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Abstract

Kallikrein-related peptidases (KLKs) constitute a family of closely related serine proteases
encoded by genes clustered in one chromosomal locus. KLKs are widely expressed in a variety of
tissues and numerous in vitro experiments suggest their important roles in many physiological and
pathological processes. However, the biological roles of KLKs in vivo are often obscured mainly due to
unavailability of suitable animal models. Although gene deficient mouse models were generated for
several KLK genes, they had limited use for understanding the roles of individual proteases in the
complex environment in vivo. One of the main obstacles which hampers in vivo analysis is partial
functional overlap between some KLKs. This makes traditional single-gene deficient animal models an
inadequate tool to address the biological impact of the gene deficiency as compensatory mechanisms
often result in a lack of phenotype.

In this work, we used the transcription activator-like effector nuclease (TALEN) technology to
generate several novel mutant mouse models to study the complex KLK proteolytic pathways and
their roles in healthy organism and in disease. We prepared a novel mouse model for Netherton
syndrome (NS), an autosomal recessive skin disorder caused by mutation in the gene SPINK5, which
encodes the KLK-inhibitor LEKTI. NS is associated with hyperactivity of KLKs, which results in the
chronic inflammation of skin, hair defects and a severe disruption of skin barrier. By mimicking a
patient-derived mutation of SPINK5 in mouse genome, we generated a mutant mouse that mimics the
symptoms of NS patients and shows early post-natal lethality due to skin barrier failure. To address
the roles of KLKs in the disease, we prepared a set of mutant mice individually or simultaneously
deficient for KLK5 and KLK7 that were crossed with Spink5 mutants. We showed that although single
ablation of KLK5 or KLK7 is not sufficient to rescue the lethal effect of LEKTI-deficiency, simultaneous
inactivation of both KLKs completely rescues the epidermal barrier and the postnatal lethality allowing
mice to reach adulthood with fully functional skin and normal hair growth. We also showed that both
proteases KLK5 and KLK7 play important roles in the inflammation and defective differentiation in NS
and KLK7 activity is not solely dependent on activation by KLK5. Furthermore, detailed analysis of
KLK5/KLK7 double-deficient mice revealed prominent epidermal hyperkeratosis, which is the first in
vivo evidence that both proteases are involved in the physiological process of shedding the epidermal
cells from the skin surface.

We also demonstrated that TALEN technology can be efficiently used to produce
unconventional animal models in which only a portion of cells is characterized by ablation of targeted
gene (genetic mosaics). Mosaic inactivation of Spink5 gene in mice generates a viable model for NS,
which is characterized by patches of lesional skin that reproduces NS symptoms such as keratinocyte
hyperproliferation, defective differentiation and alopecia. In contrast to traditional Spink5-deficient
animals, Spink5-mosaics survive the neonatal period, which allows long term experiments, such as
evaluation of therapeutic compounds.

In summary, we have used the technology of programmable nucleases to generate several
novel mouse models deficient for KLK proteases or their inhibitor LEKTI. Detailed analysis of these
mice brought novel insights into the molecular pathogenesis of Netherton syndrome and also into the
roles of KLK5 and KLK7 in skin homeostasis. We believe that these animal models will become useful
tools for development of therapeutic compounds for NS treatment and for further characterization of
KLK proteolytic pathways in vivo.



Introduction

Kallikrein-related peptidases (KLKs) are a subgroup of serine proteases that are expressed in
many tissues and participate in a variety of physiological and pathophysiological processes. The family
of KLKs consist of 15 genes, that are located in one chromosomal locus and they are highly conserved
in all mammals (1, 2). Majority of KLKs are expressed in the upper skin layer — epidermis (3). Based on
numerous in vitro experiments, KLK5 and KLK7 have been proposed to play important roles in several
processes that are crucial for proper function of epidermis. KLKs 5 and 7, together with KLKs 1, 6 and
14 are able to cleave desmogleinl (DSG1), desmocollinl (DSC1) and corneodesmosin (CDSN) —
components of corneodesmosomes, the cell-cell junctions between the cells of stratum corneum (SC)
- the most superficial epidermal compartment (4, 5). It is assumed that proteolytic degradation of
corneodesmosomes is one of key steps in desquamation — physiological process in which dead
keratinocytes are shed from the skin surface (6). However, there is no evidence that KLKs are involved
in desquamation in vivo. KLK5 was also shown to play an important role in the modulation of
cutaneous inflammation via proteolytic activation of PAR2 receptors (7). Both, KLK5 and KLK7 are
linked to the processing of antimicrobial peptides located on the skin surface. Thus, these proteases
may play a role in antimicrobial defense of epidermis (8).

Proteolytic activity of KLKs is mainly regulated by two processes — conversion of their inactive
precursors into active proteases or by their interactions with inhibitors. Like other proteolytic
enzymes, KLKs are expressed as pro-enzymes that require proteolytic cleavage to become active. In
turn they can promote activation of other proteases. Consequently, proteolytic enzymes often form
complex activation cascades in which one protease initiates the activity of multiple downstream
members and KLKs appear to be important players in the proteolytic network of epidermis. Based on
the experiments using recombinant proteins, KLK5 was predicted to play a central part in KLK
activation cascades, as it is a potent activator of many other pro-KLKs (including pro-KLK7) and it can
also initiate the activation of its own precursor (pro-KLK5)(9).

It is assumed that the most important inhibitor of KLKs in epidermis is lymhoepithelial Kazal-
type related inhibitor (LEKTI). LEKTI, encoded by the gene SPINK5 (serine protease inhibitor of Kazal-
type 5), is expressed in epidermis and other stratified epithelia (10). Full length LEKTI consists of 15
inhibitory domains (D1--D15) and upon synthesis undergoes proteolytic processing into multiple
bioactive fragments containing one to six domains with distinct inhibitory specificities (11, 12). LEKTI
has been reported to inhibit several proteases including plasmin, trypsin, subtilisin A, cathepsin G,
elastase, caspase-14 (13-15), however epidermal KLKs 5, 7 and 14 are believed to be its main in vivo
targets (16-18).

Ablation of LEKTI due to mutations in the SPINK5 gene is the underlying factor of a severe skin
disease — Netherton syndrome (NS). Newborns suffering from NS exhibit scaly and peeling skin, with
chronic inflammation and a severe disruption of epidermal barrier, which in some cases is fatal (19-
21). Pathological manifestations of NS are linked to unregulated activities of epidermal proteases.
Indeed, detailed analysis revealed that SC extracts isolated from NS patients show enhanced trypsin-
and chymotrypsin-like activities, as well as increased processing of corneodesmosomal proteins (22),
which suggests epidermal KLKs as candidate proteases responsible for skin defects in NS. Experiments
with Spink5-deficient mice revealed that multiple proteases are upregulated in the absence of LEKTI,
including KLK5, KLK7, KLK14 and elastase 2 (23, 24), however the exact roles of these enzymes in NS
pathology remain elusive.



Gene-deficient mutant mice models proved to be valuable for understanding the gene
functions in vivo. Interestingly, mice deficient for Klk genes often show only minor or no phenotype
(25, 26). This is in striking contrast to the key roles of KLKs in proteolytic activation cascades,
desquamation and cutaneous-inflammation that were proposed based on experiments in vitro and
upon characterization of LEKTI-deficient mice. Possibly, the lack of phenotype in KLK- deficient mice
can be explained by a functional redundancy of these enzymes. It is known, that many substrates are
cleaved by multiple different KLKs. The main corneodesmosmal protein DSG1 can be digested in vitro
by at least four different KLKs— 1, 5, 6 and 14 (4, 5), while DSC1 and CDSN are degraded by KLKs 5 and
7 (22). Similarly, PAR-2 can be processed by KLKs 5, 6 and 14 (7, 27). It can be assumed that the absence
of one protease can be compensated by a different enzyme with a similar substrate specificity.

We speculate that this functional overlap between individual proteases can be elucidated by
generation of animals simultaneously deficient for multiple Klk genes. However, close genomic
proximity of Klk genes hampers efficient generation of double-deficient mice by cross-breeding of two
independent single-gene deficient mouse lines. We believe that recent development of
programmable nucleases, such as ZFN, TALEN and CRISPR/Cas9 (28, 29) enables generation of these
models that would elucidate the roles of KLKs in vivo.



Aims of the study

The main aim of this study was to prepare and characterize novel mutant mouse models that
would provide new insights into biological roles of kallikrein-related peptidases in epidermis.
Especially we aimed to focus on KLK5 and KLK7 that have been predicted to play important roles in
skin homeostasis and pathology.

