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Psoriasis is a chronic hyperproliferative inflammatory skin disorder the primary 

etiology of which is not well understood. Keratinocytes play a pivotal role in the 

pathogenesis of psoriasis. The fumaric acid ester monomethylfumarate (MMF) is the 

bioactive ingredient of the anti-psoriatic drug FumadellllC>, licensed in Germany since 

1994. However, the exact mechanism of action of MMF is not yet well understood. Our 

data showed that MMF dose-dependently inhibited proliferation in primary murine and 

normal human keratinocytes and significantly increased the protein expression of the 

early marker of differentiation keratin 10 (K1 0) and the activity of the late marker of 

differentiation transglutaminase enzyme. In addition, MMF inhibited mRNA expression of 

IL-6, TNFa and IL-1a and inhibited the protein expression of TNFa. Recently, the 

involvement of oxidative stress in psoriasis etiology has been indicated, and MMF has 

been shown to stimulate Nrf2 and mediate its nuclear translocation in other cell types. 

Therefore, we examined the effect of MMF on Nrf2 expression, localization and 

downstream effectors in keratinocytes. Nrf2 protein expression and nuclear translocation 

significantly increased following MMF treatment Moreover, MMF significantly increased 

the expression of the Nrf2-downstream anti-oxidative enzymes, heme oxygenase-1 and 

peroxiredoxin-6. MMF also decreased ROS generation in keratinocytes. Aquaporin-3 

(AQP3) is a glycerol channel expressed in keratinocytes. Earlier studies from our group 



as well as others have shown that AQP3 plays a role in inducing early keratinocyte 

differentiation and that the activity of AQP3 correlates with its membranous localization. 

Therefore, we examined the effect of MMF on AQP3 expression and localization. MMF 

increased the mRNA and protein expression of AQP3. In addition, MMF stimulated 

membranous localization of AQP3 and increased glycerol uptake by keratinocytes. We 

also examined the role of Nrf2 in the expression of AQP3 and found that the Nrf2 

stimulator sulforaphane (SFN) increased AQP3 expression. Thus, our data suggest that 

MMF exerts its action through Nrf2 activation. Nrf2 stimulation helps to restore 

keratinocyte oxidative balance and may also play a role in inducing AQP3 expression 

and activity. This provides the molecular basis for the MMF-mediated improvement of 

keratinocyte differentiation and inhibition of keratinocyte proliferation and inflammation 

mediator production. 
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CHAPTER ONE: INTRODUCTION 

SKIN 

The skin is the largest organ of the body as it spans a surface area of 

approximately 2 m2 in the average adult. It is the body's primary defensive barrier 

against water loss as well as physical, chemical and microbial insults. The skin also 

serves as an immunologically active sensory and excretory organ (1]. It aids in regulating 

body temperature and transepidermal movement of water and electrolytes, preventing 

dehydration [2, 3]. Accordingly, the skin barrier maintains homeostasis and is a 

fundamental aspect of the mammalian evolutionary adaptation to terrestrial life [4]. 

The skin's multilayered architecture is well adapted to serve the aforementioned 

functions. It consists of 3 major layers: the epidermis, dermis, and underlying 

subcutaneous tissue (or hypodermis), with barrier functions of the skin largely confined 

to the epidermis. The dermis is the connective tissue layer that supports the epidermis 

(cellular component) and provides nervous and vascular supply to the avascular 

epidermis. It is also the site of epidermal derivatives such as hair follicles and sweat and 

sebaceous glands. The epidermis is the cellular part of the skin and consists of a 

stratified squamous keratinized epithelium comprised primarily of keratinocytes. 

Keratinocytes are arranged in layers of the following order (Figure 1 ): stratum basale 

(basal cell layer, the deepest layer adjacent to the dermis), stratum spinosum (spinous 

cell layer), stratum granulosum (granular cell layer), and stratum corneum (cornified cell 

layer; the outermost protective layer) [5]. In addition to keratinocytes, the epidermis 
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contams less abundant cells that serve other functions and these cells include: 

melanocytes {synthesize the skin pigment melanin). langerhans cells {antigen

presenting cells) and Merkel cells {unknown function but may be serving as sensory 

mechanoreceptors) (5]. 

Keratinocytes derive their name from their rich content of keratins. Keratins are 

the typical intermediate filaments of epithelia. They represent a group of proteins 

characterized by high molecular diversity. The expression of the different types of 

keratins is highly specific to the type of epithelia in which they exist. In the epidermis, the 

expression of different types of keratins is also related to the stage of cellular 

differentiation [6]. Consequently, epidermal homeostasis and barrier formation are 

maintained by orchestrating the expression of different keratin types at each stage of 

keratinocyte differentiation. This regulation of keratm expression accompanies proper 

stratification and assigns each layer of the epidermis its unique name and character. In 

other words, the arrangement of these epidermal layers recapitulates the programmed 

life cycle of a keratinocyte. This keratin expression is the result of programmed 

differentiation that maintains the fine balance between keratinocyte proliferation, 

differentiation and desquamation thereby maintaining normal skin thickness and 

sustaining barrier integrity [7]. Alteration in this differentiation program will lead to an 

imbalance between proliferation and differentiation and can result in various skin 

disorders such as Darier disease, Hailey-Hailey disease, atopic dermatitis and 

hyperproliferative skin disorders including psoriasis [3, 8-1 0] 





Figure 1. Schematic diagram of the epidermis. 

The epidermis is a multilayered structure that cons1sts primanly of keratinocytes with 

a minor percentage of other cell types. Keratinocytes in the basal cell layer have a 

proliferative capacity and express K5 and K14. As keratinocytes exit the basal layer, 

they also exit the cell cycle and proceed with differentiation. As cells reach the 

uppermost layer (stratum corneum), lysosomal hydrolysis occurs and the cells lose 

their organelles and are termed corneocytes. Corneocytes contain layers of 

amorphous protein with lipids (mainly ceramides) cross-linked by isopeptide bonds 

through the action of transglutaminase enzyme. These cells are continuously shed at 

the surface of stratum corneum, so that the skin maintains its renewal ability 

throughout life. The balance between proliferation and differentiation maintains this 

multilayered structure. The differentiation program is finely tuned so that different 

markers are expressed in different layers of the epidermis. Calcium plays a major role 

in keratinocyte differentiation and a calcium gradient exists throughout the epidermal 

layers. Calcium is lowest in the basal eel/layer and gradually increases till it becomes 

highest at the granular eel/layer where formation of stratum corneum proteins is most 

active. Ca2
• level drops abruptly in the stratum corneum where keratinocytes basically 

lose their organelles becoming corneocytes that eventually desquamate. This 

gradient is crucial for the fine-tuning of the balance between proliferation, 

differentiation and desquamation. 
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LIFE CYCLE OF A KERA TINOCYTE 

The epidermis is a stratified epithelium that has the capacity to rejuvenate 

throughout life (11]. Along the journey from the stratum basale to the stratum corneum, 

keratinocytes undergo a series of biochemical and morphological changes that lead to 

the formation of the different layers of the epidermis. This journey eventually ends when 

cells reach the outermost skin layer (stratum corneum) where keratinocytes terminally 

differentiate, flatten and lose their nuclei and cytoplasmic organelles, forming the skin 

cornified envelope and are then termed corneocytes. This process is referred to as 

"terminal differentiation" which represents a kind of physiological programmed cell death 

that uniquely occurs in the epidermis. Terminal differentiation and cornification are 

followed by desquamation. Desquamation is the physiologic process of shedding dead 

corneocytes from the uppermost layer of the epidermis [12) The balance between 

desquamation and regeneration maintains skin homeostasis. Under normal conditions, 

this series of events starting at the basal cell layer and ending with desquamation takes 

28-30 days, whereas in a hyperproliferative skin disorder such as psoriasis, this time is 

shortened to 3-5 days (13]. This dramatically shortened maturation period is 

accompanied by altered differentiation [13]. Taken together, the life cycle of a 

keratinocyte includes three major vital processes: proliferation, differentiation and 

planned cell death (cornification). These processes occur sequentially and each of them 

is characterized by the expression of different types of proteins [12]. 

The progeny of epidermal stem cells located m the basal cell layer maintains 

constant keratinocyte turnover (proliferation). These epidermal stem cells divide to give 

daughter cells w1th different destinies. Some of these cells retam their proliferative 

capacity and can continue to divide to replenish the epidermis. These proliferating cells 
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in the basal layer express keratin 5 (K5) and keratin 14 (K14). Other cells can undergo a 

few rounds of rapid cell division and differentiate. These cells, termed transit-amplifying 

cells (TA), move suprabasally until they terminally differentiate into corneocytes in the 

uppermost layer of the epidermis (stratum corneum) and eventually slough off the 

surface to be replaced by other keratinocytes. This process takes place continuously 

maintaining the skin renewal and regeneration capacity throughout life. 

As the TA keratinocytes begin to differentiate, K5 and K14 are down regulated 

and the keratinocytes express early markers of keratinocyte differentiation, such as 

keratin 1 (K1) and keratin 10 (K10). Expression of K1 and K10, along with growth arrest 

is considered the fundamental switch from a proliferative basal phenotype to the post

mitotic phenotype. These keratinocytes constitute the first suprabasal epidermal layer 

(stratum spinosum). As the keratinocytes progress further into the upper layers of the 

stratum spinosum and from there into the stratum granulosum they express other more 

advanced markers of differentiation such as involucrin, filaggrin, and loricrin. Many of 

these differentiation proteins are substrates of the enzyme transglutaminase (TGase), 

which catalyzes the formation of the isopeptide bonds that maintain the insolubility of the 

stratum corneum and hence barrier integrity [12]. The structure of the stratum corneum 

can be described as "brick and mortar": the "bricks" are the terminally differentiated 

keratinocytes (corneocytes) and the "mortar" is the intercellular lipids secreted as 

lamellar bodies and processed to form the water permeability barrier [14). 

As the cells progress in the upper layers of the stratum spmosum, they express 

the intermediate marker of differentiation involucrin and the enzyme transglutaminase 

(TGase). TGases are a family of calcium-dependent enzymes that catalyze the 

formation of t-{y-glutamyl) lysine bonds between proteins [15]. Thrs family of catalytic 
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enzymes comprises nine members expressed in mammalian cells; four of which are 

expressed in the epidermis (16). The epidermis expresses TGase types 1 ,2,3 and 5, 

where TGase types 1 and 5 are expressed in the spmous and granular layers, with 

restriction of type 3 to the upper granular layers and type 2 expression mainly in the 

basal layers of the epidermis under special conditions. Type 2 does not seem to play a 

role in cornification and its function is still under debate; however, it seems to play an 

important role in inflammation and tissue remodeling and repair, such as occurs during 

wound healing [12, 16, 17]. 

At the molecular level, the cornified envelope consists of different structural 

proteins that are highly cross-linked by transglutaminases, with specific lipids on the 

outside, providing the epidermis with structural stability, elasticity, mechanical resistance 

and water-repellent properties (12, 14). The mam substrates that are cross-hnked by 

transglutaminases include keratins, involucrin, loricrin, filaggrin and lipids. 

lnvolucrin is an indispensable component of the cornified envelope. It acts as a 

scaffold to which other proteins are cross-linked, and it usually accumulates adjacent to 

the keratinocyte membrane during cornified envelope formation [12]. This localization 

allows it to be a favorable substrate for the binding of lipids, especially ceramides, during 

cornified envelope formation [18]. Loricrin is another key structural protein of the 

epidermal cornified envelope. It composes 70-85% of the total protein content of the 

stratum corneum. It is mainly expressed in the granular cell layer during cornification. 

Loricrin is stored in keratohyalin granules in conJunction with profilaggrin [12]. 

Profilaggrin is one of the largest mammalian proteins (-400 kDa) in humans. It is 

expressed in the granular cell layer and is localized to keratohyalin granules intermixed 

with loricrin. During terminal differentiation and in the uppermost granular layer, 
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profilaggrin is dephosphorylated and proteolytically cleaved to generate filaggrin. 

Filaggrin is a cornified envelope protein that functions as a keratin-aggregating protein 

that helps to bundle keratin filaments into macrofibrils in corneocytes. Formation of 

aggregates of keratin macrofibrils protects keratin proteins from bemg degraded by the 

proteases during terminal differentiation In the upper layers of the stratum corneum, 

filaggrin gets degraded into small peptides and amino acids that play different roles in 

the stratum corneum, including promotion of hydration, UV protection and free radical 

scavenging [19]. Thus, filaggrin plays direct roles in skin protection as a component of 

the epidermal cornified layer and an indirect role in skin protection through its 

degradation products. lipids (especially ceramides) are an integral part of the cornified 

envelope. In the upper part of the spinous and granular layers, lipids including ceramides 

(glycosylceramides}, fatty acids, phospholipids, sphingolipids and cholesterol are 

packaged into membranous granules known as lamellar granules or bodies (Odland 

bodies). These granules are the storage organelles of the intercellular skin lipids. In the 

upper part of the granular layer, lamellar granules fuse with the plasma membrane of 

keratinocytes and exocytose their content of lipids into the extracellular space. These 

lipids then organize into lamellae between the corneocytes as a crucial step in the 

development of the stratum corneum [20]. Despite the importance of this differentiation 

cascade, the extracellular and intracellular signaling events regulating this process are 

not entirely understood 



REGULA TORS OF KERA TINOCYTE DIFFERENTIATION 

Regardless of the thorough and extended investigations that have been 

committed to understand the signals underlying the epidermal differentiation 

program, regulators of keratinocyte proliferation and differentiation have not been 

fully elucidated. Yet, some of these mechanisms have been identified and in this 

section, we will discuss several signals that are believed to regulate keratinocyte 

development. Keratinocyte regulators include calcium, vitamin D, retinoids, glycerol 

transported via aquaporin 3 and transcription factors involved in the regulation of 

gene expression 

A. Calcium 

Calcium is one of the known signals regulating keratinocyte maturation. In 

vitro, it has been shown that the epidermal differentiation process is regulated by 

the concentration of extracellular calcrum rons such that keratinocytes cultured in 

low calcium concentrations (<90 IJM) show an undifferentiated, basal cell-like 

phenotype, and raising medium calcium concentrations to between 90 and 120 IJM 

results in a terminal differentiation process that is almost identical to the in vivo 

process [21]. The concentration required for differentiation in vitro differs in human 

versus murine keratrnocytes [22]. A relationship between elevated calcrum ion 

concentration and keratinocyte differentiation is observed both in vivo and in vitro 

[23, 24]. Indeed, a calcium gradient has been documented in human and murine 

epidermis (7, 21 , 25, 26]. Higher calcium levels occur in the differentiated granular 

and spinous layers as compared to the undifferentiated basal layer 
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Calcium (Ca2
•) appears to act in keratinocytes by binding to and activating 

a G- protein coupled receptor, the Ca2•-sensing receptor. The importance of the 

Ca2
• receptor and its splice variant for normal differentiation of keratinocytes has 

been reported [27, 28]. Indeed, ablation of the Ca2•-sensing receptor gene in 

knock-out mice results in an epidermal phenotype characterized by impaired 

keratinocyte differentiation and increased proliferation [29). Thus, Ca2
• receptor 

knockout mice also exhibit impaired barrier function . The epidermal Ca2•gradient, 

however, not only regulates the epidermal differentiation process, but also 

regulates the homeostasis of the epidermal permeability barrier by maintaining 

epidermal cohesion. Impaired Ca2
• homeostasis is an important factor in the 

pathogenesis of many skin diseases including Oarier disease, Hailey

Hailey disease, atopic dermatitis and psoriasis [1 , 8-10, 30, 31]. 

B. Vitamin D 

Keratinocytes express all the enzymes responsible for the synthesis and 

metabolism of vitamin 0 , including 1a-hydroxylase (1a0Hase) the enzyme that 

converts 25-dihydroxyvitamin 0 3 into the active form of vitamin 0 , 1,25 

dihydroxyvitamin 03 [1 ,25(0H)203] [32]. Thus, the keratinocyte is a unique cell 

type possessing the entire metabolic machmery to produce the active metabolite 

[1 ,25(0H)203] from the epidermal cholesterol , 7 -dehydrocholesterol (7 -OHC}. 

This conversion IS mediated by the action of sunlight (UVB} via a photochemical 

reaction [33). Keratinocytes express the vitamin 0 receptor (VOR}, which belongs 

to the nuclear hormone receptor superfamily. This implies that keratinocytes not 
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only produce their own supply of vitamin 0 3 but also have the capacity to respond 

to this signal in an autocrine fashion [33). 

VOR functions by heterodimerization with the retinoid X receptor (RXR), 

and this heterodimerization facilitates nuclear translocation of VOR, an effect that 

regulates its transcriptional activity [34). As VOR translocates to the nucleus, it 

binds to specific vitamin 0 response elements in the promoter of target genes. 

The first observation that 1 ,25(0H)203 induced keratinocyte differentiation was 

made by Hosomi et al. in 1983 (35). In vitro, the production of 1,25(0H)203 

increases during the early stages of keratinocyte differentiation and tends to 

decline as keratinocytes progress towards terminal differentiation [36). These 

observations are consistent with observations from human skin sections where 

1a-hydroxylase is detected in its highest levels in the basal proliferative 

keratinocytes This suggests a role of vitamin 0 1n the early stages of 

keratinocyte differentiation. This role was further confirmed by in vivo studies 

performed in 1 a-hydroxylase·'· knockout mice. Although no obvious gross 

phenotype was observed in these mice, levels of differentiation markers 

(involucrin, profilaggrin and loricrin) and lamellar body contents (lipid content) 

were reduced. These mice showed a marked barrier recovery defect although the 

transepidermal water loss under basal conditions was comparable to WT mice. In 

addition, the overall levels of Ca2 in the epidermis of 1 aOHase·'· mice were 

reduced with little evidence of a Ca2
• gradient. These observations piqued 

interest in the possible role of vitamin 0 in calc1um handling. In fact, this concept 

1s not surprising since vitamin 0 is a Ca2
• regulating hormone, so it is predictable 

that Ca2• and 1 ,25(0H)203 in the skin interact [37). 
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It was previously observed that Ca2
• and vitamin D have synergistic 

effects at intermediate concentrations (0.1 mM and 1 0"10 M respectively} where 

the presence of Ca2
• increases the sensitivity of keratinocytes to 1,25(0H}2D3 

and vice versa. It has been observed that both Ca2
• and vitamin D individually 

increased the mRNA levels of transglutaminase and involucrin for 24 hours 

followed by a decline in the levels of these differentiation markers. However, 

together they only had a stimulatory effect at 4 hours, whereas at 24 hours they 

had an inhibitory effect [38]. This synergistic effect occurs in a concentration and 

time dependent fashion; however, at higher concentrations and/or longer time 

points (24-72 hours} this effect becomes synergistically inhibitory. This inhibitory 

effect may reflect a protective mechanism by which excess production of 

differentiation markers is prevented and may contribute to the sequential on and 

off sw1tch of the keratinocyte differentiation program in vivo [33] . Due to this 

established role of vitamin D in inducing keratinocyte differentiation, vitamin D 

analogs have been used in treating psoriasis [39]. Vitamtn D analogs may not be 

as potent as other treatment options; however, they are often used adjunctively to 

enhance efficacy and reduce adverse effects with long-term use of other agents 

[40]. 
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C. Retinoids 

Retinoids is a term that refers to vitamin A and its analogs including 

natural substances found in the diet at low levels as well as synthetic 

compounds. These compounds have long been known as dietary nutrients that 

regulate cell differentiation, proliferation and apoptosis and hence are essential 

for skin health and barrier integrity [41]. Retinoic acid is the major biologically 

active retinoid that regulates gene expression. Retinoic acid acts through binding 

to retinoic acid receptors (RARs) and retinoid X receptors (RXRs). 

RXR and RAR are obligate heterodimers that mediate ligand-dependent 

regulation of gene transcription through interaction with retinoic acid response 

elements (RARE). RXR and RAR can also form heterodimers with other 

receptors including VDR. Thus, they are capable of influencing transcription of a 

wider set of hormone-responsive genes [42]. Retinoids suppress keratinocyte 

proliferation, induce differentiation and help to reverse abnormal desquamation in 

hyperproliferative disorders including psoriasis. Topical retinoids have been used 

for treating chronic skin conditions including psoriasis for almost 3 decades [43]. 

D. Glycerol uptake via aquaporin 3 

Mammalian aquaporins are a family consisting of 13 members of integral 

small membrane proteins (-30 kDa) that facilitate water transport across the 

plasma membrane [44]. Aquaporins are widely expressed in the body and play a 

variety of major physiological roles in diverse organs. They are involved in the 

transport of fluids in the kidneys, wound healing, cell migration, neuroexcitation 
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and proliferation and/or differentiation of keratinocytes. In addition to their 

physiological roles, data from knockout mice and loss of function mutations in 

humans suggest that aquaporins may be implicated in diverse pathological 

conditions such as cataract, reduced salivary secretion, tumorigenesis, brain 

edema, impaired leukocyte function and diuresis as well as skin disorders [45]. 

