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Abstract 

 

Epidermolysis bullosa simplex (EBS) is a genetic skin disorder usually affecting epidermis 

but in some cases even the mucous membranes and is caused by dominant mutations in either 

keratin 14 (KRT14) or keratin 5 (KRT5) genes. Mutations in these keratins result in fragile 

intermediate filaments making the epithelial cells vulnerable to trauma. This fragility can be 

seen as frequent blistering in the epithelial tissue. EBS is one of the best understood inherited 

bullous diseases although with no existing therapies. This study sought to develop an in vitro 

disease model by transfection of HaCaT keratinocytes with an EGFP expression vector 

containing KRT14-C373T. The result showed that cells transfected with mutated KRT14 

formed a higher amount of keratin aggregate and were less resistant to heat induced stress 

compared to cells transfected with wild type KRT14. Furthermore, HaCaT keratinocytes 

cotransfected either with wild type KRT14 and mutated KRT14 or with wild type KRT5 and 

mutated KRT14 are able to reduce aggregate formation at resting conditions. These data bring 

us closer to developing an in vitro assay which in the future can be used to screen for novel 

drug candidates.  

 

Sammanfattning 

 

Epidermolysis bullosa simplex (EBS) är en genetisk hudsjukdom som vanligen påverkar 

epidermis men i vissa fall även slemhinnorna och orsakas av dominanta mutationer i antingen 

keratin 14 (KRT14) eller keratin 5 (KRT5) genen. Mutationer i dessa keratiner resulterar i 

sköra intermediära filament vilket gör epitelcellerna känsliga för trauma. Slutligen leder 

denna skörhet till blåsbildningar i överhuden. EBS är en av de ärftliga bullösa sjukdomarna 

som man har mest kunskap om, däremot finns det ingen behandling. Denna studie har strävat 

efter att utveckla en in vitro sjukdomsmodell genom transfektion av HaCaT keratinocyter med 

en EGFP expressionsvektor som innehåller KRT14-C373T. Resultatet visade att celler som 

hade transfekterats med muterat KRT14 bildade en högre andel keratinaggregat och var 

mindre motståndskraftiga mot värmeinducerad stress jämfört med celler som hade 

transfekterats med vildtyps KRT14. Vidare påvisade resultatet att HaCaT keratinocyter 

kotransfekterade antingen med vildtyps KRT14 och muterat KRT14 eller med vildtyps KRT5 

och muterat KRT14 kunde reducera aggregatbildningen i vilotillstånd. Dessa data för oss 

närmare utvecklingen av en in vitro-analys som i framtiden skulle kunna användas för 

screening av nya läkemedelskandidater. 

 

Introduction 

 

All complex organisms possess many different types of epithelial tissues which can be found 

at the boundary between the organism and its environment. These epithelial tissues functions 

mainly as barrier tissues, such as the epidermis that forms the outmost protective layer of the 

skin, the anterior corneal epithelium and the gut lined with simple epithelial monolayer. The 

cytoplasm of all human cells contains a network of intermediate filaments and these 

intermediate filaments are in epithelial cells composed of different keratins (McLean and 

Moore, 2011). Humans possess at least 65 functional intermediate filament genes and 54 of 

these are keratins (Lane and McLean, 2004). The intermediate filament family is divided into 

six subclasses of which keratins make up type I and type II groups. Most epithelial cells 

express a particular pair of type I and type II keratins; for example, basaloid cells of epidermis 

express keratin 5 (type II) and keratin 14 (type I), and suprabasal cells express mostly keratin 

1 (type II) and keratin 10 (type I) (Steinert, 1993). The particular pair of keratins forms 

heterodimers which polymerize into filaments (Lane and McLean, 2004) and form 10-nm 



wide intermediate filament cytoskeleton (Coulombe et al., 2009). Both keratin types possess a 

central α-helical rod domain (McLean and Moore, 2011) of conserved secondary structure 

and flanking amino- and carboxyl-terminal end domains (Steinert, 1993), which vary in size 

and sequence between the individual keratin proteins (McLean and Moore, 2011). The ends of 

the rod domain are involved in end-to-end overlap interactions during the filament 

polymerization. There are short and highly conserved motifs in these rod ends called the helix 

boundary motifs (McLean and Moore, 2011) and these are particularly important in filament 

assembly (Beriault et al., 2012). 