We believe, that traditional single-gene-deficient mutant models are not the most optimal
tools for analysis of KLKs" biological functions. Activity of KLKs in vivo is tightly balanced by interactions
between individual proteases and further modulated by their inhibitors. Consequently, ablation of a
single member in protease-inhibitor network can lead to dysregulation of many other enzymes. Thus,
the biological impact of single-gene deficiency can be obscured by non-specific secondary effects. In
addition, experiments in vitro show that some KLKs share the same substrates, which suggests partial
functional overlap between individual proteases. Thus, we aimed to prepare mouse models
simultaneously deficient for several KLKs or with combined deficiency for a KLK and its inhibitor. Such
models would allow complex analysis of the whole proteolytic cascades and also reveal functional
redundancy between individual proteases.

The aims can be further specified, as follows:
e Establishment and optimization of a targeting system that would allow fast
and efficient generation of gene-deficient mutant mouse models
e Generation of mutant mice with single or multiple deficiency for proteases
KLK5, KLK7 and/or their inhibitor LEKTI (Spink5 gene)
e Characterization of the mutant phenotypes

List of methods

Cloning of TALENs

in vitro transcription and mRNA polyadenylation

Cloning and preparation of dsDNA constructs for microinjections
Isolation of genomic DNA and PCR-based genotyping

T7 endonuclease assay

Analysis of trans-epidermal water losses

Skin barrier penetration assay

Histology and immunostaining

Gel zymography

SDS-PAGE and western blots



Results and Discussion

TALEN-technology allows rapid and efficient generation of mutant mouse models

In order to establish and optimize the technical approach that would enable the generation of
mice deficient for multiple Klk genes and/or the inhibitor LEKTI, we decided to prepare the TALENs
targeting the Rosa26 locus and validate their efficiency for gene-targeting in mice. Targeting of the
Rosa26 locus allowed us a direct comparison between two groups of programmable nucleases -
TALENs and ZFNs, as Rosa26 —targeting ZFNs were commercially available (Sigma, St. Louis, MO, USA).
TALENsR°226 were designed and prepared in-house using web-based tool TAL Effector Nucleotide
Targeter 2.0 and Golden Gate Cloning system (30). To test the activity and specificity of TALENsf$2°,
we developed a plasmid reporter system, which allows the evaluation of nuclease activity in cultured
cells by monitoring the nuclease-triggered expression of TurboRFP gene. This in vitro assay showed
that TALENsR°226 effectively cleave in the Rosa26 target sequence, while none of the putative off-
target sequences was cut. These results indicated high specificity and efficiency of TALENsRos226,

Furthermore, we showed that microinjection of TALENs®*32® RNA precursors into mouse one-
cell stage embryos generates indel mutations within the target sequence. Analysis of the gene

Rosa26 \yere superior to ZFNR%226 35 they showed

targeting in developing embryos revealed that TALENs
higher targeting efficiency and lower cytotoxicity. This is in agreement with others who reported
higher efficiency of TALENs in a direct comparison with ZFNs recognizing the same target sequence
(29).

Most importantly, we showed that TALENsR®#26 can be successfully used for production of
mutant mice. The mouse strains Rosa26-TurboRFP and Rosa26-Blueflirt were obtained at a frequency
of 2/17 and 1/17, respectively, thus, the overall efficiency of HR was 8.8 %. This further demonstrates
that TALENs are more favourable tool than ZFNs, as ZFN-assisted targeting of Rosa26 showed the
efficiency from 1.7-4.5% (31, 32). Detail analysis of the Rosa26 target sequence in founder mice
revealed presence of three and more allelic variants. Indeed, occurrence of genetic mosaicism was
previously described in mutant mice generated by TALENs (33) as well as by other types of
programmable nucleases (29). We also demonstrated that mutant mice produced by TALENsR°26 did
not carry any indel mutations at putative off-target sites and the transgene was successfully
transmitted to F1 generation.

Interestingly, our data suggested that the linear variant of targeting construct, which lacks the
vector backbone sequences, was integrated into the genomic DNA with higher efficiency than circular
plasmid DNA targeting vector, while the previous studies showed no major differences in the
integration of circular or linear targeting vectors (31, 34). We suggest that higher frequency of HDR
seen by a shorter linear template may be due to the molar excess of the DNA fragment compared to
the complete construct when the same mass of construct is injected. Indeed using short single-
stranded oligonucleotide as a targeting constructs appears to be a very efficient approach for PN-
mediated HDR in mouse zygotes (28).

In summary, by targeting of mouse Rosa26 locus, we showed that TALENs prepared by
conventional laboratory techniques can be efficiently used for the production of mutant mice carrying
indel mutations as well as for targeted integration of a transgene.



Synergistic effects of KLK5 and KLK7 are crucial for the desquamation during maturation of
epidermis

Close genomic proximity of Klk5 and Klk7 genes hampers efficient generation of KLK5/KLK7
double-deficient mice by cross-breeding of two independent single-gene deficient mouse lines. Thus
we applied TALEN mutagenesis for Klk7 targeting on the genetic background of KIk5 mutant mice. This
approach allowed fast and effective generation of KIk57, KIk7”-and KIk57°KIk7”- mutant mouse lines.
Although newborn pups at postnatal day 0 (P0) did not show any obvious phenotype, KIk57KIk7”* pups
developed prominent hyperkeratosis at postnatal days 5-8. We speculate that thickening of stratum
corneum in KIk57°KIk7" pups is caused by defects in the desquamatory process. It was proposed that
the shedding of corneocytes from the skin surface is triggered by proteolytic degradation of
corneodesmosomes, the cell-cell junctions between corneocytes in SC (6). KLK5 and KLK7 were
reported to be expressed in superficial epidermal layer — stratum corneum. (3). Furthermore, both
proteases were shown in vitro to process DSC1 and CDSN, proteins that form corneodesmosomes (4).
Thus it can be assumed that the absence of these enzymes in KIk57KIk7”/" epidermis leads to the
inhibition of corneodesmosomal degradation and accumulation of corneocytes in upper epidermal
layers. Interestingly, KLK5 and KLK7 single-deficient pups did not show any prominent thickening of
SC, which suggests that the process of desquamation is not significantly affected in these mice. We
speculate that KLK5 can substitute KLK7 function in corneodesmosomal degradation and vice versa.
Detailed analysis of corneodesmosomal proteins or their cleaved forms in the KLK5/7 single and
double— deficient P8 epidermis would provide interesting insights in the mechanism of desquamatory
defects in these mice and in the exact roles of individual proteases in the desquamation.

No obvious phenotype of KIk57 P8 mice appears to be a result of KLK7 activity, which
compensates for the absence of KLK5. These results clearly demonstrate that KLK7 is not entirely
dependent on proteolytic activation by KLK5, which was previously proposed based on the
experiments in vitro (35). The mechanism of pro-KLK7 activation in the absence of KLK5 remains
unclear. KLK7 can be activated by matriptase (36) and a recent study also suggests a role of
mesotrypsin in pro-KLK7 activation (37).

Interestingly, the adult mice do not show any phenotype pointing to the lack of desquamation.
These observations suggest that the desquamatory machinery is differentially regulated in P8 and in
adult age. Multiple proteases were shown to process corneodesmosomal proteins, such as KLK1, KLK6
and KLK14 that can cleave DSG 1 (5). Thus the desquamation in adult epidermis is possibly maintained
by other players. We speculate that detailed analysis of epidermal proteolytic activities in the
epidermis our KLK5/7 -deficient mouse mutants in various ages would provide important insights
about regulation of desquamation in vivo.

Mutant mice carrying the A135X mutation in the Spink5 gene manifest the symptoms of Netherton
syndrome

To study the molecular pathogenesis of NS in our laboratory, we used TALENs to prepare a
novel mouse model with a mutation in Spink5 gene. High degree of homology between human and
mouse Spink5 genes allowed us generation of p.A135X variant of Spink5 gene in mice, which closely
resembles the p.A134X mutation known from human NS patients (38). We believe that mimicking a
human mutation in mice may provide a better alternative for studying human disease in comparison
to tradition gene-deficient mice. Introduction of a patient-derived mutation into the Spink5 gene leads

only to a minor modification of genomic nucleotide sequence. This allowed us to avoid the disruption
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of potential regulatory sequences, which might lead to the onset of an unspecific phenotype.
Additionally, in contrast to gene-deficient mice produced by manipulation of ESCs, Spink5A135X/A135X
mice lack the targeting cassette containing undesired sequences such as Neomycin resistance gene. It
was shown that the presence of a neomycin cassette can result in unspecific effects or lethality (39).
Most importantly, mouse model carrying a point mutation in Spink5 sequence provides novel insights
in the molecular pathology of NS. It was proposed that the phenotypical features of NS patients may
be dependent on the position of the causative mutation within the Spink5 coding sequence and the
mutations in later exons may result in a less severe phenotype due to hypothetical presence of
remaining LEKTI-derived inhibitory domains (40). However, this hypothesis was not experimentally

verified. Detail analysis of Spink5A135X/A135X

newborn pups showed the same defects as previously
reported Spink5- targeted knock-out mice including aggravated cutaneous inflammation, keratinocyte
hyperproliferation and early postnatal lethality at PO (24, 41, 42). Thus, a point mutation in exon 5
results in the same phenotype as targeted ablation of first four coding exons (24). Furthermore, we

showed significant downregulation of Spink5 mRNA in Spink5A135X/A135X

mice, likely due to nonsense-
mediated mRNA decay. This suggests that the phenotype of Spink5 mutant mice is independent of the
position of Spink5 -mutation.