Accordingly, aquaporins are regarded as possible therapeutic targets in various 

fields including dermatology. Aquaglyceroporins represent a subset of aquaporins 

that includes AQP 3, 7 and 9. In addition to the transport of water, 

aquaglyceroporins also facilitate the transport of glycerol and possibly other small 

solutes such as urea, H20 2 and carbon dioxide across the cell membrane. The 

human skin expresses several types of aquaporins including AQP1 , AQP2, 

AQP3, AQP4, AQP5 and AQP9 [46-48]. Of these aquaporins, phenotype analysis 

of mice lacking AQP3 revealed a pivotal role of AQP3 in glycerol transport (rather 

than water transport) in skin physiology (44]. AQP3 is expressed in the skin of 

human, mouse and rat [47, 49]. AQP3 null mice showed a skin phenotype with 

decreased stratum corneum hydration, reduced epidermal water and glycerol 

permeability, dry skin and delayed wound healing and barrier recovery [50, 51]. 

This phenotype reflects the importance of AQP3 in providing adequate stratum 

corneum hydration that maintains skin plasticity and barrier integrity. Oral as well 

as topical application of glycerol improved this phenotype whereas neither 

structural analogs of glycerol nor water corrected the abnormalities. These 

observations explained the successful use of glycerol (glycerin) in skin 

moisturizers [52). 
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Our laboratory has previously shown that AQP3 colocalizes with 

phospholipase 02 (PLD2) in caveolin-rich membrane microdomains and 

proposed a signaling module in which AQP3/PLD2 interaction facilitates the 

transport of glycerol across the plasma membrane where it is converted into 

phosphatidylglycerol (PG) through a PLD2 transphosphatidylation reaction [53]. 

PG in turn regulates keratinocyte proliferation and differentiation (Figure 2). Our 

data have previously shown that PG dose-dependently inhibits DNA synthesis in 

rapidly proliferating keratinocytes, whereas it induces proliferation in slowly 

growing contact-inhibited cells [54]. This suggests a possible role of 

glyceroi/AQP3/PLD2/PG signaling in normalizing skin functions under 

physiological and pathological conditions, an effect that promotes it as a possible 

therapeutic target in hyper-proliferative skin disorders. Moreover, co-expression 

studies have shown that AQP3 inhibits keratin 5-promoter activity and increases 

keratin 1 0-promoter activity (an effect characteristic of the switch from a 

proliferative to a differentiative phenotype). AQP3 also enhances the effect of 

Ca2
• on the expression of the early marker of differentiation, involucrin, and PG 

treatment produced a similar effect [54]. These data suggest that 

glyceroi/AQP3/PLD2/PG play an important role in the early differentiation of 

keratinocytes. These results and the related conclusion are consistent with other 

reports that observed specific AQP3 localization in the basal cell layer of the 

epidermis (proliferative layer) (55] and AQP3 down-regulation in differentiated 

keratinocytes that were induced to terminally differentiate by high concentrations 

of 1,25 dihydroxyvitamin 03 or elevated extracellular Ca2
• (53]. This variation in 

AQP3 localization that accompanies keratinocyte differentiation may be a 
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possible mechanism by which keratinocytes switch on and off the different stages 

of their differentiation program to avoid premature differentiation. In addition, it 

has been reported that expression and/or localization of AQP3 and PLD2 are 

abnormal in skin diseases including basal and squamous skin carcinoma and 

psoriasis [56]. However, whether this reflects the abnormal proliferative potential 

of the cells or is a compensatory mechanism for an existing skin abnormality has 

not been fully elucidated. 

E. Regulation of gene expression 

Calcium, vitamin D and retinoids regulate the differentiation process 

through sequentially turning on and off the expression of different genes. This 

effect mediates the synthesis of various differentiation proteins and activates 

certain enzymes (such as protein kinase C family members and phospholipases, 

PLC and PLD) that subsequently contribute to the regulation of epidermal 

differentiation [48]. Genetic regulation of epidermal homeostasis does not occur 

as separate events, but occurs through networks of interactions. These 

interactions are epigenetically regulated through physical interactions with 

different transcription factors and chromatin modifications. This process involves 

high order redundancy as a fail-safe mechanism to maintain physiological 

differentiation and protect epidermal stem cells from premature differentiation in 

order to maintain the interaction between stem cells and their niche [57]. 
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Figure 2. The proposed model for the AQP3/PLD2 signaling module and its 

underlying effects on keratinocytes. 

This diagram shows the proposed mechanism by which glycerol transport via AQP3 

may regulate keratinocyte homeostasis. The sources of epidermal glycerol may be 

endogenous or exogenous. As glycerol gains access into keratinocytes through 

AQP3, it is converted into PG by a transphosphatidylation reaction mediated by 

PLD2. Based on evidence discussed in the main text, this signaling pathway seems 

to regulate keratinocyte proliferation and differentiation. 
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PSORIASIS 

Psoriasis is a common lifelong multifactorial inflammatory hyperproliferative immune

mediated disorder with periods of remission, relapse and exacerbation, which affects 

skin, nails and joints [58, 59]. 

Epidemiology 

Psoriasis is considered the most prevalent immune-mediated skin disease in adults with 

a total prevalence of 1-3% of the population worldwide. Psoriasis affects about 25 million 

individuals in North America and Europe. Prevalence is lowest among Asians and 

greatest among Scandinavians [60, 61]. Psoriasis can typically affect any age group 

although it is most common before age 40 years with the highest incidence in the 

second decade, and men and women are equally affected [62, 63]. It has two peak 

incidences: one between 15 and 30 years and another between 50 and 60 years [64]. 

Psoriasis can also occur in childhood with a prevalence of 0.7%, with about one third of 

patients having the onset of disease in the first or second decade of life. The median age 

of occurrence among children is 7 to 10 years. Patient's family history may predict early 

onset of the disease (65, 66]. Despite the low rate of incidence in children, this age 

group is the most psychologically affected. Thus, safe treatment options with minimal 

short- and long-term adverse effects, as well as encouraging maximum compliance, is 

more critical in children and adolescents [67]. Furthermore, psychological rehabilitation 

is a major factor in the therapeutic strategy. Psoriatic arthritis (PsA) is a disabling joint 

disorder that has 25% prevalence among psoriatic patients; however, it is not common in 

children. Psoriatic arthritis is usually seronegative for rheumatoid factor, which signifies 
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its direct association with psoriasis. Cutaneous lesions precede arthritis in 60-70%, and 

arthritis may precede skin lesions in about 20% of psoriatic patients [68, 69]. 

Clinical phenotypes 

The psoriatic lesion typically appears as a sharply demarcated chronic erythematous 

plaque covered by silvery white scales. It has common predilection sites including 

elbows, knees and scalp [13, 58, 61]. However, patients can still exhibit a myriad of 

clinical phenotypes reflecting the dynamic spectrum of the disease [59]. There is also 

some thought that psoriasis may actually be multiple diseases manifested in a common 

skin phenotype. The clinical phenotypes of psoriasis include: 

i. Chronic plaque psoriasis 

ii. Inverse psoriasis 

iii. Guttate psoriasis 

iv. Erythrodermic psoriasis 

v. Childhood psoriasis 

vi. Pustular psoriasis 

vii. Nail disease (psoriatic onychodystrophy) 

viii. Psoriatic arthritis (PsA) 
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i. Chronic plaque psoriasis 

Chronic plaque psoriasis is the most common and typical psoriatic lesion in all age 

groups including children, accounting for 80% of all cases. Well-demarcated adherent 

silvery scales of various sizes characterize this form. Plaque psoriasis can be further 

classified into mild, moderate and severe plaque psoriasis [70]. 

ii. Inverse psoriasis 

Inverse psoriasis is characterized by suddenly appearing erythematous plaques 

involving skin folds including axillary, genital, perianal , intergluteal and inframammary 

regions. Its main clinical feature is pink to red plaques with minimum scaling, and it is 

more common in children [64, 65]. Topical corticosteroids remain the gold standard for 

the treatment of inverse psoriasis [71 ]. 

iii. Guttate psoriasis 

Guttate psoriasis usually arises suddenly following streptococcal pharyngitis or "strep 

throat". This type is characterized by scattered small tear-drop-shaped lesions that are 

well-demarcated, red and scaly. Some cases may progress to plaque psoriasis. This 

variant occurs in fewer than 2% of patients younger than 30 years [72, 73]. 

iv. Erythrodermic psoriasis 

Erythrodermic psoriasis is one of the most rare yet severe forms of psoriasis, with an 

estimated prevalence of 1% to 2.25% of patients with psoriasis. This type can be 

triggered by medical illness, withdrawal of systemic and topical corticosteroids, PUVA 

phototoxic reactions, emotional stress and discontinuation of methotrexate along with 

other causes. It has an increased risk of mortality since patients tend to lose the 

protective barrier functions of the skin and can succumb to infection or severe loss of 

fluids and nutrients [74, 75]. 
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v. Childhood psoriasis 

Most of the subtypes of the disease occur similarly in adults and children, but the relative 

frequency of particular types and patterns of presentation differ. Frequent and longer 

durations of remission are more common in the pediatric group (disease onset before 16 

years) as compared to adult-onset psoriasis (disease onset after 16 years) . A special 

clinical variant in young children is psoriatic diaper rash, which usually occurs until the 

age of 2. It responds poorly to conventional treatment and the erythematous lesions 

commonly disseminate to the whole body [65, 76]. 

vi. Pustular psoriasis 

Pustular psoriasis is an uncommon form of psoriasis characterized by a large collection 

of neutrophils in the stratum corneum, which clinically present as sterile pustules. The 

pustules may be localized within or at the edges of existing plaques or may be 

generalized (von Zumbasch variant) [69]. It is a form of the disease considered difficult 

to treat due to its strong inflammatory process, and conventional therapies usually fail 

[77]. 

vii. Nail disease (psoriatic onychodystrophy) 

Nail disease can occur in all psoriasis subtypes. Fingernails are involved in about 50% of 

all patients and toenails are involved in about 35% of all patients. Approximately 90% of 

patients with psoriatic arthritis have nail changes [78]. 

viii. Psoriatic arthritis (PsA) 

Although PsA can develop at any time including childhood, it is most common between 

the ages of 30 and 50 years and affects men and women equally. There is a wide 

variation in incidence among countries and different regions of the world , as well as a 
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wide prevalence ranging from 6% to 42% among psoriatic patients or an overall 

prevalence of about 1% of the general population [79, 80]. 

Psoriasis and the quality of life 

Psoriasis is rarely life threatening but the morbidity associated with the disease is 

severe in many cases. Nevertheless, the psychological impact of psoriasis is not 

sufficiently appreciated by healthcare practitioners although these psychological effects 

may significantly influence not only the patient's quality of life but also disease 

management. Thus, psychological sequelae of psoriasis may affect the response to 

treatment, with patients that exhibit high levels of anxiety having significantly worse 

treatment outcomes in response to therapy [81-84). Psoriasis patients report an impaired 

quality of life equal to or worse than patients with chronic conditions including cancer 

and heart disease [85]. Patients have a tendency for social withdrawal as they are 

embarrassed by their appearance. Patients also suffer from multiple side effects of the 

long-term therapy of the disease, which is often required lifelong. Together with the 

increased levels of unemployment relative to non-psoriatic individuals and the functional 

disability secondary to psoriatic arthritis, there is a concomitant increase in the risk of 

depression, anxiety, and suicidal thoughts, especially with a young age of disease onset. 

If we also consider the combined costs of long-term therapy and the social costs of the 

disease, we can then appreciate the disease's serious impact on patients, their families, 

healthcare systems and society as a whole. The national economic burden of psoriasis 

not only should include the annual direct medical costs of psoriasis but should also 

consider the indirect costs resulting from missed work days and loss of productivity at 

work. In 2008, the National Psoriasis Foundation has estimated the total annual cost of 
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psoriasis in the U.S. at $11 .25 billion. This makes psoriasis not just a cosmetic problem 

but also a life-affecting disorder with a high degree of morbidity and a serious social and 

economic burden [86-88]. 

Psoriasis-associated co-morbidities 

In addition to the already known skin and joint symptoms and the psychological 

burden of psoriasis, there is increasing evidence that psoriasis is more than "skin deep" 

[89, 90]. There is accumulating epidemiologic evidence of an association between 

psoriasis and other systemic disorders including cardiovascular diseases like 

atherosclerosis, coronary artery calcification and stroke. There is also an association 

with depression, metabolic syndrome and obes1ty [91-95]. Some studies suggest that 

psoriasis patients not only have significant inflammation in their skin but also have 

subclinical inflammation in the liver, joints, tendons, and vascular tree, even after 

adjusting for traditional cardiovascular risk factors [96]. Others have suggested the 

hypothesis that psoriasis-initiated skin and systemic inflammation directly promote 

endothelial cell dysfunction. Endothelin-1 levels are increased m psoriasis, and 

keratinocytes might be the source of this over-production, which predisposes to insulin 

resistance and endothelial dysfunction. Thus, anti-inflammatory therapies of psoriasis 

may also provide potential cardio-protective effects (97]. Taking many recent studies into 

consideration, psoriasis is strongly suggested to be an independent risk factor for 

mortality as a result of the predisposing system1c complications and the issue now is to 

explore the possible pathways that may be mediating this link Finally, lymphoma is 

another common co-morbidity in psoriasis patients. However, it is not yet well 

understood whether the risk of lymphoma is due to the disease itself or is an adverse 

effect of some of the systemic therap1es used for treatment [98]. More studies are 
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needed to elucidate the exact etiology of the association between psoriasis and the 

previously mentioned co-morbidities. Meanwhile, these associated co-morbidities 

emphasize the importance of proper and timely management of psoriasis and the 

urgency of establishing convenient and effective therapeutic strategies that can function 

as preventive measures for these risks. Accordingly, patient management cannot focus 

only on the apparent dermatological manifestations but must be multidisciplinary, and 

the patient should be closely monitored for associated co-morbidities. 

Histologic features 

Psoriasis presents characteristic histological hallmarks including: 

1. Thickening of the epidermis (acanthosis) and parakeratosis (abnormal 

retention of nuclei in the squames of the stratum corneum), with an 

abnormal increase in basal keratinocyte turnover and elongation of rete 

ridges. The adherent silvery scales covering the skin lesions clinically 

reflect these features. 

2. Exaggerated dermal vascularity due to nee-angiogenesis. Pinpoint 

bleeding upon scratching or accidental dislodging of scales (Auspitz sign) 

clinically manifests this feature. Redness in some areas of the lesion is 

due to the increased number of tortuous capillaries with markedly thinned 

areas of the epidermis [65). 

3. Immune cell infiltration, mainly of dendritic cells, macrophages and T

helper cells within the upper papillary dermis, with some neutrophils and 

T -cells in the epidermis [58, 59]. 
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Etiology 

The primary etiology of psoriasis is still an unresolved issue. However, the 

histological hallmarks and clinical manifestations of the disease suggest that an interplay 

between three major cell types, keratinocytes, endothelial cells and immune cells, as 

well as several additional factors play a role in disease susceptibility as well as the 

initiation of the inflammatory cascade [70, 99). The maintenance and progression of the 

disease depend on close communication between these three cell types (Figure 3). Yet, 

it is extremely challenging to track the primary cell type responsible for disease initiation. 

Although the primary cell responsible for the initiation of the disease is still unclear, 

investigators have identified factors that contribute to the disease onset and/or 

susceptibility of certain individuals. 

These factors include 

• Environmental factors 

• Genetic predisposing factors 

• Immune system-keratinocyte cross talk 

Environmental factors 

Several known environmental triggers predispose to the development of 

psoriasis lesions or worsening of existing disease. These triggers include streptococcal 

infections where guttate psoriasis is common following streptococcal sore throat [1 00). 

Physical trauma g1ves rise to the Koebner phenomenon, which is the development of 

psoriatic lesions in formerly uninvolved skin of psoriatic patients after cutaneous trauma 
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[1 00]. This reaction is commonly seen in areas of tattoos, surgical incisions or abrasions 

(i.e. by scratching). Some medications are known to induce psoriasis such as 

antidepressants, 13-blockers and cytokine therapies such as IFN-a used for the treatment 

of hepatitis C virus. Smoking and alcohol are also known to trigger or worsen psoriasis 

[101-104]. 

Genetic factors 

In a genetically predisposed individual various elements in the epidermis and the 

dermis may be dysregulated. This dysregulation may include defects of skin barrier 

integrity that lead to an abnormal response to environmental or antigenic insults. Other 

genetic defects are associated with the immune system [105-107]. The mode of genetic 

inheritance of psoriasis is also complex. Genome-wide analysis has identified at least 

nine chromosomal loci with gene abnormalities that are significantly linked to psoriasis. 

These linkage regions are termed PSORS1 through 9. Some of these loci are related to 

abnormal function of immune cells and others are related to keratinocyte differentiation 

and formation of the cornified envelope. Some of these common genetic loci are listed in 

Table I. 
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TABLE 1: Common Psoriasis-Associated Genes 

Gene Function References 

Genetic variation in the MHC (major histocompatibility 
HLAC [63, 108, 109] 

locus antigen cluster). 

Encodes the IL 128 subunit that heterodimerizes with 
IL12B [63, 110] 

IL23A to form IL23, which binds the IL23 receptor. 

Encodes the IL23A subunit that heterodimerizes with 
IL23A [63, 110] 

IL 128 to form IL23, which binds the IL23 receptor. 

Encodes the IL23R subunit that heterodimerizes with 

IL 12R81 on naive CD4+ T-cells to form a receptor, the 
IL23R [63, 111] 

stimulation of which induces the development of Th17 

cells. 

Encodes TNF-a-induced protein 3 that plays a role in 
TNFAIP3 [63, 112, 113] 

modulating nuclear factor kappa 8 (NFk8) activation. 

Encodes TN FAI P3-interacting protein-1 ; this protein 

TNIP1 plays a role in modulating nuclear factor kappa 8 [63, 111] 

(NFk8) activation. 

Encodes zinc-finger protein 313, a ubiquitin ligase that 
ZNF313 [63, 114] 

regulates T -cell activation. 



SLC12A8 

LCE 

Encodes a protein sharing homology with a family of 

cation-chloride-coupled co-transporters that are 

responsible for electro-neutral transport, this protein is 

more likely related to epidermal functions. 

Encodes proteins associated with the late cornified 

envelope complex which includes the genes encoding 

cornified envelope proteins (loricrin, involucrin, the small 

proline rich proteins, SPRRs, and late cornified 

envelope proteins as well as genes encoding granular 

layer keratin-bundling proteins (filaggrin, trichohyalin, 

filaggrin 2, hornerin, and cornulin}, and genes encoding 

proteins involved in signaling and cell cycle progression 

such as S100A7 and other S100 calcium-binding 

proteins (S1 OOs) 
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Immune system-keratinocyte cross talk 

Many investigators believe that psoriasis is primarily aT-cell disease or even an 

autoimmune disease [70). However, due to the lack of convincing evidence regarding 

autoantibodies, psoriasis has been more precisely described as an "immune-mediated 

disorder" triggered by genetic and environmental factors. Some of the psoriasis genetic 

susceptibility loci that are related to the immune system (especially T-cells) are listed in 

Table1. Of these loci, HLA class 1 allele, considered the primary identified locus, is 

related to psoriasis susceptibility. Psoriasis is strongly associated with the HLA-C allele 

Cw6 that is associated with human leukocyte antigen [120). HLA-Cw6 was identified in 

46% of psoriasis vulgaris cases and 73% of patients with guttate psoriasis. However, 

having HLA-Cw6 is not sufficient to develop psoriasis in some cases and this indicates 

that psoriasis is a multifactorial disease that involves interplay of diverse factors [63]. 

Accordingly, an epidermal keratinocyte-mediated origin cannot be excluded for 

manyreasons [121], as we will discuss in the next section. In fact, we think that the roleof 

keratinocytes in promoting disease onset, progression and maintenance is crucial, and 

hence their role as a potential therapeutically efficient and safe target has not been given 

adequate attention. 





Figure 3. The crosstalk between the key cells and mediators of the psoriatic-

cytokine network showing the pivotal role of keratinocytes in all stages of the 

disease. 

