

HOLBROOK, K. and WOLFF, K., 1987. The structure and development of skin. 
Dermatology in general medicine, 1, pp. 93-131. 

HOLLERAN, W.M., GINNS, E.I., MENON, G.K., GRUNDMANN, J.U., FARTASCH, 
M., MCKINNEY, C.E., ELIAS, P.M. and SIDRANSKY, E., 1994. Consequences of 
beta-glucocerebrosidase deficiency in epidermis. Ultrastructure and permeability barrier 
alterations in Gaucher disease. The Journal of clinical investigation, 93(4), pp. 1756-
1764. 

HOSOHATA, K., LI, P., HOSOHATA, Y., QIN, J., ROEDER, R.G. and WANG, Z., 
2003. Purification and identification of a novel complex which is involved in androgen 
receptor-dependent transcription. Molecular and cellular biology, 23(19), pp. 7019-7029. 

HOU, Z., PENG, H., AYYANATHAN, K., YAN, K.P., LANGER, E.M., LONGMORE, 
G.D. and RAUSCHER, F.J.,3rd, 2008. The LIM protein AJUBA recruits protein arginine 
methyltransferase 5 to mediate SNAIL-dependent transcriptional repression. Molecular 

and cellular biology, 28(10), pp. 3198-3207. 

HSU, J., CHEN, C., CHOU, C., KUO, H., LI, L., LIN, C., LEE, H., WANG, Y., LIU, M. 
and LIAO, H., 2011. Crosstalk between Arg 1175 methylation and Tyr 1173 
phosphorylation negatively modulates EGFR-mediated ERK activation. Nature cell 

biology, 13(2), pp. 174-181. 

ISHIDA-YAMAMOTO, A., MCGRATH, J.A., LAM, H., IIZUKA, H., FRIEDMAN, 
R.A. and CHRISTIANO, A.M., 1997. The molecular pathology of progressive symmetric 
erythrokeratoderma: a frameshift mutation in the loricrin gene and perturbations in the 
cornified cell envelope. The American Journal of Human Genetics, 61(3), pp. 581-589. 



140 
 

JANSSON, M., DURANT, S.T., CHO, E., SHEAHAN, S., EDELMANN, M., 
KESSLER, B. and LA THANGUE, N.B., 2008. Arginine methylation regulates the p53 
response. Nature cell biology, 10(12), pp. 1431-1439. 

JIANG, Y., GRAM, H., ZHAO, M., NEW, L., GU, J., FENG, L., DI PADOVA, F., 
ULEVITCH, R.J. and HAN, J., 1997. Characterization of the structure and function of 
the fourth member of p38 group mitogen-activated protein kinases, p38δ. Journal of 

Biological Chemistry, 272(48), pp. 30122-30128. 

JOURDAIN, L., CURMI, P., SOBEL, A., PANTALONI, D. and CARLIER, M., 1997. 
Stathmin: a tubulin-sequestering protein which forms a ternary T2S complex with two 
tubulin molecules. Biochemistry, 36(36), pp. 10817-10821. 

JUNTTILA, M., ALA-AHO, R., JOKILEHTO, T., PELTONEN, J., KALLAJOKI, M., 
GRENMAN, R., JAAKKOLA, P., WESTERMARCK, J. and KÄHÄRI, V., 2007. p38α 
and p38δ mitogen-activated protein kinase isoforms regulate invasion and growth of head 
and neck squamous carcinoma cells. Oncogene, 26(36), pp. 5267-5279. 

KALININ, A., MAREKOV, L.N. and STEINERT, P.M., 2001. Assembly of the 
epidermal cornified cell envelope. Journal of cell science, 114(Pt 17), pp. 3069-3070. 

KAMIOKA, N., AKAHANE, T., KOHNO, Y., KUROKI, T., IIJIMA, M., HONMA, I. 
and OHBA, M., 2010. Protein kinase C δ and η differently regulate the expression of 
loricrin and Jun family proteins in human keratinocytes. Biochemical and biophysical 

research communications, 394(1), pp. 106-111. 

KANADE, S.R. and ECKERT, R.L., 2012. Protein arginine methyltransferase 5 
(PRMT5) signaling suppresses protein kinase Cdelta- and p38delta-dependent signaling 
and keratinocyte differentiation. The Journal of biological chemistry, 287(10), pp. 7313-
7323. 

KARKHANIS, V., HU, Y., BAIOCCHI, R.A., IMBALZANO, A.N. and SIF, S., 2011. 
Versatility of PRMT5-induced methylation in growth control and development. Trends in 

biochemical sciences, 36(12), pp. 633-641. 