In conclusion, we have generated a novel mouse model for NS that closely recapitulates the
phenotypical features of NS patients as well as of previously described Spink5 KO animals. We believe

that Spink5*13%/A135X mice may be useful tool to study the mechanisms of NS pathology.

Mosaic inactivation of Spink5 generates a viable mouse model for Netherton syndrome

Although several mutant mouse models for NS were previously described, the main obstacle
that hampers analysis of Spink5 —deficient mutant mice is their early lethality at PO (24, 41, 42). This
does not allow any analysis of adult mice, which might develop different phenotype from newborns.
Although this can be partially resolved by grafting the skin obtained from Spink5-deficient pups or
embryos onto immunocompromised recipient animals (43), such approaches can be associated with
undesirable secondary effects resulting from the transplantation and comprehensive analysis might
be limited due to the genetic background of the recipient animals.

In this work, we showed that microinjections of Spink5-targeting TALENSs into the cytoplasm of
mouse zygotes can result in mutant mice that survive over PO and develop patches of alopetic,
dysplastic skin, which markedly resembles to that of NS-patients and the LEKTI-deficient skin grafts in
mice. We showed that the underlying factor of this skin pathology are indel mutations in the Spink5
gene, likely due to activity of TALENs in two-cell stage and later embryos. This is in agreement with
our previous report of mouse genetic mosaics that were generated upon microinjections of Rosa26 -
targeting TALENs as well as with others, who reported occurrence of genetic mosaicism in founder
mice generated by programmable nucleases (29, 33). However, by TALEN-mediated targeting of
Spink5, we showed that this otherwise undesired phenomenon can be used to study adult phenotypes
of genes that are associated with early postnatal lethality. Furthermore, we showed that the incidence
of mosaicism can be controlled by the concentrations of nucleases at the one-cell stage embryos.
Possibly, the generation of mosaics may be further improved by injection of the nucleases or their
precursors into the embryos in later stages of development (i.e. late one-cell stage or two-cell stage).

Detailed analysis of Spink5 mosaics revealed aggravated cutaneous inflammation,
keratinocyte hyperproliferation and disruption of epidermal water-barrier in the lesional areas.
Interestingly, Spink5-deficient skin developed severe intrafollicular hyperkeratosis, a phenotype that
was previously described in mice deficient in corneodesmosomal proteins CDSN and DSC1 (44, 45).
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This points to possible defects of these cell-cell adhesion proteins in Spink5 -deficient epidermis, likely
due to unregulated activities of epidermal proteases KLK5, KLK7 and KLK14 — the LEKTI targets that
were linked to the degradation of CDSN, DSC1 and DSG1 (4, 5). Indeed, using casein gel zymography,
we showed upregulation proteolytic activity in the lesional skin of Spink5 mosaics.

Interestingly, while the diseased skin of Spink5 mosaics showed a severe cutaneous
phenotype, the surrounding tissue did not reveal any pathological alternations. This provides a unique
opportunity to analyse the physiological impacts of LEKTI-deficiency and use the wild type tissue
derived from the same individual as an experimental control. We believe that this may especially
useful for testing of therapeutic compounds for NS treatment.

In summary, using TALEN mutagenesis, we generated mutant mice that are characterized by
Spink5 ablation in a portion of body cells. In contrast to previously published mouse models of NS, the
Spink5 -mosaics can survive the early postnatal period and they can be used to study to LEKTI- deficient
epidermis in adult animals.

Simultaneous inactivation of KLK5 and KLK7 rescues lethal phenotype of Spink5A135%/A135X pice

Hyperactivity of epidermal proteases in LEKTI-deficient skin is considered a major source of
pathology in Netherton syndrome. To address the pathophysiological roles of KLK5 and KLK7 in NS,
we combined KLK5, KLK7 and KLK5/7 —deficient mice with Spink5”!3*¥/A135% mutant line.

It has been proposed that the barrier defects observed in LEKTI-deficient skin are caused by
premature proteolytic degradation of corneodesmosomal proteins and in vitro assays showed that
three putative LEKTI targets are able to promote corneodesmosome degradation - KLK5, KLK7, and
KLK14 (4). The in vitro study of the KLK proteolytic activation cascade proposed that KLK5 acts
upstream from KLK7 and KLK14 and therefore, KLK5 hyperactivity should contribute to barrier defects
either directly or indirectly via activation of the remaining KLKs. Indeed, significant improvement of

GAL3SX/AL35X mice was observed, however the rescue

skin-barrier defects by inactivation of KLK5 in Sp
was incomplete as toluidine blue staining in KIk57"Sp5~!35¥/A135X mice revealed patches of disrupted-
barrier distributed all over the body surface. This observation implicates the role of another protease
whose activity contributes to barrier defects in the absence of LEKTI and does not depend on KLKS5.
This was identified as KLK7, since KIk57°KIk77/-Sp5At35X/A135X newborn mice did not show any major
barrier defects of epidermis. Interestingly, single inactivation of KLK7 on Sp5A35*/A135X hackground did
not significantly improve the barrier defects. Therefore, we assume that barrier properties of LEKTI-
deficient neonatal epidermis are mainly compromised by direct activity of KLK5 and only to a lesser
extent by KLK5-mediated activation of KLK7. The significant contribution of KLK5 to NS pathology is in
line with a recent study of Furio et al. showing amelioration of skin barrier-phenotype in Spink5-
deficient newborns upon KLK5 inactivation (46). Nevertheless, the remaining activity of KLK7 still
contributes to the defective barrier and further intensifies with age as KIk57/-Sp5~135/A135X show severe
epidermal defects manifested by loss of infundibular epidermis at P5. KIk57KIk7/Sp5A135¥/A135X mjce
exhibit no skin-barrier defects at P5 and most importantly, in contrast to KIk57"Sp5~135¥/A135X mice the
triple mutants survive to adulthood. The skin defects in KIk57-Sp5A*35X/A135X p5 5ups markedly resemble
those observed in mice deficient for corneodesmosomal proteins CDSN and DSC1 (44, 45), which
indicates that unregulated activity of KLK7 results in degradation of corneodesmosomes.

Although the lethal phenotype is fully rescued in KIk57°KIk77/-Sp5At35X/A35X mytants and the
mice do not show any signs of skin barrier-defects leading to dehydration, we observed minor barrier
disruptions in the nostril area of newborn pups, which suggests the activity of another protease
physiologically inhibited by LEKTI. As the toluidine blue -stained area overlaps with the expression of

11



KLK14 in late embryonic development, we propose that KLK14 could be responsible for the remaining
pathology of LEKTI-deficient mice even in the absence of KLK5 and KLK7. Moreover, we and others
also observed expression of KLK14 in hair follicles (47), which makes KLK14 a candidate protease
responsible for the development of the bamboo hair defect in KIk57°KIk77/-Sp5A*35X/A135X gnimals up to
the age of 3 weeks. As reported, the defects of cell adhesion proteins in hair follicles result in
“lanceolate hair” — a hair shaft phenotype in mice that strongly resembles the bamboo hairs of KIk57-
KIk7/-Sp5A13X/A13SX mytants and NS patients (48, 49). This further supports a possible role of KLK14 in
the formation of bamboo-hair, as KLK14 is linked to the degradation of desmosomal proteins in LEKTI-
deficient epidermis (12). Nevertheless, any targets of LEKTI inhibition present in hair follicles, such as
caspase-14 (50) or other, currently unidentified proteases, should be considered as a potential cause
of bamboo hairs.