 

The most important function of the keratin intermediate filaments is to help the cells to resist 

mechanical trauma. Inherited defects, that weaken or result in complete loss of different 

keratins, cause diseases which are characterized by epithelial tissue fragility. This fragility can 

be seen either as macroscopic or microscopic blistering of epithelial tissue (McLean and 

Moore, 2011). Epidermolysis bullosa (EB) is a group of inherited disorders characterized by 

mechanical induced blistering and erosion of the skin and mucus membranes (Sawamura et 

al., 2010; Shinkuma et al., 2011). EB is classified into three main subtypes, Epidermolysis 

bullosa simplex (EBS), dystrophic Epidermolysis bullosa (EBD) and junctional 

Epidermolysis bullosa (EBJ). This classification is based on the level of epidermal separation 

from the underlying basal lamina; in the basal keratinocytes, dermis and lamina lucida of the 

basement membrane in EBS, EBD and EBJ, respectively (Sawamura et al., 2010; Shinkuma 

et al., 2011). 

 

EBS is a rare genetic condition characterized by superficial bullous lesions (fluid-filled 

cavities, or blisters larger than 0.5 cm) as a result of mechanical trauma to the skin (Coulombe 

et al., 2009). The blisters formed are able to heal leaving no scars which distinguishes EBS 

from EBJ and EBD (Coulombe et al., 2009). Most cases of EBS are dominantly inherited and 

are caused by mutations in either keratin 14 (K14) or keratin 5 (K5), the type I and type II 

intermediate filament proteins that form the intermediate filament network of basal 

keratinocytes in the epidermis. In their normal state K14 and K5 form heterodimers which 

polymerize and form a 10-nm-wide intermediate filament cytoskeleton (Coulombe et al., 

2009). Mutation in these keratins disrupts the keratin intermediate filament structure 

(Coulombe et al., 2009), which leads to disturbance of keratin assembly and formation of 

keratin aggregates (Werner et al., 2004). The keratin aggregates are accumulations of the 

mutated keratins but also of components of the proteasome complex and chemical chaperones 

trying to degrade these aggregates (Löffek et al., 2010). This disruption causes the basal 

keratinocytes to become fragile, causing them to rupture when the epidermis is exposed to 

traumatic stress (Coulombe et al., 2009).Trauma-induced rupture of basal keratinocytes in 

EBS-skin often occurs in a specific area of the cytoplasm, which is between hemidesmosomes 

and the nucleus (Coulombe et al., 2009). There are several variants of EBS, but the most 

common are EBS-generalized (the distribution of blistering is “generalized” over the whole 

body), EBS-localized (the distribution of the blisters are “localized”, most often limited to 

hands and feet), and EBS Dowling-Meara (EBS-DM, the blisters are generalized but they 

show a clustered pattern). These EBS types differ mainly according to the distribution, 

frequency and severity of skin blistering (Coulombe et al., 2009).  

 

For the EBS variants there is a strong correlation between the mutation in the target keratin 

and the degree to which it disrupts keratin intermediate filament polymerization, and therefore 

also the severity of the disease (Coulombe et al., 2009). Mutations that are located within the 

highly conserved area, the so-called helix boundary motifs, either in K5 or K14, are highly 

associated with EBS-DM (Coulombe et al., 2009). The most common mutation in EBS-DM is 



the missense mutation R125C in K14, which is located in the helix initiation motif of coil 1A 

(Smith et al., 2004; Coulombe et al., 2009). Mutations that cause the mildest variant of EBS 

are often localized in the nonhelical head and linker domain of the keratin, particularly K5. 

