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Toll-like receptor 5 (TLR5) is a specific receptor for micro-
bial flagellin and is one of the most well-known receptors 
in the TLR family. We reported previously that TLR5 signal-
ing is well maintained during aging and that caveolin-1 
may be involved in TLR5 signaling in aged macrophages 
through direct interactions. Therefore, it is important to 
clarify whether caveolin-1/TLR5 interactions affect TLR5 
expression during aging. To assess the effect of caveolin-1 
on TLR5, we analyzed TLR5 expression in senescent fi-
broblasts and aged tissues expressing high levels of 
caveolin-1. As expected, TLR5 mRNA and protein expres-
sion was well maintained in senescent fibroblasts and 
aged tissues, whereas TLR4 mRNA and protein were dimi-
nished in those cells and tissues. To determine the me-
chanism of caveolin-1-dependent TLR5 expression, we 
examined TLR5 expression in caveolin-1 deficient mice. 
Interestingly, TLR5 mRNA and protein levels were de-
creased dramatically in tissues from caveolin-1 knockout 
mice. Moreover, overexpressed caveolin-1 in vitro en-
hanced TLR5 mRNA through the MAPK pathway and pro-
longed TLR5 protein half-life through direct interaction. 
These results suggest that caveolin-1 may play a crucial 
role in maintaining of TLR5 by regulating transcription 
systems and increasing protein half-life.1 
 
 
INTRODUCTION  
 
Aging is an important risk factor that impairs tissue and cellular 
functions as well as promotes aging-related degenerative dis-
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eases (Campisi, 2013; Campisi et al., 2011). The aging process 
is complex with significant changes in many different molecules, 
and some of these molecules can be used as aging indicators 
(Menni et al., 2013). Several aging markers have been identi-
fied, such as telomere length, reactive oxygen species levels, 
and caveolin-1 expression status (Cho et al., 2004; Mather et 
al., 2011; Pandey and Rizvi, 2010).  

Caveolin-1 is a membrane protein widely used to detect the 
aging phenotype (Cho and Park, 2005; Zhang et al., 2014). 
However, caveolin-1 is not only the aging marker but is important 
for controlling cellular signaling and homeostasis. Caveolin-1 is 
the main component of caveolae, which are scaffold membrane 
domains rich in lipid rafts that provide a platform for interactions 
between membrane receptors and their ligands (Capelluto, 2013). 
Moreover, caveolin-1 is a tumor suppressor that regulates various 
cellular processes, such as vesicular transport, cellular prolifera-
tion, apoptosis, and cholesterol homeostasis (Wang et al., 2013). 
In addition, caveolin-1 has a vital role in host defense, inflamma-
tion, and host/pathogen interactions (Lim et al., 2010; 2014; Mirza 
et al., 2010). However, the role of caveolin-1 in innate immune 
systems is not well known. 

Toll like receptors (TLRs) are the best characterized among 
the four major classes of pattern recognition receptors that play 
a central role in innate immunity (Delgado and Deretic, 2009). 
Research on TLRs has focused on their immune function and 
has been extended to aging and cancer (Qian et al., 2012; 
Rakoff-Nahoum and Medzhitov, 2009). TLR signaling is defec-
tive in macrophages or dendritic cells during normal aging 
(Dunston and Griffiths, 2010; Panda et al., 2010). However, our 
group and Qian’s group recently showed that TLR5 in perito-
neal macrophages and monocytes from older donors, respec-
tively are conserved during aging (Lim et al., 2015; Qian et al., 
2012) . Importantly, our group demonstrated that caveolin-1 
expression increases dramatically and that caveolin-1 directly 
binds TLR5 leading to a signaling cascade and the production 
of proinflammatory cytokines in aged macrophages (Lim et al., 
2015). However, we have not yet fully documented the func-
tions of caveolin-1 for maintaining TLR5 expression. Here, we 
further elucidated the relationship between TLR5 and caveolin-
1 at the transcriptional and translational levels using human 
cells and tissues from aged or caveolin-1 knockout mice. The 
present data suggest that caveolin-1 is a crucial regulator for 
maintaining and controlling TLR5 expression. 
 