Association of NS with abnormal epidermal differentiation accompanied by acanthosis,
parakeratosis, and hyperproliferation of keratinocytes was previously reported in Spink5-deficient

5A135X/A135X

mouse models (24, 41, 42) and our Sp confirms the previous findings. We found clear
overexpression of keratin6 in Sp5A'3°¥/A13%X E18.5 dpc epidermis, suggesting that events leading to
hyperproliferation of keratinocytes are triggered prior to the exposure to the external environment
and are a result of unregulated proteolytic activity in the epidermis. In light of the fact that single
inactivation of either KLK5 or KLK7 completely rescues the differentiation defects in LEKTI-deficient
embryos as well as in newborn mice, we believe that the signalling events resulting in keratinocyte
hyperproliferation in neonates depend on the presence of both, KLK5 and KLK7 together. Moreover,
we observed that aggravated cutaneous inflammation, which is found in E18.5 Sp5A3°¥/A135%X empryos,
fully depends on simultaneous activity of both, KLK5 and KLK7. KLK5 was previously shown to initiate
inflammation in LEKTI-deficient epidermis by activation of PAR2, which results in the induction of pro-
Th2 and pro-inflammatory cytokines (43, 46, 51). In this study we show that KLK7 is also required for
the induction of inflammation in LEKTI-deficient mice as P5 KIk57Sp54135/A135X hups developed severe
acanthosis together with significantly increased expression of TNFa, TSLP, 1I-33, 1I-1B and ICAM1 while
KIk57 KIk7/Sp5A135¥/A135X showed no major defects in the epidermis and increased levels of pro-
inflammatory cytokines. Altogether, this suggests that inflammation and differentiation changes in
older LEKTI-deficient pups (P5) are initiated by KLK7 activity which is independent of KLK5. Indeed,
KLK7 was previously shown to induce inflammation and keratinocyte proliferation in the epidermis
(52, 53) and a recent study identified KLK7 as a proliferative factor in a mouse model of colon cancer
and in human cells in vitro (54). The mechanism by which KLK7 induces inflammation and
differentiation changes remains to be elucidated. In contrast to KLK5, KLK7 cannot directly activate
PAR2 as shown in vitro (7) and thus, the inflammation is likely to be triggered by a different
mechanism. One possible pathway is the KLK7-mediated conversion of pro-IL1B to active IL1B (55),
which could affect the inflammatory phenotype of NS- epidermis.

In summary, we show that the individual inactivation of KLK5 or KLK7 only partially rescues the

5A135X/A135X

defective skin barrier but not the lethal phenotype of Sp . Only the concurrent ablation of

GALISX/ALISX mice  therefore both

both KLK5 and KLK7 can fully rescue the lethal phenotype of Sp
proteases should be investigated as clinical targets. We show that KLK7 plays an important role in the
inflammation and defective differentiation in NS and its activity is not dependent on activation by
KLK5. We also show that the pathological effects of unregulated KLK activities are remarkably age
dependent. Altogether, this study expounds the complexity of the proteolytic network and its

regulation, which are especially important to understand Netherton syndrome and its treatment.
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Conclusions

In this work, we have developed several novel mutant mouse models to study the
pathophysiological roles of KLK5 and KLK7 in epidermis. Our results can be summed up as follows:

1. TALENs prepared by conventional laboratory techniques can be easily used for mutant mice
production. Using TALEN mutagenesis, we have generated mice deficient for KLK5, KLK7 and
simultaneously deficient for both proteases. Furthermore, we have prepared Spink5 —mutant
mice to study the roles of KLKs 5 and 7 in Netherton syndrome.

2. TALEN-mediated mosaic inactivation of Spink5 gene in mice generates a viable mouse model
of Netherton syndrome, which allows analysis of this disease in adult animals.

3. KLK5 and KLK7 are required for the desquamation during epidermal maturation. Our data
suggest that both proteases functionally overlap in the process of keratinocyte shedding from

epidermal surface.

4. Both, KLK5 and KLK7 can induce cutaneous inflammation and abnormal differentiation of
LEKTI-defficient epidermis.

5. Simultaneous inactivation of KLK5 and KLK7 fully rescues lethality of a Netherton syndrome
mouse model.
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Abstrakt

Peptidazy pribuzné kallikreinu (KLK) predstavuji rodinu vzajemné sptriznénych serinovych
protedz, které jsou kddovany geny umisténymi v jediném chromozomalnim lokusu. Jejich exprese byla
popsana v mnoha tkanich a fada experimentd in vitro naznacuje vyznamnou roli KLK v mnoha
fyziologickych i patologickych procesech. Presto jsou skutecné ulohy KLK v Zivém organismu stéle ne
zcela objasnény, coZ je zplsobeno zejména nedostatkem vhodnych zvifecich modell pro jejich
studium. PfestoZe genové-deficientni mysi modely pro nékteré KLK jiz byly vytvoreny, jejich vyznam
pro objasnéni roli téchto proteaz v komplexnim prostredi Zivého organismu byl jen omezeny. Jednou
z hlavnich prekazek je ¢astecny funkéni prekryv mezi nékterymi KLK. Inaktivace jednoho genu tudiz
Casto nevede ke zméné fenotypu v disledku funkéni kompenzace mezi jednotlivymi protedzami. Zda
se tedy, Ze klasické mysi modely deficientni pro jeden gen jsou ne zcela vhodnym nastrojem pro
studium KLK in vivo.

V této praci jsme pouzili TAL efektor nukledzy (TALENy) pro ptipravu nékolika novych
mutantnich mysich linii, které umoznuji analyzu komplexnich proteolytickych siti tvorenych KLK a
studium jejich role ve zdravém organismu i béhem chorobnych procesu. Pripravili jsme novy model
pro Nethertonlv syndrom (NS), autosomalné recesivni kozni chorobu zplsobenou mutaci v genu
SPINKS5, ktery koduje inhibitor KLK - LEKTIL. NS je spojeny se zvySenou proteolytickou aktivitou KLK,
ktera vede k chronickému zanétu kliZze, postizeni vlast a vyraznému naruseni kozni bariéry. Nas novy
model pro NS je zaloZen na modifikaci mysiho genomu tak, aby v genu Spink5 obsahoval mutaci dfive
popsanou u pacienta s NS. Mysi nesouci tuto mutaci vérné mimikuji symptomy NS a v dlsledku selhani
kozni bariéry umiraji kratce po narozeni. Abychom popsali roli KLK v patologii NS, pfipravili jsme
mutantni mysi linie deficientni pro KLK5, KLK7 a dvojité-deficientni pro KLK5 a KLK7, které jsme
nasledné kfiZili s mutanty pro Spink5. Ukazali jsme, Ze zatimco samotna inaktivace KLK5 ani KLK7 neni
dostatecna pro potlaceni letalniho fenotypu mysi postradajicich inhibitor LEKTI, soucasna inaktivace
obou protedz vede k Uplnému vymizeni koznich defekt(, diky cemuz jsou mysi schopny dosahnout
dospélosti, kdy nevykazuji Zadné poruchy kliZze ani rlistu srsti. Prokazali jsme, Ze obé proteazy — KLK5
i KLK7 — hraji vyznamnou ulohu pfi vyvolani zanétu a rozvoji poruch kozni diferenciace, jez jsou
specifické pro NS a také Ze proteolyticka aktivita KLK7 neni vyhradné zavisla na aktivaci KLK5. Detailni
analyza mysi dvojité deficientnich pro KLK5 a KLK7 pak prokazala, Ze se u téchto mutantl za
fyziologickych podminek rozvine silna hyperkeratéza. Jde o prvni dlikaz in vivo, Ze jsou obé protedzy
zapojeny do procesu odlucovani koznich bunék z povrchu pokozky.

Ukazali jsme také, Ze technologie TAL-efektor nukleaz mizZe byt vyuZita pro pfipravu
netradi¢nich mysich mutantnich model(, ve kterych pouze nékteré bunky vykazuji ablaci cilového
genu (tj. genetickych mozaik). Diky mozaikové inaktivaci genu Spink5 jsme pak pfipravili mutantni
mysi, jez vykazovaly nadmérnou proliferaci keratinocytd, chronicky zanét a alopecii, tedy symptomy
spojené s NS. Na rozdil od Spink5-deficientnich mysich linii, Spink5 - mozaiky neumiraji kratce po
narozeni, coz umoznuje celou fadu dlouhodobych experimentd, napf. testovani preparatl ur¢enych
pro lécbu NS.

Souhrnné vzato, pomoci technologie programovatelnych nukleaz jsme pfipravili nékolik
mutantnich mysich linii deficientnich pro KLK proteazy nebo jejich inhibitor LEKTI. Zevrubna analyza
téchto modell pomohla objasnit nékteré aspekty molekularni patogeneze Nethertonova syndromu a
také role KLK5 a KLK7 v homeostazi k(ize. Véfime, Ze tyto modely i v budoucnu pfispéji k vyvoji
preparatl pro lécbu Nethertonova syndromu a pro dalsi studium roli KLK v Zivém organismu.
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Uvod

Peptidazy pribuzné kallikreinu (KLK) patti do skupiny serinovych proteaz a jsou exprimovany v
mnoha tkanich, kde se Ucastni celé rady fyziologickych i patologickych procesli. Rodina KLK je tvorena
15 geny, které jsou umistény v jediném chromozomalnim lokusu a jsou vysoce konzervovany mezi
vSemi savci (1, 2). Vétsina KLK je exprimovanav horni vrstvé kliZe — pokoZce (epidermis) (3). Na zakladé
velkého mnozstvi experiment( in vitro se predpoklada, Ze KLK5 a KLK7 hraji daleZité role v mnoha
procesech, které jsou klicové pro spravné fungovani epidermis. KLK 5 a 7 (spolu s KLK 1, 6 a 14) mohou
Stépit desmogleinl (DSG1), desmocollinl (DSC1) a korneodesmosin (CDSN) — hlavni slozky
korneodezmozomdj, tj. spojl mezi burikami v nejsvrchnéjsi vrstvé epidermis —stratu corneu (SC) (4, 5).
Predpoklada se, Ze pravé proteolytickda degradace korneodezmozom je klicovym krokem v ramci
deskvamace — fyziologického procesu, béhem néhoz jsou odluc¢ovany mrtvé kozni burnky z povrchu
pokozky (6). Dosud ovsem chybi experimentdlni dikaz in vivo, Ze se KLK na deskvamaci skutecné
podileji. Bylo popsano, Ze KLK5 hraje vyznamnou roli pfi modulaci koZzniho zanétu prostrednictvim
proteolytické aktivace receptoru PAR2 (7). KLK5 i 7 jsou spojovany se Stépenim antimikrobidlnich
peptidd, jez se vyskytuji na povrchu kiize. Zda se tedy, Ze by mohly hrat roli v obrané organismu pred
patogeny (8).

