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Abstract

Chronic obstructive pulmonary disease (COPD) is currently the third leading cause of death in the
US and is associated with an abnormal inflammatory response to cigarette smoke (CS). Exposure
to CS induces oxidative stress and can result in cellular senescence in the lung. Cellular
senescence can then lead to decreased proliferation of epithelial cells, the destruction of alveolar
structure and pulmonary emphysema. The anti-aging gene, klotho, encodes a membrane bound
protein that has been shown to be a key regulator of oxidative stress and cellular senescence. In
this study the role of Klotho (KL) in oxidative stress and cellular senescence was investigated in
human pulmonary epithelial cells exposed to cigarette smoke. Individual clones that stably
overexpress Klotho were generated through retroviral transfection and geneticin selection. Klotho
overexpression was confirmed through RT-gPCR, Western blotting and ELISA. Compared to
control cells, constitutive Klotho overexpression resulted in decreased sensitivity to cigarette
smoke induced cell death in vitro via a reduction of reactive oxygen species and a decrease in the
expression of p21. Our results suggest that increasing Klotho level in pulmonary epithelial cells
may be a promising strategy to reduce cellular senescence and mitigate the risk for the
development of COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is currently the third leading cause of death
in the United States!=3, and the number of COPD cases continue to increase 4. COPD is
characterized by increased pulmonary inflammation and fibrosis that leads to irreversible
airflow limitation in the lung® 8. The primary causes of COPD are pulmonary emphysema
and chronic bronchitis due cigarette smoke (CS)’. Exposure to cigarette smoke induces
oxidative stress in the lung® ? initiating cellular senescence or aging. Oxidative stress
promotes epithelial cell death and the enlargement of alveolar structures resulting in
emphysema, reduced airflow and difficulty breathing0.

Physiological lung aging is associated with several anatomic (enlargement of alveoli) and
functional changes (reduced airflow) that result in a progressive decrease in expiratory flow
rates over time!l. Although aging is a natural process, cellular senescence of pulmonary
epithelial cells increases dramatically after exposure to cigarette smokel2-14, Therefore, it is
not surprising that COPD manifests itself in older adults (greater than 45 years of age)?.
Abnormal regulation of the mechanisms involved in aging (including cellular senescence,
oxidative stress, and changes in the expression of anti-aging molecules) may contribute to
the pathogenesis of COPD15. Because cellular senescence is directly correlated with aging,
and exposure to cigarette smoke accelerates lung aging, therapies that significantly reduce or
inhibit cellular senescence may be important in the overall treatment of this diseasel.
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The anti-aging gene, klotho, codes for a single-pass transmembrane protein, classified as a-
Klotho (KL), which is expressed primarily in the kidneyl’. Klotho knockout mice display a
syndrome that resembles human aging and includes a shorter lifespan and premature
emphysemal’. Conversely, overexpression of Klotho in mice extends lifespan and indicates
that the klotho gene functions as an aging or senescence suppressor genel8. At the cellular
level, Klotho exists as a membrane bound protein that is composed of a large extracellular
domain that can be cleaved and released as a soluble protein, and is detectable in
cerebrospinal fluid and blood1®. Membrane bound KL functions as a co-receptor for
fibroblast growth factor 23 (FGF23)20, whereas secreted KL functions as a hormonal factor
independent of FGF23. Secreted KL has been shown to regulate the activity of growth
factors such as insulin-like growth factor-1 (IGF-1), Wnt, and transforming growth factor.
(TGF)-B118:21.22 and can activate the TRPV5 ion channel?2-24, Moreover, KL has been
shown to be involved in the regulation of oxidative stress by activating the FOXO forkhead
transcription factor, which increases the expression of manganese superoxide

dismutase?® 26, Because soluble Klotho has been shown to inhibit multiple pathways
involved in aging, such as insulin signaling and oxidative stress, augmenting Klotho or its
effects may counteract problems resulting from aging.