KASHIWAGI, M., OHBA, M., WATANABE, H., ISHINO, K., KASAHARA, K., 
SANAI, Y., TAYA, Y. and KUROKI, T., 2000. PKCeta associates with cyclin 
E/cdk2/p21 complex, phosphorylates p21 and inhibits cdk2 kinase in keratinocytes. 
Oncogene, 19(54), pp. 6334-6341. 

KAWASAKI, H., NAGAO, K., KUBO, A., HATA, T., SHIMIZU, A., MIZUNO, H., 
YAMADA, T. and AMAGAI, M., 2012. Altered stratum corneum barrier and enhanced 
percutaneous immune responses in filaggrin-null mice. Journal of Allergy and Clinical 

Immunology, 129(6), pp. 1538-1546. e6. 



141 
 

KIM, J.M., SOHN, H.Y., YOON, S.Y., OH, J.H., YANG, J.O., KIM, J.H., SONG, K.S., 
RHO, S.M., YOO, H.S., KIM, Y.S., KIM, J.G. and KIM, N.S., 2005. Identification of 
gastric cancer-related genes using a cDNA microarray containing novel expressed 
sequence tags expressed in gastric cancer cells. Clinical cancer research : an official 

journal of the American Association for Cancer Research, 11(2 Pt 1), pp. 473-482. 

KOMERS, R., LINDSLEY, J.N., OYAMA, T.T., COHEN, D.M. and ANDERSON, S., 
2007. Renal p38 MAP kinase activity in experimental diabetes. Laboratory investigation, 

87(6), pp. 548-558. 

KRAFT, C.A., EFIMOVA, T. and ECKERT, R.L., 2007. Activation of PKCδ and p38δ 
MAPK during okadaic acid dependent keratinocyte apoptosis. Archives of 

Dermatological Research, 299(2), pp. 71-83. 

KRAUSE, C.D., YANG, Z., KIM, Y., LEE, J., COOK, J.R. and PESTKA, S., 2007a. 
Protein arginine methyltransferases: evolution and assessment of their pharmacological 
and therapeutic potential. Pharmacology & therapeutics, 113(1), pp. 50-87. 

KRAUSE, C.D., YANG, Z., KIM, Y., LEE, J., COOK, J.R. and PESTKA, S., 2007b. 
Protein arginine methyltransferases: evolution and assessment of their pharmacological 
and therapeutic potential. Pharmacology & therapeutics, 113(1), pp. 50-87. 

LANKAT‐BUTTGEREIT, B. and GÖKE, R., 2009. The tumour suppressor Pdcd4: 
recent advances in the elucidation of function and regulation. Biology of the Cell, 101(6), 
pp. 309-317. 

LAVKER, R., MILLER, S. and SUN, T., 1993. Epithelial stem cells, hair follicles, and 
tumor formation. Skin Carcinogenesis in Man and in Experimental Models. Springer, pp. 
31-43. 

LEE, S.J., KIM, D.C., CHOI, B.H., HA, H. and KIM, K.T., 2006. Regulation of p53 by 
activated protein kinase C-delta during nitric oxide-induced dopaminergic cell death. The 

Journal of biological chemistry, 281(4), pp. 2215-2224. 

LI, D. and ROBERTS, R., 2001. Human Genome and Diseases:¶ WD-repeat proteins: 
structure characteristics, biological function, and their involvement in human diseases. 
Cellular and Molecular Life Sciences CMLS, 58(14), pp. 2085-2097. 

LI, J., CAO, Y., YOUNG, M.R. and COLBURN, N.H., 2000. Induced expression of 
dominant‐negative c‐jun downregulates NFκB and AP‐1 target genes and suppresses 
tumor phenotype in human keratinocytes. Molecular carcinogenesis, 29(3), pp. 159-169. 

LIANG, J.J., WANG, Z., CHIRIBOGA, L., GRECO, M.A., SHAPIRO, E., HUANG, H., 
YANG, X.J., HUANG, J., PENG, Y., MELAMED, J., GARABEDIAN, M.J. and LEE, 
P., 2007. The expression and function of androgen receptor coactivator p44 and protein 



142 
 

arginine methyltransferase 5 in the developing testis and testicular tumors. The Journal of 

urology, 177(5), pp. 1918-1922. 

LIGR, M., PATWA, R.R., DANIELS, G., PAN, L., WU, X., LI, Y., TIAN, L., WANG, 
Z., XU, R., WU, J., CHEN, F., LIU, J., WEI, J.J. and LEE, P., 2011. Expression and 
function of androgen receptor coactivator p44/Mep50/WDR77 in ovarian cancer. PloS 

one, 6(10), pp. e26250. 