Proteolyticka aktivita KLK je regulovana predevsim dvéma procesy — konverzi jejich neaktivnich
prekurzord na aktivni protedzy a dale jejich interakcemi s inhibitory. Stejné jako jiné proteazy, i KLK
jsou produkovany ve formé proenzymd, které museji byt proteolyticky rozstépeny, aby doslo k jejich
aktivaci. Samy se pak mohou podilet na aktivaci dalSich proteaz. Proteolytické enzymy tak mohou
tvorit komplikované aktivacni kaskady, ve kterych jedna protedza muze regulovat aktivitu mnoha
jinych ,downstream” enzymua. Zda se, Ze KLK jsou dllezitymi Ucastniky téchto proteolytickych siti
v epidermis. Na zakladé in vitro experiment( s rekombinantnimi proteiny se predpoklada, ze KLK5
hraje centralni Ulohu v aktivacni kaskadé KLK. MuzZe totiz aktivovat mnoho jinych pro-KLK (véetné
KLK?) i svlj vlastni prekurzor (pro-KLK5)(9).

Za hlavni inhibitor KLK v epidermis je povaZzovan LEKTI (lymhoepithelial Kazal-type related
inhibitor). LEKTI, je kddovan genem SPINK5 (serine protease inhibitor of Kazal- type 5) a je produkovan
v epidermis i jinych vrstevnatych epitelech (10). Kompletni molekula LEKTI je tvorena 15 inhibi¢nimi
doménami (D1-D15) a je po své syntéze postupné nastépena na nékolik bioaktivnich fragmentd, jeZ
maiji odlisné inhibicni specifity (11, 12). LEKTI m{Ze inhibovat fadu protedz, jako je napfiklad plasmin,
trypsin, subtilisin A, cathepsin G, elastaza, caspaza-14 (13-15), ale za hlavni proteazy inhibované
pomoci LEKTI in vivo jsou pokladany KLK5, 7 a 14 (16-18).

Inaktivace inhibitoru LEKTI v disledku mutace genu SPINKS5 je pfi¢inou vazné kozni choroby —
Netherton(iv syndrom (NS). Novorozenci s NS maiji Supinatou, odlupujici se pokozku s chronickym
zanétem a narusenou epidermalni bariérou, coz mliZze v nejvaznéjsich pripadech koncit smrti pacienta
(19-21). Symptomy NS jsou spojovany s neregulovanou aktivitou epidermalnich protedz. Bylo
prokazano, ze extrakty z SC od pacient( s NS vykazuji zvySenou aktivitu tryptickych a chymotryptickych
protedz a nadmeérnou degradaci korneodezmozomalnich proteint (22). To naznacuje, Ze protedzami
zodpovédnymi za kozni defekty u pacientli s NS by mohly byt KLK. Experimenty na mysich deficientnich
pro Spink5 prokazaly, Ze absence LEKTI vede ke zvySeni aktivity nékolika proteaz, napt. KLK5, KLK7,
KLK14 nebo elastazy 2 (23, 24). Presna uloha téchto enzym( v patologii NS ovsem z(stava
neobjasnéna.
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Genové deficientni mutantni mysi modely jsou cenné nastroje pro pochopeni funkce genu v
organismu. Je zajimavé, Ze mysi postradajici geny pro KLK vykazujici ¢asto jen mirny, nebo zadny
fenotyp (25, 26). To je v rozporu s predpokladanymi dalezitymi Glohami KLK v proteolytickych
kaskadach, deskvamaci nebo pfi indukci koZniho zanétu, jez byly predpovézeny na zakladé
experiment( in vitro nebo diky analyze mutantnich mysi postradajicich LEKTI.

Absenci fenotypu mysi deficientnich pro KLK Ize vysvétlit funkénim presahem téchto enzym.
Bylo popsano, ze mnoho jejich predpokladanych substratl je stépeno vice nez jednim KLK. In vitro
experimenty ukazuji, Ze hlavni komponenta korneodezmozomi — DSG1 mUZe byt Stépen alespon
Ctyfmi rznymi KLK — 1, 5, 6 a 14 (4, 5), pricemz DSC1 a CDSN jsou degradovany KLK5 a 7 (22). PAR2
pak muzZe byt stépen KLK5, 6 a 14 (7, 27). D4 se tedy predpokladat, Ze absence jedné protedzy muize
byt funkéné kompenzovana jinym enzymem s podobnou substratovou specifitou.

Domnivame se, Ze tento funkcni prekryv mezi jednotlivymi KLK lze odhalit s vyuZitim
mutantnich zvitat, kterad by postradala vice neZ jeden gen kddujici KLK. Tésna blizkost genl pro KLK
ovsem neumoznuje snadnou pfipravu takovychto modell prostym zkfizenim dvou mysich linii
deficientnich v jednom genu. Véfime, Ze nedavny rozvoj technologii programovatelnych nukleaz (ZFN,
TALEN a CRISPR/Cas9) (28, 29) vytvoreni takovychto modeld umozriuje. Jejich analyza pak muze
prispét k detailnéjsSimu pochopeni funkci KLK v Zivém organismu.
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Cile prace

Hlavnim cilem této prace byla pfiprava a charakterizace novych mutantnich mysich modeld,
které by pomohly objasnit role peptidaz-pfibuznych kallikreinu v pokoZce. Zejména nam pak slo o
detailni objasnéni funkci KLK5 a KLK7, u kterych se predpoklada velky vyznam pfi udrzovani kozni
homeostazy i v patologickych stavech.

Domnivame se, Ze standardni mutantni mysi modely postradajici jeden gen nejsou optimalnim
nastrojem pro analyzu biologickych funkci KLK. Aktivita KLK in vivo je drzena v rovnovaze jak diky
vzajemnym interakcim jednotlivych protedz, tak diky jejich inhibitoriim. Pokud je néktery clen této
vyvaZené soustavy proteaz a jejich inhibitor( odstranén, dojde k dysregulaci mnoha dalSich enzyma.
Primé funkcni dlsledky inaktivace jednoho genu pak mohou byt prekryty témito nespecifickymi
efekty. S pomociin vitro experimentl bylo téz prokazano, Ze mnoho KLK sdili spole¢né substraty, tudiz
se da ocekavat Castecny funkcni prekryv mezi jednotlivymi protedazami. Z téchto dlivodd jsme se
rozhodli pro pripravu takovych mysich model(, které by kombinovaly deleci nékolika KLK nebo jejich
inhibitor(. Véfime, Ze takové modely umozni komplexni studium rozsahlych proteolytickych soustav
a také mohou odhalit funkéni prekryv mezi jednotlivymi protedzami.

Cile prace mohou byt specifikovany nasledovné:
e Etablovani a optimalizace technologii, které by umoznily rychlou a tcinnou
pfipravu genové deficientnich mysich model(
e Ptiprava mutantnich mysi deficientnich pro protedzy KLK5, KLK7 a/nebo jejich
inhibitor LEKTI (gen Spink5)
e Charakterizace fenotypl pripravenych mysich modell

Seznam pouzitych metod

Priprava TALEN-vektor(

in vitro transkripce a polyadenylace mRNA

Klonovani dsDNA konstrukt(l a jejich pfiprava pro mikroinjekce
Izolace genomické DNA a genoytpovani pomoci PCR
Analyza DNA pomoci T7 endonukledzy

Analyza trans-epidermalni dehydratace

Analyza propustnosti koZni bariéry

Barveni tkanovych preparatd pomoci hematoxylinu a eosinu
Imunohistochemie

Gelova zymografie

SDS-PAGE a metoda Western Blot
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Vysledky a Diskuze

Technologie TAL-efektor nukleaz umoziiuje rychlou a tc¢innou pfipravu mutantnich mysich modelu

Abychom etablovali a optimalizovali technologii, ktera by umoznila pfipravu mutantnich mysi
deficientnich pro nékolik Klk genli a/nebo jejich inhibitor LEKTI, rozhodli jsme se pfipravit TAL-efektor
nukledzy cilici na mysi lokus Rosa26 a otestovat jejich ucinnost pfi cilené inaktivaci mysich gen(. Volba
lokusu Rosa26 nam umoznila pfimé srovnani dvou skupin programovatelnych nukledz — TAL-efektor
nukledz a zinc-finger nukleaz (ZFN), jelikoz ZFN cilici na mysi lokus Rosa26 byly komercné dostupné
(Sigma, St. Louis, MO, USA). TAL-efektor nukledzy cilici na Rosa26 lokus (TALENyR26) byly navrzeny a
pfipraveny v nasi laboratofi pomoci online nastroje TAL Effector Nucleotide Targeter 2.0 a setu pro
molekuldrni klonovani Golden Gate Cloning (30).

