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1. INTRODUCTION 

 

Stress is widely defined as a harmful factor (biological, chemical or physical), which 

triggers a series of cellular and systemic events, resulting in reparation of cellular and 

organismal homeostasis. Organisms have developed a broad range of stress response 

mechanisms to cope with stress conditions, acting at the cellular or organelle-specific level. 

The cellular stress response can be defined as a reaction to the threat of damage of the 

structure and function of macromolecules, including proteins, DNA, RNAs and lipids. It 

includes an evolutionarily highly conserved mechanism that protects cells from environmental 

stressors such as heat, ultraviolet (UV) light, heavy metals, oxidative and osmotic stress and 

infection of microbial pathogens. Cells can respond to different types of environmental stress 

in several ways ranging from activation of cell survival pathways to eliciting programmed cell 

death.  

The initial cell response to stressful conditions is the repairing of damaged 

macromolecules, helping the cell to defend against and recover from the insult serving thus to 

promote cell survival conditions. However, if the damage is too severe to be repaired, then 

cells activate stress signaling cascades to mediate cell death pathways [1]. Although the 

reactions of cells to environmental stress factors depend on the type and duration of the insult, 

cells respond rapidly and transiently to all types of stress by activation of four basic 

mechanisms, all of which are aimed at stabilizing macromolecular structures and functions 

[2]. The transient cellular stress responses are mediated through: 

(1) induction of cell cycle checkpoint control mechanisms leading to cell growth arrest – cell 

cycle checkpoints are triggered by genotoxic stress in eukaryotic cells such as the G1/S 

checkpoint [3], the G2/M checkpoint [4] and translational control mechanisms [5]; 

(2) induction of molecular chaperons, including the heat-shock proteins (Hsps), – Hsps are 

commonly activated either by induction [6] or by post-translational modification such as 

phosphorylation, i. e. Hsp27 is known to be activated by phosphorylation via the p38 MAP 

kinase signaling pathway [7]; 

(3) activation of mechanisms for nucleic acid stabilization and repair – for instance tumor 

protein 53 (p53) pathway [8] and nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) pathway [9] are activated as part of the eukaryotic DNA damage response; 
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(4) clearance of damaged macromolecules generated by stress – in response to cellular stress 

signals including heat shock, oxidative damage or microbial infection, heat shock proteins, 

such as Hsp27 and Hsp90 have a significant role in increasing the activity of the 

ubiquitin/proteasome system to mediate the degradation of damaged proteins [10]. 

If the cellular stress responses fail to repair the damaged macromolecular structure 

caused by stress, then cell death pathways are activated. The most well-known cell death 

mechanisms involve apoptosis, pyroptosis, necrosis and in some circumstances autophagic 

cell death. Apoptosis, one type of noninflammatory programmed cell death is triggered 

through two different pathways, the intrinsic (mitochondria-mediated) pathway and the 

extrinsic (receptor-mediated) pathway [11]. Apoptosis is regulated by many proteins, such as 

caspases (cysteine-dependent aspartate-specific protease), B-cell lymphoma 2 (Bcl-2) -related 

proteins, and p53 [12]. Although several proteins contribute to the control of apoptosis, 

caspases are believed to be the most significant participants of this process. Activity of 

caspases lead to many of the morphologic features of apoptotic cell death, including 

membrane blebbing, polynucleosomal DNA fragmentation, nuclear shrinking and to the loss 

of overall cell shape [13, 14]. When apoptosis is inhibited, an alternative programmed cell 

death mechanism, the autophagic cell death is activated [15]. Autophagy (self-eating) is a 

multistep process characterized by the vesicular sequestration and degradation of unnecessary 

or dysfunctional cellular components through the lysosomal machinery [16]. Although the 

interplay between apoptosis and autophagy is poorly understood, several studies suggest that 

autophagy and apoptosis are antagonistic events that tend to inhibit each other [17, 18]. 

Necrosis, the additional type of cell death mechanisms has long been considered as an 

accidental and uncontrolled mode of cell death. Recently it has become clear that the 

execution of necrotic cell death is also molecularly regulated by a set of signaling pathways. 

These pathways are also associated with pathological conditions such as ischemia-reperfusion 

(IR) injury, neurodegeneration and pathogen infection [19-23]. For instance, tumor necrosis 

factor receptor 1 (TNFR1), and toll-like receptors (TLRs) have been reported to trigger 

necrosis [19] and the serine/threonine kinase receptor-interacting protein 1 and 3 (RIP1 and 

RIP3) have been described as key mediators of the initiation of necrosis induced by ligand-

receptor interactions [11, 24]. Necrosis is characterized by membrane rupture, nuclear 

swelling, and the release of cellular contents and is accompanied by caspase-independent 
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inflammation. Finally, pyroptosis is a form of inflammatory programmed cell death associated 

with antimicrobial responses during inflammation.  In contrast to apoptosis, pyroptotic cell 

death is coordinated by inflammasome-mediated caspase-1 activation and accompanied by 

membrane rupture, DNA fragmentation and the release of pro-inflammatory cytokines, 

including interleukin-1β and interleukin-18 (IL-1β and IL-18) [25]. 

Infection with microbial pathogens, such as viruses, bacteria, fungi, and protozoa 

elicits a diverse array of host protective and stress responses, including cell death and 

proliferative responses, inflammatory and innate immune responses. To sacrifice pathogen 

infected cells for the benefit of the remaining tissue is one of the main immune defense 

mechanisms of multicellular organisms [25]. For instance, in response to bacterial infection, 

programmed cell death, such as apoptosis, necrosis and pyroptosis are induced as a host 

innate immune response (Fig.1) [11]. During pathogen infection the innate immune system 

constitutes the first line of host defense and plays a crucial role in the early recognition and 

subsequent triggering of a pro-inflammatory response [26]. Human body surfaces are 

defended by epithelia, which provide a physical barrier between the internal milieu and the 

external world that contains pathogens.  Epithelial cells act as front-line defense executioners 

against microbial invasion by using pathogen recognition receptors (PRRs) including TLRs, 

NOD-like receptors (NLRs), retinoic acid-inducible gene (RIG-I) - like receptors (RLRs), 

retinoic acid inducible gene-I like RNA helicases (RLHs) and C-type lectin receptor to 

recognize pathogen-associated molecular patterns (PAMPs) and danger-associated molecular 

patterns (DAMPs) [27-29]. PAMPs are microbe-specific molecules including bacterial 

carbohydrates, i. e. lipopolysaccharide (LPS) and mannose, bacterial peptides, like flagellin, 

nucleic acids including bacterial DNA or viral RNA or DNA, bacterial peptidoglycans, 

lipoteichoic acids, lipopeptides, viral glycoproteins, like hemagglutinin and glycoprotein-41 

and fungal glucans which elicit immune response [30].  Following ligand recognition, PRRs 

present signal to the host and trigger proinflammatory and antimicrobial response by 

activating several intracellular signaling pathways, including kinases and transcription factors 

resulting the activation of gene expression and synthesis of a broad range of molecules, 

including cytokines, chemokines, cell adhesion molecules, and immunoreceptors [30]. All of 

these mechanisms build up the early host response to infection and at the same time represent 

an important link to the adaptive immune response. 
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Figure 1. Bacteria-induced host cell death. Bacteria induce host cell death through several distinct modalities, 

including apoptosis, necrosis, and pyroptosis [11]. 

 

 

The goal of our work was to investigate the epithelial cell stress responses following 

viral and bacterial infection using two model systems. 

First, we examined the role of two heparan sulfate proteoglycans, (HSPGs) syndecan-

1 and syndecan-2 in herpes simplex virus-1 (HSV-1) infection. Since syndecan-1 and 

syndecan-2 are relatively common HSPGs found on the target epithelial cells for HSV-1 

infection [31, 32] and previous studies have shown that several microbial pathogens can alter 

syndecan-1 expression [33-35] we aimed to explore the role of syncecan-1 and syndecan-2 

core proteins in HSV-1 infection. Using protein expression studies we tested whether HSV-1 

infection has an effect on syndecan-1 and syndecan-2 protein expression level in human 

cervical cell line (HeLa). Since studies have shown that heparan sulfate (HS) plays an 

important role in HSV-1 entry as an attachment receptor [36], the role of specific 

proteoglycan core proteins in the infection process remains poorly understood. Therefore we 
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performed in vitro studies using HeLa cells to determine the effect of syndecan-1 and 

syndecan-2 gene silencing on viral entry, plaque formation and cell survival using small 

interfering RNAs (siRNAs) specific for HSPGs.  

Second, our aim was to explore the role of Psoriasis Susceptibility Related RNA gene 

Induced by Stress (PRINS) in bacterial LPS induced cellular stress response in both 

immortalized HaCaT cells and in normal human keratinocytes (NHKs). We recently 

established that HaCaT cells and NHKs exhibit different PRINS expression patterns upon 

translation inhibition, UV-B and LPS induction and upon treatment with several microbial 

pathogens using quantitative real time RT-PCR methods [37, 38]. To identify whether this 

differential PRINS expression caused by the alteration of nuclear factor-κB (NF-κB) signal 

transduction pathway and whether PRINS was involved as an upstream regulator of it we 

silenced the PRINS gene expression with siRNAs in both HaCaT cells and in NHKs and 

monitored NF-κB signal transduction following LPS treatment.  

 

1.1 Herpes simplex virus type-1 and host cells interaction 

 

1.1.1 Herpes simplex viruses 

 

The Herpesviridae family forms a large and diverse group consisting over 100 double-

stranded DNA viruses of three subfamilies designated as Alphaherpesvirinae, 

Betaherpesvirinae, and Gammaherpesvirinae [36]. Herpes simplex viruses (HSV): type-1 

(HSV-1) and type-2 (HSV-2) are part of the Alphaherpesvirinae subfamily of Herpesviridae 

family. The herpes simplex virion consists of a linear, double-stranded DNA genome (152 

kb), packaged into an icosahedral capsid that consists of 162 capsomeres with six different 

viral proteins (VPs) present on the surface. The icosahedral capsid is surrounded by a layer of 

22 proteins called the tegument and a lipid bilayer envelope derived from the host cell 

membrane in which most cell proteins have been replaced by viral membrane proteins. The 

envelope is composed of 16 viral proteins, including 12 different glycoproteins (gB, gC, gD, 

gE, gG, gH, gI, gJ, gK, gL, gM, and gN) [39, 40] (Fig. 2). The protected DNA genome and 
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the coordinated action of at least four glycoproteins: D (gD), B (gB) and the heterodimer H 

(gH) and L (gL) were shown to be essential for viral infectivity [39].  

HSV occur worldwide and have no seasonal variation. Although HSV is normally 

isolated only from humans, many animal species can be experimentally infected, and many 

types and species of cultured cells support HSV replication [36, 41]. HSVs are neurotropic 

viruses producing a lifelong infection by establishing latency in the host sensory neurons of 

the peripheral nervous system and replicating in epithelial cells during primary infection and 

reactivation [42]. HSV cause a number of diseases ranging from oral and genital lesions to 

more severe conditions, such as herpetic stromal keratitis (HSK) a chronic inflammation of 

the cornea, the main non-traumatic cause of corneal blindness; meningitis and encephalitis 

[43-45]. The most common forms of disease caused by HSV are manifested as 

mucocutaneous lesions, which usually occur near the mouth (cold sores or fever blisters), on 

the cornea (keratitis), or on genital tissues. Oral and ocular lesions are primarily caused by 

HSV-1, while most genital HSV infections are caused by HSV-2; however, both strains have 

the ability to cause infection in either area of the body [36, 41]. Genital HSV-1 infections are 

usually less severe and less prone to recur than those caused by HSV-2 [41]. Less frequently, 

HSV can also cause life-threatening disease affecting vital organs, including encephalitis in 

apparently healthy adults, meningitis, myelitis, radiculitis and disseminated disease in infants. 