LIN, P., LEE, J., LIAO, M., HSU, H., CHIU, S., LIU, H. and SHIH, W., 2009. 
Modulation of p53 by mitogen-activated protein kinase pathways and protein kinase C δ 
during avian reovirus S1133-induced apoptosis. Virology, 385(2), pp. 323-334. 

LIU, F., ZHAO, X., PERNA, F., WANG, L., KOPPIKAR, P., ABDEL-WAHAB, O., 
HARR, M.W., LEVINE, R.L., XU, H. and TEFFERI, A., 2011. JAK2V617F-mediated 
phosphorylation of PRMT5 downregulates its methyltransferase activity and promotes 
myeloproliferation. Cancer cell, 19(2), pp. 283-294. 

MACLEOD, K.F., SHERRY, N., HANNON, G., BEACH, D., TOKINO, T., KINZLER, 
K., VOGELSTEIN, B. and JACKS, T., 1995. p53-dependent and independent expression 
of p21 during cell growth, differentiation, and DNA damage. Genes & development, 9(8), 
pp. 935-944. 

MATSUI, M.S., CHEW, S.L. and DELEO, V.A., 1992. Protein kinase C in normal 
human epidermal keratinocytes during proliferation and calcium-induced differentiation. 
Journal of investigative dermatology, 99(5), pp. 565-571. 

MERLO, A., HERMAN, J.G., MAO, L., LEE, D.J., GABRIELSON, E., BURGER, P.C., 
BAYLIN, S.B. and SIDRANSKY, D., 1995. 5′ CpG island methylation is associated with 
transcriptional silencing of the tumour suppressor p16/CDKN2/MTS1 in human cancers. 
Nature medicine, 1(7), pp. 686-692. 

MOLINA-SERRANO, D., SCHIZA, V. and KIRMIZIS, A., 2013. Cross-talk among 
epigenetic modifications: lessons from histone arginine methylation. Biochemical Society 

transactions, 41(3), pp. 751-759. 

NAJBAUER, J., JOHNSON, B.A., YOUNG, A.L. and ASWAD, D.W., 1993. Peptides 
with sequences similar to glycine, arginine-rich motifs in proteins interacting with RNA 
are efficiently recognized by methyltransferase(s) modifying arginine in numerous 
proteins. The Journal of biological chemistry, 268(14), pp. 10501-10509. 

NAKANO, K., MIZUNO, T., SOWA, Y., ORITA, T., YOSHINO, T., OKUYAMA, Y., 
FUJITA, T., OHTANI-FUJITA, N., MATSUKAWA, Y., TOKINO, T., YAMAGISHI, 
H., OKA, T., NOMURA, H. and SAKAI, T., 1997. Butyrate activates the WAF1/Cip1 
gene promoter through Sp1 sites in a p53-negative human colon cancer cell line. The 

Journal of biological chemistry, 272(35), pp. 22199-22206. 



143 
 

NEWTON, A.C., 1997. Regulation of protein kinase C. Current opinion in cell biology, 

9(2), pp. 161-167. 

NISHIZUKA, Y., 1992. Intracellular signaling by hydrolysis of phospholipids and 
activation of protein kinase C. Science (New York, N.Y.), 258(5082), pp. 607-614. 

NIWA, K., INANAMI, O., YAMAMORI, T., OHTA, T., HAMASU, T., KARINO, T. 
and KUWABARA, M., 2002. Roles of protein kinase C δ in the accumulation of P53 and 
the induction of apoptosis in H 2 O 2-treated bovine endothelial cells. Free radical 

research, 36(11), pp. 1147-1153. 

OKUYAMA, R., LEFORT, K. and DOTTO, G.P., 2004. A dynamic model of 
keratinocyte stem cell renewal and differentiation: role of the p21WAF1/Cip1 and 
Notch1 signaling pathways, Journal of Investigative Dermatology Symposium 

Proceedings 2004, Nature Publishing Group, pp. 248-252. 

ONO, K. and HAN, J., 2000. The p38 signal transduction pathway activation and 
function. Cellular signalling, 12(1), pp. 1-13. 

PAIK, W. and KIM, S., 1980. Natural occurrence of various methylated amino acid 
derivatives. Protein Methylation, , pp. 8-25. 

PAIK, W.K., PAIK, D.C. and KIM, S., 2007. Historical review: the field of protein 
methylation. Trends in biochemical sciences, 32(3), pp. 146-152. 

