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Abstract

Bacterial endotoxins have been shown to induce prosurvival autophagy or apoptosis in fibroblasts and thus impair the wound
healing process. Endoplasmic reticulum has been proposed as a molecular switch between these processes and klotho protein
possessing pleiotropic characteristics seems to be involved in both processes, however the exact molecular mechanism is
unknown. In this study, we have evaluated the effect of klotho silencing on human fibroblasts exposed to a non-toxic dose of
lipopolysaccharide in terms of in vitro wound healing ability. We show for the first time, that klotho silencing in fibroblasts
intensified lipopolysaccharide-induced oxidative stress and inflammatory response, what resulted in genomic instability,
p-elF2a-mediated ER stress, retardation of prosurvival autophagy, induction of apoptotic cell death and finally in impaired
wound closure. Therefore, our data suggest that klotho serves as a part of cellular defense mechanism engaged in providing
protection against bacterial infections during wound healing by modulating ER-signaling crosstalk between autophagy and
apoptosis.
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Introduction

Wound healing is a complex and dynamic physiological
process for restoration of tissue integrity, traditionally
explained in terms of three classic phases: inflammation,
proliferation and maturation [1]. It is dependent on a num-
ber of inter-related factors and is particularly susceptible
to infections [2] since the destruction of the skin barrier
accelerates microbial invasion. The wound healing process
may be significantly impacted by bacterial endotoxins,
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proteases, phospholipases and lipopolysaccharide (LPS),
which may lead to prolonged inflammatory phase and
development of skin or systemic infections as well as sep-
tic shock in the absence of effective decontamination [3].
LPS has been implicated in the pathogenesis of a num-
ber of skin diseases. Depending on the bacterial species
and endotoxin level, LPS has been shown to differentially
affect complete healing process as well as the functionality
of main wound-repairing cells, i.e. fibroblasts and epithe-
lial cells [4, 5]. It has been reported, that low, non-toxic
levels of LPS accelerate proliferation and wound repair via
Toll-like receptor 4 signaling cascade in epithelial cells [5]
and induction of prosurvival autophagy pathways in fibro-
blasts [6, 7]. Normally, prosurvival autophagy allows deg-
radation of damaged organelles or elimination of invad-
ing pathogens and thus is essential to maintain cellular
homeostasis as well as limits inflammatory phase during
the wound healing process [8]. On the other hand, toxic
doses of LPS impact epithelial motility by altering the
actin cytoskeleton and inducing overactivation of matrix
metalloproteinase 2 [9], while in fibroblasts LPS induces
apoptotic death through AKT/GSK3p pathway [10] and
thus inhibits wound repair. However, the LPS-induced
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crosstalk between autophagy and apoptosis appears to be
extremely complex and recently endoplasmic reticulum
(ER) has been proposed as a switch between cell survival
and death. This is due to its high susceptibility to oxida-
tive stress and an important role in the regulation of both
mechanisms [11]. Nevertheless, the molecular mechanism
is still unclear and further research is needed.

Impaired wound healing [12], autophagy [13] and ER
stress [14] have been recently linked with anti-aging and
anti-inflammatory protein klotho [15, 16]. In vivo stud-
ies have shown slower rate of wound closure in klotho
mice (kl/kl), which has been linked partially with acute
inflammation in wound lesions and depends on humoral
factors [12, 17]. Klotho deficiency has also been corre-
lated with an upregulated index of autophagy, increased
collagen, decreased elastin content and arterial stiffen-
ing [13]. Further, elevated klotho levels have been shown
to reduce expression of chemically induced ER stress
markers, whilst loss of klotho has been casually linked
to ER stress-induced apoptosis [14]. Also, klotho in vivo
administration have ameliorated ER stress, inhibited the
apoptotic process and attenuated fibrosis [18]. Taking into
account mentioned klotho characteristics, we hypothesized
that klotho could act as a molecular switch in modulating
ER-signaling crosstalk between autophagy and apoptosis
induced by LPS during the wound healing process. To
date, one other study reported the role of klotho protein
in autophagy and apoptosis control. Xie et al. have shown
that klotho may inhibit IGF-1 signaling and subsequently
induce apoptosis through downregulating PI3K-Akt-
mTOR autophagy signaling [19]. However, this study was
done in cancer cells and have not involved evaluation of
ER stress mechanism.