The viruses isolated from adult encephalitis cases, keratitis and facial lesions are usually 

HSV-1, whereas those isolated from cases of neonatal disease, adult meningitis and genital 

lesions are usually HSV-2 [36, 41]. Many demographic factors affect acquisition of HSV 

infection. In less developed countries, HSV-1 seroconversion happens early in life – at the age 

of 5 years in around one third of children, and in around 70–80% by adolescence. In 

comparison, middle-class and upper-class individuals in more developed countries become 

infected later on – seroconversion occurs in about 20% of children younger than 5 years; then 

no substantial rise in incidence happens until an increase to 40–60% at the age between 20 to 

40 years [41]. HSV-2 seroprevalence rises from about 20–30% at the age between 15 to 29 

years to 35–60% by age 60 years [46]. Since the virus that causes the primary lesions 

establishes latent infections in sensory or autonomic peripheral neurons and can be reactivated 

by appropriate stimuli, periodic recurrences of herpetic lesions are common and present one 

of the troublesome aspects of infections with HSV [36]. A wide variety of environmental 
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events can trigger the reactivation of the virus, including emotional or physical stress, 

hormonal changes, menstruation, fever, exposure to sunlight or ultraviolet (UV) light and 

tissue damage [41].   

 

 

 

 

 

Figure 2. Schematic representation of HSV structure [http://www.manufacturingchemist.com]. 

 

1.1.2 The entry of HSV-1 into host cells 

 

HSV-1 entry into host cells marks the first and possibly most critical step in viral 

pathogenesis that is a result of fusion between the viral envelope and the membrane of the 

host cell. This process is mediated by the action of five viral glycoproteins (gB, gC, gD, gH 

and gL) along with their interactions with their cognate receptors [47] (Fig. 3). However, only 

four of these glycoproteins, such as gB, gD, gH, and gL are necessary and sufficient to allow 

viral fusion with the host cell plasma membrane [48-50]. Although gC is dispensable for the 
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infection of cultured cells; either gC or gB can mediate the binding of HSV-1 to cells; gC 

presence can increase the efficiency of virus binding almost 10-fold [49, 51].  

 

 

 

 

 

Figure 3. HSV-1 glycoproteins required for viral entry and their identified receptors. HSV-1 entry requires 

the glycoproteins gB, gD, and the heterodimer gH-gL. Some of the receptors are exclusive to HSV-1 including 

PILRα and 3-OS HS [52].  

 

The initial contact of HSV-1 with the host cells is the binding of viral gC and/or gB to 

HS chains of proteoglycans on cell surface [53, 54]. Filopodia, the F-actin-rich membrane 

protrusions may facilitate the attachment by providing HSPG-rich sites for the initial binding. 

Although HSV-1 attachment to HS via gB and gC enhances the infection, it is not absolutely 

essential for viral entry [53, 54]. Viral attachment to the cell surface membrane is followed by 

virus penetration and entry of the nucleocapsid into the cytoplasm. Two major modes of 

HSV-1 entry exist: 1. a fusion of the virion envelope with the plasma membrane which is pH 

independent and 2. a generally pH dependent phagocytosis-like endocytosis where the virus 

triggers the fusion with the membrane of an intracellular vesicle plasma membrane of the host 

cell [55, 56] (Fig. 4). 
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Figure 4. HSV virion and its two major modes of entry into cells. Structural components of a typical HSV 

virion are shown. HSV virions can enter into cells via a pH-independent fusion of viral envelope with the plasma 

membrane (I) or, alternatively, via an endocytic pathway that may be phagocytosis-like (II) in terms of the viral 

uptake [57]. 

 

The specific mode of HSV-1 entry takes place in a cell type dependent manner. For 

example, HeLa and human retinal pigment epithelial cells (RPE) allow HSV-1 entry through 

pH-dependent endocytic pathway while in African green monkey kidney cells (Vero) HSV-1 

can penetrate via direct fusion with the plasma membrane at neutral pH [58-60]. Regardless of 

the entry route followed, HSV-1 enters host cells by inducing fusion between the viral 

envelope and the host cell membrane and this mechanisim requires essential participation of 

four viral glycoproteins gB, gD, gH and gL as well as cellular receptors for both gB and gC 

[61-63]. It has been shown previously that soluble form of gB is capable of binding to HSPG 

deficient cells, and block virus entry, suggesting the presence of a HS independent gB 

receptor [64]. Recently, three gB receptors have been identified: 1.) the paired 

immunoglobulin-like type 2 receptor-α (PILRα) [62], 2.) the myelin-associated glycoprotein 

(MAG) [63], which are both members of the paired receptor families, and 3.) the non-muscle 

myosin heavy chain IIA (NMHC-IIA), a subunit of non-muscle myosin IIA [65]. While 

PILRα and MAG expressions are limited to immune and glial cells, respectively, NMHC-IIA 
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is ubiquitously expressed in numerous human tissues and cell types, suggesting its important 

role as the functional HSV-1 gB receptor [52, 65]. Following gC and/or gB interaction with 

the cell surface, viral entry requires the interaction of gD with one of its entry receptors. 

These receptors are: nectin-1 (HveC) and nectin-2 (HveB), which are both members of the 

immunoglobulin superfamily [66], herpesvirus entry mediator (HVEM) that belongs to the 

tumour necrosis factor receptor family [67], and 3-O-sulfated heparan sulfate (3-OS HS) a 

specifically modified form of HS [68, 69]. Upon binding of gD to one of its cognate receptors, 

gD undergoes conformational change, which may transmit an activation signal to gB, and 

gH/gL leading to membrane fusion. Thus, HSV-1 require essential participation of viral 

glycoproteins gB, gD, gH and gL which form a multi-glycoprotein complex (fusogenic 

complex) to execute fusion [56, 70]. Fusion of viral envelope with the cellular membrane 

results in the release of the naked viral nucleocapsid into the host cytoplasm for transport to 

the nucleus. HSV-1 has evolved to use multiple receptors and pathways to facilitate entry into 

different cell types. This differential use of cell membrane receptors is important, and may 

help in productively infect a wide range of hosts and cell types [71, 72].  

 

1.1.3 Heparan sulfate proteoglycans (HSPGs) 

 

HS is a glycosaminoglycan (GAG) that is present in almost all mammalian tissues on 

cell surfaces and in the extracellular matrix [73, 74]. HS commonly occurs as part of 

proteoglycans, where HS GAG chains are attached to a core protein via a trisaccharide 

linkage on a serine residue forming the HSPG [75]. The syndecan family is one of the most 

abundant HSPGs expressed on mammalian cells [76-78]. There are four members in the 

syndecan family (syndecan-1, 2, 3 and 4) composed of a single membrane-spanning domain, 

a conserved transmembrane domain, and an extracellular domain that is specific for each 

syndecan ([79]. The divergent ectodomains share conserved attachment sites for GAG chains. 

These GAGs are predominantly heparan sulfated [80, 81] but syndecan-1 and syndecan-4 can 

also contain chondroitin sulfate (CS) in addition to HS [82, 83]. HSV-1 commonly infects 

epithelial cells, which express both syndecan-1 and syndecan-2 [84, 85]. In addition, 

syndecan-1 (CD138, NCBI Reference Sequence: NP_001006947) is also expressed by many 

other cell types including plasma cells. In contrast, syndecan-2 (fibroglycan, NCBI Reference 
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Sequence: NP_002989) shows a more restricted expression pattern, limited mainly to 

fibroblasts and neurons [86-88].  

 

1.2 The role of PRINS non-coding RNA in psoriasis and cellular stress response 
 

1.2.1 Psoriasis  
 

Psoriasis is a frequent, chronic, lifelong inflammatory skin disease, generally 

characterized by complex alterations in epidermal growth and differentiation. 

Hyperproliferation of the epidermal cells is believed to be triggered by infiltrating T-

lymphocytes at the dermal epidermal junction [89] and by the accumulation of various 

cytokines and inflammatory mediators which directly modulate keratinocyte proliferation and 

differentiation [90]. Clinically, psoriasis is a papulosquamous disease with variable 

morphology, distribution and severity that is characterized by red plaques (due to dilation of 

blood vessels; raised lesions �1 cm in diameter) with silver or white scales (due to rapid 

keratinocyte proliferation; raised lesions �1 cm in diameter) that are clearly distinguished 

from adjacent, normal appearing, non-lesional skin [91]. The morphology of psoriasis can 

range from small tear shaped papules (guttate psoriasis) to pustules (pustular psoriasis) and 

generalised erythema and scale (erythrodermic psoriasis). Almost 90% of psoriasis patients  

have the most common form of the disease, known as psoriasis vulgaris and many affected 

individuals have a mild form but up to one third of patients have moderate-to-severe form of 

psoriasis affecting more than 10% of the body surface [92]. Even though cutaneous signs and 

symptoms are the most common clinical manifestations, nails are frequently affected in up to 

50% of cases [93] and approximately 30 % of patients with psoriasis also have joint 

involvement, indicative psoriatic arthritis [94, 95]. Depending on the severity of disease, 

psoriasis can be treated with topical agents, ultraviolet light therapy and systemic medications 

[96].  

The exact couse and progress of psoriasis remains poorly understood but it is believed 

that the combination of genetic and environmental factors contributes to the development of 

this complex disease [94, 96] and the immune system and its interactive network of 

leukocytes and cytokines play important role in psoriasis pathogenesis [97, 98]. 
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Environmental causes of psoriasis may include mechanical, ultraviolet and chemical injury of 

the skin, various infections, prescription drug use, psychological stress and smoking [99-102]. 

Several studies have revealed that one of the most frequent environmental factors triggering 

psoriasis is the upper respiratory tract infection caused by β-haemolytic streptococci [103, 

104]. Streptococcal infection of the pharynx or tonsils frequently precedes outbreaks of 

guttate psoriasis in children or, occasionally, adults [105]. According to several studies, 

psoriasis may not be restricted to the skin; evidence is now emerging of a link between 

psoriasis and other diseases such as inflammatory bowel diseases (Crohn’s disease, colitis 

ulcerosa) [106], ocular inflammatory diseases (uveitis, iritis) [107], chronic vascular and 

metabolic disorders (arterial hypertension, hyperlipidemia, diabetes mellitus type II and 

coronary heart disease) [108], depression, cigarette smoking and heavy consumption of 

alcohol [109-112].  

Family based analyses of patients with psoriasis, especially twin studies; population 

based epidemiological studies and genome-wide association studies (GWAS) have revealed 

the strong genetic basis of psoriasis [113-116]. Nine susceptibility loci for psoriasis have been 

identified using classic GWAS and referred to as, psoriasis susceptibility 1 through 9 

(PSORS1 on 6p21.3, PSORS2 on 17q25, PSORS3 on 4q34, PSORS4 on 1q21, PSORS5 on 

3q21, PSORS6 on 19p13, PSORS7 on 1p32, PSORS 8 on 16q and PSORS9 on 4q31[117-

119]. Altought recent studies have confirmed further susceptibility loci [120-128], the 

PSORS1 locus is the major susceptibility locus for psoriasis which accounts for 

approximately 35% - 50% of the genetic risk for this disease [129-131]. 