PAL, S. and SIF, S., 2007. Interplay between chromatin remodelers and protein arginine 
methyltransferases. Journal of cellular physiology, 213(2), pp. 306-315. 

PAL, S., BAIOCCHI, R.A., BYRD, J.C., GREVER, M.R., JACOB, S.T. and SIF, S., 
2007a. Low levels of miR-92b/96 induce PRMT5 translation and H3R8/H4R3 
methylation in mantle cell lymphoma. The EMBO journal, 26(15), pp. 3558-3569. 

PAL, S., BAIOCCHI, R.A., BYRD, J.C., GREVER, M.R., JACOB, S.T. and SIF, S., 
2007b. Low levels of miR-92b/96 induce PRMT5 translation and H3R8/H4R3 
methylation in mantle cell lymphoma. The EMBO journal, 26(15), pp. 3558-3569. 

PAL, S., VISHWANATH, S.N., ERDJUMENT-BROMAGE, H., TEMPST, P. and SIF, 
S., 2004. Human SWI/SNF-associated PRMT5 methylates histone H3 arginine 8 and 
negatively regulates expression of ST7 and NM23 tumor suppressor genes. Molecular 

and cellular biology, 24(21), pp. 9630-9645. 

PALMER, C.N., IRVINE, A.D., TERRON-KWIATKOWSKI, A., ZHAO, Y., LIAO, H., 
LEE, S.P., GOUDIE, D.R., SANDILANDS, A., CAMPBELL, L.E. and SMITH, F.J., 
2006. Common loss-of-function variants of the epidermal barrier protein filaggrin are a 
major predisposing factor for atopic dermatitis. Nature genetics, 38(4), pp. 441-446. 



144 
 

PAPP, H., CZIFRA, G., BODO, E., LAZAR, J., KOVACS, I., ALEKSZA, M., JUHÁSZ, 
I., ACS, P., SIPKA, S. and KOVÁCS, L., 2004. Opposite roles of protein kinase C 
isoforms in proliferation, differentiation, apoptosis, and tumorigenicity of human HaCaT 
keratinocytes. Cellular and Molecular Life Sciences CMLS, 61(9), pp. 1095-1105. 

PARKER, C.G., HUNT, J., DIENER, K., MCGINLEY, M., SORIANO, B., KEESLER, 
G.A., BRAY, J., YAO, Z., WANG, X.S. and KOHNO, T., 1998. Identification of 
stathmin as a novel substrate for p38 delta. Biochemical and biophysical research 

communications, 249(3), pp. 791-796. 

PENG, Y., CHEN, F., MELAMED, J., CHIRIBOGA, L., WEI, J., KONG, X., 
MCLEOD, M., LI, Y., LI, C.X., FENG, A., GARABEDIAN, M.J., WANG, Z., 
ROEDER, R.G. and LEE, P., 2008. Distinct nuclear and cytoplasmic functions of 
androgen receptor cofactor p44 and association with androgen-independent prostate 
cancer. Proceedings of the National Academy of Sciences of the United States of 

America, 105(13), pp. 5236-5241. 

PENG, Y., LI, Y., GELLERT, L.L., ZOU, X., WANG, J., SINGH, B., XU, R., 
CHIRIBOGA, L., DANIELS, G., PAN, R., ZHANG, D.Y., GARABEDIAN, M.J., 
SCHNEIDER, R.J., WANG, Z. and LEE, P., 2010. Androgen receptor coactivator 
p44/Mep50 in breast cancer growth and invasion. Journal of Cellular and Molecular 

Medicine, 14(12), pp. 2780-2789. 

PHILLIPS, S. and BADEN, H., 1993. Ichthyosiform dermatoses. Dermatology in general 

medicine, 4th ed.New York: McGraw-Hill, Inc, , pp. 531-544. 

PINCELLI, C. and MARCONI, A., 2010. Keratinocyte stem cells: friends and foes. 
Journal of cellular physiology, 225(2), pp. 310-315. 

POLLACK, B.P., KOTENKO, S.V., HE, W., IZOTOVA, L.S., BARNOSKI, B.L. and 
PESTKA, S., 1999. The human homologue of the yeast proteins Skb1 and Hsl7p interacts 
with Jak kinases and contains protein methyltransferase activity. The Journal of 

biological chemistry, 274(44), pp. 31531-31542. 

POUMAY, Y., DUPONT, F., MARCOUX, S., LECLERCQ-SMEKENS, M., HERIN, 
M. and COQUETTE, A., 2004. A simple reconstructed human epidermis: preparation of 
the culture model and utilization in in vitro studies. Archives of Dermatological 

Research, 296(5), pp. 203-211. 