The primary structure of these domains is not as conserved as the helix boundary motifs and 

therefore is less important for the intermediate filament polymerization and function 

(Coulombe et al., 2009). EBS-generalized, which is intermediate in severity between EBS-

localized and EBS-DM, is also often associated with mutations in the helix boundary motifs 

but it also shows a greater frequency of mutations, localized in other places in the rod domain 

than EBS-DM (Coulombe et al., 2009).  

 

EBS is one of the most understood inherited bullous diseases but there is one area in which 

the progress has not kept up, and that is the therapeutic options for patients suffering from 

EBS. Today EBS is treated by minimizing trauma and preventing infections in the healing 

blisters, meaning that the treatment is only preventive and palliative (Coulombe et al., 2009). 

Earlier studies have shown that Trimethylamine N-oxide dehydrate (TMAO) and 4-

phenylbutyrate (4-PBA) which have chaperone properties, reduce aggregate formation in EBS 

patient cells and therefore could be a potential treatment for the disease (Chamcheu et al., 

2011). Another study has shown that tetracycline can reduce blister formation in patients with 

EBS-DM when administered systemically (Lu et al., 2007). 

 

The aim of this study was to generate a mutation in a KRT14 mammalian expression plasmid 

and to analyze the effect of this mutation on keratin stability in HaCaT keratinocytes. A 

pEGFP-C1 vector containing kanamycin resistance and wild type KRT14 gene was used for 

site-directed mutagenesis in KRT14. The mutation introduced into KRT14 was the missense 

mutation 373C>T resulting in arginine exchange for cysteine at position 125 in the protein, 

which is most representative for the Dowling-Meara form of EBS (www.interfil.org). The 

Dowling-Meara form was preferred because it is the most severe form of EBS (Coulombe et 

al., 2009) and therefore more detectable in microscope. This has shown that the fraction of 

HaCaT keratinocytes containing keratin aggregates is higher in cells transfected with a vector 

containing the desired mutation than in cells transfected with a vector containing the wild type 

KRT14. The mutated keratin also gives rise to more unstable intermediate filaments which 

cannot resist heat induced stress. Furthermore, the aggregate formation can be decreased by 

cotransfection of HaCaT cells with mutated KRT14 and wild type KRT14, giving a better 

model for the disease than cells transfected merely with mutated KRT14. HaCaT cells 

cotransfected with mutated and wild type KRT14 being exposed to TMAO, 4-PBA or 

tetracycline showed no significant reduction in keratin aggregates. In the future this strategy, 

using expression plasmids, can be used to develop an in vitro assay to screen for novel drug 

candidates, which in the end can result in novel treatment options for various types of 

keratinopathies.  

 

Material and methods 

 

Site-directed mutagenesis and transformation of XL10-Gold Ultracompetent cells 

 

To generate a plasmid which contains mutation, 373C>T in KRT14 a pEGFP-C1 vector 

containing kanamycin resistance and wild type KRT14 gene was used as an initiate vector. 

The mutation was introduced into the wild type KRT14 containing plasmid using QuikChange 

II XL Site-Directed Mutagenesis kit (Agilent Technologies Sweden AB, Sweden) except of 

slight changes. Instead of using one-step PCR amplification, two-step PCR amplification was 

done to insert the mutation. During the first stage of the two-step PCR two different PCR 



reactions were done, one for the coding and one for the non-coding strand avoiding primer 

dimer. The following PCR program was used: an initial denaturation step of 1 min at 95°C, 

followed by 10 cycles of 95°C for 50 s, 60°C for 50 s, and 68°C for 7 min. After the first 

amplification the two different reactions were mixed and the second PCR was performed. 