Considerable effort has been devoted to identifying genetic factors and biochemical 

alterations in the epidermis which contribute to the pathogenesis of psoriasis and resulted in 

the discovery of psoriasis susceptibility loci, a large number of psoriasis-associated genes and 

aberrantly expressed genes and proteins in the recent decades [125, 132, 133]. A number of 

gene expression profiling methods like serial analysis of gene expression (SAGE) and 

microarray analyses have been used in studies to characterize transcriptional changes in 

psoriasis and identificate large number of novel disease markers [134-139]. These studies 

were performed on skin biopsies of involved and non-involved, normal appearing psoriatic 

skin and normal skin from patients with active psorasis and from healthy individuals, 

respectively. Previous studies have shown that the gene expression pattern of lesional 
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psoriatic skin is significantly different from normal skin of unaffected individuals [117, 134, 

140]. Additionally, the transition from non-involved into involved psoriatic skin is 

accompanied by changes in the expression of multiple genes [139]. Some of the earliest 

identified genes as having significant over-expression in involved psoriatic skin include 

transforming growth factor-α (TGF-α) [141], tumor necrosis factor-α (TNF-α) [142], vascular 

endothelial growth factor (VEGF) and its receptors [143] and proteinase inhibitors such as 

peptidase inhibitor 3 (SKALP) [144]. Whereas previous investigations have focused only on 

the expression of small number of genes [145], recently more comprehensive analyses such as 

Affymetrix oligonucleotide arrays are used to characterize changes in gene expression of 

psoriasis [134-136, 139]. Among others, Zhou et al., Romanowska et al. and Gudjonsson et al. 

have identified a wide range of dysregulated genes in lesional and non-lesional psoriatic skin 

samples compared with normal skin samples using microarray analyses [136, 139, 140].  

Taken together, these microarray studies have identified a number of candidates 

suggested in original candidate studies as well as novel genes not previously implicated in the 

pathogenesis of psoriasis. These candidate genes are involved in well-established aspects of 

psoriasis, such as keratinocyte differentiation, interferon signaling or influx of inflammatory 

cells and wide range of biological processes are connected with pathogenesis of psoriasis 

[136, 137]. For istance, fatty acid metabolism; protein trafficking and degradation; cell 

adhesion; signaling transduction; mitogen-activated responses; RNA binding, regulation and 

degradation; cytoskeleton restructuring and apoptosis have been correlated with the 

pathogenesis of psoriasis using microarray analyses [136, 137]. 

 

1.2.2 Non-coding RNAs 
 

As our understanding of the complex function of the human genome has advanced, a 

great role has been ascribed to the enormous part of the genome that does not code proteins. 

Non-coding RNAs (ncRNAs) have recently been at the centre of attention as a large and 

diverse group of molecules responsible for a growing list of cellular regulatory functions, 

such as transcriptional regulation, chromosome replication, RNA processing and 

modification, messenger RNA (mRNA) stability and translation, protein degradation and 

translocation [146, 147]. Investigation of the role of ncRNAs in physiological and 
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pathological mechanisms is therefore of great importance as concerns the elucidation of the 

complex regulatory pathways involved in human development and disease formation [147].  

We earlier performed a differential display experiment to compare the gene expression 

in the non-lesional psoriatic epidermis and the epidermis from healthy individuals, in order to 

identify molecular psoriasis susceptibility factors [37]. In that experiment, we identified a 

novel ncRNA, PRINS which was overexpressed in the non-lesional psoriatic epidermis, and 

responded with an elevated expression after 12-24 h to various stress signals, including serum 

starvation, contact inhibition, UV-B irradiation, viral infection (HSV-1) and translational 

inhibition by cycloheximide in a series of in vitro experiments on HaCaT cells [37].  

These data indicated that PRINS might play a role in the cellular stress response 

induced by epidermal stress factors [37]. Knocking down PRINS expression in HaCaT cells 

by using a vector-based RNA interference method, did not have any impact on the control 

cells, whereas it decreased the viability of serum-starved keratinocytes, indicating its essential 

role in the survival of keratinocytes under stress conditions [37]. Furthermore, we have 

demonstrated that PRINS regulates G1P3, a gene with anti-apoptotic effects in keratinocytes. 

Our data indicated that the elevated level of PRINS ncRNA in the psoriatic epidermis may 

contribute to psoriasis by disrupting signal transduction events mediating genes involved in 

apoptosis regulation such as G1P3 [148].  

 

1.2.3 Nuclear factor-kappaB 
 

NF-κB is a widely studied transcription factor that regulates gene expression in a 

broad range of cellular processes. The NF-κB system has been shown to play a crucial role in 

epidermal development and differentiation, stress and immune responses, apoptosis, chronic 

inflammatory diseases and cancer [149, 150]. It is found in most mammalian cells, and is 

involved in cellular responses to stimuli of stress such as cytokines, free radicals, UV 

irradiation, oxidized low-density lipoproteins and bacterial or viral antigens. Within the 

stratified epidermis, NF-κB is located in the cytoplasm of the proliferative basal layer cells 

and while keratinocytes are differentiating it shifts to the nucleus in the non-proliferating 

suprabasal cells [151]. While the molecular mechanisms controlling this process have not 

been completely identified, change in cellular localization suggests a role for NF-κB in the 
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progression of keratinocytes from proliferation to growth arrest in the epidermis [151]. 

Additionally, several in vivo studies have suggested a key regulatory role of the NF-κB 

cascade in growth inhibition control during the process of differentiation of epidermal cells 

[151, 152]. Currently, five members of the NF-κB/Rel protein family are known: p50/p105, 

p52/100, c-Rel, p65/RelA and RelB [153]. In the resting state, the dimers are found in the 

cytoplasm, bound to the inhibitor κB (IκB). Upon stimulation, IκB is phosphorylated by the 

IκB kinase complex (consisting of IKKα, IKKβ and IKKγ (NEMO)) and subsequently 

degraded, allowing NF-κB to shift to the nucleus, where it can bind to transcription-regulating 

elements in a nucleotide sequence-specific manner to activate its target genes [154]. 
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2. AIMS 
 

2.1 To investigate the role of syndecan-1 and syndecan-2 in herpes simplex virus type-1 
infection 
 

 

• To examine the impact of HSV-1 infection on syndecan-1 and syndecan-2 protein 

synthesis and heparan sulfate expression on the human epithelial surface 

 

• To investigate the effect of syndecan-1 and syndecan-2 gene silencing by RNA 

interference on HSV-1 entry, plaque formation and cell survival in human epithelial 

cells 

 

 

2.2 To monitor whether PRINS is involved as an upstream regulator in the regulation of the 
NF-κB signal transduction pathway in normal human keratinocytes and in the immortalized 
keratinocyte cell line, HaCaT 

 

 

• To explore whether the silencing of PRINS expression has an effect on the LPS-

induced NF-κB response either in HaCaT cells or in NHKs  
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3. MATERIAL AND METHODS 

 

3.1 Cell lines 
 

Human cervical (HeLa) cells were obtained from B. P. Prabhakar (University of 

Illinois at Chicago, Chicago, IL, USA). HeLa cells were grown in Dulbecco’s modified 

Eagle’s medium (DMEM; Gibco-BRL) supplemented with 10% fetal bovine serum (FBS) and 

100 mg of penicillin/streptomycin (P/S). African green monkey kidney cells (Vero), gL-

expressing Vero cells (79B4) and Chinese hamster ovarian-K1 (CHO-K1) cells were provided 

by P. G. Spear (North-Western University, Chicago, IL, USA). Vero and gL-expressing Vero 

cells (79B4) were grown in DMEM (Gibco-BRL) supplemented with 10% FBS and 100  

mg l-1 of P/S. CHO-K1 cells were grown in Ham’s F-12 medium (Gibco-BRL) supplemented 

with 10% FBS and P/S. The spontaneously immortalized non-tumorgenic human 

keratinocytes-derived cell line, HaCaT, kindly provided by Dr. N. E. Fusenig (German Cancer 

Research Center, Heidelberg, Germany), was cultured in a high-gulcose DMEM (Gibco-BRL) 

supplemented with 10% FBS, L-glutamine, antibiotics (P/S) and an antimycotic 

(amphoterecin B; Sigma). HaCaT cells previously stably transformed with an NF-κB 

responsive element - luciferase reporter gene chimeric construct (NF-κB-HaCaT), kindly 

provided by Zsuzsanna Györfy (Institute of Biochemistry, Biological Research Center, 

Hungarian Academy of Sciences, Szeged, Hungary) were cultured in DMEM/F12 1:1 

medium (Life Technologies) supplemented with 10% FBS, L-glutamine and 1% antibiotics 

(P/S) and an antimycotic solution (amphoterecin B, Sigma - Aldrich). NHKs were isolated 

from the healthy skin of patients who underwent plastic surgery, using standard protocols, and 

cultured in keratinocytes serum-free medium (Keratinocyte-SFM; Gibco-BRL) supplemented 

with antibiotics (P/S) and an antimycotic (amphoterecin B) solution. The medium was 

changed every 2 days. In our experiments, third-passage NHKs were used at 80% confluence. 

The study was approved by the Institutional Review Board of the University of Szeged and 

was performed in adherence to the Declaration of Helsinki Guidelines. Written informed 

consent was obtained from each patients involved in the study. The approval number form the 

local ethics committee: Human Investigation Review Board of the University of Szeged, Ref. 

No.: 2084 issued in April 24, 2006. 
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3.2 Viruses 
 

The β-galactosidase expressing recombinant HSV-1 (KOS) gL86 and wild-type HSV-

1(KOS) viruses were provided by P. G. Spear (North-Western University, Chicago, IL, USA). 

HSV-1 (KOS) K26GFP was provided by P. Desai (Johns Hopkins University, Baltimore, 

MD, USA). Jellyfish GFP was fused in-frame with the UL35 ORF generating the K26GFP 

virus whose capsids express GFP [155]. Virus stocks were propagated in complementing cell 

lines and stored at –80 ºC. Yields of infectious virus titer (p.f.u. ml–1) were determined by 

plaque assay in Vero cells. 

 

3.3 Antibodies  
 

 

Primary antibodies 
 Dilutions Resources 

mouse anti-syndecan-1 mAbs 1 µg per 1x106 cells Santa Cruz Biotechnology 
rat anti-syndecan-2 mAbs 1.25 µg per 1x106 cells R&D Systems 
mouse anti-heparan sulfate mAb (10E4 epitope) 1:50 US Biological 
rabbit anti-syndecan-1 pAb 1:500 Santa Cruz Biotechnology 
rabbit anti-syndecan-2 pAb 1:500 Santa Cruz Biotechnology 
mouse anti-β-actin mAb 1:1000 Sigma-Aldrich 
mouse anti-myc mAb 1:500 Life Technologies 
Secondary antibodies used for flow cytometry 
FITC-conjugated goat anti-mouse secondary antibody 1:100 Sigma-Aldrich 
FITC-conjugated goat anti-rat secondary antibody 1:100 Sigma-Aldrich 

FITC-conjugated goat anti-mouse IgM 1:100 Sigma-Aldrich 
Secondary antibodies used for Western blot 
HRP-conjugated goat anti-rabbit IgG 1:20000 Jackson ImmunoResearch Laboratories 
HRP-conjugated rabbit anti-mouse IgG 1:25000 Jackson ImmunoResearch Laboratories 

 

Table 1. Antibodies used for flow cytometry and Western blot 

 

3.4 Enzymes 
 

Heparinase I, II and III enzymes were provided by Jian Liu (University of North Carolina, 

Chapel Hill, NC, USA) and used at 12 µg per sample (170 µg ml–1 final concentration). 