The interaction between keratinocytes, immune cells and endothelial cells 

mediates the initiation, progression and maintenance of the inflammatory 

process. A stimulus such as trauma or an infection can initiate an inflammatory 

response in a genetically susceptible individual. Keratinocytes are active 

immunological contributors capable of initiating an immune response that triggers 

the resident immune cells, which in turn produce cytokines among which are IL-

12, IL-23 and VEGF. IL-12 and IL-23 stimulate the differentiation of T-ee/Is into 

type 1 and type 17 helper T-ee/Is respectively Activated keratinocytes over

express ICAM-1, which plays a role m polymorphonuclear leukocyte (PMN) 

migration into the epidermis. VEGF stimulates a ttssue-angtogenic response and 

recruitment of PMN as well. Activated keratinocytes are more prone to produce 

cytokines, even in cases of stimulants that can be normally tolerated in healthy 

non-psoriatic skin. These events amplify the tmmune response and stimulate 

epidermal remodeling. Inflammation, hyper-proliferation with abnormal 

differentiation and neo-angiogenesis are the 3 major hallmarks of psoriasis. This 

dynamic process converts the pre-psoriatic skin into a psoriatic plaque and can 

be best described as "immune system-keratinocyte cross talk". This crosstalk 

creates a vicious cycle with keratinocytes playing a key role in the stages of the 

disease process. 

Keywords: LCE, late cornified envelope; EDC, epidermal differentiation 
complex; IL-12, inter/eukin-12; IL-23, interleukin-23; PMN, polymorphonuclear 
leukocytes; VEGF, vascular endothelial growth factor; TNF, tumor-necrosis 
factor; ICAM1, intercellular adhesion molecule-1. 
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KERA TINOCYTES AND PSORIASIS ETIOLOGY 

The role ofT-cells and the immune system in general has been highlighted as a 

major contributor to psoriasis, and the role of keratinocytes has not been given sufficient 

attention. However, recent findings are promoting a new concept for a keratinocyte

mediated psoriasis origin. These new findings highlight the role of intrinsic epidermal 

components in triggering and/or sustaining the disease process. These epidermal 

components may also be contributing to the chronicity of psoriasis and its frequent 

relapses [ 121]. 

The evidence that supports the keratinocyte-driven disease process include: 

i. Altered keratinocyte differentiation in psoriatic keratinocytes and disrupted barrier 

integrity in psoriatic lesions. 

ii. The role of epidermal keratinocytes as an important source of inflammatory 

mediators that may contribute to the inflammatory microenvironment that 

provokes psoriasis. 

iii. Genetic linkage analysis identifying psoriatic susceptibility loci related to 

abnormal keratinocyte differentiation and abnormal formation of cornified 

envelopes. 

iv. The ability of some keratinocyte-driven animal models of psoriasis to mimic the 

disease. 



i. Altered keratinocyte differentiation and abnormal calcium gradient in 
psoriatic skin 
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Obviously, the keratinization process in psoriasis is disturbed and can be briefly 

described as accelerated keratinization with premature cell death. Some differentiation 

markers such as K10 are abolished m psonas1s, whereas others that should not be 

detected in normal ep1dermis, such as K6 and K16, can be identified in psoriatic lesions 

[122]. Moreover, genome-wide association studies have recently identified numerous 

risk loci that are related to epidermal development and have no direct relation to immune 

cells, among which are loci closely related to the regulation of normal keratinocyte 

development (63, 1 06] The epidermal differentiation complex (EDC) is one of these loci. 

EDC is associated with the late cornified envelope (LCE) complex and LCE3B and 

LCE3C deletion is associated with psoriasis [118, 123). This deletion results in a 

compromised skin barrier, and this defect may be a susceptibility factor for psoriasis. 

As mentioned earlier, Ca2
• is one of the major signals that modulate keratinocyte 

proliferation and differentiation. Psoriatic lesions show a disturbed Ca2
• gradient as 

compared to normal skin from healthy individuals or uninvolved skin from psoriasis 

patients [23]. This defect favors enhanced proliferation and abnormal terminal 

differentiation. Recent studies have shown that psoriatic keratinocytes have abnormal 

Ca2
• metabolism and that the functioning of store-operated Ca2

• channels controlling 

calcium entry mto keratinocyte is disturbed m psoriasis [124] This suggests that 

psoriatic keratinocytes are defective and that this defect could be a major reason behind 

psoriasis pathogenesis. Furthermore, th1s abnormality in Ca2
• metabolism coincides with 

an aberrant epidermal calcium gradient. In normal human skin, the uppermost stratum 

granulosum shows the greatest number of Ca2
• -containing precipitates Th1s layer 

corresponds to the region where terminal differentiation and cornification occurs; in 
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contrast, all psoriatic suprabasal layers displayed heavier than normal concentrations of 

Ca2+. On the other hand, the basal layer of psoriatic lesions contained less extracellular 

Ca2+ than normal. This abnormal pattern of the Ca2+ gradient may be the reason 

behind the hyperproliferation, premature differentiation and parakeratosis observed in 

psoriatic skin. Th1s abnormality was not detected in non-lesional sk1n from psoriatic 

patients. Furthermore, cultured psoriatic keratinocytes and psoriatic plaques showed 

reduced expression of the Ca2+-sensing receptor and of calcium channels as compared 

to normal controls [1 0]. These findings may possibly underlie the abnormal 

desquamation and permeability barrier defect in psoriasis. The difference in the Ca2+ 

profile between involved psoriatic skin and uninvolved skin suggests that this defect is 

specific for psoriatic skm, and that the skin defect itself may initiate the disease process. 

In addition, psoriatic skin shows altered expression of occludin (an integral component of 

tight junctions). Interestingly, defects in tight junction components are also associated 

with various skin diseases that involve an inflammatory aspect such as atopic dermatitis 

[125]. 

Another aberrant epidermal component in psoriatic skin is AQP3. Thus, AQP3 

levels and localization are abnormal in psoriatic skin and this may also be contributing to 

the abnormal proliferation and/or differentiation in psoriasis [56, 126]. Taken together, 

these various alterations in keratinocytes w111 adversely affect the function of the 

epidermis as a protective barrier and hence may lead to exaggerated immune responses 

to normal daily insults. These abnormal responses may be pred1sposmg to psoriatic 

lesions. 
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ii. The pro-inflammatory potential of keratinocytes 

Keratinocytes are a source of a wide spectrum of pro-inflammatory mediators 

such as interleukin (IL)-1 , 6, 7, 8, 10, 12, 15, 18 and 20 as well as TNFa [127, 128]. 

These cytokines have their effect on other keratinocytes (feedback loop) as well as on 

immune cells triggering the production of additional cytokines and chemokines and 

establishing an inflammatory cascade (cross-talk between keratinocytes and immune 

cells) [129]. In the case of an inflammatory disease such as psoriasis, this feedback loop 

and cross-talk between keratinocytes and immune cells can maintain the inflammatory 

cascade if it is not appropriately regulated [58). Under normal conditions, keratinocytes 

can be activated by different stimuli such as tissue injury (as shown in Figure 3). 

Activated keratinocytes are hyperproliferative and capable of producing paracrine 

signals to alert fibroblasts, endothelial cells, melanocytes, and lymphocytes, as well as 

autocrine signals targeting neighboring keratinocytes. The affected cell types, in turn, 

produce their own autocrine and paracrine signals, which modify the act1ons of activated 

keratinocytes. Keratins like K6 and K16 are markers of the active state of keratinocytes. 

Eventually, having responded to the injury, keratinocytes receive a " deactivation" signal 

and revert to their normal differentiation pathway. Any dysregulation in this process will 

cause hyperproliferation of keratinocytes and may initiate a disease process [130). 

Production of cytokines by keratinocytes occurs under various conditions. The pro

inflammatory cytokine IL-6 is secreted by keratmocytes upon UVB exposure or in certain 

diseases like lichen planus or in response to transforming growth factor-a (TGF-a) [131]. 

IL-8 attracts neutrophils and is produced by keratinocytes after exposure to various 

irritants like sodium lauryl sulfate, whereas IL-7 production results in infiltration of the 

epidermis with skin-derived T -cells and contributes to epidermal hyperplasia [121]. Thus, 
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it seems that the production of inflammatory mediators by keratinocytes can initiate an 

inflammatory cascade and/or stimulate resident inflammatory cells such as dendritic 

cells and attract T-cells to initiate an inflammatory reaction [132]. There are also studies 

reporting the up-regulated production of pro-inflammatory cytokines and their receptors 

in keratinocytes 1n various skin diseases. For example, IL-12 production is up regulated 

in eczematous skin and the levels of the IL-20 receptor are elevated in psoriatic 

keratinocytes [133]. These findings may modify the concept of immune-mediated 

disorders to immune-keratinocyte-mediated disorders and the role of keratinocytes has 

been recently appreciated as a mediator of some disorders that have long been 

regarded as immune-mediated or stringently related to the dermis. In conclusion, a 

possible dysregulation of the normal keratinocyte pro-inflammatory potential might be a 

primary cause of psoriasis. This dysregulation leads to an exaggerated cytokine 

response of keratinocytes upon exposure to certain irritants or insults such as physical 

trauma to result in enhanced immune system activation. These abnormalities and the 

dysregulated response may be due to inherited genetic defects. 

A. Genetic linkage analysis of epidermal-related loci 

The epidermal differentiation complex (EDC) is located on chromosome 1q21 within 

PSORS4 and is associated with the late cornified envelope (LCE) complex. LCE3B and 

LCE3C deletion is associated with psoriasis in European and Ch~nese populations [118). 

Interestingly, an assocration between LCE3C_LCE3B-deletion and rheumatoid arthritis 

has been reported, which may suggest that a disruption in the epidermal barrier may 

further be a predisposing factor for systemic inflammatory diseases and that 

keratinocytes may have effects beyond the skin. On the other hand, those individuals 

carrying one (or more) mutated allele{s) in one of the epidermal differentiation markers 
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(filaggrin) display what is known as "the atopic march·. The atopic march is a 

phenomenon in which asthma occurs in association with pre-existing eczema. However, 

filaggrin is not expressed in bronchial epithelium and hence, it is believed that asthma is 

a secondary consequence of filaggrin deficiency in the skin [19]. The human beta 

defensin (hBD) family is another set of genes that has been reported in association with 

psoriatic patients. hBDs are antimicrobial peptldes that have cytokine-like properties and 

are encoded by DEFB genes. These genes include, DEFB1 (encoding the protein hBD-

1), DEFB4 (encoding the protein hBD-2) and DEFB103 (encoding the protein hBD-3) 

and are expressed constitutively in skin. It was observed that psoriasis patients tend to 

have higher genomic copy numbers for the beta-defensin genes [134]. Collectively, 

these findings support the emerging notion that impaired barrier function of the skin 

allows for sensitization to normal environmental insults and/or allergens that may 

predispose to skin disorders such as psoriasis or even systemic disorders such as 

bronchial asthma. 

iii. Animal models of psoriasis 

Psoriasis is a strictly human disease with two reported exceptions in 

primates(135]. Therefore, the available animal models of psoriasis are either 

spontaneous mutations, genetically engineered, immunologically reconstituted or 

xenograft models. The unresolved complex nature of the disease together with the lack 

of a recognized naturally occurring animal model hamper research into the pathogenesis 

of and therapeutic approaches to treat the disease (136, 137]. To date, several animal 

models reproducing psoriasis have so far highlighted the role of keratinocyte defects as 

a disease-initiating factor independent ofT -cells In 2005, Sano et al [138] developed a 
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transgenic mouse with constitutively active ST A T3 expressed in basal keratinocytes 

under the control of the keratin 5 promoter. ST AT3 is involved in cell proliferation and 

survival and plays an essential role in wound healing [139]. These mice exhibited 

psoriasis-like skin lesions, characterized by keratinocyte hyperplasia, dilated blood 

vessels and infiltration of leukocytes, neutrophils and T -cells into the dermis, which 

represent the major hallmarks of psoriasis [138]. The conditional JunB/c-Jun double 

knock-out mouse is another transgenic mouse model of psoriasis [140]. JunB is a 

component of the activator protein 1 (AP-1) transcription factor localized in the PSORS6 

locus, and c-jun is its proposed antagonist. AP-1 proteins play key roles in the regulation 

of cell proliferation and differentiation [141] In healthy human skin and unaffected skin of 

psoriatic patients, JunB is ubiquitously expressed in all layers of the epidermis with 

highest levels in the basal and spinous layers whereas c-Jun was very weakly 

expressed. However, in lesional skin of severe psoriasis, JunB is highly reduced, 

whereas c-Jun is quite prominent. Thus, psoriatic skin shows a strong reduction of the 

JunB/c-Jun ratio, most prominently in the basal layer [140, 142, 143) The conditional 

JunB/c-jun double knockout mouse model IS generated by epidermal-specific ablation of 

JunB/c-Jun genes using basal cell-specific keratin 14 promoter-driven expression of Cre 

recombinase in JunB/c-Jun floxed mice. All of the double mutant mice developed 

psoriasis-like lesions with scaly plaques. Histologically, these mice showed the 

hallmarks of psoriasis. Moreover, they developed psoriatic arthritis When these mice 

were engineered on aT- and 8-cell deficient (Rag-2 knock-out) or tumor necrosis factor 

receptor (TNFR)-deficient background, they exhibited a milder arthritis, but the features 

of the skin lesions were maintained. Therefore, keratinocyte defects alone were able to 

generate psoriasis-like lesions even in the absence of an immune component. Instead, 
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immune cells seemed to play a strategic role in the systemic progression of the disease 

to psoriatic arthritis. 

The xenograft model is another mouse model that provides an alternative 

approach to transgenic manipulation. In this model uninvolved non-lesional psoriatic skin 

or lesional psoriatic skin is transplanted onto severely immune-deficient mice. In this 

model, mice were able to maintain the psoriatic features of the transplanted skin for 

more than 2 months [144]. Uninvolved skin grafts from psoriatic patients developed 

features of psoriasis when grafted into nude mice and injected with pre-activated T-cells. 

However, T-cells were not able to induce psoriasis without previous activation by 

inflammatory mediators or to induce psoriasis in normal skin from control healthy 

individuals [120]. Thus, in some instances, T -cells alone may not be able to initiate 

psoriasis but are rather important for disease maintenance, and in these cases 

keratinocytes may be the hidden player behind disease development. 

In conclusion, psoriasis is a dynamic disease with several overlapping 

contributing factors. Despite the great progress made with regard to elucidation of 

disease origin, it is still challenging to identify the primary etiology and the major cell type 

initiating the disease. The important contribution of immune cells to the pathogenesis of 

disease has been established experimentally. Moreover, therapeutic targeting of the 

immune cells and/or mediators by biolog1cal drugs has recently shown great success; 

however, these drugs raise a major question regarding their long-term adverse effects. 

Meanwhile, there are other pieces of evidence derived from animal models and genetic 

linkage analyses that suggest a fundamental role of intrinsic alterations of the epidermis 

in disease pathogenesis. All the aforementioned indications designate keratinocyte a 

possible safe and efficient therapeutic target for managing psoriasis. 
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PSORIASIS THERAPEUTIC ARMAMENTARIUM 

Due to the abovementioned complexity of the disease pathogenesis and the 

diversity of phenotypes, there is more than one treatment strategy for psoriasis. 

However, to date, there is no complete cure of the disease and patients must maintain 

life-long treatment in most cases or at least during relapse episodes. In addition, patients 

often do not respond identically to treatment options, and there is no commonly 

approved regimen of therapy among dermatologists. Treatment options differ vastly 

according to numerous factors including the age of the patient, the stage and severity of 

disease, the area covered by lesions, the body site, the availability of treatment, adverse 

effects, cost and above all the patient's compliance Thus, it is necessary that the 

treatment strategy be tailored to the individual. Therap1es for psoriasis include topical, 

systemic (traditional and biologics}, phototherapy, combination treatments and herbal 

remedies [145]. 

In this section, we will be discussing the most common and generally accepted available 

treatment options focusing on the mechanism of action and the major side effects of 

each option. 



A. Topical Therapy 

Below are listed topical treatment options available for psoriasts 

i. Topical corticosteroids 
li. Topical vitamin D analogues (Calc ltriol, Tacalc ltol, Calcipotriol) 

ill. Anthralin (Dithranol) 
lv. Keratolytic agents (Salicylic acid, Urea) 
v. Emollients 
vi. Topical retinoids 

v ii. Calclneurin Inhibitors 

i. Topical corticosteroids 
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Topical corticosteroids are considered the cornerstone of treatment for the 

majority of patients, especially those with limited disease, and are the most commonly 

prescribed psoriasis drug in the USA. Despite the1r efficiency and relative safety margin 

in children and dunng pregnancy and breastfeedmg, the prolonged use of highly potent 

formulations 1s not recommended to avoid possible adverse effects. Complications 

include skin atrophy and and/or suppression of the hypothalamic-pituitary-adrenal axis. 

Withdrawal from corticosteroids should be done slowly with gradual reduction of the 

dosage to avoid psoriasis disease rebound or Addison-like disease symptoms [65, 146]. 

II. Vitamin D analogues 

As mentioned earlier vitamin 0 is one of the important known regulators of 

keratmocyte differentiation and proliferation. The biologically active form of vitamin 0 (1 , 

25 dihydroxyvitamin 0 3; calcitriol) has been used as a standard top1cal therapy for 

psonasis [40, 14 7] These agents are less efficacious than topical corticosteroids; 

however, they are often used adjunctively to enhance efficacy and reduce the risk of 

atrophy With long-term corticosteroid use. 
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iii. Anthralin (Dithranol) 

Dithranol is a herbal-derived therapy extracted from Andira Araroba. It is known 

as Cignolin in Germany and Anthralin in the US. Its use has been declining over recent 

years due to its staining effect, making its use difficult in an outpatient setting, especially 

with the availability of more cosmetically acceptable alternatives [40, 148]. 

iv. Keratolytic agents (e.g. salicylic acid) 

Salicylic acid is thought to work through two mechanisms, both of which lead to 

desquamation of corneocytes. The first mechanism is by reducing intercellular 

cohesiveness of corneocytes and the second is by reducing pH and thus increasing 

hydration. These two effects lead to reduction of scaling and softening of psoriatic 

plaques; thus, salicylic acid represents a purely symptomatic treatment [40, 146). 

v. Emollients 

The use of non-medicated moisturizers such as aloe vera gel is an adjunctive 

approach to manage mild to moderate psoriasis. This approach has the advantage of 

being the safest option during pregnancy and lactation as well as for children, yet the 

efficacy and active ingredients are unknown. These agents help to retain moisture in the 

stratum corneum to cause softening of the psoriatic plaques, and are hence considered 

a symptomatic rather than a therapeutic approach. However, there are conflicting reports 

regarding the efficacy of aloe vera itself in the treatment of psoriasis, and this topic is still 

under investigation by many groups [149). 
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vi. Topical retinoids 

As mentioned earlier retinoids are another known regulator of keratinocyte 

proliferation and differentiation. Topical retinoids have been used for treating chronic 

skin conditions including psoriasis for almost 3 decades. The first topical retinoid 

approved by the US Food and Drug Administration (FDA) in 1971 was Tretinoin. 

However, the safety of these agents during pregnancy and lactation and in children 

below 12 years of age is still debatable [40, 43). 

vii. Calclneurln inhibitors 

Calcineurin inhibitors are non-steroidal immune-modulating agents that act by 

blocking the enzyme calcineurin, thus inhibiting the production of IL-12 and subsequent 

T -cell activation and proliferation. They are considered safe for use in children [150). 

B. Phototherapy 

The idea of using ultraviolet (UV) light for the treatment of psoriasis arose in 

antiquity as patients and physicians observed lesions improving following sun exposure. 

Historically, phototherapy was the first line for treating psoriasis; however, long-term 

therapy was limited by dose-dependent toxicity. Modifications now exist, including 

Psoralen (a photosensitizer) plus UVA (PUVA), broadband UVB (BB-UVB), and 

narrowband UVB (NB-UVB). Phototherapy can be administered in the hospital, 

outpatient clinic, or even at home. Broadband UVB (BB-UVB) 1s considered the first and 

safest line of treatment for pregnant women who suffer plaque or guttate psoriasis 

requinng systemic intervention. This is considered an advantage of UVB over PUVA 

treatment, wh1ch 1s contraindicated during pregnancy and lactation [151]. Although 

phototherapy is considered one of the safest lines of treatment, it still involves a number 
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of acute and chronic side effects. Acute side effects of phototherapy include erythema, 

itchmg, and burning and dry skin. In addition, long treatment w1th PUVA results in an 

increased risk of skin cancer and photoagmg and hence requ1res lifetime monitoring 

[152]. 

C. Systemic Therapy 

Systemic therapies are considered in cases of more extensive or refractory 

psoriasis when topical therapy and phototherapy show lack of efficacy. A systemic 

approach is considered not only when lesions involve a large surface area (more than 

10%) but also in a subset of patients with limited disease affecting critical sites like the 

palms and soles or with severe scalp psoriasis. In these cases, the lesions may be 

limited but result in debilitating symptoms that affect the patient's quality of life and 

increase the appropriateness of a system1c approach 
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Systemic therapies can be classified into: 

• Traditional systemic therapies (Non-biologic therapies) 

• Biologics 

)';- Traditional systemic therapies 

Traditional systemic therapies are considered non-biologic agents that 

are used as a first line of systemic therapy for moderate to severe psoriasis. 