MATERIALS AND METHODS 
 
Reagents 
Monoclonal anti-caveolin-1 antibody (610406) was purchased  
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from BD Transduction Laboratories (USA). Polyclonal anti-
TLR4 (IMG-587A) and anti-TLR5 (IMG-580) were acquired 
from Imgenex (USA). Anti-SAPK/JNK (#9252) and anti-
phospho-SAPK/JNK (#9251) were purchased from Cell Signal-
ing Technology (USA). Anti-β-actin (sc-47778), anti-Erk1 (sc-94-
G), anti-p-Erk (sc-7383), anti-p38α (sc-535-G), anti-p-p38 (sc-
7973), and secondary horseradish peroxidase-conjugated anti-
goat (sc-2020), anti-rabbit (sc-2030), and anti-mouse (sc-2302) 
antibodies were purchased from Santa Cruz Biotechnology 
(USA). Lipofectamine 2000 was obtained from Invitrogen (USA). 
Other biochemical reagents were purchased from Sigma 
Chemical (USA). 
 
Cell culture 
Human diploid fibroblasts (HDF) were ordered from the Institu-
tional Research Committee of Seoul National University Hos-
pital. The cells were isolated from the foreskin of a 6-year-old 
boy and identified by using the approval protocol of the Institu-
tional Research Committee of Seoul National University Hos-
pital, as described previously (Cho et al., 2003). The HDF were 
maintained in 100 mm plates in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin/streptomycin. The HDF were subcultured at a ratio 
of 1:4. We defined non-senescent cells (NS-HDF) as those 
resulting from fewer than 25 population doublings and senes-
cent cells (S-HDF) as those resulting from more than 60 popu-
lation doublings. Human cervical cancer (HeLa) cells were 
purchased from American Type Culture Collection (ATCC CCL2, 
USA) and maintained like the HDF. All cell culture reagents 
were acquired from Gibco-BRL (USA). 
 
Animals 
Young female C57BL/6J mice (8-10 weeks old) and caveolin-1 
knockout mice (8-10 weeks old) were purchased from The 

Jackson Laboratory (USA). The knockout mice were inbred by 
homozygous mating. Aged female C57BL/6J mice (24 months 
old) were kindly provided by Dr. Jang (Korea Basic Science 
Institute, Korea). All mice were maintained on a standard diet in 
a specific-pathogen free facility at the Clinical Vaccine R&D 
Center of Chonnam National University. All animal-related ex-
periments were designed in accordance with the guidelines of 
the Institutional Animal Care and Use Committee of Chonnam 
National University Medical School.  
 
Lentivirus transduction 
The lentivirus was transduced as described previously (Lim et 
al., 2014). Briefly, caveolin-1 gene of human origin was cloned 
into the lentiviral transfer vector (pLentiH1.4-monomerRFP) to 
make a lentivirus for overexpressing caveolin-1 protein by co-
transfection of the transfer vector with a glycoprotein of the 
vesicular stomatitis virus (VSV-G) expression vector and a gag-
pol expression vector into 293T cells. The viruses were col-
lected and transduced into HeLa and NS-HDF cells. RFP or 
RFP/Cav1 gene with a cytomegalovirus (CMV) promoter was 
integrated into the host cell genome and the protein expression 
was controlled by using CMV promoter. To infect the cells with 
lentivirus, HeLa and NS-HDF cells were seeded in 6-well plates, 
cultured to 60-70% confluence, and infected with 1 ml lentivirus 
for 8 h. After incubation, the cells were supplied with growth 
medium containing 10% FBS and harvested 48 or 72 h later for 
further assay. 
 