Chondroitinase ABC was used at 0.005 U per sample (0.1 U ml–1 final concentration; Sigma-

Aldrich). 
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3.5 siRNA transfection  
 

HeLa and CHO-K1 cells were transfected at 80% confluence at a concentration of 200 

nM per well with syndecan-1 siRNA (59-CCAUUCUGACUCGGUUUCU[dT][dT]-39, and 

59-GCCAAGGUUUUAUAAGGCU[dT][dT]-39; Sigma-Aldrich), syndecan-2 siRNA 

(SASI_Hs01_00195372, SASI_Hs01_00195365; Sigma-Aldrich), or a non-specific, 

scrambled control siRNA (59-GAUCAUACGUGCGAUCAGA[dT][dT]-39; Sigma-Aldrich). 

Transfection was done by using Lipofectamine 2000 reagent (Life Technologies). To evaluate 

the efficacy of syndecan-1 and syndecan-2 gene silencing, Western blot analysis of syndecan-

1 and syndecan-2 protein expression was performed in a sample of HeLa cells that were mock 

treated (no transfection) or treated with scrambled siRNA, syndecan-1 siRNA or syndecan-2 

siRNA. Transfection efficacy was measured by using a plasmid encoding enhanced GFP 

(eGFP; Life Technologies) by counting eGFP-positive cells by fluorescence microscopy.  

 

3.6 Plasmid transfection 
 

The plasmids used in the detection of LPS-induced NF-κB activity experiment were 

pNF-κB-Luc (Stratagene), pGL4.75[hRluc/CMV] (Promega), pSilencer 2.1-U6 hygro 

(Ambion) and pmaxGFP (Lonza). To knock down PRINS expression, transient transfection 

experiments using a vector-based RNA interference method [37] were carried out both with 

the HaCaT cell line stably transformed with the NF-κB-luciferase chimeric construct and with 

NHKs. Both cell lines were transfected at 80% confluence with 2 µg/well plasmid DNA. 

Transient transfections were carried out with a Nucleofector device (Lonza) using the 

appropriate transfection reagents provided for HaCaT cells and NHKs. NF-κB-HaCaT cells 

were transfected with the PRINS silencing pSilencer 2.1-U6 construct (AK696) and a 

construct harboring a scrambled sequence of PRINS gene (SC1313), was used as a control. 

Third passage NHKs were simultaneously co-transfected with the NF-κB-luc plasmid and 

either with the PRINS silencing pSilencer 2.1-U6 construct (AK696) or with control construct 

(SC1313). To evaluate the efficiency of PRINS gene silencing, the PRINS RNA level was 

determined by quantitative real time PCR analysis in transfected NF-κB-HaCaT cells and 

NHKs. Transfection efficiencies in both NF-κB-HaCaT cells and NHKs were determined 
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after transfection of plasmid encoding the enhanced green fluorescent protein eGFP 

(pmaxGFP), using a dual-laser FACS-Calibur flow cytometer (Beckton Dickinson), and 

analyzed with the CellQuest Software.  

 

3.7 Viral entry assay 
 

Standard entry assay was used as described previously [68]. Briefly, HeLa cells and 

HSV-1 entry receptor defficient CHO-K1 cells were plated in 96-well tissue culture dish at a 

density of 8 x 103 cells per well. Cells were transfected with syndecan-1, syndecan-2 or 

scrambled siRNA as described above. After 48 h, cells were infected with the β-galactosidase 

expressing recombinant HSV-1(KOS) gL86 in a twofold serial dilution for 6 h at 37 ºC. β-

galactosidase expression is driven by HSV-1 ICP4 promoter by early viral protein synthesis 

upon HSV infection [67, 68]. At 6 h post-infection, cells were washed twice with PBS and the 

soluble substrate O-nitrophenyl-b-D-galactopyranoside (ONPG; Pierce) was added. Enzymic 

activity was measured at 410 nm using a micro-plate reader (Spectra Max 190 Molecular 

Devices).  

 

3.8 Antibody blocking assay 
 

Standard antibody blocking assay was used as described previously [156]. Briefly, 

confluent HeLa cells in 96-well tissue culture dish were washed with PBS and incubated with 

serial dilutions of rabbit pAbs to sydecan-1, syndecan-2 (Santa Cruz Biotechnology) or 

control anti-myc mAb (Life Technologies) for 30 min at 37 ºC. A constant dose of HSV-

1(KOS) gL86 (m.o.i. of 10) was then added to all wells for 2 h at 37 ºC. After 2 h, cells were 

washed and the bound viruses were removed by a 20 s treatment with 100 mM citrate buffer 

(pH 3.0). Incubation was then continued for another 3 h. Cells were then washed twice with 

PBS and β-galactosidase activity was measured by adding its substrate ONPG as described in 

virus entry assay. 
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3.9 Plaque assay  
 

Viral replication upon syndecan-1 and syndecan-2 knockdown was assessed by plaque 

assay [157]. In brief, monolayers of HeLa cells plated in six-well tissue culture dishes were 

transfected with syndecan-1, syndecan-2 or scrambled siRNA as described above. At 48 h 

post-transfection, cells were infected (m.o.i. of 0.01) with HSV-1 (KOS) or mock infected in 

PBS for 90 min at 37 ºC. Cells were then washed with PBS and fresh medium (DMEM 

supplemented with 10% FBS and P/S) was added. Cells were incubated for 72 h at 37 ºC. 

After 72 h, cells were washed with PBS, fixed with 100% methanol for 5 min, and stained 

with the Giemsa stain (Sigma-Aldrich) for 20 min. Infectivity was assessed by counting 

plaques formed using a 10x objective lens of an inverted light microscope (Zeiss Axiovert 

200). 

 

3.10 Cytotoxicity assay  
 

Confluent monolayer of HeLa cells were transfected with syndecan-1, syndecan-2 or 

scrambled siRNA as described above. In addition to the non-specific, scrambled siRNA 

transfected cells, non-transfected cells were also used as controls. Forty-eight hours post-

transfection, cells were infected with HSV-1(KOS) (m.o.i. of 0.01) for 90 min at 37 ºC. The 

inoculum was then removed by washing the cells with PBS and fresh medium was added. 

Cells were incubated at 37 ºC for 120 h, then fixed with 100% methanol and stained with 

Giemsa stain. The number of dead cells was determined using NIH Image J software (version: 

1.43) at twenty high power fields (x 40 objective). 

 

3.11 Flow cytometry 
 

Syndecan-1 and syndecan-2 and HS cell surface expression was detected after HSV-

1(KOS) infection. For syndecan-1 and syndecan-2 cell surface expression, confluent 

monolayers of HeLa cells were infected with HSV-1 (KOS) (m.o.i. of 10) for 0, 2, 4 and 6 h. 

Cells were then washed with PBS, harvested and incubated with the respective primary 

antibody (syndecan-1 at 1 µg per 1x106 cells, or syndecan-2 at 1.25 µg per 1x106 cells) 



 29 

diluted in PBS with 1% BSA for 1 h. After primary antibody incubation, cells were washed 

and incubated for 45 min with anti-mouse or anti-rat-FITC-conjugated secondary anti-IgGs 

(1:100). Cells stained only with anti-mouse-FITC or anti-rat-FITC were used as background 

controls. For HS cell surface expression, HeLa cells were infected with HSV-1 (KOS) (m.o.i. 

of 10) for 0, 2, 4 and 6 h. Cells were then washed with PBS, harvested and incubated with 

mouse anti-human HS mAb 10E4 diluted 1:50 (US Biological) for 20 min at 4 ºC. After that 

the cells were washed and incubated for 30 min at 4 ºC with FITC-conjugated anti-mouse 

IgM diluted to 1:100. Cells stained only with FITC-conjugated anti-mouse IgM were used as 

background controls. Transfection efficiencies in NF-κB-HaCaT cells and NHKs were 

determined after transfection of 2 µg/well of pmaxGFP, using a dual-laser FACS-Calibur flow 

cytometer (Beckton Dickinson) and analyzed with the CellQuest Software. 

 

3.12 Immunoblotting 
 

After 48 h post-transfection of HeLa cells and 0, 2 and 6 h after HSV-1(KOS) 

infection (m.o.i. of 10), syndecan-1 and syndecan-2 protein expression was determined by 

Western blot analysis. The Western blot assay was performed according to the protocol 

described previously [158]. Briefly, approximately 150–200 µg of total cell protein in lysis 

buffer was incubated with 2.5 volumes of –20 ºC 100% methanol overnight at –20 ºC. After 

treatment with 500 µl 100% acetone for 5 min, the protein pellet was redissolved in 100 µl 

heparinase buffer (0.1 M NaOAc+0.1 mM CaOAc, pH 7.0). GAGs were digested with 

heparinase I, II, III (12 µg per sample) and chondroitinase ABC (0.005 U per sample) twice 

for 2.5 h to remove all GAGs. Samples were then denatured in Laemmli Sample Buffer (Bio-

Rad) with 5% (v/v) β-mercaptoethanol and heated to 96 ºC for 10 min before loading onto a 

SDS-PAGE gel. Separated proteins were then transferred to nitrocellulose membrane, blocked 

for 2 h at room temperature in 0.1% TTBS (0.1% Tween 20 in TBS) containing 5% milk, and 

incubated with primary rabbit pAbs against sydecan-1 and syndecan-2 at 1:500 dilutions 

overnight at 4 ºC. The blots were rinsed five times with 0.1% TTBS for 5 min and incubated 

for 1 h at room temperature with HRP-conjugated anti-rabbit IgG at 1:20000 dilutions. Anti-

β-actin mouse mAb as the primary antibody at 1:1000 dilution and HRP-conjugated anti-

mouse IgG as the secondary antibody at 1:25000 dilution were used for detecting β-actin as a 



 30 

loading control. The signal was visualized with SuperSignal West Femto maximum 

sensitivity substrate (Pierce) and the blots were exposed to X-ray film (Kodak) for 2 min. 

Developed films were scanned and protein bands were quantified using the NIH Image J 

software (version: 1.42) in order to generate statistical data for specific bands. Syndecan-1 

and syndecan-2 protein expression was quantified by calculating the relative intensity of each 

syndecan-1 and syndecan-2 band relative to the bands of mock-treated cells. 

 

3.13 Detection of LPS-induced NF-κB activity 
 

Luciferase assays were performed to determine the NF-κB activity in response to LPS 

(purified from Escherichia coli; Sigma-Aldrich) stimulation of the NF-κB-HaCaT cells and 

NHKs. To assay the effect of LPS induction on NF-κB promoter activity, NF-κB-HaCaT cells 

(HaCaT cells previously stably transformed with the NF-nB/luc/neo reporter plasmid, [159]) 

were transfected with the PRINS silencing construct and NHKs were co-transfected with NF-

κB-luc plasmid, pGL4.75 [hRluc/CMV] plasmid and pSilencer 2.1-U6 plasmid construct. 24 

h after transfection, cells were incubated with 2.5 µg/ml LPS for 4 h. The treated cells were 

washed twice with PBS and lysed with passive lysis buffer (Promega) and the luciferase 

activities in the lysates were measured with the Promega Luciferase Assay System according 

to the manufacturer’s instructions (Promega). Firefly and Renilla luciferase activities were 

measured in a Thermo Luminoskan Ascent Machine (Thermo Scientific). For the 

standardization of transfection efficiency in NHKs, the luciferase activity derived from pNF-

κB-Luc was normalized to the activity of Renilla luciferase. The protein concentrations of 

NF-κB-HaCaT cell lysates were determined by using the Bradford protein assay. Transient 

transfection efficacy was detected with positive control vector pmaxGFP by FACS analysis. 