They represent important players in a psoriasis treatment plan due to their oral 

route of administration and low cost as compared to biologics and include [153]: 

i. Methotrexate 

ii. Cyclosporine (CSA) 

iii. Acitretin. 

i. Methotrexate 

Methotrexate is considered a cornerstone in the treatment of rheumatic 

diseases and has also been considered the primary agent for systemic treatment 

of moderate to severe psoriasis for decades. Methotrexate is a folate antagonist 

that was initially used as an anti-cancer drug [154-157]. The most common side 

effects of methotrexate, which usually start on initiation of therapy, include 

nausea, anorexia, fatigue and mala1se. Methotrexate 1s an independent risk 

factor for the development of cutaneous squamous cell carcinoma, and this risk 

is increased in patients treated with PUVA The use of methotrexate as a second 

opt1on for treatment of patients w1th a previous PUVA exposure must be 

considered with caution (158]. Methotrexate IS absolutely contraindicated during 

pregnancy and breast-feeding due to its teratogenic potential and increased risk 
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of spontaneous abortion during the first trimester. Women of childbearing age 

should consider contraception during methotrexate treatment. Even for men, 

methotrexate has an anti-spermatogenic effect and may cause mutagenesis, and 

it is recommended that both sexes postpone conception for at least 3 months 

after the cessation of therapy [159]. Susceptibility to infections like tuberculosis or 

recurrence of infections such as hepatitis B wus is common in patients treated 

with immunosuppressive drugs like methotrexate [160-162]. Mucocutaneous 

ulceration can occur without adequate folic acid supplementation or in cases of 

over dosage [163, 164). Methotrexate is not recommended for children due to its 

multiple long-term side effects that include hepatotoxicity [67]. 

ii. Cyclosporine (CSA) 

Cyclosporine is an immune-suppress1ve drug that was initially used to 

prevent rejection following organ transplant Its effectiveness in the management 

of psoriasis has gained attention since 1979 [153], and the FDA has approved 

cyclosporine as an anti-psoriatic medication since 1997 [165]. The most 

significant side effects of CsA are hypertension and nephrotoxicity, which are due 

to its vasoconstrictive effects on renal arterioles. Thus, patient selection is very 

cntical before the initiation of therapy [161 ]. Patients taking CsA that have had a 

h1story of PUVA treatment are at increased nsk of cutaneous squamous cell 

carc1noma However, the nsk of malignancy with adherence to the published 

guidelines and patient selection criteria remains controversial (166). CsA IS 

suggested for use during pregnancy only 1f the potential benefits over-ride the 

poss1ble risks to the fetus (167]. 
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iii. Acitretin 

Acitretin is an oral vitamin A denvative used to treat psoriasis since 1980 

(153]. Its exact mechanism of action is not yet well understood; however, recent 

studies have suggested an influence on T-helper cells (Th17 and Th2) [168). 

Acitretin is teratogenic and totally unsafe during pregnancy and breast-feeding 

with risks of possible malformations and growth retardation outweighing any 

possible benefits. It is even contraindicated to conceive within 3 years after the 

cessation of Acitretin therapy. Accordingly, Acitretin should not be used under 

any circumstances for women in childbearing age. Long-term treatment in 

children can lead to growth retardation with premature epiphyseal closure and 

impaired bone growth. Follow-up has to be maintained carefully to avoid 

undesirable side effects in children treated with Acitretin [67, 77]. 

,. Biologics: 

Topical and traditional systemic therapies have not met the needs of all 

patients and seem empirically to improve symptoms, sometimes without a clear 

understanding of targets and mechanisms. As a result, biologics have recently 

been added to the therapeutic armamentarium for treatment of psoriasis [59, 

169, 170]. 

As illustrated in Figure 3, psoriatic lesions evolve as a result of interplay 

between various inflammatory cells and 1mmune mediators (inflammatory 

cytokines), known as the "psoriatic cytokine network". A cross-talk between 

innate and adaptive immunity shapes the inflammatory infiltrate, which involves 

the following key cytokines: interferons (IFN-a and-y), TNF-a and interleukins (IL-

1(3, IL-20, IL-6, IL-23, IL-12, IL-17A, IL-17F and IL-22) [58] 
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Biologics are proteins that possess pharmacological potential and are extracted 

from animal t1ssue or produced by recombmant DNA technology. Biologic therapies 

target the immune system including T -cells and cytokines that play a central role in the 

pathogenesis of the disease. According to the National Psonas1s Foundation (webpage 

updated in 2014}, there are currently five biologic drugs approved by the FDA for the 

treatment of psoriasis and psoriatic arthritis (PsA). 

FDA-approved biologic drugs include: 

1. Enbrel (etanercept) 

2. Humira (adalimumab) 

3. Remicade (infliximab) 

4. Simponi (golimumab) 

5. Stelara (ustekinumab) 

Limitations of biologic therapy 

Work by blockmg the action of 

TN Fa 

Works by blocking the 

interaction between ll12/ll23 

and the1r receptors 

Biologic therapies are contraindicated m pat1ents w1th act1ve or serious infections 

(mfect1ons that requ1re antibiotics). Increased risk of serious fungal and bacterial 

infections, such as tuberculosis, is a major concern for patients receiving biologics. 

There is also risk of other opportumstic mfections, poss1ble react1vat1on of hepatitis B 

infection, and a potential risk of malignancy that is still controversial [171-173]. It is 
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important to use all approaches to reduce the risk of infection throughout the treatment 

course. In case of infection, cessation of treatment is mandatory. Live vaccinations 

should be avoided under all circumstances, and proper screening must be performed in 

all patients before commencing biologics. These tests include hver function tests, 

complete blood counts including platelet counts and tests for hepatitis and tuberculosis 

(TB) [78). 

In summary, biologics are considered the third treatment option for moderate to 

severe psoriasis. They have achieved promising success rates in controlling the disease 

and improving the patient's quality of life. Safety concerns are still an issue due to lack of 

sufficient long-term safety data since the biologics are still a fairly recent therapeutic 

option [174]. Biologics directly target the immune system (cytokines or cells), yet the role 

of the immune system as a primary and un1que cause of psonas1s is still controversial. 

In a nutshell, despite the broad therapeutic armamentarium available for treating 

psoriasis, there is an increased demand for treatment opt1ons that are efficacious, 

enhance patient compliance with the treatment regimen and maximize the benefit to risk 

ratio. According to the National Psoriasis Foundation, many psoriasis patients give up 

treatment due to unsatisfactory treatment results [175). Based on the evolving concept of 

a "keratinocyte-mediated disease origin", drugs that directly target keratinocytes can be 

effective options with less adverse effects. Moreover, the fact that psoriasis involves an 

interplay between three different cell types makes targeting the three cell types by a 

single agent a challenging yet promising therapeutiC goal. 
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FUMARIC ACID ESTERS 

Fumaric acid esters (FAE) have been used to treat psoriasis since 1959. The 

German chemist Schweckendiek discovered their use as anti-psoriatic agents as he 

utilized them to treat his own psoriatic lesions [176). Smce then, fumaric acid esters have 

been known as anti-psoriatic agents. Decades after this discovery, a mixture of 

dimethylfumarate (DMF) and three salts of monoethylfumarate (MEF) was licensed in 

Germany (in 1994) under the product name Fumaderm* and marketed by the 

pharmaceutical company Biogen Idee. Fumaderm• is an oral drug available in two 

strengths and used for the treatment of moderate to severe psoriasis resistant to topical 

therapy [177) Although DMF is the mam ingredient of the drug, DMF does not seem to 

be the active ingredient. Fumaric acid esters are almost completely absorbed in the 

small mtestine where DMF is rapidly hydrolyzed by esterases to monomethylfumarate 

(MMF) Unlike MMF, DMF has a short half-hfe and cannot be detected in blood long

term, whereas MMF can be detected for up to 36 hours with a peak concentration 

between 5 and 6 hours. In addition, DMF and free fumanc acid cannot bind to serum 

proteins while up to 50% of MMF can be found bound to serum proteins [178]. Taken 

together, it appears more likely that MMF, a DMF byproduct, is the active ingredient of 

Fumaderm®. Fumaderm® is not licensed in other European countries like the United 

Kingdom or in many countries worldwide including the US [179]. This might be attributed 

to lack of knowledge about the exact mechanism of action of FAE Recently, FAE have 

gained interest in the US, especially w1th mcreased multicenter studies revealing the 

drug's efficacy and limited safety concerns in most patients [180, 181). 
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A. Fumaric acid esters and keratinocytes 

FAE (DMF, MMF and MEF) induce a trans1ent rise in intracellular free Ca2
• in 

cultured normal and transformed human keratinocytes [182). This increase is due to 

release from intracellular Ca2
• stores, as it was not blocked by chelation of extracellular 

Ca2
• by EGTA This effect may account for the pro-different1at1ve and anti-proliferative 

effects of MMF on keratinocytes and may help to explain, in part, its anti-psoriatic action 

[182]. The mechanism of action of MMF is still an unresolved issue, yet some effects of 

MMF on different cells, including cells involved in psoriatic pathogenesis, have been 

reported. 

B. Fumaric acid esters and immune cells 

Fumaric acid esters also have anti-inflammatory effects that may be of benefit in 

hmdenng the psoriatiC cytokine network. DMF modulates the 1mmune response away 

from the Th1 cytokine IFN-y towards the Th2 cytokine IL-10 [183]. Th2 cytokines have 

antagonistic effects to inhibit the secretion of Th1 cytokines (IL-2, IL-12, and IFN-y) that 

play a major role in the psoriasis process Surprisingly, this immune-modulatory effect 

occurred only in co-cultures of HUT 78 T cells and psoriatic keratinocytes and was not 

observed with control keratinocytes or in unstimulated monocultures. This reveals that 

psoriatic keratinocytes have an inherent and distinct inflammatory role in the psoriatic 

cytokine network Moreover, fumaric acid esters may be d1rectly targeting keratinocytes 

to counteract the1r abnormal inflammatory potent1al in psoriasis [183]. In the same 

context, Litjens et al [184] have shown that MMF down-regulates Th1 lymphocyte 

responses by affecting the polanzatlon of monocyte-derived dendritic cells. The 

mechanisms underlying this effect are not fully elucidated Another group has previously 

shown that DMF inhibits nuclear translocation of nuclear factor-kappa 81 (NFK131 )[185]. 
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NFK131 is a major regulator of immune responses, inflammation, cell proliferation, and 

apoptosis. Nibbering et al. (186, 187] have shown that MMF has antagonistic effects on 

granulocytes as well. 

C. Fumaric acid esters and endothelial cells 

Endothelial cells are the third key players in the psoriatic process and neo

angiogenesis is one of the major hallmarks of psoriasis. It has been reported that DMF 

has an inhibitory effect on the proliferation, differentiation and migration and tube 

formation of endothelial cells and hence inhibits angiogenesis. Moreover, MMF 

srgnificantly inhibits tube formation in human umbilical vein endothelial cells (HUVEC 

isolated from human umbilical cords) (188). 

In summary, the skin is a vital organ that plays a major role rn the health and 

well-berng of humans. Any dysregulatron rn normal epidermal homeostasis will lead to 

skin diseases that severely affect the patient's quality of life and may predispose to other 

systemic conditions. Psoriasis is a common skin disorder that affects 1-3% of the 

general population worldwide. It is a lifelong multifactorial disease that involves interplay 

among three major cell types: keratinocytes, immune cells and endothelial cells. This 

crosstalk makes it difficult to identify the primary cell type responsible for disease 

initiation. Despite the ease of diagnosing psoriasis, dermatologists consider its treatment 

a real challenge. The major obstacle facing treatment is the disease's unresolved 

primary etiology. To our knowledge, there is no complete cure of this disease and 

patrents must marntain treatment throughout life or at least upon eprsodes of relapse. 

There is increasing evidence that keratrnocytes play a prvotal role in the induction of 

psonasis Most of the drugs used currently target T-cells and include methotrexate, 

cyclosporine and alefacept. Other drugs target different pro-inflammatory mediators and 
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cytokines such as ustekinumab, which targets ll-23, and infliximab that targets TNFa. A 

maJor problem with these immuno-suppressive drugs in the treatment of psoriasis is the 

serious adverse effects associated with their prolonged use. Targeting the three key 

players in the pathogenesis of the disease 1s a real yet attainable challenge. Considering 

the reported effects of MMF, fumaric acid esters (Fumaderm®) may be a promising drug 

targeting the three key steps in developing a psoriatic lesion. A major discrepancy in 

understanding the mechanism of action of this drug is the lack of knowledge about its 

effect on keratinocytes. Understanding this role may pique interest in the efficacy of 

MMF, which may encourage physicians in other countries (including the US) to 

investigate the use of the drug for the treatment of psoriasis, especially with the 

increasing evidence of safety and efficacy anstng from multi-center studies [189). In 

addit1on, a drug containing DMF as its major mgred1ent 1s available tn the US market 

now (Tecfidera®; BG-12) for the treatment of multiple sclerosis [190, 191]. Thus, our 

results suggest the possibility of repurposing this already FDA-approved drug for treating 

moderate to severe psoriasis. 
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HYPOTHESIS 

We hypothesize that monomethylfumarate (MMF) exerts direct anti-proliferative, pro

differentiative and anti-inflammatory effects on keratinocytes. We further explored the 

mechanism of MMF as an anti-psoriatic agent. 

SPECIFIC AIMS 

Specific Aim 1 

To test the hypothesis that MMF has an anti-proliferative effect on keratinocytes and that 

this effect is mediated through the G-protein coupled receptor GPR109A. 

Specific Aim 2 

To test the hypothesis that MMF has, in addition to an anti-proliferative effect, pro-

differentiative and anti-inflammatory effects on keratinocytes. 

Specific Aim 3 

To test the hypothesis that MMF mediates anti-oxidative stress effects in keratinocytes 

via Nrf2 stimulation. 

Specific Aim 4 

To test the hypothesis that MMF increases the expression and membranous localization 

of AQP3 and stimulates glycerol uptake by keratinocytes. 



CHAPTER TWO: MATERIALS AND METHODS 

Materials 

A. Animals for primary mouse keratinocytes cell culture 

Male and female WT ICR (CD-1*) outbred mice were obtained from Harlan 

Laboratories (North America Division). 

GPR109A knockout mice on a C57BU6 strain background were a generous gift 

from Dr. Pamela Martin (Georgia Regents University, Augusta, GA) and have 

been described previously (192, 193]. 

B. Cell cultures 

• Cell culture plates 

Corning Costar 6- and 12-well tissue culture plates and 15 mm tissue culture 

dishes were from Corning Incorporated Life Sciences (Corning, NY). 

• Keratinocyte Serum Free Medium: (K-SFM) 

K-SFM is a commercially available medium from Gibco® Life Technologies 

(Grand Island, NY) and was used for the culture of primary mouse keratinocytes. 

It is supplied with prequalified human recombinant epidermal growth factor 1-53 

53 
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(EGF 1-53) and bovine pituitary extract (BPE) m quantities designated by the 

manufacturer. It is also supplemented w1th sterile 50 ~M calcium chloride (CaCI2) 

and 1% penicillin-streptomycin-antimycotic (PSA). 

• Normal human epidermal keratinocytes 

Adult normal human epidermal keratinocytes (NHEK) were obtained from Lonza 

Inc. (Walkersville, MD). 

• Keratinocyte Basal Medium:(KBM-Go/d media) 

KBM-Gold is a commercially available medium from Lonza Inc. (Walkersville, 

MD) and was used for the culture of NHEK It contains a calcium concentration of 

14.7 mg/L (100 ~M) in the form of calcium chloride dihydrate. It is supplemented 

with hydrocortisone, transferrin, epinephnne, gentam1c1n sulfate and 

amphotericin-B. bovine pituitary extract, recombinant human epidermal growth 

factor in a buffered BSA saline solution and msulin Supplements are supplied 

separately in quantities specified by the manufacturer and are added to the 

medium just before use. 

C. Experimental treatments 

Monomethylfumarate, dimethylfumarate, nicotinic acid, 12-0-

tetradecanoylphorbol-13-acetate (TPA), L-sulforaphane and CaCI2 were from 

Sigma-Aldrich (St. Louis, MO). 
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PCR 
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PerfectPure RNA cultured cell kits (5 PRIME, Gaithersburg, MD) were used for 

RNA isolation, and iScript Reverse Transcnpt1on Supermix (Bio Rad Life 

Sciences, Hercules, CA) was used to generate eDNA RT-PCR was performed 

using REDExtract-N-Amp PCR ReadyMix (Sigma-Aldrich, St. Louis, MO) and 

primers supplied by Integrated DNA Technologies (IDT; Coralville, Iowa). For 

quantitative RT-PCR, Taqman probes and fast PCR master mix (2x) were from 

ABI Life Technologies (Foster City, CA). 

E. Immunofluorescence staining 

Cover glasses used for cell culturing were from F1sher Sc1ent1fic (Pittsburgh, PA). 

The pnmary rabbit anti-GPR109A ant1body was a generous gift from Dr. Pamela 

Martin (194). The secondary goat anti-rabbit AlexaFiuor 568 and Prolong Gold 

Antifade reagent with DAPI were from L1fe Technologies (Eugene, OR). Goat 

serum was from Sigma-Aldrich (St. Louis, MO) and paraformaldehyde (16%) was 

from Electron Microscopy Sciences (Hatfield, PA). Sodium azide was from 

Sigma-Aldrich (St. Louis, MO). Triton X 100 was from Bio Rad (Hercules, CA). 

We used Superfrost Plus microscope slides (25x75x1 mm) from Fisher Scientific 

(Pittsburgh, PA) and primary rabbit anti-aquaporin 3 from LSBio (Seattle, WA). 

Primary rabbit anti-Nrf2 was from Santa Cruz Biotechnology, Inc. (Dallas, TX). 

F. Thymidine incorporation assay 

eHJThymidine was from Moravek Biochemicals, Inc (Brea, CA). Trichloroacetic 

acid (TCA) and NaOH were from Sigma-Aidnch (St Louis, MO). 1 xPhosphate 
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buffered saline (PBS) was prepared from 10xPBS obtained from Bio Rad. Ecolite 

used for counting was from MP Biomedicals (Solon, OH). Counting was 

performed using liquid scintillation spectroscopy (Beckman Coulter, Inc., Brea, 

CA). 

G. Transglutaminase enzyme activity assay 

Tris/acetate was from Fisher Scientific (Pittsburgh, PA). 

Ethylenediaminetetracetic acid disodium salt solution (EDTA), 4-(2-amino-ethyl) 

benzenesulphonyl fluoride hydrochloride (AEBSF), aprotonin, leupeptin, 

pepstatin and N-N-dimethylated casein from bovine milk (salt free lyophilized 

powder) were all from Sigma-Aldrich (St. Louis, MO). [3H]Putrescine was from 

American Radiolabelled Chemicals (St. Louis, MO). 

H. Glycerol uptake assay 

HEPES buffer solution (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was 

from Gibcoe Life Technologies (Grand Island, NY). (3H]Giycerol was from 

American Radiolabelled Chemicals (St. Louis, MO). 

I. Western blot analysis 

Bovine serum albumin (BSA) was from Pierce (Rockford, IL}. lmmobilin P 

transfer membranes were from Millipore (Billerica, MA). Tween 20 and 

ammonium persulfate (APS) were from Fisher Scientific (Pittsburgh, PA). 

Running buffer (10xTris/Giycine/SDS buffer) was from Bio Rad (Hercules, CA) 

and beta-mercaptoethanol was from S1gma-Aidrich (St. Louis, MO). Odyssey 

blocking buffer was from LI-COR Biosciences (Lincoln, NE). Primary rabbit anti

keratin 10 antibody was from Covance (Princeton, NJ). Primary rabbit anti-
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aquaporin 3 was from LSBio (Seattle, WA). Primary monoclonal mouse anti-~-

actin antibody was from Sigma-Aldrich (St. Louis, MO) and primary rabbit anti-

Nrf2 was from Santa Cruz Biotechnology, Inc. (Dallas, TX). Secondary antibodies 

used were: IRDye BOO-conjugated goat anti-rabbit lgG and IRDye 680-

conjugated goat anti-mouse lgG from LI-COR (Lincoln, NE). 

J. Fluorescence measurement of intracellular calcium in individual 
keratinocytes using Fura-2 

Fura-2 acetoxymethyl ester (Fura-2 AM;1 mM solution in anhydrous DMSO) was 

from Invitrogen (Grand Island, NY). HBSS was from Gibco® (Grand Island, NY). 

Microscope cover glasses (0.13 to 0.17 mm thickness, 40x22 mm rectangles) 

from Fisher Scientific (Pittsburgh, PA) were used to culture cells. 

Methods 

A. Animals 

A breeding colony of ICR (CD-1®) mice was established in our laboratory. The 

mice are maintained on a standard chow diet and water ad libitum at the Georgia 

Regents University (GRU) Division of Laboratory Animal Services (LAS) and at 

the VA Charlie Norwood VA Animal Research Facility . Management and sacrifice 

of mice conformed to policies set forth in the Guide for the Care and Use of 

Laboratory Animals and was monitored by the Institutional An imal Care and Use 

Committee (IACUC) of GRU and the Charlie Norwood VA Medical Center. 