RNA extraction and reverse transcription-polymerase 
chain reaction (RT-PCR) 
Total RNA was extracted from cells and tissues using Qiazol 
reagent (QIAGEN Sciences #79306, Germany). cDNA was 
synthesized using the PrimeScript 1st strand cDNA synthesis kit 
(TaKaRa Bio., Inc., #6110A, Japan) according to the manufac-

Fig. 1.  TLR5 is conserved in senescent 
non-immune cells.  RNA and protein were 
isolated from NS-HDF and S-HDF cells. (A) 
Caveolin-1, TLR4, and TLR5 protein expres-
sion was detected by Western blot with spe-
cific antibodies. (B) Caveolin-1, TLR4, and 
TLR5 mRNA levels were analyzed by RT-
PCR with specific primers. The β-actin was 
used as the loading control for both RT-PCR 
and Western blotting. The relative density of 
protein expression and mRNA levels were 
normalized to β-actin and represented by 
quantitative graphs. Data are presented as 
mean ± SD from five independent experi-
ments; ∗p < 0.05; ns, not significant. 
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turer instructions. The TLR4, TLR5, and caveolin-1(Cav1) pri-
mer sequences were as follows: β-actin sense TGG AAT CCT 
GTG GCA TCC ATG AAA C, β-actin anti-sense TAA AAC GCA 
GCT CAG TAA CAG TCC G; TLR4 sense AGC CTA AGC CAC 
CTC TCT ACC T, TLR4 anti-sense AGC CTA AGC CAC CTC 
TCT ACC T; Cav1 human sense GAG CTG AGC GAG AAG 
CAA GT, Cav1 human anti-sense TCC CTT CTG GTT CTG 
CAA TC; TLR5 human sense TGC CAC TGT TGA GTG CAA 
GTC, TLR5 human anti-sense ACC TGG AGA AGC CGA AGG 
TAA G; Cav1 mouse sense AGC CGC GTC TAC TCC ATC TA, 
Cav1 mouse anti-sense CAT CAG CAC GCA GAA AGA GA; 
TLR5 mouse sense GGA CAC TGA AGG ATT TGA AGA TG, 
TLR5 mouse anti-sense GGA CCA TCT GTA TGC TTG GAA 
TA. The PCR conditions were: pre-denaturation at 94°C for 3 
min followed by 20 (β-actin) and 25 (Cav1, TLR4, and TLR5) 
cycles of denaturation at 94°C for 30 s, annealing at 58°C 
(Cav1), 52°C (TLR5) or 59°C (TLR4) for 30 s, extension at 
72°C for 30 s, and post-extension at 72°C for 10 min using a 
TaKaRa PCR Thermal Cycler. PCR products were separated 
on 3% agarose gel and stained with ethidium bromide. 
 
Western blot analysis  
Western blot analysis was performed as described previously 
(Lim et al., 2010). Briefly, the cells and tissues were collected, 
and proteins were isolated by adding lysis buffer [50 mM Tris-HCl 
(pH 7.5), 150 mM sodium chloride, 1 mM ethylenediaminetetraa-
cetic acid, 60 mM octyl β-D-glucopyranoside, 1 mM phenylme-
thylsulfonyl fluoride, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 50 
mM sodium fluoride, and 1 mM sodium orthovanadate] and soni-
cated briefly. The proteins were subjected to sodium dodecyl 
sulfate polyacrylamide gel electrophoresis. The separated pro-
teins were transferred to polyvinylidene fluoride membranes (Pall 
Co., USA), and the membranes were incubated with anti-Cav1, 
anti-TLR4, anti-TLR5, and anti-β-actin antibodies in a cold room 

overnight and then with peroxidase-conjugated secondary anti-
bodies at room temperature for 1 h. Protein expression was visu-
alized using an enhanced chemiluminescence detection kit 
(Amersham ECL kit; GE Healthcare, UK). 
 
Statistical analysis 
The statistical analysis was performed using Prism 5 (Graph-
Pad, Inc., USA). The gene and protein expression band density 
was quantified using ImageJ software (National Institutes of 
Health, USA). Differences between experimental groups were 
analyzed using the non-parametric Mann–Whitney test and 
were considered significant for p values < 0.05. Data are pre-
sented as mean ± standard deviation (SD) of at least five inde-
pendent experiments.  
 
RESULTS  
 
TLR5 is preserved in senescent cells and aged tissues 
We first tested basal caveolin-1, TLR4, and TLR5 protein ex-
pression in NS-HDF and S-HDF. As an aging maker, the cave-
olin-1 protein was increased significantly in S-HDF compared to 
that in NS-HDF, and the TLR5 protein was well expressed in 
both cells but expression of the TLR4 protein was diminished in 
S-HDF (Fig. 1A). TLR5, TLR4, and caveolin-1 mRNA levels 
were consistent with protein expression (Fig. 1B) and showed 
that cellular senescence was affected by different patterns 
caveolin-1 and TLR4 mRNA expression but was not influenced 
by TLR5 mRNA level.  