The efficacy of PRINS silencing was detected by using real-time RT-PCR for each 

experiment. Results were confirmed by at least three independent transfections. 

 

3.14 Real-time reverse transcriptase PCR 
 

For real time reverse transcriptase PCR (RT-PCR), 1 µg of purified total RNA was 

reverse transcribed by using the iScript kit (Bio-Rad). After reverse transcription, real time 
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RT-PCR was performed to quantify the abundance of PRINS RNA. PRINS RNA expression 

data were normalized to the 18S ribosomal RNA expression data of each examined sample. 

TaqMan probes were purchased from IDT Probes. The RT-PCR reactions were performed 

with the iQ Supermix (Bio-Rad) in an iCycler (Bio-Rad). The primer sets and TaqMan probes 

used for the reactions are listed in Table 2. 

 

 

 Forward primer Reverse primer Probe 

PRINS GCATCTTCCCTTGGCAAA GCCTAAAGGACATTTCGGTAT TGC TGT TTT GGG TCC TAA CCA TC 

18S CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT TGC TGG CAC CAG ACT TGC CCT C 

 

Table 2. Sequence of primers and probes used for RT-PCR. 

 

3.15 Statistical analyses 
 

Statistical analyses were performed with the STATISTICA software (version 8.0) for 

windows. Normality was tested using the Kolmogorov–Smirnov test. All variables were 

distributed normally. Homogeneity of variance was determined using Levene’s test and was 

considered violated when this test yielded p<0.05. All variances were homogeneous. Data 

were assessed using ANOVA followed by Scheffe’s post-hoc test to evaluate the effects of 

gene silencing of syndecan-1 and syndecan-2 on HSV-1 viral entry, plaque formation and 

cytotoxicity. *p<0.05 and **p<0.0001 were regarded as significant differences between 

treated and mock-treated groups. The results are expressed as means ± SD values; each 

experiment was repeated at least three times. 

To evaluate the effects of silencing of PRINS on LPS-induced NF-κB activity data were 

assessed using the repeated measures ANOVA. *p < 0.05 was regarded as significant 

differences between treated and mock-treated groups. The results are expressed as mean ± 

(SE) values; each experiment was repeated at least three times. 
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4. RESULTS 
 

4.1 HSV-1 infection in HeLa cells enhances syndecan-1 and syndecan-2 cell surface 

expression 

 

Earlier reports have established that infection with microbial pathogens can result in 

significant changes in syndecan expression [33-35, 160]. To determine whether HSV-1 

infection affects cell surface expression of syndecan-1 and syndecan-2, the expression level of 

syndecan-1 and syndecan-2 on HeLa cell surface was analyzed at various times after HSV-

1(KOS) infection by flow cytometry. Cell surface expression levels of syndecan-1 and 

syndecan-2 in mock-infected HeLa cells were used as controls. As shown in Figure 5., both 

syndecan-1 and syndecan-2 cell surface expressions were significantly upregulated as soon as 

2 h after HSV-1 infection. The increases were also observed at 4 and 6 h post-infection in 

HeLa cells. 

 

 

 

 

 

Figure 5. HSV-1 infection of host cell enhances syndecan-1 and syndecan-2 cell surface expression in HeLa 

cells. Cells were infected with a constant dose of HSV-1 (KOS) (m.o.i. of 10) for 2, 4 or 6 h. Syndecan-1 and 

syndecan-2 cell surface expression was then detected by FACS analysis. Enhanced syndecan-1 (a) and syndecan-
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2 (b) cell surface expression was detected in HeLa cells following HSV-1 infection. Mock-infected FITC stained 

cells were used as background control. Results are representative of three independent experiments. 

 

4.2 HSV-1 infection in HeLa cells enhances syndecan-1 and syndecan-2 protein synthesis 

 

Since HSV-1 infection enhances syndecan-1 and syndecan-2 cell surface expression, 

this enhancement could be a result of protein synthesis induction or a higher redistribution of 

HSPGs on the cell surface. To determine if HSV-1 infection modulates syndecan-1 and 

syndecan-2 expression at the protein level, Western blot analysis was performed on HeLa 

cells. Mock-infected cells were used as controls. Densitometric analysis showed that the 

expression level of syndecan-1 protein was increased by 1.64 ± 0.16-fold at 2 h and 2.01 ± 

0.16-fold at 6 h after HSV-1 infection (Fig. 6a). Syndecan-2 protein expression level was also 

increased by 2.59 ± 0.64-fold at 2 h and 3.16 ± 1.02-fold at 6 h after HSV-1 infection (Fig. 

6b). These results demonstrate that HSV-1 not only enhances the cell surface distribution of 

syndecans, but also induces de novo syndecan-1 and syndecan-2 protein synthesis. 
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Figure 6. Western blot analysis of syndecan-1 and syndecan-2 protein expression after HSV-1 (KOS) 

infection. HeLa cells were infected with a constant dose of HSV-1 (KOS) (m.o.i. of 10) for 2 and 6 h. Cell 

lysates were then probed for syndecan-1 and syndecan-2 expression. According to the densitometric analysis, 

syndecan-1 (a) and syndecan-2 (b) were expressed at a higher level at 2 and 6 h post-infection when compared to 

uninfected HeLa cells. Relative intensity of HSV-1(KOS) virus-infected bands expressed as a ratio relative to the 

mock-infected sample is shown. β-actin protein expression was measured as loading control. (means ± SD from 

three independent experiments). 

 

4.3 HSV-1 infection causes an increase of HS expression on cell surface 

 

Since HSV-1 infection of host cells results in an upregulation of protein expression 

and cell surface deposition of syndecans, we aimed to determine whether this may lead to an 

upregulation of HS as well. To investigate if HSV-1 infection affects HS cell surface 

expression, flow cytometry analysis was performed. At 2 h post-infection, HS surface 

expression increased in cells treated with HSV-1(KOS) compared to those that were mock 

treated (Fig. 7). However, at later time points, the increase of HS surface expression exhibited 

a plateau and did not show the dynamic increase we observed for syndecan-1 and syndecan-2 

upregulation after HSV-1 treatment.  
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Figure 7. Flow cytometry analysis of HS expression on HeLa cells infected with HSV-1. HeLa cells were 

infected with HSV-1(KOS) (m.o.i. of 10) for 2, 4 or 6 h. HS cell surface expression was then detected by FACS 

analysis. In HSV-1-infected cells, HS cell surface expression was enhanced compared with uninfected cells. 

Untreated FITC-stained HeLa cells were used as background control. Results are representative of three 

independent experiments. 

 

4.4 Syndecan-1 and syndecan-2 downregulation in HeLa cells 

 

We have demonstrated the significance of syndecan-1 and syndecan-2 on HSV-1 

infection with selective gene silencing of syndecan-1 and syndecan-2 in HeLa cells using 

siRNA expression constructs [79]. Cells were treated with either syndecan-1- or syndecan-2-

specific siRNA to downregulate syndecan-1 and syndecan-2 gene expression, respectively. 

Gene silencing of syndecan-1 (Fig. 8a) and syndecan-2 (Fig. 8b) was detected at the protein 

level by using Western blot analysis. Densitometric analysis showed that treatment with 

syndecan-1- and syndecan-2-specific siRNA resulted in a significant (about 50%) reduction in 

syndecan-1 and syndecan-2 protein expression, respectively. The effect of siRNA was 

specific since scrambled siRNA failed to bring down syndecan expression and likewise, 
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neither scrambled nor syndecan-specific siRNAs had any effects on β-actin expression. 

Additional experiments (data not shown) demonstrated that siRNA against syndecan-1 was 

specific to its subtype and did not interfere with the expression of syndecan-2 and vice versa 

syndecan-2 siRNA also demonstrated high specificity. 

 

 

 
 

Figure 8. Western blot analysis of syndecan-1 and syndecan-2 protein expression after siRNA 

downregulation. Protein expression of syndecan-1 and syndecan-2 measured in a sample of HeLa cells mock 

treated (no transfection) or treated with scrambled siRNA, syndecan-1 siRNA or syndecan-2 siRNA for 48 h. 

Representative Western blots showed knockdown of syndecan-1 (a) or syndecan-2 (b) after siRNA 

downregulation. Densitometric analysis revealed 50% reduction in the signal intensity of both syndecan-1 and 
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syndecan-2. β-actin protein expression was measured as a loading control. (means ± SD from three independent 

experiments). 

 

4.5 Downregulation of syndecan-1 and syndecan-2 inhibits HSV-1 entry 

 

After verifying syndecan-1 and syndecan-2 downregulation by siRNA transfection, the 

effect of reduced syndecan-1 and syndecan-2 protein levels on HSV-1 entry into HeLa cells 

was examined. A previously described HSV-1 entry assay [71, 157] was used to compare 

viral entry into cells treated with syndecan-1 or syndecan-2 siRNA with those treated with 

scrambled siRNA or mock treated. HeLa cells were infected with a recombinant β-

galactosidase expressing HSV-1 (KOS) gL86 reporter virus. The entry of HSV-1 was 

measured after 6 h of viral infection. As indicated in Fig. 9a, a statistically significant, 26.6 ± 

4.6% inhibition of HSV-1 entry was observed in cells transfected with syndecan-1 siRNA 

(p<0.05). Transfected cells with syndecan-2 siRNA resulted in an even more significant, 64.9 

± 5.5% inhibition of HSV-1 entry (p<0.0001) (Fig. 9b).  

 

 

 
 

Figure 9. Downregulation of syndecan-1 and syndecan-2 inhibits HSV-1 entry into HeLa cells. HSV-1 

entry was analysed in HeLa cells mock treated (no transfection) or transfected with scrambled siRNA, syndecan-

1 siRNA or syndecan-2 siRNA. After siRNA transfection, cells were inoculated with a serial dilution of β-
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galactosidase expressing recombinant HSV-1 (KOS) gL86 virus for 6 h. The soluble substrate ONPG was added 

and enzymic activity was measured. Downregulation of both syndecan-1 (Fig. 8a) and syndecan-2 (Fig. 8b) 

inhibits HSV-1 (KOS) gL86 entry into HeLa cells although syndecan-2 siRNA has more significant effect. 

Percentage of inhibition of HSV-1(KOS) gL86 entry by syndecan-1 siRNA or syndecan-2 siRNA treatment was 

calculated relative to mock-treated (no transfection) cells. Scrambled siRNA-transfected cells were used as 

negative control. (means ± SD from six independent experiments; *p<0.05, **p<0.0001). 

 

4.6 Anti-syndecan-1 and anti-syndecan-2 polyclonal antibodies (pAbs) block HSV-1 entry 

 

To confirm the role of syndecan-1 and syndecan-2 in HSV-1 entry and to determine 

whether reduced HSV-1 entry after syndecan-1 and syndecan-2 knockdown is specific to 

syndecan ectodomains, a previously described antibody blocking assay [156] and pAbs 

blocking syndecan-1 and syndecan-2 ectodomains were utilized. As shown in Figure. 10, 

pAbs specific for the extracellular region of syndecan-1 or syndecan-2 were able to block 

HSV-1 entry into HeLa cells in a dose-dependent manner. At the maximum pAb 

concentration (4 µg per well) the observed inhibitions were 35.7 ± 4.2 and 57.84 ± 6.5 %, 

respectively, compared with HeLa cells that were treated with a control, anti-myc mAb. 

