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The effect of aging on the autophagic and heat shock
response in human peripheral blood mononuclear cells
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Autophagy is a lysosome degradation pathway through which damaged organelles and macromolecules are degraded
within the cell. A decrease in activity of the autophagic process has been linked to several age-associated pathologies,
including triglyceride accumulation, mitochondrial dysfunction, muscle degeneration, and cardiac malfunction. Here,
we examined the differences in the autophagic response using autophagy-inducer rapamycin (Rapa) in peripheral
blood mononuclear cells (PBMCs) from young (21.8 + 1.9 years) and old (64.0 + 3.7 years) individuals. Further-
more, we tested the interplay between the heat shock response and autophagy systems. Our results showed a
significant increase in LC3-II protein expression in response to Rapa treatment in young but not in old individuals.
This was associated with a decreased response in MAP1LC3B mRNA levels, but not SQSTM1/p62. Furthermore,
HSPA1A mRNA was upregulated only in young individuals, despite no differences in HSP70 protein expression.
The combined findings suggest a suppressed autophagic response following Rapa treatment in older individuals.
Keywords: autophagy, aging, HSP, PBMC, rapamycin

Introduction

Autophagy (literally translated as “self-eating”) is a lysosome degradation pathway through
which damaged organelles and macromolecules are degraded within the cell (28, 29). The
autophagic process plays a homeostatic role in cells that is crucial for the metabolic balance
between the synthesis, degradation, and subsequent turnover of cytoplasmic materials in a
stressful environment (8). Autophagy is classified into three types that can be distinguished
based on the cellular components that are sequestered and degraded consisting of: micro-
autophagy, chaperone-mediated autophagy, and macroautophagy (herein referred to as
autophagy) (39).

Autophagic flux occurs in several main steps including the sequestration of cargo into
the autophagosome, the delivery of cargo to lysosomes, and its subsequent breakdown and
release of macromolecules back into the cytosol (23). Microtubule-associated protein light
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chain 3 (LC3) is the most commonly used protein to examine autophagy, through which the
conversion of the unconjugated cytosolic form of LC3-I to the phosphatidylethanolamine-
conjugated form of LC3-II targets the autophagosomal membrane resulting in formation of
the autophagolysosome and its subsequent degradation (20, 23, 38). Sequesterome 1/p62
(SQSTM1/p62) tags and binds molecules for transportation to the autophagosome, which is
then degraded by the autophagolysosome. Induction of autophagy is indicated by increases in
LC3-II and its concomitant degradation or the degradation of SQSTM1/p62 (23).

A decrease in activity of the autophagic process is a shared characteristic of nearly all
aged organisms, which may have a causative role in the functional deterioration of biological
systems during aging (43). Over the past decade, accumulating evidence supports a direct role
for autophagy in the aging process (2, 3, 17, 25, 44). Autophagy-related proteins (ATGA)
and other proteins (such as Sestrin 1) required for autophagy induction have been shown to
have reduced expression in aged tissues. For instance, normal aging of the human brain is
associated with downregulation of Atg5, Atg7, and Beclin 1 (31), whereas deficiencies in
Atg 1, Atg 8, and Sestrin 1 are associated with decreased lifespan, suggesting an enfee-
blement of the autophagic response that may contribute to the aging phenotype (26, 42).
Furthermore, downregulation of proteins required for autophagic functioning has been linked
to age-associated pathologies, including triglyceride accumulation, mitochondrial dysfunc-
tion, muscle degeneration, and cardiac malfunction (26, 41). In addition, the genetic and age-
related loss of autophagic functioning has been linked to the development of
several metabolic and neurodegenerative diseases, such as diabetes, Huntington’s disease,
Alzheimer’s disease, and Parkinson’s disease (25).

Few studies have tested the effect of correcting age-associated autophagic deficits on
aging-related phenotypes. Melendez et al. (34) observed that inhibition of the insulin-like
growth factor (IGF) pathways cause an increase in autophagy in Caenorhabditis elegans,
thus increasing longevity; however, inhibition of autophagy through mutation of essential
ATG genes prevents longevity gains. Caloric restriction (CR) or reduced food intake
without malnutrition is the strongest known physiological inducer of autophagy (29). CR
extends the life span of most tested animals, in which it reduces incidence of diabetes,
cardiovascular disease, cancer, and brain atrophy (6). Autophagic induction from CR
causes activation of both the AMPK or Sirtuin 1 energy sensors and engages in a positive
forward loop of mutual activation (4). Moreover, CR-initiated inhibition of IGF results in
the downregulation of mammalian target of rapamycin (mTOR), causing an increase in the
autophagic flux (21).