GPR109A C57BL/6 neonatal mice were obtained from a breeding colony 

maintained by Dr. Pamela Martin's laboratory at GRU and the colony conforms to 

the same policies as above. 
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B. Culture of primary mouse keratinocytes 

Pnmary murine epidermal keratinocytes were prepared from 1-3 day neonatal 

mice as described by Yuspa and Harns [195] and as established in our 

laboratory and described in previous publications (196, 197]. The keratinocytes 

were obtained by first removing the sktns as intact sheets followed by an 

overnight incubation in 0.25% trypsin at 4°C. The epidermis and dermis were 

then mechanically separated using forceps, and keratinocytes were lifted from 

the underside of the epidermis by gentle scraping. Keratinocytes were then 

collected by centrifugation and plated at a density of approximately 25,000 

cells/cm2 (in 6-well tissue culture plates) in plating medium. calcium-free MEM 

alpha (1x) medium with L-glutamine and Na pantothenate (Biologics Inc. 

Montgomery, IL) that was supplemented with 1% penicillin-streptomycin-anti

mycotiC {PSA), glutamine, dialyzed fetal bovine serum (dFBS), insulin-transferrin 

selenium, epidermal growth factor and 25 IJM CaCI2 Cells were incubated in 

plating medium overnight in an incubator with 95% air, 5% carbon dioxide at 

37°C. After approximately 24 hours, plating medium was replaced with 

commercially available keratinocyte-serum free medium {K-SFM). 

C. rH]Thymidine incorporation into DNA (proliferation assay) 

DNA proliferation assays were performed in primary mouse keratinocytes 

cultured in K-SFM {50 IJM CaCb) in 6-well plates Cells were treated with or 

Without MMF {300 IJM, 500 IJM, 750 IJM, 1mM) or nicotinate {30 IJM, 100 IJM, 300 

IJM, 1 mM) and 1 mM CaCI2 was used as a positive control Proliferation assays 

were also performed on adult normal human keratinocytes cultured in 6-well 

plates tn KBM-Gold med1um w1th or Without MMF treatment (300 IJM, 500 IJM, 



59 

750 IJM, 1 mM) and 1 mM CaCI2 as the posittve control. After 24 hours of 

treatment, cells were incubated with 1 1JCt/ml eH]thymtdme for 1 hour at 37°C. 

After an hour, cells were washed twice with cold 1 xPBS followed by the addition 

of ice cold 5% TCA (2 mUWell} to terminate the reaction Plates were incubated 

with TCA for 10 minutes at 4 °C. The previous step was repeated with fresh 5% 

TCA for an additional 10 minutes. Cells were then solubilized in 0.3 M sodium 

hydroxide (NaOH; 1 mUwell) and incubated for 10 minutes at 50°C in a 

preheated Hybaid oven with gentle shaking to accelerate solubilization. An 

aliquot of 800 IJL of the cell lysate in NaOH was added to 10 mL Ecolite 

scintillation fluid from MP Biomedicals (Solon, OH). in scintillation vials (Poly-Q 

vials from Beckman Coulter, Inc.). [3H]Thymidine incorporation was counted by 

liqutd scintillation spectroscopy (Beckman Coulter, Inc Brea, CA). Experiments 

were performed in duplicate and values are presented as means of multiple 

experiments (at least 3) Data were graphtcally presented and statistically 

compared as percentage over control 

D. Sample preparation for western blot analysis 

Near-confluent cultures of primary mouse keratinocytes were cultured in 6-well 

plates and treated with K-SFM (50 IJM CaCI2) with or without MMF (300 IJM, 500 

IJM, 750 IJM, 1 mM) for 24 hours At the end of the desired time period, cells were 

washed twice with 1xPBS and harvested by scrapmg m Lysis Buffer to obtain 

total protem samples using 30 1JUcm2 of heated buffer (230-330 1JUwell). Lysis 

Buffer contained 0.1875 mM Tris-HCI (pH 8.5), 3% SDS and 1 5 mM EGTA. 

Protem concentrations were determmed ustng a Bto Rad protein assay with 

bovine serum albumin (BSA) as the standard After protein concentrations were 
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determined, 3xSample Buffer containing 30% glycerol, 15% beta

mercaptoethanol and 1% bromophenol blue was added to the homogenized 

samples in Lysis Buffer to constitute Laemmli buffer [198]. Samples in Laemmli 

buffer were then heated to near boiling (85-90°C} for 3-5 minutes and stored at -

20°C until analysis. 

E. Western blot analysis 

Before using samples for western blotting, samples were heated to near boiling 

(85-90°C) for 3-5 minutes. Equal amounts of proteins were loaded onto graded 4-

15% commercially available Mini-PROTEAN* TGX gels (Bio Rad, Hercules, CA) 

and separated by electrophoresis at 1 00-120 volts for 60-90 minutes followed by 

transfer onto lmmobilin-P membranes and subsequent blocking in Odyssey 

blocking buffer (1 :1 in TBS) for 1 hour at room temperature. Membranes were 

incubated with primary antibodies overnight at 4°C. Primary antibodies were 

diluted in Odyssey blocking buffer (1 : 1 in TBS) at a concentration of 1:1000 for 

anti-K10 antibody, 1:10,000 for anti-~-actin , 1:400 for anti-AQP3 and 1:500 for 

anti-Nrf2. Following overnight incubation with primary antibody, membranes were 

washed three times in TBS-T and then incubated with secondary Alexa Fluor 

fluorescent secondary antibodies diluted in Odyssey blocking buffer (1 : 1 in TBS) 

at a concentration of 1:10,000 for 1 hour at room temperature and protected from 

light. Membranes were then washed three times (10 minutes each) with TBS-T 

followed by 1 wash with TBS only. Immunoreactive bands were visualized via an 

Odyssey*SA infrared imaging system from LI-COR and bands were analyzed 

using Odyssey*SA internal software according to the manufacturer's instructions. 

Data were normalized to actin levels and the quantified bands from multiple 
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experiments were compared to the control untreated bands within each 

experiment and represented graphically as fold over control 

F. Transglutaminase enzyme activity assay 

Transglutaminase activity was monitored as described previously by Griner et al. 

[196]. Enzyme activity is determined by the cross-linking of eH]putrescine to 

casein. Near-confluent primary mouse keratinocytes and NHEK were treated with 

different concentrations of MMF and 1 mM CaCI2 as a positive control for 24 

hours Homogenization buffer containing 0.1 M Tris acetate (pH 8.5), 0.2 mM 

EDTA, 20 IJM AEBSF, 2 IJg/mL aprotonin, 2 IJM leupeptin and 1 IJM pepstatin 

was then added and the cells were scraped from the plate and collected by 

centrifugation. Precipitated cells precipitates were stored at -80°C for no more 

than 3 days before being subjected to 1 freeze-thaw cycle and lysis by 

sonication. An aliquot of lysate was incubated with case1n and [3H]putrescine for 

18-21 hours at 37°C. Casein was then precipitated by adding ice-cold 7.5% TCA 

and the precipitates collected by filtration and quantified by liquid scintillation 

spectroscopy (Beckman Coulter, Inc. Brea, CA). Blank samples that only 

contained homogenization buffer were also counted and the values were 

subtracted from the counts of all other samples (MMF-treated and non-treated). 

These blanks were used to exclude background that might have resulted from 

unspecific cross-linking (non-TGase-mediated) Results are shown as counts 

normalized to the protein content of each sample Protein assays were 

performed using a Bio Rad protein assay k1t With BSA as standard. The treated 

samples are compared to control non-treated samples, and data are presented 

graphically as percentage of control 
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G. Glycerol uptake assay 

Near-confluent primary mouse keratmocytes were treated with or without MMF in 

K-SFM for 24 hours and incubated at 37°C. After 24 hours, the medium was 

aspirated, and cells were treated with 11JCi/ml [3H]glycerol in 37°C K-SFM (2 

ml/well) containing 20 mM HEPES for 5 minutes. HEPES was added to the 

medium to increase buffering capacity of the medium. After 5 minutes of 

incubation at 37°C, reactions were terminated by washing three times with ice

cold 1 xPBS (non-cationic). Cells were then solubilized in 0.3 M NaOH (1 mUwell) 

for 1 0 minutes at 50°C in a preheated Hybaid oven with gentle shaking to 

accelerate solubilization. An aliquot of 800 IJL of the cell lysate in NaOH was 

added to 10 ml Ecolite scintillation fluid from MP Biomedicals (Solon, OH). in 

scintillation vials (Poly-Q vials from Beckman Coulter, Inc.). [3H]Giycerol uptake 

was counted by liquid scintillation spectroscopy (Beckman Coulter, Inc. Brea, 

CA). Counts were normalized to the protein content in each sample. Experiments 

were repeated multiple times in duplicate. Means of the obtained counts 

normalized to the corresponding sample protein content were compared to the 

control untreated samples. Data were statistically analyzed and graphically 

presented as percentage of control. 

H. Semi-quantitative RT-PCR 

Near-confluent cultures of primary keratinocytes were incubated in K-SFM (50 

IJM CaCI2) at 37°C. Once cells reached the desired confluence, RNA was 

extracted with Trizol according to the manufacturer's protocol. Brain was used as 

a positive control for GPR109A expression. eDNA synthesis was performed 

using iScript, and RT-PCR was carried out using REDExtract-N-Amp PCR 
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ReadyMix and the primers listed in table 1, according to the manufacturer's 

protocol. The reaction parameters included heat activation at 94°C for 2 minutes 

to initialize the reaction followed by 35 cycles of denaturation at 94°C for 45 

seconds, annealing at 50°C for 45 seconds and extension at 72°C for 5 minutes. 

A final extension of 5 minutes at 72°C was performed after which the samples 

were stored at -20°C. An aliquot of 5 IJL EZvision One DNA dye and buffer (6x) 

(Biotechnology, Solon, Ohio) was added to each sample (20 IJL total volume of 

each sample} to visualize the amplified products, which were resolved on a 1.5% 

agarose gel in 1 xTAE. 

Table II. RT-PCR primers information 

Primer Sequence bp °C/Cycles 

Forward 5' AAC TTI GGC ATI GTG GAA GGG CTC 3 
GAPOH Reverse 5' TGT TGA AGT CGC AGG AGA CAA CCT 3 

GPR
1
0gA Forward 5' TAA CTG GGA CTG GAG GTI CG 3' 

Reverse 5' GAG ACC CCA CAA GAA GCA AG 3' 

SLCSAS Forward 5'GGG TGG TCT GCA CAT TCT ACT 3' 
Reverse 5'GCC CAC AAG GTI GAC ATA GAG 3' 

I. Immunofluorescence 

For GPR109A: The primary antibody used was a kind gift from Dr. Pamela 

Martin [194]. Cryosections {10 1Jm) of mouse skin were fixed in 4% formaldehyde 

for 10 minutes, washed with PBS and blocked with 1 x Power Block (Biogenex, 

Fremont, CA) for 10 minutes on ice Slides were rinsed briefly with 1xPBS and 

incubated overnight w1th rabb1t polyclonal anti-GPR109A antibody diluted 1:250 
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in 1 xPBS. Sections were then rinsed w1th 1 xPBS and blocked with 1 xPower 

Block for 30 minutes followed by a 45-mrnute Incubation w1th 1:1000 goat anti

rabbit Alexa Fluor 568-conjugated secondary antibody. Skin sections from 

GPR109A KO mice were used as a negative control. Slides were then stored at 

4°C until imaging using a confocal microscope (Carl Zeiss Microscopy, 

GOttingen, Germany). 

For Nrf2 and AQP3: In order to examine the localization and levels of Nrf2 

(possible nuclear translocation) and AQP3 (possible membranous localization) 

upon MMF treatment, primary mouse keratinocytes were cultured on cover slips 

in a 12-well plate. Cells were maintained in serum-free medium changed every 

other day until confluence. Near confluent cells were treated with MMF (500 IJM, 

750 IJM, and 1 mM) for 16 hours (in the case of Nrf2) or 24 hours (in the case of 

AQP3) Cells were then washed 3 t1mes With 1xPBS fixed with 500 1Jllwell of 4% 

formaldehyde and washed 3 times with 1xPBS (10 minutes each). 

Permeabilization of cells was performed us1ng 0.2% Triton X-100 for 10 minutes 

followed by washing with 1xPBS. 15% goat serum was used for blocking for 1 

hour at room temperature, and then slides were incubated with rabbit anti-Nrf2 

antibody or with rabbit anti-AQP3 antibody (1 : 100 in 15% goat serum) in a dark 

moist chamber at room temperature for 1-2 hours. After washing with 1xPBS, 

cells were incubated with fluorophor-conjugated secondary antibody (1 :400 in 

15% goat serum) in a dark moist chamber at room temperature for 45 minutes. 

Cover slips were then washed with 1 xPBS and Inverted on slides using a drop of 

Prolong Antr-Fade reagent and stored overnight to dry before imaging using a 

confocal microscope (Carl Ze1ss Microscopy, Gottingen. Germany). 
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Immunofluorescent images were quantified using lmageJ analysis tool (Image 

processing and analysis in Java, NIH). 

J. Quantitative real time RT- PCR 

Quantitative Real-Time PCR amplifications were performed using an ABI Step

One Plus Fast Real-Time PCR system (Applied Biosystems, Life Technologies, 

Grand Island, NY) according to the reaction parameters recommended by the 

manufacturer, using 100 ng of eDNA per sample. All primers for the amplification 

of target sequences were purchased from Applied Biosystems. For all samples a 

total volume of 20 IJL per well in a 96-well plate was used for gene detection and 

consisted of 2XFast Reagent Master Mix, 1 IJL of probe and 9 IJL of eDNA. 

GAPDH was used as an endogenous control gene and negative controls 

contamed water instead of eDNA to ensure purity of all reagents. Relative gene 

expression was calculated by the delta-delta Ct (aaCt) method and basal values 

(whether untreated or TPA- treated samples) were used for normalization. The 

results were expressed as "fold regulation" relative to the endogenous gene and 

untreated samples; the Ct values for the sample and basal treatments were 

determined by subtracting the average Ct value of the transcript of interest from 

the average Ct values of the endogenous gene for each sample as described in 

Yuan et al. [199]. 

K. ELISA 

Mouse and human TNFa ELISA kits from BD Btosctences (San Jose, CA) were 

used Near confluent mouse and human keratinocytes were treated with different 

concentrations of MMF (300 IJM, 500 IJM, 750 IJM and 1 mM) for 24 hours. Mouse 
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and human keratinocytes were co-treated with or without 100 nM TPA for 2 hours 

and 8 hours, respectively (for a total of 24 hours of exposure to MMF). Cell 

culture supernatants were collected and stored at -80°C and subjected to a 

single freeze-thaw cycle. Reagents and standards were prepared according to 

the manufacturer's instructions Briefly, an aliquot of 50 IJI of sample was placed 

in each well An aliquot of 50 IJL ELISA diluent was then added to each well and 

the plate was incubated for 2 hours at room temperature followed by aspiration of 

the contents of each well and washing 5 times with at least 300 IJI washing 

buffer. After the last wash, the plate was blotted on absorbent paper to remove 

any res1dual buffer. An aliquot of 100 IJL detection antibody was added to each 

well and the plate was incubated for 1 hour at room temperature Aspiration of 

contents and washing was performed as before. An aliquot of 100 IJL enzyme 

working reagent (only for the mouse kit) was added to each well and incubated 

for 30 minutes at room temperature. A final aspiration/washing procedure was 

done followed by adding 100 IJI TMB One-step substrate reagent to each well 

and mcubat1ng for 30 minutes Finally, an aliquot of 50 IJL stop solution was 

added to each well and the optical density and protein content was detected in 

each sample (well) within 30 minutes, using a microplate reader set to 450 nm 

and corrected at 570 nm. 

L. Intracellular reactive oxygen species (ROS) assay 

An OxiSelect intracellular ROS assay k1t from Cell B1olabs, Inc (San Diego, CA) 

was used to monitor ROS levels. This kit is a cell-based assay for measuring 

antioxidant or ROS activity using the cell-permeable fluorogenic probe 2', 7'

dichlorodihydrofluorescein d1acetate (OCFH-DA) The assay was performed 
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according to the manufacturer's instructions. Briefly, primary mouse 

keratinocytes were seeded in black-clear-bottom 96-well plates and cultured until 

near-confluence. Cells were then pre-treated with different concentrations of 

MMF for 24 hours. Cells were then gently washed 3 times with DPBS after which 

100 IJL of 1X DCFH-DA in K-SFM were added and the cells incubated for 1 hour 

at 37°C. Cells were washed again 3 times with DPBS and then treated with or 

wthout 200 IJM H20 2 with the appropriate concentrations of MMF. Relative 

fluorescence units (RFU) were measured for 1 hour at 1 0-minute intervals using 

a plate reader at wavelengths of 480 nm excitation and 530 nm emission. The 

RFU values were calculated for each group at all time points and compared to all 

other groups. Note that the fluorescence intensity is proportional to the ROS 

levels within the cell cytosol. 

M. Fluorescence measurement of intracellular calcium in individual 
keratinocytes using Fura-2 

Confluent primary mouse keratinocytes cultured on microscope cover glasses in 

15 mm culture dishes were treated with 1 IJM Fura2/AM in HBSS (2mUdish) for 

30 minutes. In a dark room, slides were then placed on a perfusion chamber and 

mounted to the stage of a Nikon Diaphot inverted microscope. Cells were 

perfused with either HBSS only or HBSS containing 1mM MMF. ATP perfusion 

(1 00 IJM) was used as a positive control to ensure vitality and responsiveness of 

the cells. Keratinocytes were perfused with HBSS for 100 sec (0-100 seconds) 

followed by MMF perfusion (1 00-200 seconds); then cells were perfused with 

A TP for another 100 seconds to monitor the ability of the cell to respond to A TP 

with an increase in intracellular calcium levels. Measurements were performed 

using standard microscope-based fluorescence spectrophotometry techniques 
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(Photon Technology, Lawrenceville, NJ) in collaboration with the laboratory of Dr. 

Edward Inscho (Georgia Regents University, Augusta, GA). The excitation 

wavelengths were set at 340 and 380 nm and the emitted light was collected at 

510 nm. Measurements were taken from a single keratinocyte after background 

subtraction. Experiments were repeated multiple times (at least 3) and within the 

same experiment multiple keratinocytes on the same cover glass as well as on 

different cover glasses were selected and monitored. 

N. Statistical analysis 

All experiments were performed independently and repeated a minimum of three 

times in duplicate. The values were statistically analyzed by one way-ANOVA, 

with a Student-Newmann-Keuls post-hoc test, or one sample T-test using Prism 

software (Graph Pad Software Inc., San Diego, CA), with statistical significance 

assigned at p<0.05. All quantified data are expressed in the form of bar graphs 

with values representing means ± standard error of the mean (S.E.M). 



CHAPTER THREE: RESULTS 

A. Monomethylfumarate inhibited keratinocyte proliferation in both 
primary murine and adult normal human keratinocytes 
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Since hyperproliferation is one of the major hallmarks of psoriasis, we wished to 

investigate the effect of MMF on keratinocyte proliferation. [3H]Thymidine incorporation 

into DNA was monitored using primary murine and adult normal human epidermal 

keratinocytes (NHEK, Lonza Inc.). Cells were treated with different concentrations of 

MMF (300 IJM, 500 iJM, 750 IJM and 1 mM) for 24 hours. Untreated cells served as the 

control, and treatment with 1 mM CaCI2 was used as a positive control. The 

eHJthymidine incorporation assay was performed as described in the Materials and 

Methods Section. It was found that MMF dose-dependently inhibited eH]thymidine 

incorporation in both primary mouse keratinocytes and normal human epidermal 

keratinocytes (Fig.4A and B, respectively; n=5 in duplicate; *p <0.05, ****p<0.00005) 

with an almost 60% reduction at the highest concentration (1 mM). 





Figure 4. MMF has anti-proliferative effects on keratinocytes. 