Although both syndecan-1 and syndecan-2 pAbs reduced HSV-1 entry, syndecan-2 pAbs 

blockade had a statistically significant reducing effect (p<0.05) that was more substantial than 

that caused by syndecan-1 pAbs treatment. The effect of the pAbs was not additive, since a 

cocktail containing both antibodies did not result in a stronger inhibition beyond what was 

seen with syndecan-2 pAbs (data not shown). 
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Figure 10. Syndecan-1- or syndecan-2-specific antibody treatment blocked HSV-1(KOS) gL86 entry into 

HeLa cells. Cells were incubated with a serial dilution of syndecan-1-specific pAbs, syndecan-2-specific pAbs, 

or control anti-myc mAb for 30 min. Cells were then inoculated with a constant dose of β-galactosidase-

expressing recombinant HSV-1(KOS) gL86 (m.o.i. of 10) for 2 h. The soluble substrate ONPG was added and 

enzymic activity was measured. Per cent inhibition of HSV-1(KOS) gL86 entry by syndecan-1 pAbs or 

syndecan-2 pAbs treatment was calculated relative to anti-myc mAb-treated cells. (means ± SD from four 

independent experiments; *p<0.05) 

 

4.7 Downregulation of syndecan-1 and syndecan-2 inhibits plaque formation, reduces the size 

of HSV-1 plaques and enhances cell survival 

 

The ability of HSV-1 to form plaques reflects its ability to enter cells, replicate and 

spread to infect neighbouring uninfected cells. Since the downregulation of syndecan-1 and 

syndecan-2 reduced HSV-1 entry, we wanted to determine whether a similar decrease in 

HSV-1 plaque formation and spread in HeLa cells is also observed after syndecan-1 and 

syndecan-2 downregulation by siRNA transfection. To this end, a standard plaque assay was 

performed [157]. As shown in Figure 11a, there was a clear and significant reduction in the 

number of plaques formed in HeLa cells transfected with syndecan-1- and syndecan-2-
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specific siRNAs compared with mock treated or scrambled siRNA-transfected cells. 

Transfection with syndecan-1-specific siRNA reduced plaque number by 63.22 ± 2.65% 

(p<0.0001), while transfection with syndecan-2-specific siRNA reduced plaque number by 

98.73 ± 5.78% (p<0.0001). Images taken of formed plaques show that the downregulation of 

syndecan-1 and syndecan-2 resulted in the formation of smaller plaques compared to those of 

mock-treated or scrambled siRNA-treated cells (Fig. 11b).  

To prove that the reduction in entry and plaque formation is an effect of syndecan 

downregulation, and not a result of increased cell death, dead cells in each condition were 

counted 120 h after HSV-1 infection and the numbers were normalized to those observed with 

mock-treated cells. As shown in Figure 10c, downregulation of syndecan-1 reduced the 

percentage of dead cells after HSV-1 infection (by 33.06 ± 5.89 %), and downregulation of 

syndecan-2 resulted in a statistically significant decline in the percentage of dead cells (by 

80.45 ± 5.68 %, p<0.05).  
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Figure 11. Downregulation of syndecan-1 and syndecan-2 affects HSV-1 plaque formation, size and 

enhances cell survival in HeLa cells. Cells were either mock treated (no siRNA transfection), or treated with 

scrambled siRNA, syndecan-1 siRNA or syndecan-2 siRNA. Cells 48 h post-transfection were infected with 

HSV-1(KOS) (m.o.i. of 0.01). (a) Post-infection infectivity at 72 h was assessed by counting p.f.u. Relative 

number of plaques was computed relative to mock-treated (no siRNA transfection) samples. Significant 

decreases in number of plaques were seen in both syndecan-1 siRNA- and syndecan-2 siRNA-transfected HeLa 

cells. Plaques that consisted of 15 or more nuclei were counted. (means±SD from four independent experiments 

conducted in triplicate; **p<0.0001) (b) Morphological appearance of Giemsa-stained HSV-1 (KOS) plaques 72 

h post-infection. In syndecan-1 siRNA- and syndecan-2 siRNA-treated HeLa cells smaller plaques were 

observed compared to the plaques in mock-treated or scrambled siRNA-treated cells. Magnification, x40. (c) 

Cytotoxicity was measured 120 h after HSV-1 (KOS) infection. Relative number of dead cells was calculated 
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relative to mock-treated (no siRNA) samples. Significant decreases of cytotoxicity were observed in both 

syndecan-1 siRNA- and syndecan-2 siRNA treated cells; however, only the effect of syndecan-2 siRNA 

treatment was statistically significant. (means ± SD from four independent experiments conducted in triplicate; 

*p<0.05). 

 

4.8 PRINS expression is regulated differentially in NHKs and HaCaT cells upon stess 

induction 

 

In another set of experiments we aimed to investigate the role of the PRINS non-

coding RNA in LPS-induced stress response of keratinocytes. These experiments were carried 

out using both NHKs and an immortalized keratinocyte cell line, the HaCaT. To this end we 

first compared the PRINS expression of these two cell types upon various stress inductions. 

As shown previously, HaCaT cells and NHKs exhibited different PRINS expression patterns 

subsequent to various forms of stress induction: while translation inhibition, UV-B irradiation 

and co-incubation with microbial compounds all induced marked PRINS expression in 

HaCaT cells, in NHKs the same stressors either induced PRINS with a differential pattern 

(translation inhibition with cycloheximide and UV-B irradiation) or did not induce PRINS 

expression (microbial compounds) [38]. These data indicate a differential role for PRINS in 

the cellular stress response in NHKs and in the immortalized HaCaT cells. 

These gene expression experiments were performed by my coauthor, Dr. Lilla Bari 

and will be presented in detail in her PhD thesis. 

 

4.9 Silencing of PRINS expression does not affect the LPS-induced NF-κB response either in 

HaCaT cells or in NHKs 

 

A number of reports have indicated that immortalized HaCaT cells and NHKs exhibit 

differences in stress response, partially due to the aberrant NF-κB activity seen in HaCaT cells 

[161]. We set out to investigate whether the differences in PRINS-NF-κB interactions might 

be responsible for the differential PRINS expression in these two cell types. Since NF-κB 

activation is considered an end-point of signal transduction processes of cellular stress 
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response, we applied an experimental set-up in which the effect of PRINS silencing on LPS-

induced NF-κB activation could be studied both in HaCaT cells and in NHKs. 

Silencing of PRINS gene expression in NF-κB-HaCaT cells and in NHKs transfected 

with the AK696 PRINS specific silencing construct assessed by real-time RT-PCR, indicated 

effective silencing, to the extent of 70.66 ± 17.47% and 72.05 ± 22.78%, respectively as 

compared with cells transfected with the control SC1313 construct shown in Figure 12.  

 

 

 
 

 

Figure 12. Downregulation of PRINS ncRNA using the AK696 PRINS-specific silencing construct in NF-

κB-HaCaT cells and NHKs. (a) NF-κB-HaCaT cells were transfected with the PRINS silencing pSilencer 2.1-

U6 construct (AK696) and a construct harboring a scrambled sequence of PRINS gene (SC1313) and (b) NHKs 

were simultaneously co-transfected with the NF-κB-luc plasmid and either with the PRINS silencing pSilencer 

2.1-U6 construct (AK696) or with control construct (SC1313). PRINS expression was determined by reverse 

transcriptase real time PCR analysis. Data are indicated as fold expression compared with the controls (SC1313). 

(means ± SD from three independent experiments). 

 

Our results indicated that gene-specific PRINS silencing did not affect the LPS-

induced NF κB activity either in HaCaT cells (Fig. 13a) or in NHKs (Fig. 13b). In HaCaT 

cells, we saw no change in NF-κB signal in transfected cells, while in NHKs a non-specific 

effect was seen in both the control and the specific silencing construct-transfected cells. LPS 

treatment induced a significant three- to four-fold NF-κB activation in HaCaT cells and in 

NHKs, but this induction was not affected by PRINS silencing in either cell types. This 



 44 

suggests that PRINS is not an upstream effector of NF-κB signalling in keratinocytes, and that 

the observed differences in stress-induced PRINS expression in HaCaT cells and in NHKs are 

not related to the aberrant NF-κB activity of HaCaT cells. We therefore hypothesize that 

PRINS may signal independently of NF-κB, and another novel cellular processes may lie 

behind the differences in stress-induced PRINS expression between the two cell types. 

 

 

 
 

 

Figure 13. The effects of PRINS silencing on LPS-induced NF-κB activity in HaCaT cells and in NHKs. 

Luciferase assays were performed to assess NF-κB activity in response to LPS stimulation in NF-κB-HaCaT 

cells (a) and in NHKs (b). Silencing of PRINS had no effect on the LPS-induced NF-κB activity either in HaCaT 

cells or in NHKs. 
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5. DISCUSSION 
 

Epithelial cells compose the covering of most internal and external surfaces of the 

human body including the outer layer of the skin (epidermis), as well as the surface of most 

body cavities including the respiratory, the gastrointestinal, the reproductive and the urinary 

tract. The surface of exocrine and endocrine glands is also composed by epithelial cells. 

Epithelial cells constitute the first defense line against invading pathogens and have a 

proactive role in immune responses and the development of localized inflammatory 

conditions. To protect the human body and respond to stress conditions caused by microbial 

infection, epithelial tissue apply three main strategies. Firstly, epithelial cells form an 

impermeable physical barrier that prevents pathogen entry; secondly epithelial cells are able 

to produce defense molecules including antimicrobial peptides and proteinase inhibitors; 

finally these cells can produce and release signaling molecules including lipid mediators, 

grow factors, and variety of cytokines/chemokines [162, 163]. These signaling molecules 

activate cells of the innate and adaptive immune system [164]. 

Investigations on the molecular mechanisms of epithelial cell stress responses to 

pathogen invasion has great importance for our better understanding of the pathogenesis of 

diseases and indentifying novel therapeutic targets. Our aim was to investigate two aspects of 

stress responses of epithelial cells triggered by viral or bacterial induction.  

In our first model system, HSV-1 was chosen as a viral induction agent since it is a 

clinically important pathogen and leads to numerous diseases from oral lesions to more severe 

conditions. Currently, no cure exists against HSV-1 therefore expansion of our understanding 

of HSV-1–host cell interactions has a great significance on the prevention and treatment of 

HSV-1 viral infection. The initial contact of HSV-1 with its principal target epithelial cells is 

the binding of the virus to HS chains which are expressed on the cell surface as HSPGs [51, 

165]. HS can serve as a receptor for a wide range of microbial pathogens, including viruses 

and bacteria [166-168]. Although the role of HS is well studied as an attachment receptor for 

HSV-1, the role of HSPG core proteins in HSV-1 infection is poorly understood. Since 

predominant HSPGs on human epithelial cell surfaces are syndecan-1 and syndecan-2, [84] 

we aimed to explore the role of their core proteins in HSV-1 infection. The first part of our 

studies directly implicates two members of the syndecan family of HSPGs, syndecan-1 and 

syndecan-2, as important mediators of HSV-1 infection.  
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Previous studies have shown that the infection with various microbial pathogens can 

modulate the expression levels of different syndecan family members. For example, 

alterations in syndecan-1 expression level are observed during the infection with 

Pneumocystis jiroveci and Neisseria gonorrhoeae [34, 35]. Epstein–Barr virus infection 

results in the downregulation of syndecan-1 [33]. Our study is the first report of HSV-1 

infection modulating the expression levels of syndecan-1 and syndecan-2 in infected cells. We 

demonstrated that HSV-1-induced syndecan-1 and syndecan-2 expression enhancements 

occur both at the cell surface level and also at the protein synthesis level. Interestingly, our 

findings suggest that an increase in syndecan-1 and syndecan-2 expression levels, although 

important for many reasons, may also be used as a marker for active HSV-1 infection. Further 

experiments are needed to understand mechanisms by which HSV-1 upregulates syndecan-1 

and syndecan-2 expression and to determine whether this upregulation is a result of a specific 

signaling pathway activation by the virus. 