Abychom otestovali aktivitu a specifitu TALENGR%226 sestroijili jsme plazmidovy reportérovy
systém, ktery umozZnuje evaluaci nukledz v bunécné kulture na zakladé produkce fluorescencéniho
proteinu TurboRFP, ktera je iniciovana specifickou nukledzovou aktivitou. Nasledna analyza in vitro
prokdzala, Ze TALENyYR®26 (j¢inné $tépi cilovou sekvenci Rosa26, zatimco nespecifické (tzv. off-target)
sekvence $tépeny nebyly. Tyto vysledky naznaduji vysokou u&innost a specifitu TALENGRos226,

Néasledné jsme ukazali, Ze mikroinjekci RNA prekurzorl kddujicich TALENy®2¢ do
jednobunécnych mysich embryi jsme schopni vytvaret indel (inseréni nebo dele¢ni) mutace v cilové
sekvenci. Ukazali jsme, Ze TALENYR®326 jsou U&inn&jsi nez ZFNR°326 nebot dosahuji vy3si efektivity
Stépeni pfi nizsi cytotoxicité. Tyto vysledky jsou v souladuis jinymilaboratoremi, které prokazaly vyssi
ucinnost TALEN( ve srovnani se ZFN cilenymi na stejnou sekvenci (29).

Hlavnim pfinosem této prace pak byl experimentdlni dikaz, Ze TALENyR®#2® mohou byt
Usp&3né vyuzity pro pfipravu mutantnich mysi. Pomoci TALENGR?226 jsme pfipravili dvé mutantni mysi
linie Rosa26-TurboRFP a Rosa26-Blueflirt, které jsme ziskali s Ucinnosti 2/17 (pozitivni zvitata/
narozena), resp. 1/17. To pfedstavuje souhrnnou uc¢innost homologni rekombinace v zygotach 8.8 %.
Tyto vysledky jen potvrzuji, Ze TALENy predstavuji ucinnéjsi nastroj nez ZFN, jelikoZz ucinnost
homologni rekombinace v zygotach s vyuzitim ZFN dosahovala 1.7 — 4.5 % (31, 32). Zevrubna analyza
cilové sekvence Rosa26 u mutovanych mysi z FO generace prokazala, Ze nékteré mysi nesou tfi nebo
vice alelickych variant. Podobny geneticky mosaicismus byl skutecné jiz dfive pozorovan u mysi
pripravenych pomoci TALENUG (33). Ddle jsme prokazali, Ze mutantni mysi pripravené pomoci
TALENGR®226 nenesly 74dné mutace v tzv. off-target genomovych oblastech a Ze doslo k Gsp&snému
preneseni transgenu do F1 generace.

Zajimavosti je, Ze linearizovany konstrukt pro integraci, ktery neobsahoval vektorové
strukturni sekvence, byl integrovan do genomické DNA s vyssi Ucinnosti, nez cirkularni DNA plazmid.
PrestoZe prace jinych autor( neukazaly zasadni rozdil mezi cirkuldarnimi a linedrnimi konstrukty (31,
34), domnivame se, Ze vyssi uc¢innost HDR v pfipadé linearniho konstruktu mohla byt zpisobena jeho
molarnim nadbytkem ve srovnanim s vétsim cirkularnim plazmidem, ktery byl injikovan ve stejném
mnozstvi. Tento predpoklad je v souladu se skutecnosti, Ze injikaci velmi kratkych jednovlaknovych
DNA oligonukleotidl Ize dosahnout velmi vysoké eficience HDR v mysich zygotach (28).

Souhrnné vzato, pfi mutagenezi mysiho lokusu Rosa26 jsme prokazali, Ze TALENy pfipravené
pomoci standardnich laboratornich technik mohou byt efektivné vyuZity pro pripravu mutantnich mysi
nesouci indel mutace i mistné-specificky integrovany transgenni konstrukt.
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Synergie mezi proteazami KLK5 a KLK7 je zasadni pro deskvamaci béhem maturace epidermis

Lokalizace genQ Klk5 a Klk7 v tésné blizkosti v ramci jednoho lokusu neumoznuje snadnou
pfipravu mysi dvojnasobné deficientnich pro Klk5/Klk7 prostym zkfizenim dvou genové-deficientnich
linii. Rozhodli jsme se tudiz pro mutagenezi KIk7 pomoci TALENG na genetickém pozadi mysi s jiz
inaktivovanym KIk5. Tento piistup ndm umoznil rychlou a efektivni pripravu KIk57, KIk77 and KIk57
KIk7”- mutantnich mysich lini.

Pfestoze novorozené mysi (PO) nevykazovaly 7adny zjevny fenotyp, u mladat z linie KIk57°KIk7-
/- se rozvinula vyraznd hyperkeratdza ve véku 5-8 dntl. Domnivdme se, Ze ztlu$téni strata cornea u KIkS
IKIk7” je zptsobeno poruchami b&hem procesu deskvamace. Predpokladd se, 7e odlucovani
korneocytl z povrchu klzZe je podminéno proteolytickou degradaci korneodezmozomd, tj. bunécnych
spoju mezi korneocyty ve stratu corneu (6).

Bylo prokazano, ze KLK5 a KLK7 jsou pfitomny v SC (3). Vi se také, Ze obé protedzy dokazou
Stépit in vitro DSC1 a DSG1 — tj. Proteiny, jeZ jsou soucasti korneodezmozomu (4). Da se tedy
predpokladat, 7e absence obou protedz vkGz KIk57'KIk7/© mysi vede kinhibici degradace
korneodezmozoml a tudiz k akumulaci korneocytl ve vrchnich vrstvach pokozky. Je zajimavé, Ze mysi
postradajici samotny KLK5 nebo KLK7 nevykazaly vyrazné ztlusténi SC, coZ poukazuje na fungujici
deskvamaci v téchto zvifatech. Domnivame se tudiz, Ze KLK5 muze ¢astecné funkéné nahradit KLK7 a
opacné. Zevrubna analyza pfitomnosti korneodezmozomalnich proteini nebo jejich nastépenych
forem v KLK5/KLK7 — deficientni epidermis by moha prinést cenné poznatky ohledné pficin koznich
defektll v téchto zvitatech a také ohledné funkci jednotlivych protedz pfi procesu deskvamace.

Zda se, 7e absence zjevného fenotypu v KIk57" mysich v ¢ase P8 je disledkem aktivity KLK7,
ktery je schopen zastoupit roli KLK5. To jasné ukazuje, Ze aktivita KLK7 neni vyhradné zavisla na aktivaci
pomoci KLK5, jak bylo navrZeno na zakladé experimentl in vitro (35). Pfesny mechanismus aktivace
pro-KLK7 v nepritomnosti KLK5 z(stdva nejasny. Bylo ukdzdno, Ze KLK7 muzZe byt aktivovan
matriptazou (36) a nedavno publikovana prace ukazuje moznost aktivace pro-KLK7 mesotrypsinem
(37).

Dospélé mysi neprojevuji zadné defekty, které by ukazovaly na poruchy deskvamace. To
naznacuje, Ze deskvamacni proces je rozdilné regulovan ve dni P8 a v dospélosti. Bylo prokazano, ze i
jiné proteazy jsou schopny Stépit korneodezmozomalni proteiny, napfiklad KLK1, KLK6 a KLK14, které
mohou $tépit DSG1 (5). Je tedy mozné, Ze deskvamaci v dospélém véku zajistuji jiné enzymy nez KLK5
a KLK7. Domnivame se, Ze detailnéjsi analyza aktivity epidermalnich proteaz v nami pfipravenych
KLK5/KLK7-deficientnich mysich v rdznych vyvojovych stadiich by mohla pfinést cenné poznatky
ohledné regulace deskvamace in vivo.