Therefore, the aim of this study was to evaluate the effect
of klotho silencing on normal human fibroblasts exposed to
the non-toxic dose of LPS in terms of in vitro wound heal-
ing ability with the emphasis on oxidative stress- and proin-
flammatory cytokines-induced activation of autophagy and
apoptotic pathways. This study will bring new, important
insight into the LPS-challenged process of wound healing
since impaired wound healing due to the bacterial infections
is ongoing emerging and prevalent clinical problem.

Materials and methods

Materials

All reagents had analytical grade purity and unless otherwise
stated, were purchased from Sigma. Antibodies catalogue

numbers, TagMan probes IDs and primer sequences are pre-
sented in the supplement.
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Cell culture, klotho silencing and LPS stimulation

Diploid human fibroblast cells, BJ cell line (ATCC), were
cultured at 37 °C in a humidified atmosphere in the pres-
ence of 5% CO, in high-glucose DMEM with 1 mM sodium
pyruvate, supplemented with 10% FBS and antibiotic mix
solution (100 U/ml penicillin, 0.1 mg/ml streptomycin) and
29.2 mg/ml L-glutamine. For siRNA transfections, cells were
seeded into 12-well plates at the density of 7.5x 10* cells/
cm? and after 24 h transfected with 10 pmol Ctrl-siRNA
(Silencer Negative Control No. 1 siRNA; #AM4611,
Thermo Scientific) or 10 pmol KLTH-siRNA (UniGe-
nelD Hs.524953; siRNA ID 15391; #AM16708, Thermo
Scientific-siRNA #1; UniGenelD Hs.524953; siRNA ID
15204; #AM16706, Thermo Scientific-siRNA #2) using
3 ul Lipofectamine RNAiIMAX reagent (Thermo Scientific)
and following standard manufacturer’s protocol. Two days
after transfection with Ctrl-siRNA or KLTH-siRNA, fibro-
blasts were trypsinized and seeded at the constant density
of 3% 10 cells/cm? and after 24 h treated with 1 ug/ml LPS
from E. coli serotype 0055:B5 (Sigma, prepared in PBS).
Cells were incubated with LPS for 48 h (unless otherwise
stated) and then following experiments were performed.

Wound repair assay

In each well of 12-well plate, 10* cells were seeded, after
24 h scratch was done with 10 pl tip and the medium was
replaced by fresh medium with 1 pg/ml LPS. Micropho-
tographs were taken using Zeiss Axiovert 40CFL inverted
microscope and a computer image analysis system Zeiss
Axiovert 40CFL immediately after a scratch, after 24 and
48 h. Quantitative analysis was conducted with ImageJ soft-
ware and results were presented as % of wound closure.

MTT assay

After 48 h incubation with LPS, cell culture medium was
removed and replaced with medium containing 500 ug/
ml MTT for 4 h. Afterwards, the medium was discarded,
crystals were dissolved in DMSO and the absorbance was
read at 595 nm and 655 nm (measurement and reference
wavelength, respectively) using PerkinElmer Victor X4 2030
microplate reader. The readings for the untreated Ctrl-siRNA
cells were considered as 100%.

Cell cycle distribution analysis and BrdU
incorporation assay

For cell cycle evaluation, after 48 h incubation with
LPS, cells were stained for 20 min at 37 °C with 1 pg/
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ml Hoechst 33342 prepared in DMEM w/o FBS, washed
twice with PBS and fluorescent images were taken with
InCell Analyzer 2000. Analysis was conducted with DNA
Cell Cycle plug-in from ImageJ software and results pre-
sented as % of cells in each of GO/G1, S and G2/M phases.

For BrdU incorporation assay, 10 uM BrdU was added
to fibroblasts 6 h before fixation. Then, cells were washed
with PBS, fixed in 4% paraformaldehyde for 15 min,
permeabilized in PBS-T (PBS with 0.25% Triton-X) for
20 min, incubated for 60 min with 2 M HCI at 37 °C,
blocked with 1% BSA and incubated overnight with anti-
BrdU antibody (4 °C). Then, the secondary antibody was
added and nuclei were visualized with Hoechst 33258
and digital images were taken with InCell Analyzer 2000.
Positive cells were counted and presented as %, while the
results obtained for the untreated control were considered
as 100%.

Real time PCR and reverse transcription PCR

Total RNA was extracted using Trizol reagent according to
the protocol supplied by the manufacturer (Thermo Scien-
tific). Then, 2 ug of RNA was reverse transcribed to cDNA
with High-Capacity cDNA Reverse Transcription Kit and
TagMan gene expression assays were performed with
10 ng cDNA according to provided instructions (Applied
Biosystems). CREB and KLTH genes expression levels
were determined using the 2722CT method after normali-
zation with the mean of the two housekeeping genes (/85
and ACTB).