Previous studies have demonstrated that a-Klotho can protect against oxidative stress both
invitro as well as in vivo?’29, Overexpression of KL confers resistance to oxidative stress
and apoptosis induced by oxidants2%: 30, Although increased oxidative stress due to uremia
accelerates cellular senescence in endothelial cells leading to decreased expression of
intracellular KL, exogenous KL has been shown to prevent cellular senescence by inhibiting
oxidative stress and diminishing nuclear factor kappa B (NF-xB) binding 27. Pulmonary
epithelial cells, transfected with a-Klotho, are protected from oxidative damage due to
hyperoxia and phosphotoxia by increasing the antioxidant levels in cells via the Nrf2
pathway?8. COPD is correlated with increased cellular senescence and oxidative stress of
pulmonary epilthelial? 14.31-33 Moreover, heightened oxidative stress may contribute to
premature alveolar damage and the development of emphysema. Therefore, we
hypothesized that overexpression of KL may be a novel therapy to combat CS-induced
senescence by increasing the antioxidant capacity to enable epithelial cells to be protected
against such injury. To this end, human epithelial cells were stably transfected with the KL
open reading frame and exposed to cigarette smoke in order to determine whether
overexpressing KL protected against CS-induced cell death.

Materials and methods

Cell culture and Reagents

BEAS-2B cells (human lung epithelial cell line) were obtained from the American Type
Culture Collection (Manassas, VA). Cells were cultured at 37°C in a 5% CO, incubator in
complete media containing Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal
bovine serum and antibiotics (Life Technologies, Grand Island, NY). The pPCMV-Entry
Vectors with and without the Klotho open reading frame were obtained from OriGene
Technologies (Rockville, MD). Lipofectamine ® 2000 and human Klotho, Actin, p21 and
p27 primer and probe sets were obtained from Life Technologies (Grand Island, NY).
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Cloning cylinders were obtained from Sigma-Aldrich (St. Louis, MO). Cigarette smoke
extract (CSE) (dissolved in dimethyl sulfoxide [DMSQ], 40 mg/ml total particulate matter,
nicotine content of 6%; kept at —80°C) was purchased from Murty Pharmaceuticals
(Lexington, KY) and diluted in cell culture media immediately before use.

Stable Transfections and Selection of Clones

RT-gPCR

Klotho is known to be expressed at very low levels in pulmonary epithelial cells?8 and low
expression of KL was confirmed in the human epithelial cell line (BEAS-2B) used in this
study. BEAS-2B cells were plated in 10% FBS without antibiotics. Cells were transfected
the next day according to the manufacturer’s instructions with 2500 ng of a lentiviral
plasmid that contained the full length ORF (including the transmembrane domain) of human
the KL gene. BEAS-2B cells were also transfected with the lentiviral plasmid without the
KL ORF. Twenty-four hours post-transfection, cells were passed at 1:20 into fresh growth
medium containing G418 (1 mg/ml) for selection. Individual clones (P1) were selected 14
days after the addition of G418. Expression levels of all clones selected were determined
through RT-gPCR (Supplemental Figure 1). Cells transfected with the empty vector, which
had comparable KL expression levels compared to normal BEAS-2B cells, were chosen as
the empty vector control cells (Clone 5). Cells transfected with the KL ORF, which had the
highest KL expression levels were chosen as the KL-overexpressing cells (Clone 4). All
experiments were completed using early passage cells (P2 — P13) and overexpression of
Klotho in multiple passages was confirmed through RT-gPCR and ELISA.

Total RNA was isolated using the Rneasy Mini Kit (Qiagen, Valencia, CA). Reverse
transcription of RNA was performed using the Multiscribe RT Kit (Life Technologies).
Gene expression was measured using assays on demand probe sets (Applied Biosystems),
and reactions were analyzed using the ABI One Step real-time PCR system. Actin was used
for normalization. To determine the effects of CS on human epithelial cells, cells were
exposed to 200 pg/ml CSE for 24 hours, RNA was isolated and expression levels of p21 and
p27 were quantified. More than three independent biological replicates were performed for
the quantification of KL mRNA levels and three biological replicates were performed for the
cell cycle analysis using three technical replicates for each experiment (n = 3). Relative fold
change was calculated by using the following formulas: ACt = Cy (target gene)-Cy (Actin)
and FC = 27(ACT2-ACT1), in which ACry represents the highest Cr value among DMSO
treated control samples and ACr, represents the value of a particular sample as previously
described34.