PCR program used for the second amplification was: an initial denaturation step of 1 min at 

95°C, followed by 18 cycles of 95°C for 50 s, 60°C for 50 s, and 68°C for 7 min. To generate 

the mutation forward primer 5’-CAGAACCTCAATGACTGCCTGGCCTCCTAC and 

reverse primer 5’-GTAGGAGGCCAGGCAGTCATTGAGGTTCTG were used. These 

primers containing the desired mutation are designed using QuikChange Primer Design and 

the primers were ordered from Applied Biosystems. Each PCR reaction mix contained 

PfuUltra high-fidelity DNA polymerase which has a lower error rate than Taq DNA 

polymerase and QuikSolution which facilitates the replication of large plasmids. After the 

second amplification the PCR-mixtures were incubated on ice for two minutes. Following the 

incubation Dpn I restriction enzyme was added to digest the wild type template and incubated 

at 37°C over night.  

  

To obtain a higher amount of the mutated plasmid, XL10-Gold ultracompetent cells provided 

with the kit, were used for transformation. These bacteria were transformed by adding β-

mercaptoethanol mix and the Dpn I-treated DNA followed by heat pulse of the mixture in a 

42°C water bath for 30 seconds. β-mercaptoethanol mix and the heat pulse both increase the  

permeability of the bacterial membrane facilitating the uptake of the plasmid. After the heat 

pulsation the bacteria were incubated on ice for two minutes before the pre-warmed LB-

medium was added. Subsequently the bacteria were incubated at 37°C with shaking at 225 

rpm for one hour. The incubation was followed by bacteria spreading on LB-kanamycin 

plates which in turn were incubated at 37°C overnight. The next day colonies from each plate 

were transferred to separate tubes containing LB-medium and kanamycin (1000:1), to obtain 

bacterial cultures with only one clone. The bacteria containing tubes were incubated at 37°C 

with shaking at 225 rpm overnight.  

 

Plasmid purification and verification  

 

Purification of the plasmid was done using QIAGEN EndoFree Plasmid Mini Kit (Qiagen 

AB, Sweden). The overnight bacteria culture was pelleted for ten minutes at 5000 rpm and the 

pellet was resuspended and transferred to a microcentrifuge tube. The bacteria were lysed 

under alkaline condition and the bacteria remainders were spun down at 14 000 rpm for 10 

min at 4°C. The supernatant was applied to an equilibrated QIAGEN-tip 20 and allowed to 

enter the resin by gravity flow. The plasmid binds to the anion-exchange resin under proper 

low-salt and pH conditions. The QIAGEN-tip was washed to remove RNA, proteins and other 

impurities by using a medium-salt wash. After the wash the plasmid was eluted in a high-salt 

buffer and then precipitated by addition of room-temperature isopropanol. The precipitated 

DNA was centrifuged at 14,000 rpm for 40 min at 4°C; the pellet was washed with room-

temperature 70% ethanol before it was centrifuged at ≥15,000 rpm for 10 min. The resulting 

pellet was air-dried for ten minutes before it was redissolved in a buffer provided by the kit. 

Plasmid yield was measured using NanoDrop spectrophotometer and the mutated plasmid was 

verified by DNA-sequencing. 

 

The DNA-sequencing was done at Rudbeck Laboratory, Uppsala University, Sweden using 

BigDye
® 

Terminator v3.1. Sequence program used was: an initial denaturation step of 30 sec 

at 94°C, followed by 35 cycles of 94°C for 25 sec, 50°C for 15 sec, and 60°C for 120 sec. 



During this program forward primer 5’-TTCAGCAGCAGCAGCAGCAGCTTTGG and 

reverse primer 5’-CAGGGTCAGTTCGTCCAGCA were used.  

 

Amplification and purification of the mutated plasmid 

 

Amplification of the mutated KRT14-plasmid was done in DH5α-cells. The mutated KRT14-

plasmid was introduced into these bacteria by heat pulse of the plasmid-bacteria mixture in a 

42°C water bath for 45 seconds. The bacteria were then incubated on ice for two minutes 

prior to addition of the pre-warmed LB-medium. Afterwards the bacteria were incubated at 

37°C with shaking at 225 rpm for one hour, followed by bacteria spreading on LB-kanamycin 

plates which in turn were incubated at 37°C overnight. 