Recently, heat shock proteins (HSPs) have been found to have a regulatory role in the
autophagic response (11). HSPs are molecular chaperones that assist in correct folding of
newly synthesized proteins, and in the translocation, degradation, and reactivation of
damaged proteins (10). HSP70, a member of the HSP family of proteins, offers protection
against damaging factors at the level of the macromolecules, single cells, and whole
organisms (11). Overexpression of HSP70 has an inhibitory role on autophagy that may
be modulated through the mTOR/Pkb (protein kinase B, also known as Akt) pathway (11);
however, the regulatory role of HSP70 on rapamycin (Rapa)-induced autophagy remains
unknown in aged individuals.

The purpose of this study was to examine differences in basal and Rapa-induced
autophagy in the peripheral blood mononuclear cells (PBMCs) of young and old individuals.
In addition, we aimed to examine the interplay between HSP70 and Rapa-induced autophagy
as it relates to aging.
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Materials and Methods

Subjects

The study was approved by the university’s Human Research Review Committee (HRPO-
12-224) and all subjects provided written informed consent. Adult participants between the
ages of 20-25 and 60-72 years were recruited for the study, who were free of known illness
or disease. Subjects who are falling outside of the age ranges, currently taking medication
known to upregulate autophagy, such as glucose lowering or statin medications, or
experiencing an acute illness were excluded. Furthermore, participants were asked to refrain
from exercise 24 h prior to their blood draw and all participants were non-smokers. A total
of 10 males (5 young and 5 old) and 10 females (5 young and 5 old) were recruited to
participate in this study (r = 20). Participants were divided into two groups by age: young
(21.8 £ 1.9 years) and old (64.0 + 3.7 years).

PBMC collection and cell experiments

Participants were asked to visit the lab on a single occasion. Venous blood was collected via
venipuncture from an antecubital vein. PBMCs were isolated from whole blood suspended in
histopaque (Histopaque-1077, Sigma-Aldrich, USA), counted to ensure equal cell densities
between all participants (approximately 4.0 x 107 cells), and incubated at 37 °C for a period of
24 h in cell culture medium containing MegaCell RPMI-1640 (F4135, Sigma-Aldrich, USA),
1% r-glutamine (Thermo Fisher Scientific, USA, 25030081), 1% Penicillin—Streptomycin
solution (Thermo Fisher Scientific, 15140122), and 5% fetal bovine serum (F4135, Sigma-
Aldrich, USA) to allow for cell homogenization. PBMCs were then transferred to cell culture
plates and were either treated with dimethyl sulfoxide (DMSO) vehicle (472301, Sigma-
Aldrich), bafilomycin (BAF) A1 in DMSO (InvivoGen, tlrl-bafl, USA) (100 nM), or BAF and
Rapa in DMSO (InvivoGen, tlrl-rap) (0.5 nM) for 2 h in 37 °C. BAF was used to block the
formation of the autophagolysosome preventing LC3-II degradation, thus enabling the
quantification of autophagy via LC3-II accumulation (23, 45). Treatment with Rapa simulated
starvation-induced autophagy via upstream inhibition of mTOR. Cells were immediately
harvested and stored at —80 °C until analyzed.

Immunoblot analysis

Cells were lysed in a modified radioimmunoprecipitation buffer (Tris—HCI 8.0 pH; Invitro-
gen, USA, 15568-025), 0.5 M EDTA (Invitrogen, 15568-020), 1.5 M NaCl (S9888, Sigma-
Aldrich), 1% Triton X 100 (Sigma-Aldrich, x100), and freshly added protease (Thermo
Fisher Scientific, 78430) and phosphatase (Thermo Fisher Scientific, 7842) inhibitors.
HSP70, LC3, SQSTM1/p62, and B-actin were resolved by electrophoresis in a 12%
polyacrylamide gel (Bio-Rad, 456-144, Hercules, CA). Proteins were transferred to cellulose
membranes

(Bio-Rad, 162-0094) and then blocked in Tris-buffered saline (150 mM NaCl, pH 8.0),
containing 0.2% polysorbate (Tween 20; Bio-Rad, 170-6531) detergent and 5% powdered
milk (Bio-Rad, 170-6404). Membranes were then incubated in Tris-buffered saline, contain-
ing 0.2% polysorbate detergent and 5% bovine serum albumin (A9418, Sigma-Aldrich) with
primary antibodies including: LC3 (L7543, Sigma-Aldrich), SQSTM1/p62 (Abcam, USA,
ab56416), HSP70 (Enzo, USA, P08107), and p-actin (A5441, Sigma-Aldrich). Primary
antibodies were detected by horseradish peroxidase-labeled secondary antibody (Goat anti-
rabbit; Cell Signaling, 7074s; Goat anti-mouse; Cell Signaling, 70076s) binding, which was
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detected using Santa Cruz Western blotting luminol reagents (Santa Cruz Biotechnology,
Santa Cruz, CA) using the ChemiDoc XRS+ (Bio-Rad).