Immunoblot analysis

Cell extracts were isolated using RIPA buffer followed by sonication. 15 pug of protein were
resolved on SDS-PAGE gels and transferred onto PVDF membranes. Immunoblots were
probed with an anti-human Klotho rabbit polyclonal antibody. The blots were probed with
an HRP goat anti-rabbit 1gG conjugated secondary and binding was visualized through
chemiluminescence. Immunoblots were then stripped and reprobed with an anti-human
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Actin rabbit polyclonals antibody. Two independent biological replicates were performed
for membrane bound KL using three technical replicates for each experiment (n = 3).

Cytotoxicity analysis

ELISA

KL-overexpressing cells and control cells were exposed to increasing concentrations of
cigarette smoke extract (CSE) (200-700 pg/ml) for 24 hours. Cell viability was assessed 24
hours after CSE exposure through the CellTiter Blue Cell Viability Assay as suggested by
the manufacturer (Promega, Madison, WI1). Fluorescence (560gx/590gpm) Was acquired
using the Infinite® M200 Microplate reader (Tecan, San Jose, CA, USA). Three
independent biological replicates were performed for the cytotoxicity assays using ten
technical replicates for each experiment (n = 10).

Cell culture supernatants were removed 24 hours after exposure to either 200 ug/ml CSE
and/or 200 ng/ml LPS exposure. Commercially available ELISA kits were used to quantify
the levels of either human a-Klotho (IBL America, Minneapolis, MN), or IL-8 and IL-6
(Affymetrix, San Diego, CA) according to the manufacturer’s instructions. More than three
independent biological replicates were performed during the course of the study for the
quantification of a-Klotho using 3 technical replicates for each experiment (n = 3). Two
independent biological replicates were performed for the quantification of IL-8 and IL-6
using 3 technical replicates for each experiment (n = 3).

Reactive Oxygen Species (ROS) and Glutathione (GSH) Quantification

ROS levels were quantified in cells, 3 hours after exposure to CSE (200 pg/ml) or H,0, (50
mM) through the ROS-Glo Assay according to the manufacturer’s instructions (Promega,
Madison, WI). GSH levels were quantified in cells, 6 hours after exposure to CSE (200
pg/ml) or buthionine sulphoximine (BSO) (200 uM) through the GSH-Glo Assay according
to the manufacturer’s instructions (Promega). Luminescence was acquired using the
Infinite® M200 Microplate reader (Tecan, San Jose, CA, USA). Relative fold changes (FC)
in ROS levels were calculated using the following equation; FC = luminescence of sample
(treated with DMSO, CSE or Hy05)/luminescence of control sample (treated with DMSO
only). Three independent biological replicates were performed for the ROS and GSH
quantifications using five to ten technical replicates for each experiment (n = 5-10).

Statistical Analysis

Results

Data are presented as mean £ SEM. Analyses were done using the software package
GraphPad Prism 6.0 (San Diego, CA). One or two-way ANOVAs were used to compare
groups with one or two independent variables, respectively. All data from the biological
replicates were used to determine differences among groups. Significance was noted at P <
0.05.

In order to confirm that the stable transfection produced cells that were able to express high
levels of the KL protein, an immunoblot analysis was performed to quantify membrane
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bound KL. KL-overexpressing cells expressed increased levels of membrane bound KL.
Increased levels of KL were not statistically different compared to control cells. However,
KL-overexpressing cells expressed and secreted significantly higher levels of soluble KL in
the cell culture supernatant than control cells (P < 0.05) (Figure 1). These data indicate that
the increased protein expression of KL was successful and that the soluble KL form was
significantly increased in cell culture supernatant compared to control cells.