Additionally, we demonstrate that both syndecan-1 and syndecan-2 contribute 

significantly to viral entry and spread. Knocking down of either syndecan-1 or syndecan-2 

shows detectable effects on HSV-1 entry and plaque formation. Our results also suggest that 

syndecan-2 may have a distinctly larger role in HSV-1 infection than syndecan-1. In addition, 

we provide evidence to directly implicate the HSPG core protein in viral entry. Many known 

protein receptors for HSV-1 entry can be blocked by antibodies, which in turn, blocks viral 

entry [157, 169]. Similar to those receptors, we also found that pAbs against synedecan-1 and 

syndecan-2 block entry. While it is quite possible that antibodies may act by producing steric 

hinderance to virus binding via HS, it is also possible that the core protein may directly 

interact with HSV-1 glycoproteins and that interaction is blocked by the antibodies. For 

unclear reasons, the syndecan pAbs when combined together did not produce an additive 

effect. Future studies will determine whether the syndecan pAbs (especially syndecan-2 

pAbs) may cross-react to block certain conserved syndecan epitopes shared for entry. In this 

case, one group of pAbs (e.g. syndecan-2 pAbs) may be able to block all the epitopes 

(whether on syndecan-1 or syndecan-2) and therefore, pAbs to another protein may not be 

able to show any additional effects. Alternatively, a second possibility is that the pAbs may be 

able to block low affinity interactions (or create steric hindrance) that do not involve 

conformational changes. However, high affinity interactions (accompanied by conformation 
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changes) may not be blocked by antibodies and therefore, the net effect by combining the 

antibodies may not be significantly higher than the individual effects. This may be a reason 

why a near complete blocking of HSV-1 infection by antibodies has been extremely rare even 

when all gD receptors were blocked [157, 169]. Our results, nevertheless, highlight that 

syndecan-1 and syndecan-2 both play a critical role during HSV-1 entry and that the two 

HSPGs show detectable differences in their abilities to facilitate infection. A related 

interesting finding was that the effect of syndecan-2 knockdown was even more severe at the 

plaque formation level. Unlike entry, the downregulation of syndecan-2 expression almost 

completely inhibited plaque formation in HeLa cells. A reduction in plaque number was 

expected since we found that downregulation of syndecan-1 and syndecan-2 reduces HSV-1 

entry. However, the observed dramatic reduction in plaque formation raises the possibility 

that reduced virus entry may not be the only reason for reduced plaque formation and that an 

additional role for syndecan-2 in HSV-1 replication or spread could not be ruled out. Since 

syndecans participate in endocytosis, they may affect virus transport as well [170]. One 

possible way to explain the fact that syndecan-2 has a more significant role in HSV-1 entry is 

related to the differences in GAG distribution on the ectodomains of the HSPGs. While the 

syndecan-1 ectodomain carries HS and chondroitin sulfate (CS) chains, syndecan-2 carries 

solely HS chains on its ectodomain [83, 88, 171]. It is possible that the presence of HS alone 

may help reduce any non-specific virus binding generated by similarly charged but less 

effective CS. A second way to explain the observable differences relies on HSPG cytoplasmic 

domain that has been shown to interact with a variety of signalling and structural proteins, 

suggesting its involvement in various regulatory phenomena. The cytoplasmic domain 

consists of two conserved regions, a membrane proximal common region (C1) and C-terminal 

common region (C2). C2 mediates binding to cytoskeletal proteins and to PDZ-containing 

proteins [81, 172, 173]. The C1 and C2 conserved regions are separated by a variable region 

(V) that is unique for each of the four syndecan family members [81, 172]. The difference in 

the variable region in syndecan-1 and syndecan-2 might explain how these two syndecans 

might have different regulatory roles during HSV-1 infection through activating different 

cellular pathways. Further understanding of the role of the syndecans in HSV-1 infection 

could identify novel antiviral targets and lead to the development of improved antiviral 

strategies. 
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In our second model system, we aimed to elucidate the putative role of a novel non-

coding RNA, PRINS in NF-κB signaling pathway activation in human keratinocytes 

following bacterial LPS induction as an epidermal stress factor. 

Previously, we identified a novel non-coding RNA (ncRNA), PRINS that was 

overexpressed in the non-involved epidermis of psoriatic patients as compared with epidermis 

of healthy individuals [37]. PRINS, localized on the short arm of human chromosome 10, 

consists of two exons, and its full length transcript, expressed by the immortalized 

keratinocytes cell line HaCaT, is 3.6 kb long [37]. PRINS harbours two Alu repetitive 

sequences, and also contains a heat-shock element that displays approximately 70% similarity 

to G8, a small ncRNA in Tetrahymena thermophila [37]. Various stress signals, such as 

serum starvation, contact inhibition, UV-B irradiation, viral (HSV-1) infection and 

translational inhibition by cycloheximide, induced the expression of PRINS in HaCaT cells 

[37]. The effects of stressors were apparent as early as 0.5–3 h after the application of stress, 

indicating that PRINS may play a role in the early phase of the cellular stress response [37]. 

Gene-specific silencing of PRINS led to a decreased viability of serum-starved HaCaT 

keratinocytes as opposed to the control cells, where the silencing of PRINS under the normal 

culturing conditions did not have an impact on cellular viability [37]. These data led us to 

hypothesize that PRINS is essential for the survival of keratinocytes under stress conditions. 

In a next set of experiments we compared PRINS expression patterns in HaCaT cells 

and NHKs. We analyzed  PRINS expression after treatment with cycloheximide (a chemical 

inhibitor of mRNA translation), UV-B irradiation and incubation with several microbial 

compounds inluding Candida albicans, LPS, Staphylococcus aureus peptidoglycan or 

Mycobacterium tuberculosis extract in both NHKs and HaCaT cells [38]. We found that 

PRINS expression responded differentially to various stress signals and microbial agents in 

HaCaT cells and in NHKs.  

Epidermotropic viruses exert a series of structural and biochemical changes in invaded 

host cells, one of which is translational inhibition. Incubation of HaCaT cells and NHKs with 

cycloheximide, a chemical inhibitor of mRNA translation, resulted in elevations of PRINS 

expression of similar magnitude, but with different time courses in the two cell types [38]. 

Exposition of HaCaT cells and NHKs to UV-B irradiation resulted in a gentle, prolonged 

PRINS expression response in HaCaT cells and a late, significant PRINS expression response 
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in NHKs, respectively [38]. It is well documented that distinct differences exist between the 

responses of NHKs and HaCaT cells to UV-B irradiation and HaCaT cells are known to be 

more sensitive to UV-B-induced apoptosis [174]. However, the most striking differences we 

saw between the two cell types in PRINS expression were after  incubation with microbial 

compounds: while PRINS expression in HaCaT cells was highly elevated in response to all of 

applied microbial agents, a significant elevation of PRINS expression in NHKs was observed 

only after incubation with LPS, but none of the other microbial agents [38].  

Under normal conditions, the epidermis is subjected to a wide range of pathogenic and 

non-pathogenic microbes, which can activate the innate immune system through a variety of 

pattern recognition receptors, such as the family of TLRs. It is well established that signaling 

events induced by LPS stimulation are mediated through TLR 4 [175], while yeast and Gram-

positive bacterial and mycobacterial components bind to TLR 2 [176]. The effect of LPS is 

mediated through TLR4 in keratinocytes.  Keratinocytes also express TLR2, a receptor to 

yeast and Gram-positive bacterial and mycobacterial components [177]. Olariu et al. 

previously demonstrated that HaCaT cells and NHKs expressed similar levels of TLR2 and 

TLR4 mRNAs, and that HaCaT cells stimulated with various microbial agents responded with 

the induction of various chemokine mRNAs similarly to NHKs [178]. Taken together, these 

data suggest that, although HaCaT cells exhibit differences in some applications i.e. 

regulation of tissue differentiation [179], they are suitable tools for studying certain aspects of 

keratinocyte functions. We supposed that detected differences in microbial compound-

induced PRINS expression may not be related to TLR-mediated signal transduction events in 

these two cell types.  

Since NF-κB is considered to be a down-stream effector in signal transduction, we 

investigated whether PRINS is involved in the regulation of signaling events leading to NF-

κB activation. To reveal whether NF-κB transduction pathway is affected by the PRINS non-

coding RNA, we silenced the PRINS gene expression with siRNA in NHKs and HaCaT 

keratinocytes and monitored NF-κB signal transduction after LPS treatment. Our results 

demonstrated that PRINS gene silencing had no effect on NF-κB activation either in NHKs or 

in HaCaT cells, suggesting that PRINS is not an upstream effector of NF-κB signalling in 

keratinocytes. To identify which signal transduction events are affected by the PRINS 

ncRNA, further studies are needed. The results of our previous work [180] suggested that 
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PRINS may primarily contribute to cellular events regulating keratinocyte apoptosis, since we 

found that PRINS regulated the expression of G1P3, an anti-apoptotic gene that is under the 

control of the JAK/STAT/ISRE signal transduction pathway [181]. Overall, our data indicate 

that PRINS, a novel ncRNA related to the cellular stress response [37], signals independently 

of the NF-κB-mediated signal transduction pathway(s). Moreover, our results suggest that 

there may be differences in intracellular signaling pathways between NHKs and HaCaT cells 

and this is also reflected in the differences in PRINS expression seen in these two cell types. 

The identification of genes with altered expression patterns either in involved or in 

non-involved psoriatic skin widely contributes to the better understanding of the pathogenesis 

of psoriasis. Previous studies have been revealed large scale gene expression changes in 

involved psoriatic skin compared to normal skin [134, 136, 137]; involved psoriatic skin 

compared to non-involved psoriatic skin [136, 137, 140]; and non-involved psoriatic skin 

compared to normal skin [139]. While numerous psoriasis-associated genes have been 

identified [117, 134, 137, 139, 140], the role of these genes in the pathogenesis of psoriasis 

remains poorly understood. Previously, we identified a novel non-coding RNA, PRINS that is 

expressed at higher level in the non-involved epidermis of psoriatic patients than in either the 

psoriatic involved epidermis or epidermis of healthy individuals [37]. Our results suggest that 

the overexpression of PRINS in the non-involved psoriatic epidermis may play role in 

psoriasis susceptibility [37] and are in accordance with previous studies that in response to 

external stress stimuli, the keratinocytes of the non-involved psoriatic and of the healthy 

epidermis answer differentially [182, 183]. We additionally showed that the expression of the 

anti-apoptotic G1P3 gene is under the contol of PRINS [148] and PRINS might interact 

physically with the molecular chaperone protein nucleophosmin in keratinocytes [148]. We 

suppose that PRINS is part of a ribonucleocomplex and its altered expression in psoriatic 

uninvolved epidermis contributes to the well-established aberrant stress response of psoriatic 

keratinocytes and as a consequence to psoriasis susceptibility. 