The reverse transcription PCR was performed with
2xPCR TagNova-RED master mix (DNA Gdansk), reverse
and forward primers for XBP-1 or ACTB (10 pmol) and
50 ng cDNA. The amplification of PCR was carried out for
35 cycles of denaturing at 95 °C for 45 s, annealing at 57 °C
for 45 s and extension at 72 °C for 45 s, followed by final
extension at 72 °C for 10 min. PCR products were electro-
phoretically detected on 3% agarose gel after staining with
ethidium bromide.

Intracellular zinc (Zn?*) and calcium (Ca%*) pools
detection

Cells were trypsinized and suspended at the density of
2% 10°/ml in HBSS and 2 uM of the fluorescent probe was
added for 15 min at 37 °C (Zinquil ethyl ester for Zn** or
Fura-PE3AM for Ca®* detection, Cayman Chemical). Fluo-
rescence intensity was measured in PerkinElmer Victor X4
2030 microplate reader (A., =368 nm, A,,, =490 nm-Zinquin
ethyl ester; 335 nm/364 nm ratio-Fura-PE3AM). Results are
presented as RFU (Zn") and as ratio F;5/Fs4, (Ca’").

Oxidative stress and nitric oxide level measurement

Superoxide, nitric oxide and reduced glutathione levels were
estimated using fluorogenic redox-sensitive probes: dihydro-
ethidium, 4-amino-5-methylamino-2',7'-difluorofluorescein
diacetate and Thiol Tracker Violet (Thermo Scientific),
respectively, as described in manufacturer’s protocols. Digi-
tal images were captured with InCell Analyzer 2000, quanti-
tative analysis was conducted with InCell Analyzer analysis
module and results are presented as RFU.

Enzyme-linked immunosorbent assay (ELISA)

Levels of secreted tumor necrosis factor o (TNFa) (#EH3T-
NFA; Lot 1711982A), interleukin 1p (IL-1p) (#EH2IL1B;
Lot 1720202A), interleukin 6 (IL-6) (#EH2IL6; Lot
1697169A) and interleukin 10 (IL-10) (#EHIL10; Lot
1742850A) in supernatants were determined using ELISA
kits (Thermo Scientific) according to provided instructions.
The results were normalized to cell numbers. The readings
for the untreated Ctrl-siRNA cells were considered as 100%.

Western blot

Whole cell protein lysates were prepared and Western Blot
was performed according to Mytych et al. [15, 20]. Briefly,
20 g of proteins was separated by 10% SDS—-PAGE and
electroblotted to PVDF membranes, followed by blocking in
1% BSA, incubated with the specific primary and secondary
HRP-conjugated antibodies. The protein bands of interest
were detected using ECL substrate (Bio Rad) and Fusion
Fx7 system (Viber Lourant). The relative protein expression
levels were normalized to -actin (GelQuantNET software).

Immunofluorescence staining and micronuclei (MN)
detection

Immunostaining protocols were used as described previously
[15, 20, 21]. In contrast to intracellular immunostaining pro-
cedure, all buffers used in cell surface (extracellular) immu-
nostaining method were Triton X-free. Digital images were
captured with InCell Analyzer 2000. Image] software was
used for quantitative analysis of klotho abundance (results
are presented as RFU) and YH2AX foci formation (shown as
YH2AX foci/nucleus). For micronuclei analysis, minimum
of 500 cells were examined for each sample and results are
presented as MN % of total cells.

Autophagy detection: acridine orange staining
and LC3 puncta immunostaining

As a marker of autophagy, the volume of the cellular acidic
compartment was visualized by acridine orange (AO)
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staining. The AO stain crosses into lysosomes and becomes
protonated. The protonated dye stacks and stacked AO emits
red fluorescence, while AO not in acidic compartment emits
as green [22]. To visualize autophagosomes, cells were
stained for 15 min at 37 °C with 1 pg/ml acridine orange
prepared in DMEM and washed twice with PBS. AO assay
is only a supplementary method due to its high affinity to
other acidic compartments, therefore the second method of
autophagy detection was employed i.e. LC3 puncta immu-
nostaining. The intracellular LC3 puncta immunostaining
was done as described above in immunofluorescence stain-
ing protocol. Digital images were taken with InCell Analyzer
2000 and analyzed with InCell Analyzer analysis module
and presented as RFU and LC3 puncta / cell, respectively.