POWERS, M.A., FAY, M.M., FACTOR, R.E., WELM, A.L. and ULLMAN, K.S., 2011. 
Protein arginine methyltransferase 5 accelerates tumor growth by arginine methylation of 
the tumor suppressor programmed cell death 4. Cancer research, 71(16), pp. 5579-5587. 

PRASKOVA, M., KALENDEROVA, S., MITEVA, L., POUMAY, Y. and MITEV, V., 
2002. Dual role of protein kinase C on mitogen‐activated protein kinase activation and 
human keratinocyte proliferation. Experimental dermatology, 11(4), pp. 344-348. 



145 
 

PRESLAND, R.B., KIMBALL, J.R., KAUTSKY, M.B., LEWIS, S.P., LO, C.Y. and 
DALE, B.A., 1997. Evidence for specific proteolytic cleavage of the N-terminal domain 
of human profilaggrin during epidermal differentiation. Journal of investigative 

dermatology, 108(2), pp. 170-178. 

PRICE, S.A., AGTHONG, S., MIDDLEMAS, A.B. and TOMLINSON, D.R., 2004. 
Mitogen-activated protein kinase p38 mediates reduced nerve conduction velocity in 
experimental diabetic neuropathy: interactions with aldose reductase. Diabetes, 53(7), pp. 
1851-1856. 

RAMAN, M., CHEN, W. and COBB, M., 2007. Differential regulation and properties of 
MAPKs. Oncogene, 26(22), pp. 3100-3112. 

REN, J., WANG, Y., LIANG, Y., ZHANG, Y., BAO, S. and XU, Z., 2010. Methylation 
of ribosomal protein S10 by protein-arginine methyltransferase 5 regulates ribosome 
biogenesis. The Journal of biological chemistry, 285(17), pp. 12695-12705. 

RICE, R.H. and GREEN, H., 1979. Presence in human epidermal cells of a soluble 
protein precursor of the cross-linked envelope: activation of the cross-linking by calcium 
ions. Cell, 18(3), pp. 681-694. 

RORKE, E.A., ADHIKARY, G., YOUNG, C.A., ROOP, D.R. and ECKERT, R.L., 2014. 
Suppressing AP1 Factor Signaling in the Suprabasal Epidermis Produces a Keratoderma 
Phenotype. Journal of Investigative Dermatology, . 

RORKE, E.A., ADHIKARY, G., JANS, R., CRISH, J.F. and ECKERT, R.L., 2010. AP1 
factor inactivation in the suprabasal epidermis causes increased epidermal 
hyperproliferation and hyperkeratosis but reduced carcinogen-dependent tumor 
formation. Oncogene, 29(44), pp. 5873-5882. 

ROSSE, C., LINCH, M., KERMORGANT, S., CAMERON, A.J., BOECKELER, K. and 
PARKER, P.J., 2010. PKC and the control of localized signal dynamics. Nature Reviews 

Molecular Cell Biology, 11(2), pp. 103-112. 

ROTHNAGEL, J.A., DOMINEY, A.M., DEMPSEY, L.D., LONGLEY, M.A., 
GREENHALGH, D.A., GAGNE, T.A., HUBER, M., FRENK, E., HOHL, D. and ROOP, 
D.R., 1992. Mutations in the rod domains of keratins 1 and 10 in epidermolytic 
hyperkeratosis. Science (New York, N.Y.), 257(5073), pp. 1128-1130. 

RYER, E.J., SAKAKIBARA, K., WANG, C., SARKAR, D., FISHER, P.B., FARIES, 
P.L., KENT, K.C. and LIU, B., 2005. Protein kinase C delta induces apoptosis of 
vascular smooth muscle cells through induction of the tumor suppressor p53 by both p38-
dependent and p38-independent mechanisms. The Journal of biological chemistry, 

280(42), pp. 35310-35317. 



146 
 

SABIO, G., ARTHUR, J.S.C., KUMA, Y., PEGGIE, M., CARR, J., MURRAY‐TAIT, 
V., CENTENO, F., GOEDERT, M., MORRICE, N.A. and CUENDA, A., 2005. p38γ 
regulates the localisation of SAP97 in the cytoskeleton by modulating its interaction with 
GKAP. The EMBO journal, 24(6), pp. 1134-1145. 

SAHA, K., ADHIKARY, G. and ECKERT, R.L., 2015. MEP50 and PRMT5 suppress 
Involucrin expression by arginine methylation of promoter-associated histones and this is 
reversed by PKCδ/p38δ pro-differentiation signaling. Submitted. 