We next examined whether extracellular KL expression could moderate cytotoxicity due to
CS exposure. Cytotoxicity was quantified 24 hours after cells were exposed to 200-700
pg/ml CSE. KL-overexpressing cells were significantly protected from CSE-induced cell
death between 200 and 500 pg/ml CSE compared to control cells (P < 0.05) (Figure 2).

CS is known to contain greater than 1014 free radicals per puff and oxidative damage from
CS exposure leads to cell death3°. In the presence of both CSE and H,0, (positive control),
empty vector control cells produced significantly higher levels of ROS (P < 0.05) (4.3 fold
increase in fluorescence). KL-overexpressing cells also produced a similar significant
increase with H,0, (P < 0.05) (3.73 fold increase in fluorescence). However, the increase
observed in the presence of CSE was blunted in KL-overexpressing cells, and was
significantly different compared to control cells treated with CSE (Figure 3). No significant
differences were observed in glutathione (GSH) levels between KL-overexpressing cells and
controls cells after 6 hours of CSE exposure (Supplemental Figure 2). These data indicate
that extracellular KL is able to protect cells from CSE-induced cytotoxicity by reducing
intracellular ROS levels.

Intracellular KL has been shown to modify the expression of IL-6 and IL-8, which are pro-
inflammatory cytokines that are up-regulated in COPD patients, in primary endothelial and
fibroblast cells3¢. KL-overexpressing cells and empty vector control cells were exposed to
either CSE, LPS or both for 24 hours and both cell types produced equivalent cytokine
levels of both IL-6 and IL-8 (Figure 4), which supports previous results indicating separate
functions for the extracellular and intracellular KL forms26,

Gene expression levels of two important cell cycle inhibitors, p21 and p27, were quantified
in KL-overexpressing cells and empty vector control cells 24 hours after exposure to 200
pg/ml of CSE (Figure 5). CSE induced a significant increase in p21 expression in control
cells. However, p21 levels induced by CSE in KL-overexpressing cells were significantly
lower compared to control cells (P < 0.05). These data indicate that KL overexpression was
able to down-regulate the expression of p21.

Discussion

Stable overexpression of KL in human epithelial cells produces increased levels of secreted
Klotho, which can act as an extracellular hormonel8. Extracellular KL leads to
cytoprotection against CSE by decreasing ROS levels and modifying the expression of the
cell cycle inhibitor, p21. Our data support previous findings concerning the expression and
function of soluble KL 18.28.37 For example, KL is expressed primarily in the kidneys and
parathyroid, however, expression levels of KL are very low in pulmonary epithelial’- 28, In
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addition, membrane bound proteins, such as Klotho, can be cleaved and released as soluble
factors by enzymes called sheddases. Previous studies have shown that sheddases include
members of proteinase families such as metalloproteinases, A Disintegrin and
Metalloproteinases (ADAMS) and serine proteinases. Shedding of the extracellular domain
of KL is stimulated by insulin and is mediated by ADAM10 and ADAM1737. Our data
clearly indicate that in stably transfected cells, soluble KL levels are significantly increased
compared to the membrane bound form. Therefore, the transmembrane domain of Klotho
may be cleaved by either ADAM10 and ADAM17 expressed on BEAS-2B cells38, releasing
the extracellular domain and mediating its protective effect in this study.

Soluble KL can exist as an intracellular form26 or a secreted extracellular form as described
above. Intracellular KL, but not secreted KL, has been shown to down-regulate the
production of IL-6 and IL-8 via inhibition of RIG-1 in senescent cells36. Since COPD
pathogenesis is mediated by pro-inflammatory cytokines that activate and attract white
blood cells to the lung, we investigated whether extracellular KL also suppressed pro-
inflammatory cytokine release due to CSE and/or LPS. In the present study, extracellular KL
did not inhibit the production of IL-6 or IL-8 in response to CSE or LPS supporting previous
conclusions®® and identifying distinct functions for the intracellular and secreted form of
KL. In addition, the secreted form of KL has two different sizes that include a 130- and a
68-kDa KL fragment26: 37, Currently it is unknown in this study which KL form
predominates to mediate its protective effect.