Human epithelial surfaces have a great importance in defense mechanisms against 

invading organisms. Infection of epithelial cells by microbial pathogens activates numerous 

host protective molecular mechanisms which are coordinated by a complex program of gene 

expression. A better understanding of HSV-1/host interaction mechanisms and the role of a 

novel ncRNA in the pathogenesis of psoriasis will be useful for screening and evaluating 
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possible therapeutic strategies and may provide some novel base for development of new 

strategies for the treatment of infectious and inflammatory diseases.  
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6. SUMMARY 

 

In our work, we investigated two aspects of epithelial cell stress responses following 

viral and bacterial infection.  In the first part of our work, we examined the role of two 

heparan sulfate proteoglycans on HSV-1 infection and in the second part of our work we 

examined the connection between the NF-κB and PRINS-mediated signal transduction 

pathway in NHKs and HaCaT cells. 

Herpes simplex virus type 1 (HSV-1) is an important human pathogen and a leading 

cause of infectious blindness in the developing world. HSV-1 exploits heparan sulfate 

proteoglycans (HSPG) for attachment to cells. While the significance of heparan sulphate 

(HS) moieties in HSV-1 infection is well established, the role of specific proteoglycan core 

proteins in the infection process remains poorly understood. The objective of this study was to 

assess the roles of syndecan-1 and syndecan-2 core proteins in HSV-1 infection, both of 

which are expressed by many HSV-1 target cell types. HSV-1 infection increases syndecan-1 

and syndecan-2 protein synthesis and results increase in cell surface expression of HS. 

Furthermore, our results demonstrate that syndecan-1 and syndecan-2 gene silencing by RNA 

interference reduces HSV-1 entry, plaque formation and facilitates cell survival. Our 

observations suggest that changes in syndecan-1 and syndecan-2 expression levels may be 

related to active viral infection. Taken together, our findings provide new insights into HSPG 

functions during HSV-1 entry and spread. 

Psoriasis is a chronic inflammatory skin disease that affects approximately 2–4% of 

the population. We recently described a novel non-coding RNA, psoriasis susceptibility 

related RNA gene induced by stress (PRINS), that was overexpressed in non-lesional psoriatic 

epidermis, and its expression was induced by various stress factors such as serum starvation, 

contact inhibition, ultraviolet (UV)-B irradiation, viral infection and translational inhibition in 

HaCaT cells. We compared the stress and microbial agent-induced PRINS expression in 

normal human keratinocytes (NHKs) and HaCaT cells and we observed different PRINS 

expression pattern responded to various stress signals and microbial agents in these two cell 

lines. To explore whether the known NF-κB abnormalities in HaCaT cells could be related to 

this differential PRINS expression, we silenced the PRINS gene expression with small 
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interfering RNA (siRNA) in both HaCaT cells and in NHKs and monitored NF-κB signal 

transduction after lipopolysaccharide (LPS) treatment. Silencing of PRINS had no effect on 

LPS-induced NF-κB activity either in HaCaT cells or in NHKs. Our results indicate that 

PRINS probably affects keratinocytes functions independently of NF-κB signalling. 
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7. ÖSSZEFOGLALÁS 
 

Munkánk célja a virális és a bakteriális fertızést követı sejtszintő stressz válaszok 

tanulmányozása volt epithél sejtekben. Munkánk elsı részében két, a herpes simplex virus-1 

(HSV-1) fertızésre fogékony sejtek felszínén általánosan kifejezett sejtfelszíni heparán-

szulfát proteoglikán (HSPG), a syndecan-1 és syndecan-2 szerepét tanulmányoztuk a HSV-1 

fertızésben human epithél sejtekben (HeLa), míg munkánk második részét az NF-κB és 

PRINS-közvetített jelátviteli útvonal közti kapcsolat vizsgálata képezte primer 

keratinocitákban és HaCaT -sejtekben. 

A herpes simplex-1 világszerte elterjedt patogén vírus. A HSV-1 által leggyakrabban 

okozott betegségek a bır felhólyagosodásával járó ajak-herpesz; a vakságot is okozható 

szaruhártyaherpesz, de ritka esetekben a lappangó HSV-1 vírus aktivációja akár encephalitist 

(herpes-encephalitis) is elıidézhet. A herpeszfertızés a sérült bır vagy nyálkahártya epithél 

sejtjeiben megy végbe. Az elsıdleges fertızést követıen a HSV-1az érzıideg-végzıdésekbe 

jut, majd az idegnyúlványokon keresztül a gerincvelı hátsó gyöki ganglionjaiban telepszik 

meg, és lappang élethossziglan. A szervezetben lappangó herpeszvírusok reaktiválódhatnak 

különbözı tényezık hatására, úgymint immunszupresszió, láz, hormonális változások, 

menstruáció, stresszhatások és UV-fény. 

A HSV-1 vírus a gazdasejtbe való bejutása egy többlépcsıs folyamat, ami a virális 

burok glikoprotein gB és gC heparán szulfátokhoz (HS) való kapcsolódásával kezdıdik. A HS 

a glükózaminoglikánok (GAG) családjába tartozó, heterogén szerkezető, lineáris 

poliszacharid, ami általánosan megtalálható az emlıs szöveti sejtek felszínén és az 

extracelluláris mátrixban. A HS- láncok fehérjékhez való kovalens kötıdésével 

proteoglikánok jönnek létre (HSPGs), amelyek sejtfelszíni receptorként/koreceptorként 

szolgálnak számos ligand számára. Míg a HS-láncoknak bizonyítottan fontos szerepe van a 

HSV-1 fertızésben, addig a HSPG-ok magfehérjéinek vírusfertızésben betöltött szerepérıl 

keveset tudunk. A syndecan család tagjai (syndecan-1, syndecan-2, syndecan-3 és syndecan-

4) általánosan megtalálható HSPG-ok az emlıs sejtek felszínén, továbbá a syndecan-1 és 

syndecan-2 fehérjék jelentıs mértékben kifejezıdnek a HSV-1 fertızés célsejtjeiként szolgáló 

epithél sejtek felszínén. Kutatásunk célja az volt, hogy betekintést nyerjünk a syndecan-1 és 
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syndecan-2 magfehérjék HSV-1 fertızésben betöltött szerepébe. Fehérje expressziós 

vizsgálatok segítségével megállapítottuk, hogy HSV-1 fertızést követıen a syndecan-1 és a 

syndecan-2 fehérjék szintézise megnövekedett mind sejtfelszíni, mind összfehérje szinten, 

továbbá RNS-interferencia módszerrel kimutattuk, hogy a syndecan-1 és syndecan-2 fehérjék 

mennyiségének csökkentése negatívan hat a HSV-1 vírusok gazdasejtbe történı bejutására, 

illetve a vírusfertızés terjedésére, és elısegíti a fertızött sejtek túlélését HeLa -sejtekben. 

Vizsgálataink arra engednek következtetni, hogy a syndecan-1 és syndecan-2 fehérjék 

mennyiségének változása kapcsolatban áll az aktív vírusfertızéssel. Összegezve, 

eredményeink új betekintést nyújtanak a HSPG-ok szerepérıl a HSV-1 gazdasejtbe való 

bejutásának és a vírus sejtrıl sejtre való terjedésének folyamatába.  

Munkánk második részében a kutatócsoportunk által korábban leírt nem kódoló RNS-

molekula (PRINS, Psoriasis Susceptibility Related RNA gene Induced by Stress) szerepét 

vizsgáltuk bakteriális lipopolysacharid kezelést követıen, mind immortalizált keratinocita 

sejtekben (HaCaT), mind elsıdleges keratinocyta tenyészetekben.  

A pikkelysömör (psoriasis) a populáció 2-4 %-án észlelhetı, és világszerte 120-180 

millió embert érintı krónikus gyulladásos tünetekkel járó multifaktoriális bırbetegség. A 

pikkelysömör pathomechanizmusa még nem ismert pontosan, de a tünetek megjelenésében 

örökletes genetikai faktorok, környezeti tényezık (a bır mechanikai, kémiai sérülése, 

ultraibolya-sugárzás, különféle fertızések vagy a gyógyszerhasználat) továbbá az 

immunfolyamatokban bekövetkezı abnormalitások is szerepet játszanak. A psoriasis fokozott 

keratinocita proliferációval, a gyulladást elısegítı sejtek epidermális infiltrációjával jár, ami a 

bır felszínén plakkok megjelenéséhez vezet. Noha a számos nagy skálájú génexpressziós 

vizsgálatoknak köszönhetıen tudjuk, hogy a pikkelysömörös epidermiszben több száz gén és 

fehérje kifejezıdése megváltozik, e gének és fehérjék pontos szerepérıl a pikkelysömörre 

való hajlam kialakításában keveset tudunk. A pikkelysömörre hajlamosító örökletes faktorok 

azonosítása lehetıséget nyújt új diagnosztikus eszközök, valamint preventív terápiás 

megoldások kidolgozására. 

Korábban valós idejő RT-PCR-kísérletek segítségével megállapítottuk, hogy a PRINS-

gén eltérı kifejezıdési mintázatot mutat a két általunk vizsgált sejtvonalban, egy 

fehérjeszintézis gátló molekula (cycloheximid), lipopolysaccharid (LPS) kezelést, illetve 

különbözı mikrobiális anyagokkal való kezelést követıen. A PRINS gén kifejezıdésének 
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növekedését észleltük a cycloheximid, illetve LPS-kezelést követıen HaCaT-sejtekben, 

ugyanez a primer keratinocitákban nem volt megfigyelhetı. Ugyancsak különbözı PRINS 

gén kifejezıdési mintázatot tapasztaltunk a két általunk vizsgált sejtvonalban mikrobiális 

anyagokkal való kezelést követıen: míg a PRINS nem-kódoló RNS kifejezıdésének markáns 

növekedését figyeltük meg HaCaT-sejtekben, addig a mikrobiális anyagokkal való kezelés 

nem váltott ki változást a PRINS kifejezıdésében primer keratinocitákban. 

Ismert, hogy a mikróbák epitél sejtek általi felismerését a nuclear factor-κB (NF- κB) 

jelátviteli út aktiválása követi. Annak eldöntésére tehát, hogy a két vizsgált sejtvonalban 

megfigyelt különbség hátterében a megváltozott NF-κB jelátvitel út áll-e, a PRINS nem- 

kódoló RNS kifejezıdését csökkentettük kis interferáló RNS-ek (siRNS) segítségével HaCaT-

sejtekben és a primer keratinocitákban, melyeket elızetesen NF-κB válaszelemet, illetve 

luciferáz riporter gént tartalmazó konstrukttal transzfektáltunk.  Ezután a transzfektált 

sejtekben nyomon követtük az LPS-kezelés által kiváltott NF-κB aktivációt. Luciferáz riporter 

esszék segítségével megállapítottuk, hogy a PRINS gén csendesítése nem volt hatással az LPS 

kiváltotta NF-κB aktivitásra sem HaCaT-sejtekben, sem az elsıdleges keratinocitákban. 

Eredményeink arra engednek következtetni, hogy a PRINS nem-kódoló RNS az NF-κB-tıl 

független jelátvivı, vagy a jelátviteli kaszkádban az NF-κB után helyezkedik el. Az LPS-

kezelés hatására bekövetkezı eltérı PRINS gén aktiváció hátterében más, jelenleg még 

ismeretlen setjszintő folyamatok állhatnak.  
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