Statistical analysis

Analyses were performed on GraphPad Prism. Unless oth-
erwise stated, data from at least three independent experi-
ments (n=23) are presented as mean + SD and analyzed
with one-way ANOVA with Dunnett’s multiple compari-
son post test. p values <0.05 were considered significant
(*F*FF/MAD <0.001; **/AMp <0.01; */*p<0.05, no indica-
tion—no statistical significance). (*) indicate a comparison
between LPS-non-treated and treated Ctrl-siRNA or KLTH-
siRNA cells, (*) indicate a comparison between LPS-non
treated Ctrl-siRNA and KLTH-siRNA cells or LPS-treated
Ctrl-siRNA and KLTH-siRNA cells.
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Fig. 1 siRNA-mediated klotho silencing of normal human fibroblasts.
Cells were transfected with 10 pmol Silencer Negative Control (Ctrl-
siRNA) or 10 pmol klotho siRNA (KLTH-siRNA #1 and #2) for
48 h. a qPCR analysis of klotho mRNA expression; b Western Blot
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Results

Klotho siRNA-mediated cell cycle arrest
and apoptosis induction is involved in in vitro
wound healing inhibition during LPS challenge

To verify the role of klotho protein in LPS-challenged wound
healing process we firstly silenced klotho gene in BJ cells
using siRNA strategy. For this reason, we used two different
siRNAs, however with opposite results. Cells transfected
with klotho siRNA #1 did not exhibit decreased expression
of klotho in both, mRNA and protein, levels (Fig. 1). On the
other hand, cells transfected with klotho siRNA #2 showed
lower expression of klotho. As assessed by real time PCR,
klotho expression decreased by 62% (p <0.001) (Fig. 1a).
Transmembrane klotho (130 kDa) protein levels following
48 h siRNA silencing dropped by 73.9% when compared to
cells transfected with negative control siRNA (Ctrl-siRNA)
(p<0.01), as well as levels of secrete form of klotho pro-
tein (65 kDa) were reduced as assessed by Western Blot
technique (Fig. 1b, c¢). Therefore, for further experiments,
we decided to continue with siRNA #2, which gave high
efficiency in klotho silencing.

After silencing the klotho gene in BJ cells (KLTH-
siRNA), we decided to check whether this process will affect
wound healing challenged for 48 h with non-toxic LPS dose
(1 pg/ml). Indeed, during 2 days of analysis, the percentage
wound closure in Ctrl-siRNA cells treated with LPS was
99.6% with no difference when compared to non-treated
cells (96.9%). Whereas in KLTH-siRNA cells wound healing
process was not only slightly slowed down (84.0%, p> 0.05,
ns), but LPS challenge additionally intensified that decel-
eration to 56.6% (p <0.001) (Fig. 2a, b). We next wanted
to investigate whether the observed effects after LPS treat-
ment were due to their impact on cell cycle and proliferation
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analysis of klotho membrane (130 kDa) and secrete (65 kDa) forms
expression after transfection, ¢ representative Western Blots are
shown; Bars indicate SD, n=3, ***p<0.001, **p<0.01 (one-way
ANOVA and Dunett’s a posteriori test)
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Fig.2 Klotho siRNA-mediated inhibition in wound healing pro-
cess during LPS challenge is associated with decreased proliferation
capacity, cell cycle arrest and apoptosis induction. a Scratch assay.
48 h after transfection, cells were seeded, after next 24 h scratch was
done and LPS (1 pg/ml) was added (0 h). Wound closure was con-
trolled at O h, 24 and 48 h; b representative images are presented,
magnification of the objective lens 20x; 48 h after transfection, cells
were seeded, after next 24 h treated with LPS and c cell cycle pro-
gression was evaluated; d BrdU incorporation was controlled; e MTT