SAHA, K. and ECKERT, R.L., 2015. Methylosome Protein (MEP50) And PKCd/p38d 
signaling control keratinocyte proliferation via opposite effects on p21cip1 gene 
expression. (Submitted). 

SAHA, K., HORNYAK, T.J. and ECKERT, R.L., 2013. Epigenetic cancer prevention 
mechanisms in skin cancer. The AAPS journal, 15(4), pp. 1064-1071. 

SAHA, K., ADHIKARY, G., KANADE, S.R., RORKE, E.A. and ECKERT, R.L., 2014. 
p38delta regulates p53 to control p21Cip1 expression in human epidermal keratinocytes. 
The Journal of biological chemistry, 289(16), pp. 11443-11453. 

SCHINDLER, E.M., HINDES, A., GRIBBEN, E.L., BURNS, C.J., YIN, Y., LIN, M.H., 
OWEN, R.J., LONGMORE, G.D., KISSLING, G.E., ARTHUR, J.S. and EFIMOVA, T., 
2009. p38delta Mitogen-activated protein kinase is essential for skin tumor development 
in mice. Cancer research, 69(11), pp. 4648-4655. 

SHAPIRO, L., BUXMAN, M., WEISS, R., VIDGOFF, J., DIMOND, R., ROLLER, J. 
and WELLS, R., 1978. Enzymatic basis of typical X-linked ichthyosis. The Lancet, 

312(8093), pp. 756-757. 

SMITH, F.J., IRVINE, A.D., TERRON-KWIATKOWSKI, A., SANDILANDS, A., 
CAMPBELL, L.E., ZHAO, Y., LIAO, H., EVANS, A.T., GOUDIE, D.R. and LEWIS-
JONES, S., 2006. Loss-of-function mutations in the gene encoding filaggrin cause 
ichthyosis vulgaris. Nature genetics, 38(3), pp. 337-342. 

SONKOLY, E., WEI, T., LORIÈ, E.P., SUZUKI, H., KATO, M., TÖRMÄ, H., 
STÅHLE, M. and PIVARCSI, A., 2009. Protein kinase C-dependent upregulation of 
miR-203 induces the differentiation of human keratinocytes. Journal of Investigative 

Dermatology, 130(1), pp. 124-134. 

STEINERT, P.M. and MAREKOV, L.N., 1995. The proteins elafin, filaggrin, keratin 
intermediate filaments, loricrin, and small proline-rich proteins 1 and 2 are isodipeptide 
cross-linked components of the human epidermal cornified cell envelope. The Journal of 

biological chemistry, 270(30), pp. 17702-17711. 



147 
 

STEVEN, A., BISHER, M., ROOP, D. and STEINERT, P., 1990. Biosynthetic pathways 
of filaggrin and loricrin—two major proteins expressed by terminally differentiated 
epidermal keratinocytes. Journal of structural biology, 104(1), pp. 150-162. 

SUMARA, G., FORMENTINI, I., COLLINS, S., SUMARA, I., WINDAK, R., 
BODENMILLER, B., RAMRACHEYA, R., CAILLE, D., JIANG, H. and PLATT, K.A., 
2009. Regulation of PKD by the MAPK p38δ in insulin secretion and glucose 
homeostasis. Cell, 136(2), pp. 235-248. 

SUN, T., EICHNER, R., NELSON, W.G., TSENG, S.C., WEISS, R.A., JARVINEN, M. 
and WOODCOCK-MITCHELL, J., 1983. Keratin classes: molecular markers for 
different types of epithelial differentiation. Journal of Investigative Dermatology, 81, pp. 
109s-115s. 

SZEGEDI, A., PÁYER, E., CZIFRA, G., TÓTH, B.I., SCHMIDT, E., KOVÁCS, L., 
BLUMBERG, P.M. and BÍRÓ, T., 2009. Protein kinase C isoenzymes differentially 
regulate the differentiation‐dependent expression of adhesion molecules in human 
epidermal keratinocytes. Experimental dermatology, 18(2), pp. 122-129. 

TAE, S., KARKHANIS, V., VELASCO, K., YANEVA, M., ERDJUMENT-
BROMAGE, H., TEMPST, P. and SIF, S., 2011. Bromodomain protein 7 interacts with 
PRMT5 and PRC2, and is involved in transcriptional repression of their target genes. 
Nucleic acids research, 39(13), pp. 5424-5438. 