 

Colonies from the overnight culture were furthered cultured in Falcon
®

 2059 polypropylene 

tubes containing LB-medium and kanamycin (1000:1). These bacteria were allowed to grow 

for six hours at 37°C with shaking at 225 rpm. A fraction of the cultured bacteria were added 

to an e-flask containing LB-medium and kanamycin (1000:1), before they were incubated at 

37°C with shaking at 225 rpm overnight.  

  

Purification of the plasmid was done in a similar way as before when using QIAGEN 

EndoFree Plasmid Mini Kit, besides this time using QIAGEN EndoFree Plasmid Maxi Kit 

(Qiagen AB, Sweden) which differs on some points. The overnight bacteria culture was 

centrifuged for 25 minutes at 5000 rpm as opposed to10 minutes when using QIAGEN 

EndoFree Plasmid Mini Kit. Instead of spanning down the bacteria remainders the lysate was 

filtered using a QIAfilter Cartidge provided by the kit. Before the filtered lysate was added to 

an equilibrated QIAGEN-tip 500 it was mixed with a buffer, which came with the kit and 

incubated on ice for 30 minutes. The precipitated DNA was centrifuged at 14 000 rpm for 30 

minutes at 4°C instead of 40 minutes.  

 

Keratinocyte culture and transfection 

 

HaCaT cells, a spontaneously immortalized human keratinocyte line, were cultured in 

HaCaT-medium consisted of Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal 

bovine serum (FBS), L-glutamin 100x, non essential amino acids (NEAA) 100x and 

penicillin-streptomycin (PeSt) 100x at 37°C and 5% CO2, and then split on glass cover slips. 

The cover slips were first prepared by soaking them into dilution medium and coating matrix 

(100:1) and incubating for at least 30 min in room temperature, making it easier for the 

keratinocytes to attach to the cover slips. Afterwards the cultured HaCaT cells were washed 

with 0.05 % EDTA/PBS and trypsinized to dissociate from the flask in which they have been 

cultured. The trypsinization was blocked using serum-containing medium. The cell 

suspension was centrifuged at 1030 rpm for 7 minutes and the pellet was resuspended in 

HaCaT-medium. Subsequently the cell mixture was added to the cover slips and incubated at 

37°C for 48 hours.  

 

When the HaCaT cells had grown on cover slips for 48 hours the mutated or wild type 

plasmid was inserted using jetPEI transfection kit (In Vitro Sweden AB, Sweden) together 

with CombiMag reagent and a magnetic plate, both provided by Magnetofectamine
TM

 

transfection kit (Labinova, Sweden).  JetPEI
TM

 is a linear polyethylenimine that binds to the 

negatively charged plasmids and forms a positively charged shell around them. The 

CombiMaq regeant contains magnetic beads which form complexes with the 

polyethylenimine/plasmid particles. These positively charged polyethylenimine/plasmid 



particles interact with the negatively charged proteoglycans found on the cellular surface and 

enter the cells by endocytosis. Well inside the cell the jetPEI
TM

 functions as a proton sponge 

buffering the endosomal pH which protects the DNA from degradation. The buffering 

function of jetPEI
TM

 results in increased proton influx to the inside of the endosome, leading 

to increased endosomal osmotic pressure and rupture of the endosome. This in turn frees the 

plasmid and makes it available for transcription and translation. The magnetic beads drive the 

polyethylenimine/plasmid particles towards the cells, allowing the plasmid amount to get 

concentrated onto the cells very rapidly and triggering delivery by endocytosis. The 

combination of jetPEI- and CombiMag reagent allows higher tranfection efficiency than using 

only jetPEI reagent. For each well 1 μg plasmid DNA was diluted in 150 mM NaCl. To the 