activity was measured; f CREB expression was evaluated; g apopto-
sis-associated active caspase 3 and Bcl-2 expression was controlled,
h representative Western Blots are shown. Bars indicate SD, n=3,
*FEEIAMAD <0.001, **¥/Mp<0.01, */*p<0.05, no indication—no sta-
tistical significance (one-way ANOVA and Dunett’s a posteriori test).
(*) indicate comparison between LPS-non-treated and treated Ctrl-
siRNA or KLTH-siRNA cells, () indicate comparison between LPS-
non treated Ctrl-siRNA and KLTH-siRNA cells or LPS-treated Ctrl-
siRNA and KLTH-siRNA cells
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rate. Firstly, klotho silencing led to the cell cycle arrest in
GO0/G1 phase. Then, the % of LPS non-challenged KLTH-
siRNA cells in GO/G1 phase was increased by 12.7% when
compared to Ctrl-siRNA cells (p <0.01), while in LPS chal-
lenged cells the observed increase was 19.2% (p<0.001).
In terms of S phase, the % of Ctrl-siRNA cells increased by
9.0% due to the LPS treatment (p <0.05), however in KLTH-
siRNA cells we did not observe the same tendency (Fig. 2¢).
This data was supported by results obtained in BrdU incor-
poration test (Fig. 2d). Further, we noted decreased MTT
activity in KLTH-siRNA cells independently on LPS treat-
ment (in Ctrl-siRNA cells ~100% and in KLTH-siRNA
cells~73%, p<0.001) (Fig. 2e), which could be due to the
reduced cell or mitochondrial number as well as metabolic
activity. Since, no statistically significant differences in
CREB, the master regulator of mitochondrial biogenesis,
expression were observed (Fig. 2f), reduction in MTT activ-
ity should be considered as a consequence of decreased cell
number. Apart from proliferation rate inhibition and GO/G1
cell cycle arrest, apoptotic cell death induction could be also
involved in the observed decrease in cell number. Therefore,
we evaluated the levels of Bcl2 and active caspase 3—two
proteins regulating apoptotic cascade. In Ctrl-siRNA cells
treated with LPS, we did not observe any changes in their
pattern. On the other hand, in KLTH-siRNA cells challenged
with LPS, we noted the increased level of active caspase 3
(p<0.05) with a concomitant drop in Bcl2 amount suggest-
ing activation of apoptotic pathway (p <0.05) (Fig. 2g, h).

Klotho siRNA increases LPS-mediated oxidative
stress and imbalance in intracellular zinc
and calcium homeostasis in fibroblasts

To explore the molecular mechanism behind the reduction
in wound healing ability of KLTH-siRNA fibroblasts chal-
lenged with LPS we evaluated oxidative and nitrosative
stress parameters. We noted a 1.4-fold increase in super-
oxide production in Ctrl-siRNA cells after LPS treatment
(p<0.01), while klotho silencing intensified observed
increase to 1.8-fold (Fig. 3a, b). Similarly, LPS challenge
led to a 1.5-fold upregulation in nitric oxide generation in
Ctrl-siRNA cells (p <0.001), however in KLTH-siRNA cells
no changes in nitric oxide pools were observed (Fig. 3c, d).
Oxidative and nitrosative stress resulted in the employment
of glutathione antioxidant system as observed by downregu-
lation of thiol pools. The level of thiols reflecting reduced
glutathione content was decreased approximately by 20%
in Ctrl-siRNA (p <0.05) and 32% in KLTH-siRNA cells
(p<0.001) after LPS treatment (Fig. 3e, f). Also, as an
adaptive response, we noted activation of NF-xB transcrip-
tion factor and IGF-IR pathways due to LPS challenge in
Ctrl-siRNA cells and the effect was even more pronounced
in KLTH-siRNA cells. Simultaneously, in Ctrl-siRNA
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fibroblasts LPS did not promote any changes in heme oxy-
genase 1 (HMOX-1) or heme oxygenase 2 (HMOX-2) pro-
tein pools, however in KLTH-siRNA cells upregulation of
HMOX-1 was observed (p <0.05). Further, although anti-
oxidant systems were activated, LPS treatment resulted in
increased protein O-GlcNAcylation and in KLTH-siRNA
cells O-GlcNAc modification of proteins with high molecu-
lar weight (> 90 kDa) was enhanced by approximately 1.5-
fold (p<0.01) when compared to Ctrl-siRNA fibroblasts
(Fig. 3g—i). Inseparably linked to oxidative and nitrosative
stress is imbalance in intracellular zinc and calcium amounts.
LPS challenge led to a 1.8-fold increase in Ca** pool in
Ctrl-siRNA cells (p <0.01), while KLTH-siRNA cells were
unaffected (Fig. 3j). Slight decrease in Zn** amount after
treatment with LPS in both, Ctrl-siRNA and KLTH-siRNA
fibroblasts, was noted (Fig. 3k), probably due to the upregu-
lated zinc transporter ZnT1 presence (Fig. 3g, 1).