TAKAHASHI, H., HONMA, M., ISHIDA-YAMAMOTO, A., NAMIKAWA, K., 
KIYAMA, H. and IIZUKA, H., 2001. Expression of human cystatin A by keratinocytes 
is positively regulated via the Ras/MEKK1/MKK7/JNK signal transduction pathway but 
negatively regulated via the Ras/Raf-1/MEK1/ERK pathway. The Journal of biological 

chemistry, 276(39), pp. 36632-36638. 

TAN, F.L., OOI, A., HUANG, D., WONG, J.C., QIAN, C., CHAO, C., TAN, Y., 
CHUNG, A., CHEOW, P. and ZHANG, Z., 2010. p38delta/MAPK13 as a diagnostic 
marker for cholangiocarcinoma and its involvement in cell motility and invasion. 
International Journal of Cancer, 126(10), pp. 2353-2361. 

TEE, W.W., PARDO, M., THEUNISSEN, T.W., YU, L., CHOUDHARY, J.S., 
HAJKOVA, P. and SURANI, M.A., 2010. Prmt5 is essential for early mouse 
development and acts in the cytoplasm to maintain ES cell pluripotency. Genes & 

development, 24(24), pp. 2772-2777. 

VASSAR, R., COULOMBE, P.A., DEGENSTEIN, L., ALBERS, K. and FUCHS, E., 
1991. Mutant keratin expression in transgenic mice causes marked abnormalities 
resembling a human genetic skin disease. Cell, 64(2), pp. 365-380. 

VUONG, H., PATTERSON, T., SHAPIRO, P., KALVAKOLANU, D.V., WU, R., MA, 
W.Y., DONG, Z., KLEEBERGER, S.R. and REDDY, S.P., 2000. Phorbol ester-induced 



148 
 

expression of airway squamous cell differentiation marker, SPRR1B, is regulated by 
protein kinase Cdelta /Ras/MEKK1/MKK1-dependent/AP-1 signal transduction pathway. 
The Journal of biological chemistry, 275(41), pp. 32250-32259. 

WANG, X.S., DIENER, K., MANTHEY, C.L., WANG, S., ROSENZWEIG, B., BRAY, 
J., DELANEY, J., COLE, C.N., CHAN-HUI, P. and MANTLO, N., 1997a. Molecular 
cloning and characterization of a novel p38 mitogen-activated protein kinase. Journal of 

Biological Chemistry, 272(38), pp. 23668-23674. 

WANG, X.S., DIENER, K., MANTHEY, C.L., WANG, S., ROSENZWEIG, B., BRAY, 
J., DELANEY, J., COLE, C.N., CHAN-HUI, P. and MANTLO, N., 1997b. Molecular 
cloning and characterization of a novel p38 mitogen-activated protein kinase. Journal of 

Biological Chemistry, 272(38), pp. 23668-23674. 

WANG, L., PAL, S. and SIF, S., 2008a. Protein arginine methyltransferase 5 suppresses 
the transcription of the RB family of tumor suppressors in leukemia and lymphoma cells. 
Molecular and cellular biology, 28(20), pp. 6262-6277. 

WANG, L., PAL, S. and SIF, S., 2008b. Protein arginine methyltransferase 5 suppresses 
the transcription of the RB family of tumor suppressors in leukemia and lymphoma cells. 
Molecular and cellular biology, 28(20), pp. 6262-6277. 

WEI, T.W., JUAN, C., HISA, J., SU, L., LEE, Y.G., CHOU, H., CHEN, J.M., WU, Y., 
CHIU, S. and HSU, C., 2012a. Protein arginine methyltransferase 5 is a potential 
oncoprotein that upregulates G1 cyclins/cyclin‐dependent kinases and the 
phosphoinositide 3‐kinase/AKT signaling cascade. Cancer science, 103(9), pp. 1640-
1650. 

WEI, T.W., JUAN, C., HISA, J., SU, L., LEE, Y.G., CHOU, H., CHEN, J.M., WU, Y., 
CHIU, S. and HSU, C., 2012b. Protein arginine methyltransferase 5 is a potential 
oncoprotein that upregulates G1 cyclins/cyclin‐dependent kinases and the 
phosphoinositide 3‐kinase/AKT signaling cascade. Cancer science, 103(9), pp. 1640-
1650. 

WEI, T.W., HSIA, J., CHIU, S., SU, L., JUAN, C., LEE, Y.G., CHEN, J.M., CHOU, H., 
HUANG, J. and HUANG, H., 2014. Methylosome protein 50 promotes androgen-and 
estrogen-independent tumorigenesis. Cellular signalling, . 