Mutantni mysi nesouci mutaci A135X v genu Spink5 vykazuji fenotyp pFipominajici Nethertontiv
syndrom

Abychom mohli studovat patogenezi NS v nasi laboratofi, vytvorili jsme s pomoci TALEN( novy
mysi model nesouci mutaci v genu Spink5.Vysoka homologie mezi lidskym a mysim genem Spink5 ndm
umoznila vytvoreni mysi s mutaci p.A135X v genu Spink5, jez je blizce podobna mutaci p.A134X
popsané u lidskych pacient(i s NS (38). Véfime, Ze mysi nesouci mutaci podobajici se lidské varianté
predstavuji vhodnéjsi model pro studium lidské nemoci oproti tradicnim genové-deficientnim
modelim. Vytvofeni mutace odvozené z lidského pacienta vede jen k nepatrné zméné v kédujici
sekvenci mysiho genu Spink5. Diky tomu nemuZe dojit k naruseni hypotetickych regulacnich sekvenci,
které by mohlo vyvolat nespecificky fenotyp. Mysi z linie Spink5413%/A135X nayic postradaji selekéni
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kazetu, jeZ je obvykle pfitomna v genové-deficientnich mysich pfipravenych tradi¢nim zplsobem
pomoci modifikace ESC. Bylo prokazano, Ze pfitomnost selekéni kazety obsahujici gen pro
neomycinovou rezistenci mizZe vyvolat nespecifické efekty, pripadné letalni fenotyp (39). Co je
nejdulezitéjsi, mysi model sbodovou mutaci ve Spink5 mulze prinést nové poznatky ohledné
patogeneze NS. Byl vysloven predpoklad, Ze fenotypické projevy u pacientl s NS se mohou odvijet od
pozice mutace v kddujici sekvenci Spink5, pficemz mutace ve vzdalenéjsich (3" proximalnich) oblastech
genu Spink5 mohou zpUsobovat méné zavazny fenotyp v dlsledku hypotetické exprese inhibi¢nich
fragmentl odvozenych z LEKTI (40). Tato hypotéza nicméné nebyla nikdy experimentalné prokazana.

Analyzou my$i Spink5A135%/A135

jsme ukazali, Ze vykazuji stejné defekty jako dfive popsané , knock-out”
modely postradajici Spink5 — kozni zanét, zvySenou proliferaci keratinocytli a ¢asnou postnatalni
letalitu v ¢ase PO (24, 41, 42). Zda se tedy, Ze bodova mutace v exonu5 vede ke stejnému fenotypu,
jako delece prvnich ¢tyf exonll genu Spink5 (24). Navic jsme u mysi Spink5A135X/A135X prokdzali
vyznamné snizeni exprese mRNA pro Spink5, pravdépodobné v dlsledku tzv. ,,nonsense-mediated
MRNA decay”“. Lze se tedy domnivat, Ze fenotyp mysi s mutaci v genu Spink5 je nezavisly na presné

poloze této mutace v ramci koddujici sekvence.

Mozaikovou inaktivaci genu Spink5 lze ziskat Zivotaschopny mysi model pro Nethertontiv syndrom

PfrestoZe bylo popsano nékolik mutantnich mysich modell pro NS, jednou z hlavnich prekazek,
ktera znesnadnuje analyzu mysi s mutaci v genu Spink5 je jejich ¢asna letalita kratce po narozeni (PO)
(24, 41, 42). Z tohoto dlvodu je znemoZnéna analyza dospélych jedinc(, jejichZ fenotyp se muze lisit
od novorozenych mladat. Caste¢nym feSenim mizZe byt transplantace koZnich $tép(l ze Spink5-
deficientnich mysi na mladata nebo embrya z imunodeficientnich mysich linii (43). Transplantace
ovsem muZe byt doprovazena nejriiznéjsimi nechténymi vedlejsimi efekty a rozdilné genetické pozadi
donorovych a recipientnich zvifat mize znemoznovat komplexni analyzu.

V této praci jsme ukazali, Ze mikroinjekci TALENG specifickych pro Spink5 do mysich zygot Ize
ziskat mutantni zvirata, ktera prezivaji dobu delsi nez PO, a u kterych se postupné vyvine alopecie a
kozni léze, napadné pripominajici k(iZi pacientd s NS nebo koZni Stépy odvozené z mysi postradajicich
LEKTI. Ukazali jsme, Ze rozvoj téchto lézi je podminén indel mutacemi vgenu Spink5, které
pravdépodobné vznikaji ve dvou a vicebunécnych embryich. Tento jev je v souladu s nami jiz drive
pozorovanym genetickym mozaicismem u mysi, které byly pfipraveny pomoci mikroinjekce TALENU
specifickych pro Rosa26. Prestoze je geneticky mozaicismus v mysich pfipravenych
programovatelnymi nukledzami obecné povaZovan za nezadouci jev, v nasi préaci jsme ukazali, Ze jej
Ize efektivné vyuZit pro studium fenotypd, které jsou jinak spojeny s ¢asnou novorozeneckou letalitou.
Prokazali jsme také, Ze incidence mozaicismu muZe byt ovlivnéna koncentraci nukleaz injikovanych do
jedno-bunécnych embryi. Domnivame se, Ze cilené vytvareni genetickych mozaik by Slo dale podpofit
injikovanim nukledz do pozdéjsich vyvojovych stadii (napf. do pozdnich jednobunécénych, nebo
dvoubunécnych embryi).

Zevrubna analyza Spink5 -mozaikovych mysi prokazala, Ze jejich kozni l|éze jsou
charakterizovany koZnim zanétem, zvysSenou proliferaci keratinocytll a narusenou vodni bariérou.
Zajimavosti je, Ze se v oblastech kozZnich |ézi vyvine silna intrafolikularni hyperkeratéza, jez ndpadné
pfipomina fenotyp mysi deficientnich pro korneodezmozomalini proteiny DSC1 a CDSN (44, 45). Tato
skutecnost naznacuje mozné defekty v bunécnych spojich v epidermis s poskozenym genem Spink5,
pravdépodobné v dlsledku neregulované aktivity epidermalnich protedz KLK5, KLK7 a KLK14. Tyto
protedzy, za fyziologickych podminek inhibované LEKTI, jsou na zakladé analyzy in vitro spojovany
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s degradaci proteinti CDSN, DSC1 a DSG1 (4, 5). Kaseinova gelova zymografie skute¢né prokazala
zvysSeni aktivity koZnich protedz u Spink5 -mozaikovych mysi.

Zatimco postiZzena kiize Spink5 -mozaikovych mysi se vyznacuje vyraznym koznym fenotypem,
okolni tkan nejevi zadné patologické zmény. To umozZnuje nejen studium kliZe postradajici LEKTI, ale
soucasné vyuziti zdravé ,wild-type“ tkané ze stejného zvirete jakozto experimentalni kontroly. Véfime,
Ze tato skutecnost mlze najit uplatnéni zejména pfi testovani latek uréenych pro terapii NS.

Souhrnné vzato, pomoci TALEN( jsme vytvorili mutantni mysi, které postradaji funkéni gen
Spink5 jen v nékterych burikach. Na rozdil od dfive popsanych mysich modell pro NS, tyto Spink5 -
mozaikové mysi prezivaji obdobi po porodu a mohou byt vyuZity pro studium LEKTI-deficience na
dospélé kazi.

Soucasna inaktivace KLK5 a KLK7 vede k potlageni letalniho fenotypu u mysi Spink5A135%/A135%
Zvysena aktivita epidermalnich proteaz v kliZi postradajici inhibitor LEKTI je povaZovana za
hlavni pfi¢inu patologickych zmén u Nethertonova syndromu. Abychom objasnili role KLK5 a KLK7
v patologii NS, zkfiZili jsme mysi postradajici KLK5, KLK7 a KLK5/KLK7 s mys$im modelem pro NS
Spink5A135X/A135X.
Predpoklada se, Ze defekty epidermalni bariéry v kiizZi postradajici LEKTI jsou zplsobeny proteolytickou
degradaci korneodezmozomadlnich proteinli, pficemz in vitro analyzy ukazuji, Zze tfi proteazy
inhibované pomoci LEKTI mohou zplisobovat degradaci korneodezmozomi — KLK5, KLK7 a KLK14 (4).
KLK5 byl povaZzovan za hlavni pficinu patologickych zmén, jelikoz pfedchozi experimenty naznacovaly,
Ze je nezbytny pro aktivaci zbyvajicich dvou protedz — KLK7 a KLK14 (35).
Prokazali jsme, Ze inaktivace KLK5 v mysich Sp5At35¥/A135X skyteéné vede k vyraznému vylepseni jejich
kozni bariéry, nicméné detailni analyza bariéry pomoci eseje zaloZzené na barvenim toluidinovou modf¥i
ukdzala, 7e mysi KIk57/-Sp5At3SX/A13SX stale vykazuji defekty bariéry mensiho rozsahu difuzné
distribuované po celém povrchu jejich téla. To naznacuje aktivitu jesté dalsi protézy, jez pfispiva ke
koznim defektlm pfti absenci LEKTI a jejiZ aktivita nezavisi na KLK5. Prokazali jsme, Ze touto proteazou
je KLK7, jelikoz novorozené mysi z linie KIk57°KIk77/-Sp5At35/A135X iz nemély 7adné defekty, jez by
ukazovaly na naruseni epidermalni bariéry. Domnivame se tedy, Ze defekty kozni bariéry v mysich
postradajicich LEKTI jsou vyvolané zejména pfimou aktivitou KLK5 a jen do mensi miry jim
zprostifedkovanou aktivaci pro-KLK7. Nami popsand vyznamna role KLK5 v patologii NS je v souladu
s nedavnou studii od Furio et al., ve které ukazali vyrazné vylepseni koZniho fenotypu mysi
s inaktivovanym genem Spink5 po nasledné inaktivaci KLK5 (46). My ovsem dale ukazujeme, Ze KLK7
nejenze stale vyznamneé prispiva k naruseni kozni bariéry, ale jeho patologicka aktivita se zintenziviiuje
s vékem pokusnych zvifat a mysi KIk57/-Sp5#13%/A135 ye yéku P5 vykazuji vyrazné kozni defekty spojené
se ztratou keratinocytl v hornim segmentu vlasovych folikuld. KIk57°KIk77/-SpSAt35X/AL3X oproti tomu
neukazuji ve véku P5 7adné poruchy kozni bariéry a na rozdil od mysi z linie KIk57/-Sp5At35X/A135X g