DNA solution jetPEI reagent diluted in 150 mM NaCl was added. The solution was mixed, 

span down and added to the CombiMag reagent before it was incubated for 20 minutes at 

room temperature. Afterwards the jetPEI/DNA/CombiMag solution was added dropwise to 

keratinocytes simultaneously as the plate was moved back and forth. The cells were incubated 

on the magnetic plate for 20 minutes at 37°C. After the incubation the magnetic plate was 

removed and the cells were incubated for 48 hours at 37°C, allowing the transfection to occur 

to a sufficient extent.  

 

Heat-stress and microscopy 

 

When the HaCaT cells had undergone the transfection and enough keratin filaments have 

been formed half of the cells were heat-stressed to examine the difference in aggregate 

formation between stressed and unstressed cells. The cells were heat-stressed in a 42°C water 

bath for 30 minutes and then incubated for 15 minutes at 37° C to recover. All cell containing 

cover slips were washed in 1xPBS and fixed in acetone-methanol. After the fixation the cells 

were washed in 1xPBS and distilled water before the cell nucleus was stained with 

Vectashield Mounting Media for Fluorescence with DAPI (BioNordika AB, Sweden). The 

cells were studied by fluorescence microscopy and the percentage of aggregate-containing 

cells was calculated.  

 

Treatment of HaCaT cells 

 

HaCaT cells were grown on cover slips and cotransfected with equal amount of wild type 

KRT14 and mutated KRT14 in the same way as previously described. After 48 hours 

incubation of the transfected cells, they were treated either with 100 mM TMAO, 1 mM 4-

PBA or 150 μM tetracycline for 24 hours at 37°C. Afterwards half of the cells were heat-

stressed, fixed and stained as described earlier.  

 

Results 

 

Expression of transfected K14 in HaCaT cells 

 

HaCaT keratinocytes were transfected with plasmid containing either wild type KRT14 

(pKRT14-wt) or mutated KRT14 (pKRT14-mut). The effect of the resulted proteins on HaCaT 

cells were studied in fluorescence microscope and aggregate containing cells among 

transfected cells were counted. It was found that cells transfected with pKRT14-mut form 

more aggregate than cells transfected with pKRT14-wt. Cells transfected with pKRT14-mut 

form additional aggregate when heat stressed while cells transfected with pKRT14-wt do not 

do so. 

 



 

 

Figure 1: Aggregate formation in HaCaT keratinocytes transfected either with pKRT14 wt or pKRT14 

mut. HaCaT cells were grown on glass cover slips, transfected either with pKRT14 wt or pKRT14 mut and 

incubated for 48 h. Half of the cell containing glass cover slips were heat stressed in 43° for 30 min and allowed 

to recover for 15 min. Afterwards the cells were stained and studied in fluorescence microscope. A minimum of 

100 cells were counted on 1-2 glass coverslips. (a) A cell forming clear keratin filament network and (b) a cell 

with collapsed keratin filament network are shown. (c) Cells transfected with pKRT14 mut form more aggregate 

than cells transfected with pKRT14 wt. The cells transfected with pKRT14 mut are also less resistant to heat 

induced stress than cells transfected with pKRT14 wt. 

  

Cotransfection of HaCaT cells with pKRT14-wt and pKRT14-mut or with pKRT5-wt and 

pKRT14-mut reduces keratin aggregate 

 