To further investigate the relationship between TLR5 and 
caveolin-1 in aging, we collected skin, spleen, and small intes-
tine from young and aged mice to analyze mRNA and protein 
expression levels in those tissues. We found that TLR5 mRNA 
level was increased in aged tissues, similar to caveolin-1 
mRNA (Fig. 2A). The TLR5 protein was similarly expressed in  

Fig. 2. TLR5 is preserved in aged mice tissues. RNA and protein were isolated from small intestine (S.I.), skin, and spleen of young (Y) and
aged (O) mice. (A) Caveolin-1, TLR4, and TLR5 mRNA levels were quantified by RT-PCR with specific primers. (B) Caveolin-1, TLR4, and
TLR5 protein expression was detected by Western blotting with specific antibodies. The β-actin was used as the loading control for both RT-
PCR and Western blotting. The relative density of protein expression and mRNA levels were normalized to β-actin and represented by quan-
titative graphs. Data are presented as mean ± SD from five independent experiments (n = 3 mice/group); ∗p < 0.05; ns, not significant.  
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both young and aged tissues, which differed from the caveolin-
1 expression pattern in those tissues (Fig. 2B). TLR4 mRNA 
level was not affected by aging (Fig. 2A) but TLR4 protein ex-
pression was decreased in aged tissues (Fig. 2B).  

Taken together, TLR5 was preserved in senescent cells and 
aged tissues with abundant caveolin-1 expression. 
 
TLR5 expression is affected by caveolin-1 status 
To clarify the role of caveolin-1 in the preservation of TLR5, we 
examined TLR5 expression in several tissues from caveolin-1 
knockout (Cav1-/-) mice. Interestingly, TLR5 mRNA was de-
creased significantly in tissues from Cav1-/- mice compared with 
those from normal mice, whereas TLR4 mRNA level was not 
affected by the caveolin-1 genetic deletion (Fig. 3A). Moreover, 
mRNA level was correlated with protein expression, demon-
strating that TLR5 but not TLR4 was decreased in Cav1 -/- tis-
sues (Fig. 3B). This result indicates that caveolin-1 may regu-
late TLR5 through both transcriptional and translational 
processes.  
 
Caveolin-1 may be a crucial regulator of TLR5 expression 
To elucidate the function of caveolin-1 in the regulation of TLR5, 
caveolin-1 was overexpressed in NS-HDF and HeLa cells with 
low level of caveolin-1. Caveolin-1 over-expression increased 
TLR5 mRNA level in both cell types but not that of TLR4 (Fig. 
4A). TLR5 protein expression was increased significantly in 
caveolin-1 overexpressed cells than that in control cells, while 
the TLR4 protein was not influenced by caveolin-1 overexpres-
sion (Fig. 4B). These results indicate that both TLR5 mRNA 

and protein were affected by exogenous caveolin-1 expression 
and that caveolin-1 may be a novel regulator of TLR5 to main-
tain the receptor during aging. 
 
Molecular mechanism of caveolin-1-dependent TLR5  
expression 
Previously, we demonstrated that caveolin-1 directly interacts 
with TLR5 and mediates the signaling cascade via flagellin 
stimulation (Lim et al., 2015). To understand the function of 
caveolin-1 in the conservation of TLR5, we determined whether 
caveolin-1 expression affected TLR5 stability. We blocked new 
protein synthesis in HeLa cells and NS-HDF with cycloheximide 
to determine a 24 h half-life for the TLR5 protein in both cell 
types (Figs. 5A and 5B). However, we did not observe signifi-
cant degradation of TLR5 in caveolin-1 overexpressed HeLa 
(Fig. 5A) or caveolin-1 overexpressed NS-HDF (Fig. 5B) after 
exposure to cyclohexamide for up to 36 h. Thus, these data 
suggest that caveolin-1 functioned as a scaffold molecule to 
prolong the half-life of the TLR5 protein. Recently it has been 
reported that expression of TLRs is regulated by the mitogen- 
activated protein kinase (MAPK) signaling cascade. We also 
found that overexpression of caveolin-1 in HeLa cells induced 
phosphorylation of extracellular signal-regulated kinase (p-Erk) 
and stress-activated kinases c-Jun N-terminal kinase (p-
SAPK/JNK); however, it did not influence phosphorylation of 
p38 kinase (p-p38) (Fig. 5C). Hence, the increment of caveolin-
1-activated MAPK signaling cascades causes phosphorylation 
of downstream molecules Erk and SAPK/JNK, leading to an 
increase in TLR5 mRNA expression.  