Cigarette smoke induces oxidative stress in pulmonary tissue and cells by generating
increased ROS levels that can lead to inflammation and apoptosis in the lung3®. KL-
overexpressing cells had significantly decreased ROS levels after CSE exposure compared
to control cells, indicating that soluble Klotho was able to increase the antioxidant capacity
of epithelial cells. Interestingly, basal levels of GSH in control cells and KL-overexpressing
cells were similar and both cell types had a significant reduction in GSH levels 6 hours after
CSE exposure and GSH depletion with BSO, suggesting that GSH production and the
inducible expression of phase Il antioxidant genes were not altered. These data indicate that
extracellular KL is able to protect cells from CSE-induced cytotoxicity by reducing
intracellular ROS levels, possibly by increasing the antioxidant capacity of these cells.
Overexpression of KL has been previously shown to combat oxidative stress in vitro in
retinal epithelial cells and endothelial cells? 22, Specifically, oxidative stress induced by
IGF-1 was regulated by KL through its ability to activate the FOXO forkhead transcription
factor leading to the up-regulation of manganese superoxide dismutase (SOD2)2%, A
separate study identified that a-Klotho increases nuclear factor erythroid-derived 2-related
factors 1/2 (Nrf 1/2) transcriptional activity in order to protect from oxidative stress?8. In our
study, KL-overexpressing cells did not express increased basal levels of SOD2 compared to
control cells (Supplemental Figure 3).

Finally, cellular damage to alveolar epithelial cells due to oxidant or CS exposure ultimately
leads to lung aging and increased expression of markers of cellular senescence. p21Cipl/
Waf1 (encoded by Cdknla) has been implicated as a biomarker of senescence®® and is up-
regulated in response to CSE12, Cigarette smoke causes premature cellular senescence in
pulmonary epithelial cells in vitro, as well as in vivo, and may play a role in the pathogenesis
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of COPD*L. One mechanism by which cigarette smoke causes premature senescence is by
increasing the expression levels of cell cycle inhibitors, specifically p21, to stop the cell-
cycle progression towards S phase. Previous studies have shown that loss of p21 expression
is protective against both oxidative stress and airspace enlargement during CS exposure®2.
Therefore, the expression of senescence markers were quantified in epithelial cells after CSE
exposure. As previously reported, CSE induced a significant increase in p21 expression in
vitro®3. In response to CSE, p21 levels in control cells were significantly higher than KL-
overexpressing cells, whereas no significant differences in p27 expression existed between
control and KL over-expressing cells. Previous studies in human fibroblast cells using RNAI
to knockdown KL expression observed a significant increase in p21 expression resulting in
growth arrest and cellular senescence*4. Extracellular KL has also been shown to reduce
senescence in human umbilical vascular endothelial cells (HUVECS) through the p53/p21
pathway30. These data indicate that extracellular KL reduces CSE-induced senescence by
suppressing p21 expression, possibly leading to increased cell survival or proliferation in the
presence of CSE.