HaCaT keratinocytes were transfected with plasmid containing either wild type KRT14, 

mutated KRT14, wild type KRT5 or a combination of these. It was fund that cells transfected 

with both pKRT14-wt and pKRT14-mut showed less aggregate formation than cells 

transfected with only pKRT14-mut. No difference could be seen whether the amount of 

pKRT14-wt used was the same or higher than pKRT14-mut; percentage of aggregate 

containing cells was approximately the same. If the cells were transfected with both pKRT14-

mut and pKRT5-wt less aggregate containing cells were counted compared to cells transfected 

with only pKRT14-mut. Although, when cells were transfected with pKRT14-wt, pKRT14-

mut and pKRT5-wt no difference could be seen, compared to if the cells were transfected only 

with pKRT14-wt and pKRT14-mut. 
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Figure 2: Cotransfection of HaCaT cells with the intention to reduce background aggregate. HaCaT cells 

were grown on glass cover slips, transfected either with pKRT14-wt, pKRT14-mut, pKRT5-wt or combination of 

these. The cells were transfected with varying amounts of the keratins and pSG5 as filler DNA, a total of 1 µg 

DNA. The cells were stained, studied in fluorescence microscope and 200 cells were counted on single 
coverslips. Cells cotransfected with the different keratins showed less aggregate formation than cells transfected 

with a single keratin. This provides evidence that transfected cells form background aggregate and that they can 

be reduced by cotransfection.  
 

Treatment of HaCaT cells with TMAO, 4-PBA and tetracycline  

 

Cells cotransfected with pKRT14-wt and pKRT14-mut were treated either with TMAO, 4-

PBA or tetracycline. Half of the treated cells were stressed to see if the treatment may 

stabilize intermediate filament and help cells to resist stress induced keratin disruption. Cells 

treated with TMAO were the only who showed reduced aggregate formation, while 4-PBA 

and tetracycline did not show any positive effect. We could see that there were less cells 

containing aggregate when treated with TMAO, whether they were exposed to stress or not. 

Though it is important to mention that HaCaT keratinocytes treated with tetracycline had an 

altered morphology and no visible keratin filament network, which might indicate that the 

tetracycline concentration used during the experiment might be toxic for the cells.  

 

 

  

 

 

 

 

 

 

 

 

 
Figure 3: Treatmen of HaCaT cells with trimethylamine N-oxide (TMAO), 4-phenylbutyrate (4-PBA) and 

tetracycline (TC). HaCaT cells were grown on glass cover slips, cotransfected with 0.25µg pKRT14-wt, 0.25µg 

pKRT14-mut and 0.5 µg pSG5. After 48 h incubation half of the cells were heat stressed at 42° for 30 min, and 

allowed to recover for 15 minutes. Subsequently the cells were stained, studied in microscope and a minimum of 

100 cells were counted on 1-2 glass cover slips. TMAO is the only treatment that reduces aggregate formation.  



Discussion 

 

Epidermolysis bullosa simplex is primarily inherited in an autosomal dominant manner 

(Coulombe et al., 2009), which in theory means that only half of keratin translated should be 

defective. When HaCaT cells were transfected either with pKRT14-wt or pKRT14-mut, 

keratin aggregates could be seen in the cytoplasm, less so in cells transfected with the wild 

type keratin. The percentage of aggregate containing cells was 12.6 % in cells transfected 

with the wild type keratin while it increased to 38.5 % in cells transfected with the mutated 

form. Although there is a huge difference between these two values, percentage of aggregate 

containing cells is higher than in patient cells where the percentage of aggregate containing 

cells is 4-5 % (Chamcheu et al., 2010), while no aggregates are formed in controls 

(Chamcheu et al., 2010). Because patient cells possess one healthy allele, probably half of the 

keratin 14 in these cells has the wild type form, but when HaCaT cells are transfected merely 

with one of the plasmids the balance between the wild type and the mutant form of keratin 

might be disturbed. This imbalance could in turn lead to instable keratin filaments and 

aggregate formation. The hypothesis was tested by transfection of HaCaT cells both with 

pKRT14-wt and pKRT14-mut, which resulted in lower amount of keratin containing cells.  