MMF dose-dependently inhibited proliferation in both primary mouse and adult 

human keratinocytes. Near-confluent primary mouse keratinocytes or normal 

human epidermal keratinocytes (Figure 1 A and B, respectively) were treated with 

different concentrations of MMF (300 pM, 500 pM, 750 pM and 1 mM) or no MMF 

(control) in K-SFM (containing 50 pM CaCI2) for 24 hours. fHJThymidine 

incorporation was measured. Values represent the percentage over control of 5 

separate experiments performed in duplicate illustrated as the means ± SEM; •ps 

0.05, •••• ps 0.00005 versus the control. 
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B. The anti-proliferative effect of MMF was not mediated through the G
protein coupled receptor GPR1 09A (HCA2) 

We next examined the possibility that the anti-proliferative effect of MMF is mediated 

via the G-protein coupled receptor, GPR 1 09A. First, we wanted to confirm the 

expression of GPR109A receptor in primary mouse keratinocytes. We investigated the 

mRNA expression of GPR109A by RT-PCR and confirmed protein expression with 

immunofluorescence staining. For RT-PCR, intact mRNA was extracted from cultured 

keratinocytes, freshly isolated keratinocytes and whole epidermis to exclude any 

possible sample-related technical errors or culturing artifacts. Mouse brain was used as 

a positive control. RT-PCR was performed as described in the Materials and Methods 

Section. For the immunofluorescence staining, we used an anti-GPR 1 09A primary 

antibody that has successfully detected GPR109A protein in the mouse retina and colon 

(200, 201 ). The antibody used for immunofluorescence and the GPR 1 09A knockout mice 

used for negative control skin samples were a generous gift from our collaborator, Dr. 

Pamela Martin (Georgia Regents University, Augusta, GA). Our RT-PCR data 

demonstrated that all samples expressed GPR109A (Figure 5). Immunofluorescent 

staining was performed for skin cryosections prepared from WT and GPR109A-KO mice. 

WT-mouse skin showed protein expression of GPR1 09A (Figure 6A), whereas the 

GPR109A KO skin samples showed no evidence of the presence of receptor protein 

(Figure 68). At this point, we have successfully shown that GPR109A is expressed in 

WT cultured mouse keratinocytes as well as WT mouse skin cryosections. Next, we 

wanted to investigate whether GPR109A plays a role in the MMF-mediated anti-

proliferative effect in keratinocytes. We treated primary mouse keratinocytes derived 

from GPR109A knockout mice with MMF at the same concentrations (0, 300 IJM, 500 

IJM, 750 IJM and 1 mM MMF) that we have used for the treatment of wild-type (WT) 
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keratmocytes (Figure 4A). MMF exhibited the same anti-proliferative effect in primary 

mouse keratinocytes lacking the GPR109A gene (Figure 7, n=S, •ps 0.05). In order to 

confirm our result, we used another known agontst of GPR109A, nicotinic acid, in wr 

keratinocytes. Nicotinic acid is an anti-dyslipidemic drug that IS known to mediate its 

action through GPR109A. In fact, GPR109A is primarily known as the "nicotinic acid 

receptor" (202]. We treated primary mouse keratinocytes with different concentrations of 

nicotinic acid and observed no effect of nicotinic acid on keratinocyte proliferation 

(Figure 8, n=4). This result supports our finding that the anti-proliferative effect of MMF is 

independent of GPR109A. Taken together, we conclude that MMF has an anti

proliferative effect on primary mouse keratinocytes, however, this effect is not mediated 

via GPR109A 
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Figure 5. RT-PCR showing the expression of GPR109A in mouse epidermis 

Mouse keratinocytes expressed the G-protein coupled receptor, 

GPR109A. mRNA was extracted from mouse brain (positive control), 

cultured primary mouse keratinocytes grown under basal Ca2
• levels (50 

JJM CaCI2), freshly isolated keratinocytes and whole epidermis isolated 

from neonatal WT mice (1-3 days old). RT-PCR was performed using 

primers for GPR109A receptor, as detailed in the Materials and Methods 

section. All samples showed expression of GPR1 09A RNA. 
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Figure 6. Immunofluorescence showing the expression of GPR109A in mouse skin 

sections from WT and GPR109A-KO keratinocytes 

Mouse epidermis expressed GPR109A protein. Immunofluorescence staining was 

performed using 10 JJM cryosections of WT and GPR109A knockout mouse skin. 

Samples were stained with anti-GPR109A antibody and DAPI nuclear stain. Shown 

are mtcrographs taken from a single section typical of three mouse skin sections 

taken from the backside of 3 different WT and KO mtce WT mouse skin showed 

epidermal expression ofGPR109A (Figure 6A), whereas skin derived from GPR109A 

KO mice did not show staining (Figure 68), The upper panel shows DAPI nuclear 

staining (blue) only, the middle panel shows GPR109A protein staining (red) only and 

the lower panel shows the merged image. 
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Figure 7. The anti-proliferative effect of MMF IS not affected by the absence 

of GPR109A in KO Drimarv mouse keratmocvtes 

MMF dose-dependently inhibited keratmocyte proliferation in primary 

mouse keratmocytes isolated from GPR1 09A KO mice Near-confluent 

primary mouse keratinocytes lacking GPR1 09A were treated with the same 

different concentrations of MMF (300 pM, 500 pM, 750 pM and 1 mM) or no 

MMF (control) in K-SFM (50 pM CaCI2) for 24 hours. fH]Thymidine 

incorporation was measured Values represent the percentage over control 

of 5 separate experiments performed in duplicate and descnbed as the 

means± SEM; *ps 0.05, **p5_0.01 versus the control 
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Figure 8. Nicotinic acid failed to mimic the anti-proliferative effect of 

MMF m primary mouse keratmocytes. 

Near-confluent primary mouse keratinocytes were treated with different 

concentrations of nicotinic acid (NA, 30 pM, 100 pM, 300 pM and 1 

mM) or no NA (control) in K-SFM (50 pM CaCiz) for 24 hours. 

fHJThymidine incorporation was measured. Values represent the 

percentage over control of 4 separate experiments performed in 

duplicate and described as the means ± SEM. 
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C. MMF induced both early and late markers of keratinocyte 
differentiation. 
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As mentioned earlier, keratinocytes express different markers of differentiation at 

different stages of development. Aberrant differentiation is one of the hallmarks of 

psoriasis. Accordingly, we investigated the effect of MMF on an early and a late marker 

of keratinocyte differentiation. We selected cytokeratin 10 (K10) as an example of an 

early keratinocyte marker (Figure 9) and transglutaminase (TGase) enzyme activity as 

an example of a late marker of keratinocyte differentiation (Figure 1 0). Primary mouse 

keratinocytes were treated with different concentrations of MMF for 24 hours. Total 

protein samples were prepared and separated on SDS-PAGE gels. MMF treatment 

significantly increased the protein expression of K1 0 at 500 IJM (Figure 9, n=4, *p<0.05). 

We next wanted to monitor the effect of MMF on the late marker of differentiation TGase 

enzyme activity. Primary mouse (Figure 1 OA) and adult human keratinocytes (Figure 

1 08) were treated with the indicated concentrations of MMF. The TGase enzyme activity 

assay was performed as explained in the Materials and Methods Section according to 

the technique of Folk and Chung [203] with minor modifications as described in our 

previous publication [196). MMF significantly increased the activity of TGase in both 

primary mouse and normal human keratinocytes (Figure 10, *p<0.05), which suggests a 

role of MMF (at high concentration; 1 mM) in driving keratinocytes towards terminal 

differentiation. In summary, our data have shown that MMF has anti-proliferative and 

pro-differentiative effects on keratinocytes, inducing both early and late markers of 

keratinocyte differentiation. This suggests that MMF may be playing a role in improving 

psoriatic lesions, which are typically characterized by hyperproliferation and abnormal 

differentiation of keratinocytes. 





Figure 9. MMF induced the early marker of keratinocyte differentiation cytokeratin 10 

(K10). 

Near-confluent keratinocytes were treated with 0, 500 J1M, 750 J1M and 1mM MMF for 

24 hours. Cells were then harvested and proteins analyzed by western blotting. 

Cytokeratin 10 (K10) levels were determined using a rabbit anti-K10 antibody 

(Covance) and the LiCor Odyssey system. Shown in panel A is a representative blot. 

Multiple blots from separate experiments in duplicate were quantified and normalized 

to the loading control, {3-actin using Odyssey software. Panel 8 shows the 

quantification and statistical analysis of the results of four separate experiments with 

values shown as the mean± SEM; • pS0.05 versus the control where n=4. 



A 

Control 

Cytokeratin 1 0 

P-Actin 

B 
:::- 400 e -c: 
0 
u ... 
0 
';/! 300 -c: 
.9 
II) 
II) 

~ 200 
~ 
>< 
C» 

0 
<r"" 

.5 100 
! 
C» 
~ 

~ 
0 0 

Control 

500 JJM 
MMF 

* 

500 IJM 
MMF 

750 J.IM 
MMr 

750 IJM 
MMF 

1mM 
MMF-

1 mM 
MMF 

78 



-
~ c 
0 
(,) -0 

300 
Primary Mouse Keratlnocytes 

* 
200 

Nonnal Adult Human Keratinocytes 

~ 200 

~ 
~ 
(,) 
<( 

3: 
"' c 
·e 1oo a 
:I 
0, ., 
c 

~ 

0 
0 30 100 300 1000 q~ __ 3_o_o ___ so_o ___ 7_s_o ___ 1o~~o 

11M MMF ftM MMF 

Figure 10. MMF stimulated the activity of the TGase enzyme. a late marker 

of keratinocyte differentiation. 

Primary mouse (Figure 1 OA) and normal adult human keratinocytes (Figure 

108) were treated with different concentrations of MMF for 24 hours. TGase 

enzyme activity was monitored and normalized to the protein content of the 

corresponding samples. The radioactivity in blank tubes was subtracted from 

all samples to normalize for background, and the activity of each sample was 

compared to control untreated samples. Values represent the means ± SEM 

of multiple separate experiments in duplicate; * pso 05 versus the control 

where n=3 performed in duplicate. 
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D. MMF exerted a direct anti-inflammatory effect on keratinocytes 

Inflammation is another hallmark of psoriasis. TNFa, IL-6 and IL-1a are major 

cytokines in the psoriatic-cytokine network [58]. Activated keratinocytes are capable of 

secreting TNFa, IL-6 and IL-1a. To determine the effect of MMF on the production of 

these inflammatory mediators, primary mouse keratinocytes were treated with different 

concentrations of MMF (0, 300 IJM, 500 IJM, 750 IJM and 1 mM MMF) for a total of 24 

hours. Cells were co-treated with 100nM TPA for 2 hours in primary mouse 

keratinocytes and 8 hours in adult normal human keratinocytes for a total of 24-hours 

exposure to MMF. TPA is known to induce a pro-inflammatory effect in keratinocytes 

[204]. Total RNA was extracted and eDNA reverse-transcribed as described in Materials 

and Methods. Quantitative real-time PCR was performed using Taqman probes for 

TNFa, IL-6 and IL-1a. Analysis of gene expression was carried out using the Ct (cycle 

threshold) value calculation performed by the llllCt method and expressed as the "fold 

regulation" of genes as described in Yuan et al. [199]. MMF treatment significantly 

inhibited the TPA-induced expression of TNFa, IL-6 and IL-1a (Figure 11 A, B and C, 

respectively) in a dose-dependent manner. In order to confirm this result, we further 

examined the release of TNFa by primary mouse and adult normal keratinocytes using 

ELISA (Figure 12 A and B). Indeed, MMF significantly reduced the levels of TNFa in the 

medium at all concentrations in both cell types. Moreover, although TPA treatment in 

NHEK was done for a longer time course (8 hours), the reduction of TNFa production by 

NHEK was so dramatic that the levels of TN Fa in control untreated cells as well as at all 

MMF treatment concentrations were below the ELISA kit detection limit (<2 pg/ml) 

(Figure 128). This result reveals an anti-inflammatory effect of MMF on keratinocytes. 

Taken together, our findings show that MMF has a direct anti-proliferative, pro-
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differentiative and anti-inflammatory effect on keratinocytes. The remaining persisting 

question concerns the mechanism underlying these MMF-mediated effects in 

keratinocytes. 





Figure 11. MMF inhibited the mRNA expression of inflammatory cytokines in primary 

mouse keratinocytes activated by TPA. 

Near-confluent cultures of primary mouse keratinocytes were treated with 0, 300 JJM, 

500 JJM, 750 JJM and 1 mM MMF for 22 hours Cells were then co-treated with or 

without 100 nM TPA for an additional 2 hours (for a total of 24 hours of exposure to 

MMF) RNA was then isolated and transcribed to eDNA, and qRT-PCR was 

performed to investigate the expression of TNF-a (11 A). IL-6 (11 B) and IL-1 a (11 C) 

after treatment with 100 nM TPA alone or together with MMF Values represent the 

means ±SEM of multiple separate experiments performed m duplicate; *p<0.05, 

**p<0.005 and ***p<0.0005 versus TPA alone, $p<0.05 versus control untreated cells 

where n=3. 
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Figure 12. MMF significantly reduced TNFa secreted by TPA-

activated keratinocytes. 

Near-confluent cultures of primary mouse and adult normal human 

keratinocytes were treated with 0, 300 J1M, 500 J1M, 750 J1M and 1 mM 

MMF for 24 hours. Cells were then co-treated with or without 100 nM 

TPA for an additional 2 hours in case of primary mouse keratinocytes 

and 8 hours in case of human keratinocytes (for a total of 24 hours 

exposure to MMF). Supernatant was collected from all samples and 

stored at -80°C. ELISA was performed using (A) mouse TNFa 

quantitative ELISA kit and (B) human TNFa quantitative ELISA kit 

following the manufacturer's instructions. Values represent the means 

±SEM of multiple separate experiments performed in duplicate; 

**p<0.005 and ***p<0.0005 versus TPA alone, $p<0.05 versus control 
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E. MMF potentiated the anti-oxidative capacity of keratinocytes. 

The role of oxidative stress in the pathogenesis of psoriasis has been recently 

highlighted [205]. As we have mentioned, Nrf2 is a major contributor to the skin anti

oxidant defense [206]. Under basal conditions, Nrf2 is retained in the cytoplasm via its 

interaction with Keap1 . As Nrf2 becomes activated, it dissociates from Keap1 and is 

translocated to the nucleus. In the nucleus, Nrf2 is stabilized in order to mediate 

activation of its target genes [206]. We wanted to investigate the effect of MMF on Nrf2 

expression and/or nuclear translocation. First, we performed western blot analysis using 

total protein lysates prepared from primary mouse keratinocytes treated with different 

concentrations of MMF for 16 hours. There was a dose-dependent increase in Nrf2 upon 

MMF treatment, with significance achieved at the 1 mM concentration (Figure 13). 

Immunofluorescence staining of keratinocytes treated with different concentrations of 

MMF was performed using rabbit primary anti-Nrf2 antibody and analyzed using lmageJ 

as described in the Materials and Methods Section. We detected an increase in the 

levels of total, as well as nuclear, Nrf2 at 500 IJM, 750 IJM and 1 mM MMF as compared 

to untreated control cells. In the untreated cells, the staining of Nrf2 was localized in the 

cytosol with very little nuclear staining. With MMF treatment, the cytosolic staining was 

increased with a further increase in Nrf2 nuclear staining (Figure 14), which may suggest 

MMF-mediated Nrf-2 nuclear translocation. We then sought to detect the effect of the 

increase of the expression and/or translocation of Nrf-2 on downstream enzymes 

induced by this transcription factor, heme oxygenase (H0-1) and peroxiredoxin (Prdx6). 

Primary mouse keratinocytes were treated with different concentrations of MMF, RNA 

was extracted and reverse transcribed to eDNA and quantitative real-time PCR was 

performed to investigate the effect of MMF treatment on the mRNA levels of H0-1 and 

Prdx6. Our data show that MMF treatment significantly increased the expression of the 
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cytoprotective enzymes H0-1 and Prdx6 (Figure 15). This finding suggests that MMF 

induced nuclear translocation of Nrf2, with resulting downstream effects on the anti

oxidant machinery of keratinocytes, which may, in part, explain the role of MMF as a 

cytoprotective agent that hence exerts an anti-psoriatic effect. 





Figure 13. MMF increased the protein expression of Nrf2. 

Western blot analysis was performed using total cell lysates obtained from near

confluent primary mouse keratinocytes cultured in K-SFM with or without different 

concentrations of MMF (0, 500 JJM, 750 JJM and 1 mM). Cells were then haNested 

and proteins analyzed by western blotting. Nrf2 levels were determined using 

rabbit anti-Nrf2 antibody and the LiCor Odyssey system. Shown in the upper 

panel is a representative blot of multiple separate experiments performed in 

duplicate. Multiple blots were quantified and normalized to the loading control, {3-

actin, using Odyssey software. Panel B shows the quantification and statistical 

analysis of the results of separate experiments with value shown as the means ± 

SEM;* ps0.05 versus the control where n=4. 
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Figure 14. MMF increased the expression and nuclear translocation of the anti

oxidative stress transcription factor Nrf2 in keratinocytes. 

Immunofluorescence staining was performed using near-confluent primary mouse 

keratinocytes cultured on cover glasses in 12-well plates in K-SFM with or without 

different concentrations of MMF as indicated for 16 hours. Cells were stained with 

primary anti-Nrf2 antibody and DAPI nuclear stain. Shown in Panel A are 

micrographs taken from a single experiment typical of multiple experiments 

performed in duplicate. MMF treatment increased the levels of Nrf2 in the cytosol as 

well as the levels in the nucleus and/or nuclear translocation. The upper panel shows 

Nrf2 staining (red) only, the middle panel shows nuclear DAPI staining (blue) only and 

the lower panel shows the merged image. Panels B and C show quantification of 10 

individual keratinocytes from three micrographs that represent three separate 

experiments performed in duplicate, (b) Quantification of total Nrf2, (c) Quantification 

of nuclear Nrf2. Quantification was performed using lmagJ software and analyzed 

using Prism software (Graph Pad Software Inc., San Diego, CA); *p<O.OS versus 

control untreated cells where n=3. 
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Figure 15. MMF increased the expression of the anti-oxidative stress enzymes HO-

1 and Prdx6. 

Near-confluent cultures of primary mouse keratinocytes were treated with 0, 500 

IJM, 750 11M and 1 mM MMF for 24 hours. RNA was then isolated and transcribed 

to eDNA, and qRT-PCR was performed to investigate the levels of the anti-

oxidative enzymes H0-1 and Prdx6 following MMF treatment. Values represent 

the means ± SEM of multiple separate experiments performed in duplicate; 

*p<0.05, **p<0.005 and ***p<0.0005 versus control untreated cells where n=4. 
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Next, we wanted to see the functional effect of the increase in Nrf2 and the 

subsequent increase in anti-oxidative stress enzymes on the regulation of oxidative 

stress in keratinocytes. Primary mouse keratinocytes were plated in black clear bottom 

96 well plates and were pre-treated with different concentrations of MMF for 24 hours. 

Pretreated cells were then loaded with the cell-permeable fluorogenic probe 2', 7'

dichlorodihydrofluorescin diacetate (DCFH-DA) for an hour, then cells were co-treated 

with H20 2, which is known to induce ROS [207]. We used a non-cytotoxic concentration 

of H202 (200 tJM) [208] and monitored ROS generation for 90 minutes at 1 0-minute 

intervals following H20 2 treatment. MMF produced a cytoprotective effect against 

oxidative stress where ROS levels were significantly lower with MMF co-treatment at all 

concentrations as compared to keratinocytes treated with H202 alone. MMF treatment 

reduced ROS levels by almost 3-4 fold at all MMF concentrations (Figure 16). 
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Figure 16. MMF decreased ROS generation in 

keratinocytes treated w1th H20 2 

Keratinocytes were treated w1th 0, 500f.JM, 750f.JM or 1mM 

MMF for 24 hours. Near-confluent pnmary mouse 

keratinocytes were incubated with DCFH-DA (100 f.JM) for 1 

hour followed by treatment with 200 f.JM H20 2• Fluorescence 

intensity was measured as relative fluorescence units 

(RFU) and expressed as fold change relative to cells 

treated with H20 2 alone, *ps0.05 relative to control, $S0.05 

relative to cells treated with HzOz only 



F. MMF increased the expression of the aquaglyceroporin channel 
AQP3 in keratinocytes. 
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Published and unpublished data from our laboratory and others suggest that 

AQP3 plays an important role in early keratinocyte differentiation [54, 126, 209]. 

Moreover, others have shown that inducing AQP3 in vivo by using topical treatments in 

human volunteers as well as ex vivo (in NHEK and ex vivo skin samples) seems to 

improve the skin tolerance to various insults (dryness, coldness and stripping) (210]. 

These recent findings together with the earlier study by Hara and Verkman in 2003 (50) 

confirm the role of glycerol in maintaining skin hydration, elasticity and barrier integrity 

and hence highlight the role of AQP3 in skin physiology. Sougrat et al. [46] have shown 

that AQP3 is detected diffusely in the cytoplasm in the less differentiated basal cells of 

the epidermis (46]. On the other hand, in psoriasis AQP3 is mislocalized in a distribution 

similar to that of less differentiated keratinocytes, with lesions of plaque psoriasis 

showing diffuse localization of AQP3 in the cytoplasm as opposed to its membrane 

localization in normal skin [56]. Accordingly, recent data support the notion that AQP3 is 

playing a crucial role in normal keratinocyte differentiation, and its expression and 

localization pattern is abnormal in hyperproliferative skin disorders including psoriasis. 