Fig. 3. TLR5 expression decreases in caveolin-1 knockout mice. RNA and protein were isolated from small intestine (S.I.), skin, and spleen of
wild type (WT) and caveolin-1 knockout (Cav1-/-) mice. (A) Caveolin-1, TLR4, and TLR5 mRNA levels were analyzed by RT-PCR with specific
primers. (B) Caveolin-1, TLR4, and TLR5 protein expression was detected by Western blotting with specific antibodies. The β-actin was used
as the loading control for both RT-PCR and Western blotting. Relative density of protein expression and mRNA levels were normalized to β-
actin and represented by quantitative graphs. Data are presented as mean ± SD from five independent experiments (n = 3 mice/group); ∗p <
0.05; ns, not significant.  
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DISCUSSION 
 
We have previously observed that TLR5 expression in perito-
neal macrophages is conserved during aging due to direct inte-
ractions with caveolin-1 (Lim et al., 2015). This interesting result 
encouraged us to determine the relationship between caveolin-
1 and TLR5 in non-immune senescent cells that express abun-
dant caveolin-1. Using S-HDF as the senescent cell model, we 

found that both TLR5 mRNA and protein were conserved in 
those cells as observed in older monocytes and aged macro-
phages (Lim et al., 2015; Qian et al., 2012), whereas TLR4 and 
other TLRs, mRNA and proteins were decreased dramatically.  

The preservation of TLR5 in aging was further assessed by 
analyzing TLR5 expression in several aged tissues, including 
skin, spleen, and small intestine. We found that TLR5 mRNA 
level was enhanced in aged tissues but TLR5 protein expres-

Fig. 5. Molecular mechanism of caveolin-1-dependent TLR5 expression.  Caveolin-1 was overexpressed in HeLa and NS-HDF cells using a
lentivirus (LV) carrying RFP-caveolin-1 (RFP/Cav1). (A, B) The protein half-life of TLR5 in caveolin-1 overexpressing HeLa and NS-HDF after
treatment with 100 μg/ml cycloheximide for the indicated time period was detected by Western blotting with anti-TLR5 specific antibody. (C)
The proteins associated with the MAPK signaling pathway (Erk1, p-Erk, p38α, p-p38, SAPK/JNK, p-SAPK/JNK) were detected in caveolin-1
over-expressing HeLa cells by Western blotting using specific antibodies. The β-actin was used as the loading control. The relative density of
protein expression was normalized to β-actin and represented by quantitative graphs. Data are presented as mean ± SD from five indepen-
dent experiments; ∗p < 0.05; ns, not significant. 
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Fig. 4. Caveolin-1 may be a crucial TLR5 mediator. Caveolin-1 was overexpressed in HeLa and NS-HDF cells using a lentivirus (LV) carrying
RFP-caveolin-1 (RFP/Cav1). (A, B) Caveolin-1, TLR4, and TLR5 mRNA levels in caveolin-1 over-expressed HeLa and NS-HDF were ana-
lyzed by RT-PCR with specific primers, respectively.  (C, D) Caveolin-1, TLR4, and TLR5 protein expression in caveolin-1 overexpressed
HeLa and NS-HDF was detected by Western blotting with specific antibodies. The β-actin was used as the loading control for both RT-PCR
and Western blotting. The relative density of protein expression and mRNA levels were normalized to β-actin and represented by quantitative
graphs. Data are presented as mean ± SD from five independent experiments; ∗p < 0.05; ns, not significant. 
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sion in those tissues was comparable to that in young tissues, 
suggesting that the TLR5 protein was conserved during aging; 
however, the elevated TLR5 mRNA level in aged tissues dif-
fered from the cell-based model. Cells are affected by constant 
paracrine and exocrine signaling required for tissue differentia-
tion and maintenance (Weinberg, 2013), so mRNA and protein 
expressions in tissues may be regulate differently than that in in 
vitro cell culture. Thus, the difference in the TLR5 mRNA ex-
pression pattern in a cell or tissue model may be not only due to 
a difference in transcriptional regulation or post-transcriptional 
processing but also to the export rate of mature mRNA to the 
cytoplasm or stabilization of the mRNA itself. Although TLRs 
have widely investigated in various cell types and diseased 
tissues (Applequist et al., 2002; Betanzos-Cabrera et al., 2012; 
So and Ouchi, 2010), the TLRs expression in aged tissues is 
largely unknown. Only one group has reported that TLR1, 
TLR2, TLR4, TLR5, and TLR7 mRNA is upregulated in the 
aged mice brain (Letiembre et al., 2007). However, we did not 
observe any change in TLR4 mRNA level in aged tissues in our 
model but TLR5 mRNA expression was enhanced in those 
tissues, as reported in the aged brain (Letiembre et al., 2007).  
Thus, aging affected TLR5 transcription but not translation in 
aged tissues. 