WEI, H., WANG, B., MIYAGI, M., SHE, Y., GOPALAN, B., HUANG, D.B., GHOSH, 
G., STARK, G.R. and LU, T., 2013. PRMT5 dimethylates R30 of the p65 subunit to 
activate NF-kappaB. Proceedings of the National Academy of Sciences of the United 

States of America, 110(33), pp. 13516-13521. 

WELTER, J.F., CRISH, J.F., AGARWAL, C. and ECKERT, R.L., 1995a. Fos-related 
antigen (Fra-1), junB, and junD activate human involucrin promoter transcription by 



149 
 

binding to proximal and distal AP1 sites to mediate phorbol ester effects on promoter 
activity. The Journal of biological chemistry, 270(21), pp. 12614-12622. 

WELTER, J.F., CRISH, J.F., AGARWAL, C. and ECKERT, R.L., 1995b. Fos-related 
antigen (Fra-1), junB, and junD activate human involucrin promoter transcription by 
binding to proximal and distal AP1 sites to mediate phorbol ester effects on promoter 
activity. The Journal of biological chemistry, 270(21), pp. 12614-12622. 

WELTER, J.F. and ECKERT, R.L., 1995. Differential expression of the fos and jun 
family members c-fos, fosB, Fra-1, Fra-2, c-jun, junB and junD during human epidermal 
keratinocyte differentiation. Oncogene, 11(12), pp. 2681-2687. 

WHEELER, D.L., REDDIG, P.J., DRECKSCHMIDT, N.E., LEITGES, M. and 
VERMA, A.K., 2002. Protein kinase Cdelta-mediated signal to ornithine decarboxylase 
induction is independent of skin tumor suppression. Oncogene, 21(22), pp. 3620-3630. 

WILCZEK, C., CHITTA, R., WOO, E., SHABANOWITZ, J., CHAIT, B.T., HUNT, 
D.F. and SHECHTER, D., 2011. Protein arginine methyltransferase Prmt5-Mep50 
methylates histones H2A and H4 and the histone chaperone nucleoplasmin in Xenopus 
laevis eggs. The Journal of biological chemistry, 286(49), pp. 42221-42231. 

WONG, P., PICKARD, A. and MCCANCE, D.J., 2010. p300 alters keratinocyte cell 
growth and differentiation through regulation of p21Waf1/CIP1. PLoS One, 5(1), pp. 
e8369. 

WOODCOCK-MITCHELL, J., EICHNER, R., NELSON, W.G. and SUN, T.T., 1982. 
Immunolocalization of keratin polypeptides in human epidermis using monoclonal 
antibodies. The Journal of cell biology, 95(2 Pt 1), pp. 580-588. 

WU, H., SCHALLY, A.V., CHENG, J., ZARANDI, M., VARGA, J. and LEUNG, P.C., 
2010. Growth hormone-releasing hormone antagonist induces apoptosis of human 
endometrial cancer cells through PKCδ-mediated activation of p53/p21. Cancer letters, 

298(1), pp. 16-25. 

YAN, Z., LI, J., XIONG, Y., XU, W. and ZHENG, G., 2012. Identification of candidate 
colon cancer biomarkers by applying a random forest approach on microarray data. 
Oncology reports, 28(3), pp. 1036-1042. 

YANG, J., LAVKER, R.M. and SUN, T., 1993. Upper human hair follicle contains a 
subpopulation of keratinocytes with superior in vitro proliferative potential. Journal of 

Investigative Dermatology, 101(5), pp. 652-659. 

YANG, Y. and BEDFORD, M.T., 2013. Protein arginine methyltransferases and cancer. 
Nature Reviews Cancer, 13(1), pp. 37-50. 



150 
 

ZHONGPING, G., SHEN, G., FAHAO, Z., ZHIQIANG, W., WENCAI, M., RICHARD, 
E.D. and ZHENGXIN, W., 2012. Protein arginine methyltransferase 5 is essential for 
growth of lung cancer cells. Biochemical Journal, 446(2), pp. 235-241. 

ZHOU, Z., SUN, X., ZOU, Z., SUN, L., ZHANG, T., GUO, S., WEN, Y., LIU, L., 
WANG, Y. and QIN, J., 2010. PRMT5 regulates Golgi apparatus structure through 
methylation of the golgin GM130. Cell research, 20(9), pp. 1023-1033. 

ZHOU, L., WU, H., LEE, P. and WANG, Z., 2006. Roles of the androgen receptor 
cofactor p44 in the growth of prostate epithelial cells. Journal of Molecular 

Endocrinology, 37(2), pp. 283-300. 

  