Based on these findings, we sought to explore the effect of MMF on AQP3 and to 

investigate whether AQP3 could be a potential target of MMF, which may account in part 

to the role of MMF in keratinocyte differentiation and reveal a part of its mechanism as 

an anti-psoriatic agent. We first wanted to investigate if MMF treatment increased the 

mRNA level of AQP3. Primary mouse keratinocytes were treated with different 

concentrations of MMF for 24 hours and mRNA was extracted and reverse transcribed 

to eDNA as described in the Materials and Methods Section. Quantitative real-time PCR 

was performed using Taqman probes for AQP3, and GAPDH was used as a 
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housekeeping gene for quantification. MMF treatment significantly increased the mRNA 

expression of AQP3 (an approximate 2-fold increase) in keratinocytes with a p value 

<0.05 at 1 mM MMF (Figure 17). We further wanted to explore if this increase in mRNA 

expression is reflected on the protein levels of AQP3. Western blot analysis was 

performed using total protein lysates of primary mouse keratinocytes treated with 

different concentrations of MMF. We found that MMF also increased the protein 

expression of unglycosylated AQP3 significantly at 750 IJM MMF with p<0.05 (Figure 

18). We noticed the same trend of increase for glycosylated AQP3 protein levels, 

although the values did not achieve statistical significance. 
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Figure 17. MMF increased the mRNA expression of AQP3 in 

keratinocytes. 

Near-confluent cultures of primary mouse keratinocytes were treated 

with 0, 500 J.!M, 750 J.!M, and 1 mM for 24 hours. RNA was then 

isolated and reverse-transcribed to eDNA, and qRT-PCR was 

performed to investigate the expression of AQP3 after MMF treatment. 

Values represent the means ± SEM of multiple separate experiments 

performed in duplicate; *ps0.05 versus control untreated cells where 

n=6 
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Figure 18. MMF increased AQP3 protein expression in keratinocytes. 

Near-confluent keratinocytes were treated with 0, 500 pM, 750 pM and 1 mM 

MMF for 24 hours. Cells were then harvested and proteins analyzed by 

western blotting. AQP3 levels were determined using rabbit anti-AQP3 

antibody (LSBio) and the LiCor Odyssey system Shown in panel A is a 

representative blot showing two AQP3 bands (glycosylated and 

unglycosylated as indicated). Multiple blots were quantified and normalized 

to the 13-actin loading control using the Odyssey software. Panels B and C 

show the quantification of the glycosylated and unglycosylated AQP3 bands, 

respectively. The two bands were quantified separately with values shown 

as the means ± SEM and statistical analySIS of the results of multiple 

separate experiments was performed; * p~O 05 versus the control where 

n=5. 
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G. MMF induced the localization of AQP3 to the plasma membrane in 
keratinocytes 

97 

Since membrane localization of AQP3 seems to be related to AQP3 functional 

activity and keratinocyte differentiation [53), we next wanted to examine the effect of 

MMF on AQP3 membrane localization. Immunofluorescence staining using rabbit 

primary anti-AQP3 antibody (BioLS) was performed for primary mouse keratinocytes 

treated with different concentrations of MMF. Immunofluorescence staining results 

confirmed our western blot analysis findings such that AQP3 levels were increased at 

300 IJM, 500 IJM and 750 IJM and 1 mM MMF. This increase was accompanied by 

plasma membrane localization of AQP3 in keratinocytes In untreated cells, AQP3 was 

located diffusely throughout the cytosol and a substantial amount can be seen in a 

perinuclear region. In the presence of MMF, AQP3 accumulates in the membrane. This 

membranous accumulation dose dependently mcreased from 300 IJM to 500 IJM and at 

750 MMF, the majority of the protein can be detected in the plasma membrane (Figure 

19). Taken together, qRT-PCR results. western blot analysis and immunofluorescence 

suggest an increase in AQP3 expression and activity with MMF treatment. 





Figure 19. MMF treatment resulted in the plasma membrane localization of AQP3. 

Mouse keratinocytes were cultured on cover slips in 12-well plates in K-SFM in the 

presence of 0, 300 JJM, 500 JJM and 750 JJM MMF for 24 hours. Keratinocytes were 

then fixed with 4% paraformaldehyde and immuno-stained with rabbit anti-AQP3 

(red) and DAPI (blue) nuclear stain as described Shown are micrographs taken from 

a single experiment typical of multiple separate experiments (n=3). MMF treatment 

increased the protein expression of AQP3 as well as its localization in the cell 

plasma membrane. The upper panel shows AQP3 staining only, the middle panel 

shows nuclear DAPI staining only and the lower panel shows the merged image. 
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H. MMF increased the activity of AQP3 in keratinocytes. 

Since glycerol uptake is a major role of AQP3 in the epidermis and it has been 

shown that glycerol is crucial for maintaining normal keratinocyte function , we sought to 

examine the effect of MMF on glycerol uptake (44, 50, 211). We performed a [3H]glycerol 

uptake assay. Primary mouse keratinocytes were treated with 750 IJM MMF, the dose 

found to be optimal for AQP3 protein expression (Figure 18), for 24 hours. A glycerol 

uptake assay was performed as described in Materials and Methods Section and as our 

laboratory has previously published [53). 750 IJM MMF significantly increased glycerol 

uptake by keratinocytes by almost 50% (Figure 20). This result shows that the increase 

in mRNA and protein expression of AQP3 is accompanied by an increase in the 

functional capacity of the channel. Taken together, MMF stimulates the expression of 

AQP3 and induces its plasma membrane localization, which leads to an improvement in 

the functional capacity of the channel to transport glycerol. This effect may account, in 

part, for the effect of MMF to improve psoriatic lesions. 



Control 75011M 

Figure 20. Stimulation of fHJglycerol uptake in keratinocytes treated 

with MMF. 

Keratinocytes were treated for 24 hours w1th 750 pM MMF or no MMF 

(control) m K-SFM. Cells were then incubated at 37•c for 5 minutes in K

SFM containing 20 mM HEPES and 1 pCVml fHJglycero/, and 

radio/abe/led glycerol uptake was measured as described in Materials 

and Methods and as previously described. fH]G/ycerol uptake per well 

was normalized to the protein content measured in each well. Values 

represent the means ± SEM of multiple separate experiments performed 

in duplicate; *pS0.05 versus control untreated cells where n=6. 
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I. The Nrf2 inducer sulforaphane increased the protein expression of 
AQP3 in keratinocytes 

So far, our data has shown that MMF increases the expression and nuclear 

translocation of Nrf2. In addition, MMF increases the expression and functional activity of 

AQP3. Accordingly, we wanted to investigate if Nrf2 activation itself can increase the 

protein expression of AQP3. We treated near-confluent primary mouse keratinocytes 

with different concentrations of sulforaphane (SFN), a known Nrf2 inducer [212], for 24 

hours .. Western blot analysis showed an increase in AQP3 expression in response to 

SFN treatment (Figure 21 ). This increase achieved significant at a 5 IJM concentration. 

Thus, Nrf2 stimulation is able to increase AQP3 levels, which suggests that Nrf2 may 

regulate AQP3 at the transcription level. 





Figure 21. Sulforaphane treatment increased the protein expression of AQP3. 

Near-confluent keratinocytes were treated with 0, 1 JJM, S JJM and 10 JJM SFN 

for 24 hours. Cells were then harvested and proteins analyzed by western 

blotting. AQP3 levels were determined using rabbit anti-AQP3 antibody (LSBio) 

and the LiCor Odyssey system. Shown in panel A is a representative blot 

showing the two AQP3 bands (glycosylated and unglycosylated). Multiple blots 

were quantified using Odyssey software. Panels B and C show the 

quantification and statistical analyses of the glycosylated and unglycosylated 

AQP3 bands, respectively from multiple separate experiments performed in 

duplicate. Each band was quantified separately and normalized to the b-actin 

loading control, with values shown as the means ± SEM; * p~O. OS versus the 

control, $ p~O. OS versus 1 JJM SFN where n=4. 
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CHAPTER FOUR: DISCUSSION 

The homeostasis of normal skin is maintained through tight regulation of 

keratinocyte turnover. Hyperproliferative skin disorders are characterized by increased 

keratinocyte proliferation and aberrant differentiation [56]. Psoriasis is a common 

hyperproliferative skin disorder that affects 7.5 million Americans according to the 

National Psoriasis Foundation [213]. Psonas1s should no longer be regarded as a simple 

cosmetic problem but, in fact, is a disabling disease which can severely impair the 

quality of life of its sufferers [85]. The disease burden results from its psychological 

consequences, the multiple side effects of long-term therapy and the associated co

morbidities such as psoriatic arthritiS, cardiovascular d1seases and metabolic syndrome 

[86, 214]. Although the exact etiology of psoriasis is still unresolved, psoriasis is now 

recognized as a multifactorial disease that encompasses a cross-talk between 

keratinocytes, the immune system and endothelial cells [215]. This cross-talk makes it 

extremely challenging to identify the primary cause of the disease; however, a drug with 

a pleiotropic mode of action that can target all three affected cell types should be 

considered the ultimate therapeutic strategy. However, despite the apparent role of 

keratinocytes in the disease pathogenesis, the value of keratinocytes as a safe 

therapeutic target has long been underappreciated. 

Fumaric acid esters have been known for decades as anti-psoriatic agents [176]. 

Nonetheless, little is known about their mechanism of action and in particular thelf 

effects on keratinocytes. In our study, we used MMF, the bioactive ingredient of the anti

psoriatic drug Fumadermc [178, 216]. Many reports have Investigated the role of MMF 
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on immune cells and endothelial cells, but not keratinocytes [184, 186-188, 217]. The 

superior clinical results and limited adverse effects of MMF suggest that it may be an 

ideal psoriatic agent that can target all three key players in the psoriatic process, and 

with an adequate safety margin [218, 219]. We embarked upon the present study with 

two main objectives: revealing the direct effects of MMF on keratinocytes and exploring 

the major mechanisms underlying these effects. 

One of the main treatment strategies for psoriasis involves the use of compounds 

that have anti-proliferative and/or pro-differentiative effects on keratinocytes. However, 

most of the available anti-psoriatic drugs do not specifically target keratinocyte 

proliferation and only a few of them enhance differentiation. Available drugs either 

induce apoptosis (such as PUVA) with no effect on keratinocyte differentiation or non

selectively target all the body's proliferative cells (such as methotrexate) and hence have 

many concomitant adverse effects. Thus, selectively inhibiting keratinocyte proliferation 

while enhancing differentiation, without cellular cytotoxicity, will reduce the serious 

systemic adverse effects and present a potent and safe therapeutic strategy (154]. 

Using primary mouse and normal adult human keratinocytes, we confirmed 

the anti-proliferative effect of MMF, observing more than a 50% reduction in DNA 

synthesis at the highest concentration (1 mM). Our data corresponds with the report by 

Thio et al. [182] that also showed the anti-proliferative effect of MMF. However, since the 

publication of this report in 1994 [182], no studies attempted to more deeply explore this 

effect or any possible mediating mechanism(s). This deficit likely reflects the vastly 

underestimated role of keratinocytes as a therapeutic target. In contrast, many ongoing 

studies focused on either the effects of DMF (despite its low bioavailability) and/or the 

effects of MMF on other cell types [186-188, 217, 220]. This reveals a gap in the 

literature that we were attempting to fill. Our data not only confirm the previously 
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published results concerning the anti-proliferative effects of MMF [182], but also have 

some distinct advantages as compared to the other study. First, our experimental model 

was either primary cell cultures or normal adult human keratinocytes and this makes our 

study physiologically relevant. Our study explored a range of MMF concentrations that 

have recently been found effective and non-cytotoxic in other cell types in a number of 

recent studies (188, 221 , 222]. We used a different functional proliferation assay 

(incorporation of [3H]thymidine into DNA) and we also excluded any possible cytotoxic 

effects of these concentrations, as we tested for their effects on keratinocyte 

differentiation markers (early and late markers). Thus, this anti-proliferative effect is not a 

result of cytotoxicity, since we further showed that the cells were proficient with regards 

to their differentiation capacity. Thus, our data suggest that MMF has a direct anti

proliferative effect on keratinocytes. 

In 2008 Tang et al. [223] showed that MMF is a potent agonist of GPR109A. 

Since then, studies have aimed to understand the possible effects mediated by 

GPR109A in the skin with relevance to the possible role of MMF as a receptor agonist 

(224]. GPR109A has been detected in many tissues including the skin, the retina, the 

colon and adipose tissue. Interestingly, some of its functions in these tissues have been 

elucidated [192, 193, 225]; yet, the exact role of GPR109A in keratinocytes is still 

unclear. A potential role was highlighted in the same report by Tang et al. [223] who 

showed that receptor expression was increased in psoriatic skin as compared to normal 

skin from the same patients. In addition, up-regulation of the receptor with IFNy (a major 

cytokine in the psoriatic cytokine network) was detected. In the same context, Bermudez 

et al. (226) have shown that GPR109A has an abnormal pattern of distribution and 

impaired function in squamous cell carcinoma. These findings raise the question of a 

potential role of GPR109A in regulating keratinocyte homeostasis as well as the 
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possibility of an abnormality in hyperproliferative skin disorders and, hence, suggest 

GPR109A as a potential therapeutic target. 

Researchers have previously detected GPR109A in other tissues and cell 

types using different techniques, such as in situ hybridization, RT-PCR and 

immunofluorescence [194, 201]. However, there have been difficulties associated with 

the detection of GPR 1 09A protein in skin samples and keratinocytes possibly due to its 

low expression [227]. To our knowledge, only one report has detected GPR109A protein 

expression in human skin by immunofluorescence [226]. However, GPR 1098 (another 

member of this family of receptors) has strong homology with GPR109A and is 

expressed in the human skin but not in rodents [228]. This raises the question of the 

specificity of the detection of GPR109A protein expression in human skin and whether 

the strong staining was due to detection of both GPR109A and B. To resolve this issue 

and confirm the expression of this receptor in our specimens, we first sought to 

determine the expression of GPR109A in mouse skin by both RT-PCR and 

immunofluorescence. Initially, we detected the expression of GPR109A mRNA in mouse 

epidermis and freshly isolated and cultured mouse keratinocytes, using brain samples as 

a positive control (Figure 5). We used mRNA isolated from different sample preparations 

(whole epidermis and cultured and fresh keratinocytes) to confirm that the results that 

we obtained were not a result of culturing artifacts. We also wanted to support our RT

PCR results with immunofluorescent detection of the protein. The GPR109A antibody 

and GPR109A KO mice from which negative control samples were obtained were a 

generous gift from Dr. Pamela Martin (GRU) and they have been previously 

characterized in regards to retinal pigment epithelial cells and colon cells [194, 229]. We 

confirmed the protein expression of GPR109A in wild-type mouse skin sections as 

compared to GPR109A KO skin sections (Figure 6). For the first time, we detected the 
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expression of GPR109A receptor in mouse epidermis, using immunofluorescence. 

confirming our RT-PCR results. 

In order to determine whether GPR109A mediates the anti-proliferative effect 

of MMF, we performed thymidine incorporation assays on GPR109A knockout 

keratinocytes treated with various doses of MMF. Our data showed that MMF produced 

the same anti-proliferative effect in keratinocytes lacking the GPR 1 09A receptor as in 

wild-type keratinocytes (Figure 7). This result suggests that GPR109A does not mediate 

the anti-proliferative effect of MMF. In order to further confirm this finding, we used 

another known GPR109A agonist, nicotinic acid [224]. Unlike MMF nicotinic acid was 

incapable of inhibiting the proliferation of wild-type keratinocytes (Figure 8). Together, 

these findings suggest that the MMF-induced anti-proliferative effect is not mediated 

through GPR109A. The concept of GPR109A being the mediator of the anti-psoriatic 

effects of MMF has been previously proposed [224] but our study argues against a 

contribution of GPR109A to MMF's anti-proliferative effects. However, additional 

investigation is required to explore the possible role of GPR109A in mediating the pro

differentiative and/or anti-inflammatory effects of MMF in keratinocytes. These studies 

are warranted based on the abnormal expression and distribution of GPR 1 09A in 

psoriasis and skin cancer and its up-regulation with IFNy treatment. 

As mentioned earlier, the fine balance between keratinocyte proliferation and 

differentiation maintains homeostasis and preserves barrier integrity of normal skin 

[230]. As keratinocytes proliferate and migrate to the upper layers of the epidermis. they 

first undergo cell cycle arrest and begin to express various markers of differentiation. 

These markers can be used to assess the stage of keratinocyte differentiation [2]. In our 

study, we attempted to investigate the effect of MMF on two different markers of 

keratinocyte differentiation. We selected keratin 10 as an early marker of keratinocyte 
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differentiation and transglutaminase enzyme activity as a late marker of keratinocyte 

differentiation. Keratin 10 is an early post-mitotic marker of epidermal differentiation, and 

it has been previously demonstrated that K10 ablation is associated with keratinocyte 

hyperproliferation [231). In addition, K10 levels are reduced in psoriatic lesions [122). 

Thus, we used K10 as a marker to detect whether or not MMF induces early 

differentiation to mediate a shift towards a suprabasal keratinocyte phenotype. MMF 

induces a significant increase in K1 0 expression at a 5001JM concentration (Figure 9). 

This finding suggests that MMF directs keratinocytes towards an early stage of 

differentiation and may help in adjusting the aberrant expression of K1 0 in psoriatic 

lesions. The b1phas1c effect of MMF on K10, with concentrations greater than 500 IJM 

inducing less of an increase in K10 levels, is likely because at higher concentrations 

MMF drives keratinocytes to late differentiation, as evidenced by mcreased TGase 

activity at these doses (Figure 1 0). Our group has previously reported a similar biphasic 

effect on K1 0 expression in response to calcium-mediated keratinocyte differentiation 

(54). 

Next, we investigated the effect of MMF on a late marker of keratinocyte 

differentiation (TGase). TGase is another important protein that mediates cornification 

during the process of terminal keratinocyte differentiation. During the late stages of 

keratinocyte differentiation, TGase enzyme is activated in a Ca2
• -dependent manner and 

catalyzes the crosslinking of various keratmocyte differentiation markers and lipids 

leading to the format1on of the cornified envelope (stratum corneum) [232). It has been 

previously shown that psoriatic lesions have aberrant TGase distribution [122). Moreover, 

inhibition of TGase in mouse skin leads to hypeproliferation and parakeratosis [233). 

Therefore, TGase appears to play a pivotal role in skin differentiation and stimulating its 

activity may have a positive effect to improve psoriatic lesions Our data showed that 
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MMF significantly increases TGase enzyme activity in both normal adult human and 

mouse keratinocytes at a 1 mM concentration (Figure 1 0). Collectively, these data 

suggest that MMF has a pro-differentiative effect on epidermal keratinocytes, directing 

keratinocytes towards the early stage of differentiation at lower concentrations and at 

higher concentrations inducing terminal differentiation through stimulation of the activity of 

the transglutaminase enzyme. 

At this point, we identified the effects of MMF on two of the major hallmarks of 

psoriasis, namely hyperproliferation and aberrant differentiation, with MMF showing anti

proliferative, pro-differentiative effects on keratinocytes. These effects designate MMF as 

an anti-psoriatic agent that can presumably restore the disrupted balance between 

proliferation and differentiation in psoriatic keratinocytes. We also ruled out the possible 

contribution of GPR109A receptor in mediating the anti-proliferative effects of MMF since 

receptor ablation did not diminish the anti-proliferative capacity of MMF in keratinocytes. 

Psoriasis is an immune-mediated disorder that involves various inflammatory 

mediators [215]. Keratinocytes are capable of producing a wide array of pro

inflammatory cytokines and some of them are key factors shaping the inflammatory 

infiltrate of the psoriatic cytokine network [58). In addition, keratinocytes possess 

cytokine receptors, so they are also targets for various cytokines [127]. Accordingly, 

cytokines produced by keratinocytes not only trigger resident immune cells but also feed 

back on the epidermis where they bind to these specific receptors and activate 

keratinocytes. Activation of keratinocytes adversely affects normal proliferation and 

differentiation and further induces the production of additional cytokines. Among these 

key cytokines are IL-6, TN F-a and IL-1 a, and keratinocytes are a direct source of these 

pro-inflammatory mediators [58, 171, 234). Moreover, keratinocytes possess the 

receptors for these cytokines (IL-6-R, TNF-R and IL-1 receptors type I and type II) [127, 
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235, 236]. IL-6 can stimulate keratinocyte proliferation and is associated with conditions 

of hyperproliferation including psoriasis [237]. In psoriasis, various cells such as 

macrophages and natural killer cells (in addition to keratinocytes) can produce TNFa. 

Thus, the serum levels of TNFa and IL-6, another pro-inflammatory cytokine, are 

significantly higher in psoriasis patients as compared to healthy controls [238]. 