Klotho siRNA increases inflammation in fibroblasts
challenged with LPS

Changes in intracellular available zinc/calcium and oxida-
tive stress are intimately related with inflammatory response
what could further explain the molecular mechanism behind
the reduction in wound healing ability of KLTH-siRNA
fibroblasts challenged with LPS. Therefore, we evaluated
levels of both, pro- and anti-inflammatory cytokines. LPS
treatment resulted in 157% increase in TNFa secretion in
Ctrl-siRNA cells (p <0.05), while in KLTH-siRNA fibro-
blasts 296% upregulation was observed (p <0.01). How-
ever, the basal level of TNFa secretion was also increased
by 108% due to klotho silencing and was LPS-independent
(p<0.05) (Fig. 4a). IL-6 profile was affected in LPS-treated
KLTH-siRNA cells (p<0.05) (Fig. 4b), whereas IL-1f
secretion was upregulated by 88% (p <0.05) and 135%
(p<0.05) in Ctrl-siRNA and KLTH-siRNA cells, respec-
tively (Fig. 4c). The levels of secreted anti-inflammatory
IL-10 were also changed. LPS challenge led to enhancement
of IL-10 secretion by 72% in Ctrl-siRNA cells (p> 0.05,
ns). However, when compared LPS treated Ctrl-siRNA and
KLTH-siRNA cells, statistically significant downregulation
in IL-10 secretion was observed in cells with silenced klotho
(p<0.05) (Fig. 4d).

Klotho silencing enhances ER stress and induces
genomic instability in fibroblasts challenged
with LPS

Excessive protein O-GlcNAcylation could also lead to
unfolded protein response (UPR) in response to accumu-
lation of unfolded or misfolded proteins in ER. This theory
is supported by simultaneously observed LPS-induced
oxidative stress and increased inflammatory response in
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Fig.3 Klotho siRNA increases LPS-mediated oxidative stress and
imbalance in intracellular zinc and calcium homeostasis in fibro-
blasts. 48 h after transfection, cells were seeded, after next 24 h
treated with LPS and after 48 h a ROS levels; b representative
images; ¢ NO levels, d representative images; e Thiol levels, f rep-
resentative images were controlled. Magnification of the objective
lens 20x. Red fluorescence—dihydroethidium (ROS), green—4-
amino-5-methylamino-2',7'-difluoro-fluorescein diacetate (NO), blue
fluorescence—Thiol Tracker (Thiol); g activation of anti-oxidant
pathways and extent of O-GlcNAcylation were controlled, representa-

KLTH-siRNA cells. Therefore, we investigated two paral-
lel signaling branches comprised by UPR. In both, Ctrl-
siRNA and KLTH-siRNA cells LPS challenge did not lead
to splicing of X-box binding protein-1 (XBP-1) mRNA
(Fig. 5a, b). However, we confirmed a 1.06-fold increase
in eukaryotic translation initiation factor 2A phospho-
rylation (p-elF2a) in Ctrl-siRNA cells treated with LPS,
whilst in KLTH-siRNA cells a 2.76-fold upregulation was
observed (p <0.01). Since we observed apoptosis induc-
tion in KLTH-siRNA cells challenged with LPS and cal-
nexin is known to be involved in apoptosis induced by ER

tive Western Blots are shown; h densitometry analysis of NF-kB p50,
HMOX-1, HMOX-2 and i IGF-IR, O-GIcNAc, ZnT1. j Ca®* and k
Zn?* intracellular pools were measured. Bars indicate SD, n=3,
R[NP <0.001, **¥/Mp<0.01, */*p<0.05, no indication—no sta-
tistical significance (one-way ANOVA and Dunett’s a posteriori test).
(*) indicate comparison between LPS-non-treated and treated Ctrl-
siRNA or KLTH-siRNA cells, () indicate comparison between LPS-
non treated Ctrl-siRNA and KLTH-siRNA cells or LPS-treated Ctrl-
siRNA and KLTH-siRNA cells. (Color figure online)

stress, we evaluated the levels of its expression. Indeed,
we confirmed 1.57- (p> 0.05, ns) and 3.45-fold (p < 0.05)
increases in calnexin expression in Ctrl-siRNA and
KLTH-siRNA cells, respectively after treatment with LPS
(Fig. 5c, d). ER stress was recently linked with genomic
instability and here we observed increased micronuclei
formation in LPS-treated KLTH-siRNA cells when com-
pared to Ctrl-siRNA cells (p <0.01) (Fig. Se, f). Simul-
taneously, a 2.39-fold increase in DNA double strand
brakes, as assessed by YH2AX foci formation analysis, was
observed in KLTH-siRNA cells after LPS treatment when
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compared to Ctrl-siRNA fibroblasts (p <0.001). Interest- Discussion

ingly, detailed analysis revealed that yH2AX foci showed
differential labeling-pattern. Some of them were localized
only in micronucleus and not in the nucleus, some in both,
while some others only in the nucleus (Fig. 5g, h).