The pathogenesis of COPD is complex and is mediated through different cellular pathways
mentioned above, including oxidative stress, inflammation and apoptosist®. Lung injury, due
to chronic oxidant exposure to CS, leads to cellular damage, the disruption of alveolar
maintenance, and increased expression of markers of cellular senescence. Ito et al.,
therefore, first proposed that COPD was a disease due to accelerated aging of the lung?®,
and others have supported this hypothesis!®: 46. 47 Although age does not affect the
development of emphysema and small airway remodeling®8, Cosio et al. later refined the
aging hypothesis and proposed that COPD is a disease of young susceptible smokers that
progresses over time, accelerating lung damage, and then manifesting itself later in life?’.
Consequently, the molecular mechanism of accelerated aging can provide several
therapeutic targets for novel intervention strategies against COPD16: 49, We believe that KL
is an excellent candidate as a novel intervention strategy for COPD patients due to its
protective role against oxidative stress. A recent study identified at least three novel
compounds that significantly activate KL expression in rat cells®. The authors correctly
indicate that loss of KL expression due to age or disease may contribute to disease
progression and loss of homeostatic functions. Interestingly, a recent study has identified a
significant decrease in soluble KL levels in sera of smokers compared to non-smokers®?, If
the expression of KL decreases due to age and CS exposure, circulating KL would be
significantly reduced in the lungs of susceptible COPD patients. Therefore, if KL is a
protective hormonal protein that enhances the antioxidant capacity of cells, the levels of
circulating KL may be able to be modulated through the use of novel activators that may
enable pulmonary epithelial cells to resist the oxidant and senescent effects of CS leading to
reduced lung damage. Our work presented here suggests that soluble KL reduces CSE-
induced cell death by diminishing intracellular ROS levels and suppressing the expression of
cell cycle inhibitors leading to continued proliferation and survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Increased membrane bound and soluble Klotho production in stably transfected human

epithelial cells. A) Representative western blot of membrane bound Klotho expression in
human epithelial cells. Expression of Actin was used as a loading control. B) Densitometry
analysis of the membrane bound Klotho protein normalized to Actin expression for the
experiment shown in A. Band intensities were quantified using ImageJ software (NIH). C)
Representative enzyme-linked immunosorbant assay (ELISA) results for extracellular
soluble Klotho. Data presented in B) and C) are mean £ SEM of one biological replicate (n
= 3). Asterisks indicate a significant difference between control cells and Klotho
overexpressing cells (P < 0.05).
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Figure 2.
Overexpression of Klotho in stably transfected human epithelial cells protects against

cytotoxicity due to cigarette smoke extract (CSE). Cells were exposed to 200 pug/ml of CSE
for 24 h and cytotoxicity was quantified using the CellTiter Blue assay. Data presented are
mean percent cytotoxicity + SEM of three biological replicates (n = 10 for each experiment).
Asterisks indicate a significant difference between control cells and Klotho overexpressing
cells exposed to CSE (P < 0.05).
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Figure 3.
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3 Empty Vector
(2 Klotho Vector

Soluble extracellular Klotho decreases reactive oxygen species (ROS) levels in human
epithelial cells after exposure to CSE. Control cells and KL-overexpressing cells were
exposed to 200 pg/ml of CSE for 3 h, and ROS levels were quantified using the ROS Glo
assay. Data presented are mean relative fold change + SEM of three biological replicates (n
= 10 for each experiment). Asterisks indicate a significant difference between mock treated
cells and cells exposed to CSE (P < 0.05). Dagger indicates a significant difference between
empty vector control cells and KL-overexpressing cells exposed to CSE (P < 0.05).
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Figure 4.
Pro-inflammatory cytokine levels are not altered in Klotho-overexpressing cells challenged

with CSE and/or lipopolysaccharide (LPS). A) IL-8 and B) IL-6 levels in cell culture
supernatants after treatment with either 200 ug/ml of CSE, or 200 ng/ml of LPS, or both for
24 h. Data presented are mean + SEM of two biological replicates (n = 3 for each
experiment). Asterisks indicate a significant difference between mock treated (DMSO)
empty vector control cells and control cells exposed to CSE (P < 0.05). Daggers indicate a
significant difference between mock treated (DMSQO) KL-overexpressing cells and KL-
overexpressing cells exposed to CSE (P < 0.05).
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Figure 5.
Cigarette smoke extract alters the mRNA expression levels of cell cycle inhibitors. Cells

were exposed to 200 pug/ml of CSE for 24 h. Expression levels of p21 and p27 were
quantified through RT-qPCR. Data presented are mean relative fold change + SEM of three
biological replicates (n = 3 for each experiment). Asterisks indicate a significant difference
between mock treated (DMSO) control cells and cells exposed to CSE (P < 0.05). Dagger
indicates a significant difference between control cells and KL-overexpressing cells exposed
to CSE (P < 0.05).
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