Awareness of the role of TN Fa in the psoriatic cytokine network has led investigators to 

the development of anti-psoriatic biologic drugs that target TNFa such as Etanerceptc 

[239]. In addition, IL-1a is a known regulator of keratinocyte proliferation and 

differentiation, as well as immune function [240). Indeed, IL-1a overexpression (IL-1a 

transgenic mouse) in the basal epidermal layer produces a psoriasis-like phenotype with 

hyperproliferation and immune cell infiltration [241 , 242]. Furthermore, with the extensive 

crosstalk between keratinocytes and immune cells in psoriasis, it is unclear which is the 

major source of these cytokines, and the role of activated keratinocytes in cytokine 

production cannot be excluded. In fact, keratinocytes are thought to be the primary 

producers of IL-1 in the skin [243]. 

With this in mind, we wanted to investigate the effect of MMF on the stimulated 

production of TNFa, IL-6 and IL-1a by keratinocytes to explore whether MMF has a 

direct anti-inflammatory effect on keratinocytes. In order to stimulate cytokine production 

by keratinocytes, we used TPA, which is a known inducer of the keratinocyte 

inflammatory response [204). Our data showed that MMF dose dependently inhibits the 

mRNA expression of the pro-inflammatory mediators TNFa, IL-6 and IL-1a in TPA

induced keratinocytes at all concentrations used (Figure 11 ). We further confirmed the 

TNFa mRNA results with ELISA assays in both primary mouse and normal adult human 

keratinocytes (Figure 12 A and B, respectively), with the production of TNFa by TPA

induced keratinocytes significantly diminished in response to MMF pre-treatment. In the 
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case of human keratinocytes, MMF treatment reduced the TPA-induced TNFa secretion 

to undetectable levels, reflecting the effective anti-inflammatory action of MMF on 

keratinocytes. MMF's capacity to down-regulate these cytokines reflects its potency to 

inhibit inflammation both directly (effect on keratinocytes) and indirectly since the down

regulation of these cytokines will further diminish their pro-inflammatory effects on 

immune cells [187, 217]. Since these cytokines can also feed back and induce 

keratinocyte hyperproliferation, this effect would represent another indirect anti

proliferative action of MMF. 

Taken together, our data suggest that MMF attenuates proliferation and 

inflammation and induces differentiation of keratinocytes. Hence, it targets the major 

hallmarks of psoriasis in terms of keratinocytes. In addition, MMF has known effects on 

various immune cells as well as endothelial cells [184, 217, 244]. Thus, it targets the 

three key cellular players in the psoriatic network. This capability gives MMF an 

advantage over other anti-psoriatic agents, which, in most cases, target only one cell 

type and hence often only partially improve the disease. This pleiotropic effect of MMF 

amplifies the favorable effects of the drug with fewer adverse effects and, in turn, may 

partially explain the superior clinical results observed in patients treated with 

Fumaderm* [218]. Our data suggest that MMF has pro-differentiative effects reflected in 

its ability to induce the early differentiation marker K1 0 and the late differentiation 

marker TGase enzyme activity. However, the mechanism by which MMF exerts these 

effects was not clear; thus our next objective was investigating the possible 

mechanisms mediating these novel effects. 

Oxidative stress and accumulation of reactive oxygen species (ROS) is a 

leading cause of inflammatory conditions [245-247]. The skin is the largest organ in the 

body and one that is directly exposed to the external environment. Although the skin 
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has endogenous anti-oxidant mechanisms, prolonged or increased oxidative stress 

overwhelms skin defenses and results in pathological responses that may contribute to 

skin diseases including psoriasis [205, 207]. Oxidative stress activates transcription 

factors that mediate the production of various pro-inflammatory cytokines including IL-6 

and TN Fa [246]. In light of the role of oxidative stress in the initiation and progression of 

psoriasis, drugs promoting anti-oxidative mechanisms may protect the cells from the 

detrimental effects of ROS and may thus have a therapeutic potential. Nrf2 is 

considered to be a master regulator of anti-oxidant genes and a crucial player in the 

cellular response to oxidative stress. It is a transcription factor that regulates several 

genes encoding detoxifying proteins and regulatory enzymes. Binding to Keap1 (Ketch

like ECH associated protein 1) physically confines Nrf2 to the cytosol in an inactive 

state. Glutathionylation of Keap1 dissociates the Nrf2-Keap1 complex and allows Nrf2 

translocation to the nucleus and activation of target anti-oxidant cytoprotective genes 

(206]. It has been previously reported that MMF mediates the induction/stabilization of 

Nrf-2 in retinal pigment epithelial cells (192. 221 ). Moreover, in 2013 the FDA approved 

the drug BG-12 as a first-line therapy for adults with relapsing multiple sclerosis. The 

drug is now available in the US under the trade name, Tecfidera~2481. The major 

ingredient of Tecfidera~ is DMF (similarly to Fumaderm~. One of the major 

neuroprotective mechanisms of BG-12 to improve multiple sclerosis is thought to be via 

the induction of Nrf2-dependent pathways [249]. 

In view of these findings and the role of oxidative stress in the etiology and/or 

maintenance of psoriasis, we were interested to examine the effect of MMF on Nrf-2 in 

keratinocytes. Using western blot analysis of total cell lysates, we showed that MMF 

increases the protein expression of total Nrf2 (Figure 13). We confirmed our findings 

using immunofluorescence analysis; our data showed that MMF increases the protein 
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levels of Nrf2 in primary mouse keratinocytes (Figure 14) These data are congruent 

with Ananth et at. [192] who showed that MMF induces Nrf2 expression in retinal 

pigment epithelial cells. Moreover. our immunofluorescence analysis results also 

showed a significant dose-dependent increase in nuclear Nrf2 (Figure 148). This result 

suggests that MMF stimulates nuclear translocation of Nrf2 and is consistent with 

findings of increased MMF-induced nuclear Nrf2 levels in human astrocytes (250]. 

In an attempt to further investigate whether this increase in Nrf2 levels is 

associated with an increase in the expression of Nrf2-regulated downstream detoxifying 

enzymes, we examined the effect of MMF treatment on the expression of heme 

oxygenase (H0-1) and peroxiredoxin 6 (Prdx6) (Figure 15). H0-1 is an important 

cytoprotective enzyme, exerting anti-oxidant effects via its ability to degrade pro-oxidant 

heme and generate the antioxidant effector molecule bilirubin. Accordingly, it is 

essential for the maintenance of redox balance in the skin [207, 251]. Prdx6 is another 

detoxifying cytoprotective enzyme that helps in the elimination of excessive peroxides. 

We showed a significant up-regulation of H0-1 and Prdx6 mRNA expression with 

different concentrations of MMF. However, the increase in H0-1 was dose dependent, 

unlike that of Prdx6, which showed essentially the same level of increase at all 

concentrations tested. This result may suggest that Prdx6 may be more responsive to 

MMF, increasing to a maximal degree at the lowest concentration (500 IJM) used. 

In summary, our data suggest that MMF stimulates an increase in Nrf2 protein 

expression and nuclear translocation. This increase is accompanied by increased 

expression of anti-oxidant enzymes (H0-1 and Prdx6) Ours is the first report 

highlighting a potential role of MMF in boosting the Nrf2-med1ated ant1-oxidant response 

1n keratinocytes and suggests that MMF's anti-psonat1c effect may be partially mediated 

through restoration of the oxidative balance in keratinocytes. 
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In order to examine whether these effects on anti-oxidative enzyme expression 

results in a functional effect in keratinocytes, we performed an intracellular reactive 

oxygen species (ROS) assay (Figure 16). Keratinocytes pretreated with MMF for 24 

hours or control untreated cells were loaded with DCFH-DA. Loaded keratinocytes were 

then challenged with H20 2 (200 IJM). MMF significantly attenuated ROS generation in 

primary mouse keratinocytes at all concentrations tested as compared to keratinocytes 

treated with H20 2 alone. The H20 2 concentration used (200 IJM) is considered a high but 

non-cytotoxic oxidative stress challenge, and the ability of MMF to counteract its effects 

reflects the anti-oxidant potency of the drug. It thus seems possible that with the 

induction of stress, MMF may be able to abolish ROS generation. Thus, for the first time, 

we show an effect of MMF on Nrf2 expression, activity and oxidative stress in 

keratinocytes in accordance with data obtained in other cell types [192, 221]. 

These findings may also partly explain the anti-inflammatory effect of MMF in 

keratinocytes, since oxidative stress plays a role in the cellular pro-inflammatory 

response at the transcriptional level [246). In addition, these results may further underlie 

an indirect anti-inflammatory effect of MMF on keratinocytes through the reduction in IL-

6, TNFa and IL-1a expression (Figure 11), as oxidative stress is known to drive cellular 

inflammatory cascades. MMF seems to serve as a regulator of redox balance in 

keratinocytes, which can partially explain its success as an anti-psoriatic agent. 

AQP3 is an aquaglyceroporin that transports glycerol and is expressed in the 

epidermis [44). Glycerol is a known humectant that has long been used as an essential 

ingredient of skin moisturizers to improve skm quality and reduce dryness [52]. The 

cruc1al role of glycerol and AQP3 has become more obvious with the development of 

AQP3 knockout mouse models [44) Mutant AQP3-null mice exhibit a skin phenotype 

characterized by dry skin and impaired stratum corneum hydration, decreased epidermal 
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glycerol content, reduced skin elasticity and delayed wound healing and barrier recovery 

[50, 211 ). This phenotype highlights the importance of AQP3 in maintaining skin 

homeostasis. The role of AQP3 in regulating skin hydration, barrier integrity and 

elasticity is now widely accepted [50, 211). In contrast, the exact role of AQP3 in 

mediating proliferation versus differentiation of keratinocytes is controversial (54, 252). 

Hara-Chikuma and Verkman have shown defective keratinocyte proliferation and 

migration in AQP3-deficient mice and this consequently led to delayed wound healing 

[253). These AQP3-null mice also showed reduced phosphorylated levels of p38 (p

p38). According to the authors the reduced p-p38 levels account for the reduced 

proliferation and delayed wound healing occurring with AQP3 deficiency. However. p38 

and its family members (p38 mitogen-activated protein kinases) are not solely involved 

in keratmocyte proliferation but are also known to regulate keratinocyte differentiation. 

P3815 activation drives the promoter activity of mvolucrin, a marker of differentiation, 

through a MAPK-dependent pathway [254). Accordingly, the decrease in p-p38 in AQP3 

deficient mice may also account for abnormal differentiation. Thus. AQP3 deficiency 

likely affects signaling pathways that regulate keratinocyte differentiation. Although 

Verkman and colleagues have reported no differences in levels of the differentiation 

marker in AQP3 KO mice[252). it is possible that the localization of AQP3 plays a crucial 

role in its function in keratinocyte. 

Localization of AQP3 at the plasma membrane facilitates its glycerol transport 

function and may account for the pro-differentiative effects of AQP3 mediated by 

glycerol [54). On the other hand, cytosolic localization of AQP3 may facilitate its 

proposed mechanism as a key regulator of cellular A TP energy [255) as this localization 

might bring it closer to the cellular energy organelles (mitochondria) Consequently, the 

conclus1on that AQP3 has a pro-proliferative, anti-differentiative role m keratinocyte is 
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still debatable especially since some results from our group and others support a 

different idea. Thus, our laboratory has previously shown that co-expression of AQP3 in 

primary mouse keratinocytes promotes early differentiation and increases the promoter 

activity of K1 0 and decreases that of KS {a marker of basal proliferative layer) [54]. This 

result suggests that AQP3 mediates a shift from the proliferative state of keratinocytes 

to an early differentiation state. In addition, Kim and Lee 2010 [126] have reported 

increased expression of K10, involucrin, and loricrin at a high calcium concentration 

which is inhibited by siRNA-mediated AQP3 knockdown. This report further supports 

the role of AQP3 in keratinocyte differentiation. Consistently, AQP3 is abundantly 

detected in the cytoplasm in basal keratinocytes {proliferative phenotype) in human and 

reconstituted skin, whereas membranous localization is detected in differentiated cells 

[46]. These data suggest a possible correlation between AQP3 localization and the 

stage of keratinocyte differentiation with AQP3 seeming to localize to the membrane 

during keratinocyte differentiation. Thus, our group and others have suggested a role 

for AQP3 in regulating keratinocyte differentiation that might point to AQP3 as a 

significant therapeutic target for skin diseases characterized by aberrant differentiation. 

Interestingly, Voss et al. [256] have reported abnormal AQP3 protein 

expression and localization in human psoriatic skin samples as compared to normal 

skin and Lee et al. [257] also showed reduced AQP3 levels in psoriasis. Furthermore, a 

report by Bellemere et al. [258] showed that retinoic acid increases AQP3 gene and 

protein expression as well as glycerol uptake in ex vivo human skin samples and 

normal human keratinocytes collected from healthy volunteers. Retinoids are known 

regulators of keratinocyte proliferation and differentiation and have been used for 

decades as a topical treatment for psoriatic lesions. These findings suggest that AQP3 

and/or an increased epidermal glycerol content may act as a key messenger for early 
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keratinocyte differentiation. Accordingly, although the precise role of AQP3 in skin 

physiology is not yet well established, these data collectively suggest that AQP3 has a 

role in mediating keratinocyte funct1on and may be a therapeutic target in 

hyperproliferative skin disorders, especially psoriasis 

In this context, we investigated the effect of MMF on the expression and 

activity of AQP3. Our data showed that a 24-hour treatment with MMF significantly up

regulated the mRNA expression of AQP3 in keratinocytes (Figure 17). In accordance 

with the mRNA data, MMF treatment significantly elevated AQP3 protein expression of 

the unglycosylated fraction of the protein (Figure 18). Although the increase in the 

glycosylated form of AQP3 (considered to be the active protein) did not achieve 

statistical Significance, this failure may be attributed to the technical difficulty of 

quantifying this diffuse band as well as the b1phas1c regulation of AQP3, which is 

down-regulated as differentiation advances (53] Immunofluorescence analysis also 

showed enhanced plasma membrane localization of AQP3 following MMF treatment. 

This result suggests that MMF stimulates active AQP3 as indicated by the increase in 

the glycosylated fraction of the protein and its localization in the membrane (Figure 19). 

Our functional [3H)glycerol uptake assay demonstrated a significant increase in 

radiolabelled glycerol uptake by keratinocytes incubated with MMF for 24 hours (Figure 

20), further confirming the MMF-stimulated activity of AQP3. In summary, these findings 

suggest that the pro-differentiative effect of MMF may be mediated through increasing 

the levels and activity of AQP3. In conclusion, we have demonstrated that MMF 

stimulates AQP3 gene and protein express1on 1n primary mouse keratinocytes in 

association with an increase in the glycerol transport capacity of keratinocytes. 
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This increased expression and activity of AQP3 may, in turn, be a key 

messenger of MMF-mediated anti-proliferative and pro-differentiative effects. 

A report by Lee et al. [259] has also elucidated a role for Nrf2 in epidermal 

differentiation. These authors showed that Nrf2 activation increases the promoter activity 

of the epidermal differentiation marker loricrin. Accordingly, we wished to investigate a 

possible role of Nrf2 in AQP3 expression, which may partly explain the pro-differentiative 

effect of Nrf2 in keratinocytes. We used the Nrf2 activator sulforaphane (SFN) to show 

for the first time that Nrf2 stimulation is associated with an increase in AQP3 protein 

levels (Figure 21 ). This result suggests that Nrt2 may regulate the expression of AQP3 

in keratinocytes. SFN is a natural dietary agent abundant in cruciferous vegetables. It 

has been previously reported that SFN suppresses normal human keratinocyte 

proliferation [260], an effect similar to what we observed w1th MMF. This further 

supports our conclusion that the mechanism of action of MMF in keratinocytes 

(similarly to SFN) is Nrf2-dependent. 

Our findings showed for the first time the direct anti-proliferative, pro

differentiative and anti-inflammatory effects of MMF on epidermal keratinocytes. These 

results collectively support the therapeutic potential of this compound in the treatment of 

psoriatic lesions. Indeed, fumaric acid esters like MMF are known to be potent anti

psoriatic agents with fewer adverse effects as compared with many other anti-psoriatic 

drugs. Given the suffering and dissatisfaction of psoriasis patients and the multiple 

drawbacks and unsatisfactory results of the currently available anti-psoriatic agents, our 

study is of high clinical relevance. Furthermore, this compound has already shown 

satisfactory clinical results in Germany (Fumaderm~. and a similar FDA-approved 

formulation of this compound (Tecfidera~ is now being used as a drug for treating 

multiple sclerosis. These successful applications of MMF for prolonged use in humans 
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with minimal toxicity emphasize the possibility of repurposing the drug Tecfidera0 for the 

benefit of psoriatic patients. 

In conclusion, we showed a direct pro-d1fferentiative, anti-inflammatory effect of 

MMF on keratinocytes. Moreover, we also confirmed the anti-proliferative effect of MMF 

on keratinocytes. These effects seem to account, at least in part, for its action as an anti

psoriatic agent. These findings together with previously published data, suggest that 

MMF is exerting inhibitory functions on the three major cell-types involved in the 

pathogenesis of psoriasis (keratinocytes, immune cells, and endothelial cells) [187, 188). 

Together with the clinical data obtained for the anti-psoriatic drug Fumaderm® [177, 

219], used in Germany since 1994, these results suggest that MMF may be an ideal 

therapy for treating moderate to severe psoriasis In add1t1on, this is the first report to 

detect an increase in the expression levels of Nrf2 and its downstream effectors (H0-1 

and Prdx) 10 keratinocytes following MMF treatment. We also showed an inhibitory 

effect of MMF on ROS production in keratinocytes. Moreover, we demonstrated that 

MMF stimulated AQP3 gene and protein expression and glycerol transport capacity . 

Thus, we also propose a possible relationship between the transcription factor Nrf2 

and AQP3 expression. This effect may underlie, in part, the action of MMF as an anti

psoriatic agent. 
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TRANSLA TIONALIMPACT 

Keratinocytes play a pivotal role in the initiation, progression and maintenance 

of psoriasis (Figure 22). It is important to explore compounds that directly target 

keratinocytes in addition to the other key players in psoriasis pathogenesis (immune 

cells and endothelial cells). Targeting the three key players of the disease process 

(immune cells, endothelial cells and keratinocytes) will be a safer treatment option as 

compared to biologic drugs which only target immune cells and/or mediators and 

hence reduce the patient's immunity against infection. MMF seems to be an ideal safe 

agent with minimum adverse effects. A drug containing DMF as its major ingredient 

and MMF as the bioactive ingredient (Tecfidera®; BG-12) is available on the US 

market now for the treatment of multiple sclerosis [190, 191] Thus, our findings may 

help to pique interest in the anti-psoriatic act1ons of MMF, which may encourage 

physicians in the US to investigate the use of the drug for the treatment of psoriasis. 

Accordingly, our results suggest the possibility of repurposmg this already FDA

approved drug for the benefit of psoriatic patients. These data also suggest that MMF 

may be effective for treating other hyperproliferative skm disorders. 
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Figure 22. The role of keratinocytes in the psoriatic-cytokine network and the 

effect of MMF in ameliorating the disease process. 

This figure illustrates the interactions between keratinocytes and immune cells, 

which mediate the initiation, progression, and maintenance of the inflammatory 

process in psoriasis. A stimulus such as trauma or an infection can initiate an 

inflammatory response in genetically susceptible individuals. Keratinocytes are 

capable of initiating an immune response through the production of various pro-

inflammatory cytokines, which feed back on the keratinocytes, inducing further 

activation and production of cytokines. Activated keratinocytes exhibit 

hyperproliferation and abnormal differentiation. MMF is capable of 

counteracting these effects to restore the balance between proliferation and 

differentiation as well as of exerting an anti-inflammatory effect, all of which 

would improve psoriatic symptoms. 



CHAPTER FIVE: APPENDIX 

In an attempt to understand the mechanism of MMF in mediating the anti

proliferative and pro-differentiative effects on keratinocytes, we investigated the effect of 

MMF on intracellular calcium influx. Thio et al.[182] have previously shown that MMF 

induces intracellular calcium release in both juvenile human foreskin keratinocytes and 

SVK-14 transformed keratinocytes. This calcium release seemed to be from intracellular 

stores, since the extracellular calcium chelator, EGTA did not affect this increase in 

intracellular calcium. In contrast, in primary mouse keratinocytes we were not able to 

detect a similar increase in intracellular calcium concentration following infusion with a 

concentration of 1 mM MMF (Figure 23). However, we detected intracellular calcium 

release following the infusion with ATP (100 1-JM). The fact that our cells responded to 

ATP infusion but not MMF indicated that our cells are viable and capable of releasing 

intracellular calcium. 
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Figure 23. MMF did not affect intracellular free calcium concentration in primary 

mouse keratinocytes. 

Near confluent primary mouse keratinocytes were loaded with Fura-2 and the 

intracellular calcium concentration was measured in response to infusion with 

HBSS only, HBSS with 1mM MMF or HBSS with 100 IJM ATP. 
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