We have also suggested that the expression and activation 
of TLR5/MyD88 signaling in macrophages is sensitively upre-
gulated by caveolin-1 through direct interactions but we have 
not investigated the TLR5 expression pattern in Cav1-/- tissues 
(Lim et al., 2015). In this study, several tissues from Cav1-/- 
mice were used to determine TLR5 mRNA and protein expres-
sion. Both TLR5 mRNA and protein expression decreased in 
Cav1-/- tissues, whereas TLR4 mRNA and protein were ex-
pressed, regardless of caveolin-1 status. Although TLR4 direct-
ly interacts with caveolin-1 and TLR4 signaling is impaired in 
Cav1-/- mice through endothelial nitric oxide synthase, no evi-
dence exists about TLR4 mRNA and protein levels in mice 
(Jiao et al., 2013; Mirza et al., 2010; Wang et al., 2009). We 
observed that both TLR4 mRNA and protein expression was 
not affected by genetically deleting caveolin-1. Therefore, we 
propose that the TLR4/caveolin-1 and TLR5/caveolin-1 may be 
regulated by different mechanisms. 

The function of caveolin-1 in the regulation of TLR5/caveolin-
1 was further examined in caveolin-1 over-expressing cells. 
Caveolin-1 expression in cancer (HeLa) and normal (NS-HDF) 
cells dramatically enhanced TLR5 expression at both mRNA 
and protein levels but no change in TLR4 occurred. Hence, 
caveolin-1 not only controlled TLR5 expression at the mRNA 
level but also at the protein level. It has been reported that 
components of the MAPK signaling pathway regulate TLR 
mRNA (Peroval et al., 2013); hence, we checked the phospho-
rylation state of MAPK-related proteins in caveolin-1 over-
expressing HeLa cells. We confirmed that caveolin-1 enhanced 
phosphorylation of Erk and SAPK/JNK proteins in the MAPK 
cascade. Hence, the transcriptional regulation of TLR5 might 
be regulated by caveolin-1 through the MAPK pathway. To 
elucidate the meaning of the direct interaction between cave-
olin-1 and TLR5, we examined whether TLR5 protein half-life 
was affected by caveolin-1 status. As a result, half-life of the 
TLR5 protein in HeLa cells and NS-HDF was about 24 h, which 
is similar to the half-life of the TLR4 protein (O’Hara et al., 2009) 
and the protein decreased dramatically after 36 h. However 
TLR5 was not degraded significantly at 36 h in caveolin-1 over-
expressed cells. Thus, caveolin-1 not only enhanced TLR5 
expression but also prolonged TLR5 stability. The result indi-
cates that caveolin-1 may serve as a scaffold protein to stabilize 
TLR5. Taken together, our results suggest a novel function for 

caveolin-1 in maintaining and regulating TLR5 expression.  
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