GALSX/ALSX v y&ku PS5 napadné

doZivaji dospélého véku. Kozni defekty u mysi zlinie KIk57Sp
pfipominaji poruchy epidermis u mysi, které postradaji korneodezmozomalni proteiny CDSN nebo
DSC1 (44, 45). To naznacuje, Ze aktivita KLK7 pfispiva k degradaci téchto korneodezmozomalnich
protein(.

Pfestoze je u mysi KIK57KIk77/-Sp5At35%/A135X ping potlaceny letalni fenotyp a tato zvifata neukazuji
zadné poruchy kozni bariéry, které by vedly k dehydrataci, pozorovali jsme u nich drobné naruseni
kozni bariéry v oblasti nozder, coZ naznacuje pritomnost a aktivitu jesté treti proteazy, jez je za
fyziologickych podminek inhibovana LEKTI. Vzhledem k tomu, Ze se oblast s narusenou bariérou v okoli
nozder prekryva soblasti, v niz je exprimovan KLK14, véfime, Ze pravé tato protedza muiZe byt
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zodpovédna za zbyvajici defekty vyvolané absenci LEKTI v KIk57 KIk7/Sp5A135¥/A135X By|o té7 ukdzéno,
Ze KLK14 je produkovan ve vlasovych folikulech (47), coZ naznacuje, Ze by KLK14 mohl byt zodpovédny
za defekty chlupt (bambusové vlasy), je? se na KIk57"KIk77/-Sp5A135X/A135X myich objevuji do cca 3 tydne
véku. Bylo prokazano, Ze defekty v proteinech tvoricich bunécné spoje jsou u mysi spojeny s vyskytem
tzv. ,lanceolate hair“ — poruch chlup( které vyrazné ptipominaji ,bambusové vlasy” v KIk57"KIk7"-
Sp5A135X/A135X
,bambusovych vlas(l“, vzhledem ktomu, Ze KLK14 muze Stépit dezmozomalni proteiny v kdzi
postradajici LEKTI (12).

NS je u clovéka spojeny s poruchami diferenciace klze, jako je akantdza, parakeratéza a

mutantech a v pacientech s NS (48, 49). To dale podporuje mozny vliv KLK14 na vyvoj

zvysena proliferace keratinocyt(, pricemz mysi postradajici inhibitor LEKTI ukazuji stejné defekty (24,
41, 42). | mutantni linie Sp5A135¥/A135X piinravena v nasi laboratofi vykazuje zvy$enou expresi keratinu
6 v epidermis E18.5 embryi, coz naznacuje nadmérnou proliferaci keratinocyt(, ke které dochazi jesté
pred vystavenim klzZe vnéjsim faktord, tedy zfejmé v dlisledku neregulované aktivity epidermalnich
protedz. Vzhledem k tomu, Ze inaktivace KLK5 a/nebo KLK7 kompletné odstrani poruchy epidermalni
diferenciace v embryich i v novorozenych mysich postradajicich LEKTI, usuzujeme, Ze tyto defekty
zavisi na soucasné pritomnosti obou proteaz. Stejné tak jsme pozorovali, Ze i koZzni zanét u E18.5
embryi linie Sp5A!35X/A13%X je yyvoldn soucasnou aktivitou obou protedz — KLK5 i KLK7. JiZ dfive bylo
ukazano, Ze KLK5 je ovliviiuje zanét epidermis postradajici LEKTI diky aktivaci receptoru PAR2, ktera
iniciuje produkci pro-zanétlivych a pro-TH2 cytokin( (43, 46, 51). V nasi praci jsme ukazali, Ze i KLK7
mUzZe vyvolat zanétlivou reakci, vzhledem k tomu Ze u mysi z linie KIk57Sp5A135¥/A135X ge ve véku PS5
rozvine silnad akantdza doprovazena zvysenou expresi TNFa, TSLP, 1I-33, II-1B a ICAM1 zatimco mysi
KIK57 KIk7/Sp5A13X/A135X neyykazuji 74dné poruchy diferenciace ani koZni zanét. Z téchto vysledk
vyplyva, Ze za defekty v epidermdlni diferenciaci a za zanétlivou reakci u mladat ve véku P5 je
zodpovédna aktivita KLK7, jeZz je nezavisla na aktivaci pomoci KLK5. Tyto vysledky jsou v souladu
s jinymi studiemi, které ukazuji, Ze KLK7 m(Ze vyvolat zanét a proliferaci keratinocytl (52, 53).

Zplsob, jak aktivita KLK7 vyvolava kozni zanét a poruchy diferenciace, neni zcela jasny. Na
rozdil od KLK5, KLK7 neni schopen in vitro aktivovat receptor PAR2 (7) je tedy pravdépodobné, Ze tyto
patologické zmény jsou vyvolany jinym mechanismem. Jednou z mozZnosti je dfive popsana konverze
pro-IL1B na aktivni IL1B, vyvolana aktivitou KLK7 (55).

Souhrnné vzato, ukazali jsme, Ze inaktivace KLK5 nebo KLK7 v mysich Sp5At35X/A13%X dokaze do
jisté miry zmirnit patologické zmény spojené s NS, nikoliv vsak jejich letdlni fenotyp. AZ soucasna
inaktivace obou protedz najednou vede tplnému potlageni letality mysi Sp5A135X/A135X Obé protedzy
by tedy mély byt brany v potaz pti [écbé NS u lidi. Ukazali jsme, Ze KLK7 hraje duleZitou roli pti rozvoji
kozniho zanétu a diferenciacnich poruch v klzi postradajici LEKTI, a Ze aktivita KLK7 plné nezavisi na
aktivaci KLK5. Zajimavosti je, Ze prispévek obou proteaz k patologii NS je Uzce zavisly na véku
zkoumanych zvirat. Vérime, Ze nase vysledky pomohly k pochopeni mechanism( regulace proteaz
v epidermis a patologie NS.
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Zaveéry

V této praci jsme vytvorili nékolik novych mutantnich mysich model(, které ndm umoznily
studium patofyziologickych roli protedz KLK5 a KLK7 v pokoZce. Nase vysledky Ize shrnout nasledovné:
1. TALENYy pfipravené s vyuZitim bézné dostupnych laboratornich technik Ize snadno vyuzit pro
pfipravu mutantnich mysich linii. Pomoci TALEN-mutageneze jsme vytvofili mutantni mysi
postradajici jednotlivé proteazy KLK5 nebo KLK7 a také mutanty postradajici obé protedzy
soucasné. Dale jsme vytvorili mysi nesouci mutaci v genu Spink5 pro studium roli KLK5a 7 v
Nethertonové syndromu.

2. Mozaikovou inaktivaci genu Spink5 pomoci TALEN( lze vytvofit Zivotaschopny mysi model
pro Nethertonlv syndrom. Tato zvifata mohou byt vyuZita pro studium této nemoci na
dospélych jedincich.

3. Protedzy KLK5 a KLK7 hraji vyznamnou roli pfi deskvamaci béhem maturace pokozky. Nase

vysledky ukazuji ¢astecny funkéni prekryv mezi obéma protedzami pti procesu odlucovani
keratinocytl z povrchu pokozky.

4. Obé protedzy, KLK5 i KLK7, mohou vyvolat zanét a diferenciacni defekty v pokozce
postradajici inhibitor LEKTI.

5. Soucasnou inaktivaci protedz KLK5 a KLK7 lze potladit letdlni fenotyp mysiho modelu pro
Netherton(v syndrom.
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