Klotho siRNA leads to autophagy repression
and thus inhibits wound healing ability during LPS
challenge

Mild ER stress mediates autophagy initiation required
for cytoprotection, thus in the next step of our study, we
evaluated autophagy pathway activation as a response to
LPS challenge. We detected a 65.2% increase in acridine
orange staining intensity reflecting acidic compartments
in Ctrl-siRNA cells after treatment with LPS (p <0.05),
while in KLTH-siRNA fibroblasts observed upregulation
was 25.7% (p> 0.05, ns) (Fig. 6a, b). To confirm autophagy
activation, we used more specific method i.e. LC3 puncta
immunostaining and noted a 3.3-fold LPS-induced increase
in LC3 puncta formation per cell in Ctrl-siRNA cells
(p<0.01), whilst in KLTH-siRNA the same tendency was
not observed (Fig. 6¢, d). Immunoblotting with an antibody
against LC3A/B additionally confirmed these observations.
Furthermore, we observed 63% downregulation in ATG16L
synthesis (p <0.001), the protein crucial for autophagosome
formation, in KLTH-siRNA cells treated with LPS, while
ATG16L pools in Ctrl-siRNA fibroblasts were unaffected
even after LPS challenge (Fig. 6e, f).

@ Springer

Recently published in vivo studies showed a slower rate
of wound closure in klotho mice (kl/kl), which was par-
tially linked with acute inflammation in wound lesions and
depended on humoral factors [12, 17]. However, the molec-
ular mechanisms underlying the complex and multistage
wound healing process associated with klotho deficiency
were not completely understood. One of the most important
and intriguing unanswered question was the effect of inter-
actions between wounds and microbia / endotoxins. In this
study, we confirmed that overall in vitro wound healing pro-
cess outcome was not affected in normal human fibroblasts
challenged with non-toxic dose of LPS, what is in agreement
with others [4, 23], whereas klotho silencing resulted in sig-
nificantly reduced wound closure. Additionally, we report
the precise mechanism underlying these interactions.