 

Another hypothesis was that the endogenous K5 cannot counterbalance the exogenous K14; 

therefore the excess of K14 would lead to formation of keratin aggregates. This hypothesis 

was tested by transfection of HaCaT cells either with pKRT14-wt and pKRT5-wt or with 

pKRT14-mut and pKRT5-wt. When the cells were double transfected the number of aggregate 

containing cells was reduced meaning that exogenous K5 is also needed to remove the 

background aggregate, contradicting results by Sørensen et al. (2003) (Sørensen et al., 2003) 

who report that increased expression of K5-wt is not enough to reduce number of aggregate 

containing cells. It is worth mentioning that the authors used a vector containing another 

KRT14 mutation which could have contributed to their results. Although when HaCaT cells 

were transfected with pKRT14-wt, pKRT14-mut and pKRT5-wt no difference could be seen 

compared to HaCaT cells transfected only with pKRT14-wt and pKRT14-mut. Consequently 

HaCaT cells transfected with pKRT14-wt and pKRT14-mut were selected as a model for EBS. 

Because cotransfection of HaCaT cells reduces aggregate formation a possible treatment for 

EBS is a molecule that can increase expression of K14-wt or even better a substance that 

could decrease expression of K14-mut.  

 

We proceeded with the experiment by treating the HaCaT cells transfected with pKRT14-wt 

and pKRT14-mut, either with 4PBA, TMAO or tetracycline. It has earlier been shown that 

TMAO is able to reduce aggregate formation in patient cells (Chamcheu et al., 2011) and this 

showed the same effect. However, any aggregate reduction could not be seen when cells were 

exposed to 4-PBA, though a pronounced effect has previously been reported in patient cells 

(Chamcheu et al., 2011) or when the cells were exposed to tetracycline. The reason why 4-

PBA does not work might be because it does not work as a chaperone i.e. it does not stabilize 

the mutated keratin 14, meaning that the function of 4-PBA is more on the gene level. Lately 

it has been shown that an increase in proinflammatory cytokines such as IL-6 and IL-1β as 

well as an increased number of Langerhans cells are part of EBS pathogenesis (Lu et al., 

2007; Löffek et al., 2010) Because tetracycline has an anti-inflammatory effect besides the 

anti-bacterial, its mechanism of action could be on the inflammation level. The explanation of 

why tetracycline does not function on our cells could be because we do not have any 

inflammatory response in vitro. Another way in which tetracycline could act is that it can 

degrade keratin aggregate resulting in cells without visible keratin filament network, which 

we could observe in the present experiments.  If that is the case it could mean that HaCaT 



cells during this experiment were not treated with a toxic concentration of tetracycline; it is 

the tetracycline mechanism of action.   

 

An in vitro cell model of EBS is desirable in order to scan for novel drug candidates which in 

the end could result in new treatment options for the patients. The advantage of using 

transfected HaCaT cells as a cell model for EBS is that it is a simple and inexpensive method 

which could speed up the development of new drugs. The disadvantage of using transfected 

cells as a disease model is that no effect can be seen if a substance acts on gene level meaning 

that substances which actually could be used as a treatment would be disregarded with this 

method. 

 

Conclusively, we provide evidence that plasmids can be used to create a cell model for 

Epidermolysis bullosa simplex and that a difference can be seen depending on whether the 

cells are transfected with wild type gene or with mutated gene. Our data also show that 

aggregates are formed even though cells are transfected with the wild type plasmid meaning 

that there is an artifactual formation of keratin aggregates which needs to be completely 

reduced. Cotransfection is a way to reduce background aggregate but it is not sufficient for 

the model to be reliable; if that was the case we should have seen a strong effect with both 4-

PBA and TMAO in the same way as with patient cells. Hence the model can not be used as an 

in vitro assay to scan for novel drug candidates yet, it needs to be optimized. 
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Note added in proof 
 

Recent studies have shown that number of aggregate containing cells decreases the longer 

time the cells are allowed to grow after the transfection. It has also been shown that aggregate 

formation in HaCaT cells is reduced when cells are exposed to 50 µM tetracycline. 
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