In klotho silenced fibroblasts challenged with LPS pro-
duction of ROS and NF-«xB activation were significantly
intensified. The effect was additionally augmented by
depletion of reduced glutathione. To date, klotho role in
oxidative stress was well described [24, 25]. Moreover,
some evidence is emerging that klotho modulates induc-
ible nitric oxide synthase (iNOS) activity and its defi-
ciency causes the reduction in NO and cGMP [26]. Simi-
larly, in our study, we observed significantly decreased
NO production due to the LPS treatment in fibroblasts
with klotho silenced. This observation is particularly
significant in terms of wound healing process since NO
release through iNOS regulates collagen formation, cell
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proliferation and wound contraction [27], thus reduced
NO level may also indirectly explain reduced prolifera-
tion in klotho silenced fibroblasts challenged with LPS.
Inhibition of LPS-mediated expression of NO could
be also associated with observed enhanced O-Glc-
NAcylation. Additionally, noted in this study decrease
in calcium influx after treatment with LPS in cells
with silenced klotho may be associated with enhanced
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O-GlcNAcylation, but also with the direct klotho knock-
down-mediated decrease in plasma membrane levels
of calcium TRPV?2 channels [28]. On the other hand,
downregulated zinc level is probably linked with klotho
deficiency [29]. Continuing, enhanced O-GlcNAcylation
led to abnormal NF-kB transcriptional activation and
thus contributed to inflammation-associated complica-
tions observed in this study. However, upregulation of
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inflammatory cytokines could be driven also via ROS-
mediated NF-kB-dependent and -independent pathways or
zinc downregulation. Response to LPS challenge in klotho
silenced fibroblasts was manifested by increased secre-
tion of pro-inflammatory TNFa, IL-6, IL-1p and inhib-
ited secretion of anti-inflammatory IL-10. Klotho anti-
inflammatory properties were already partially described.
It was shown to suppress RIG-I-mediated inflammation
and inhibit expression of IL-6 and IL-8 [30], but also to
negative regulate the production of NF-kB-linked inflam-
matory proteins through the mechanism that involves
phosphorylation of Ser536 in the transactivation domain
of RelA [25]. Here, we provide evidence for klotho regu-
latory function in the LPS-mediated secretion of IL-10,
which was identified as a modulator of inflammatory
reaction due to its activity in downregulating levels of
pro-inflammatory cytokines. This observation is also sig-
nificantly important in terms of wound healing process,
since the prolonged elevation of IL-1f and TNFa, not
inhibited by IL-10 and perhaps other anti-inflammatory
cytokines, may elongate the inflammatory phase and if
continued, wound could enter a chronic state and fail to
heal. Observed excessive inflammatory cytokines secre-
tion, oxidative stress and activation of O-GlcNAc pro-
tein modification was correlated with the induction of
unfolded protein response (UPR) in LPS-treated fibro-
blasts with klotho depletion. UPR is considered as a cel-
lular stress response activated after the accumulation of
toxic, unfolded or misfolded proteins in ER lumen seek-
ing to restore normal functioning of ER [31]. Enhanced
O-GlcNAcylation may be however not only a trigger for
UPR and ER stress but also its consequence [32] and in
positive feedback loop may intensify protein misfolding.
Further, in this study, we observed downregulated levels
of intracellular calcium, which are required by majority
proteins for proper folding. Therefore, accumulation of
misfolded proteins may be also due to the lack of calcium.
As the response, activation of PERK/elF2a-mediated
branch of UPR was confirmed by us. PKR-like ER kinase
upon ER stress dissociates from dysfunctional complex
and phosphorylates elF2a, which is a key component of
43S translation-initiation complex crucial for general
mRNA translation inhibition, global protein synthesis
decrease and ER load reduction [31]. This mechanism is
also involved in the direct promotion of NF-kB activation
and thus in ER stress-mediated inflammation [33]. How-
ever, once the ER stress intensity reaches its threshold,
PERK represses adaptive response and initiates apopto-
sis through blockage of anti-apoptotic miRNAs [34] and
control of CHOP transcription factor [34]. Therefore,
PERK, although promotes cell survival, is also identi-
fied as molecular switch and apoptosis executioner during

ER stress. In this study, in klotho deficient fibroblasts
treated with LPS we observed elevated levels of active
caspase 3 and downregulated Bcl-2, which confirms that
accumulated protein and DNA damage was too severe and
cells did not activate prosurvival adaptive responses but
activated apoptotic cell death. Furthermore, we confirmed
upregulated levels of molecular chaperone calnexin,
which was also linked with ER stress-induced apopto-
sis, since it acts as a scaffold for the cleavage of Bab31
protein by caspase 8 under ER stress [35]. Apoptosis, as
well as ER stress, were linked with genomic instability
and micronuclei formation [36], what we also confirmed
in this study. However, here we directly provide novel
evidence that klotho plays a crucial role in genomic sta-
bility maintenance as well as prevention of ER stress and
autophagy. Additionally, in this study, we observed not
only apoptotic cell death in klotho deficient fibroblasts
after treatment with LPS, but also G0/G1 cell cycle arrest,
perhaps due to the genotoxicity [37] or UPR-induced
accumulation of p27 [38]. It confirms, that accumulated
damage leads to cell cycle arrest to allow time for repair,
however it is too severe and redirects cells to the apop-
totic pathway. Additionally, DNA double strand brakes
sequestered in micronuclei do not activate DNA damage
response pathways with the same efficiency as breaks
included in the cell nucleus [39]. Since we observed
most of the yYH2AX staining localized in micronuclei it
confirms direction to the apoptosis pathway. In terms of
overall wound healing process, enhanced apoptosis not
only causes impaired process but also can aggravate tis-
sue damage that occurs during injury. Further, such non-
healing wound, detained in one or more of the phases,
may lead to chronic wound development. Also, the host’s
immune response to the presence of endotoxins prolongs
inflammation and may result in severe skin and general
immune disorders.

In conclusion, in this study, we show for the first time,
that klotho silencing in fibroblasts intensified LPS-induced
oxidative stress and inflammatory response, what resulted
in genomic instability, ER stress and led to retardation
of prosurvival autophagy and induction of apoptotic cell
death. As consequence in vitro wound healing process
was significantly impaired and inhibited. Therefore, these
results indicate new, important role of klotho protein in
modulating ER-signaling crosstalk between autophagy
and apoptosis induced by LPS during the wound healing
process challenged with LPS.
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