Quantitative reverse transcription—polymerase chain reaction (qRT-PCR)

Total RNA was isolated from human PBMCs using the QIAshredder (Qiagen, USA, 79654)
and RNeasy Mini Kit (Qiagen, 74104) and then reverse transcribed using the cDNA Reverse
Transcription Kit (Roche, 64869866001). cDNAs were amplified in a StepOnePlus Light-
cycler (Grand Island, NY, USA) using the following amplification conditions: PCR initial
activation step: 95 °C for 10 min; two-step cycling: 40 cycles of denaturation, 95 °C for 15 s;
combined annealing/extension: 60 °C for 1 min. The sequence-specific primers (Table I) used
in the reactions were: MAP1LC3B (Applied Biosystems, USA, Hs00792944_s1), SQSTM1/
p62 (Applied Biosystems, Hs01061917_gl), and HSPAIA (Applied Biosystems,
Hs00359163_s1) that were used as previously described (1, 5). Gene expression was
normalized to reference gene p-actin (internal control gene; Applied Biosystems,
4326315E). Relative quantification of the MAP1LC3B and HSPA1A genes was calculated
relative to B-actin and the mean fold change in expression of the MAP1LC3B and HSPA1A
genes was calculated using 272" method.

Image analysis and statistical methods

Adobe Photoshop (version 6, Adobe Systems Incorporated) was used to quantify immuno-
blot band intensity. Two-way analysis of variance (Age X Treatment) was performed
followed by the Bonferroni post hoc test. Significance was determined as p < 0.05.

Results

Effect of Rapa treatment on autophagy and HSP70 protein expression in young and

old individuals

To understand the impact of Rapa-induced autophagy in aging, PBMCs from young and old
individuals were incubated for 24 h and treated with either DMSO vehicle, BAF (100 nM), or
Rapa (0.5 pM) for 2 h. Western blot was used to determine LC3-II, SQSTM1/p62, and HSP70
protein expression. Gene expression of MAPILC3B, SQSTM1/p62, and HSPAIA was
determined using qRT-PCR. All proteins and genes were normalized to B-actin, a commonly
used procedure (23, 35). Treatment with mTOR inhibitor, Rapa, for 2 h elicited a significant
increase in LC3-II protein expression in young and a non-significant increase in old individuals
(Figs 1 and 2). As BAF inhibits the autophagic degradation of LC3-II, accumulation of LC3-I1
is indicative of an increased autophagic response (45). Thus, our findings suggest that

Table I. Forward and reverse primers used for qRT-PCR

Gene Forward primer Reverse primer
MAPILC3B 5'-AGCAGCATCCAACCAAAATC-3’ 5'-CTGTGTCCGTTCACCAACAG-3’
SQSTM1/p62 5'-CACCTGTCTGAGGGCTTCTC-3’ 5'-AGTTTCCTGGTGGACCCATT-3
HSPA1A 5’-TGGACTGTTCTTCACTCTTGGC-3’ 5'-TCCGGAGAGTTCTGGGATTGTA-3’

qRT-PCR: quantitative reverse transcription—polymerase chain reaction
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Fig. 1. Representative blots between young and old individuals. PBMCs were harvested from young (A; » = 10) and
old (B; n = 10) unique cell donors and incubated at 37 °C for 24 h. Cells were exposed to either control conditions
dimethyl sulfoxide (DMSO), BAF (DMSO with 100 nM BAF), or simulated starvation conditions (Rapa with 100
nM BAF) for 2 h. Cells were harvested and prepared for Western blot analysis to measure the relative expression of
LC3, HSP70, p62, and p-actin (an internal loading control)
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Fig. 2. Protein responses between young and old individuals. Densitometric values (A, B, and C) were obtained using
Photoshop software and normalized to f-actin and set to 1 for control condition. Data represent mean + SEM (A, B,
and C). * indicates statistical significance (p < 0.05) within the respective group compared to control condition.
Y indicates statistical significance (p < 0.05) when compared to BAF condition within the respective group.
¢ indicates statistical significance (p < 0.05) compared to the respective young group’s treatment
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autophagy was possibly blunted in the older group in response to Rapa treatment when
compared to the younger group (Figs 1 and 2). No statistical differences were observed when
examining SQSTM1/p62 protein expression under any condition for either young or old
groups; however, the older group elicited significantly higher SQSTM1/p62 expression under
the Rapa treatment condition when compared to young. This may further suggest a reduced
autophagic response in older individuals when compared to young, as SQSTM1/p62 protein
accumulation is indicative of autophagy inhibition when treated with BAF. No significant
Rapa-induced response was observed in HSP70 protein expression in younger or older
individuals.

Transcriptional regulation of autophagy and HSP70 in young and old individuals

To further investigate the mechanisms involved in the autophagic response in older individuals,
mRNA expression was examined for MAPILC3B, SQSTM1/p62, and HSP70 (HSPA1A)
(Fig. 3). The present findings indicate a significant increase in both MAP1LC3B and HSPA1A
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Fig. 3. Differences in gene expression between young and old individuals. PBMCs were harvested from young
(n=10) and old (n = 10) unique cell donors and incubated at 37 °C for 24 h. Cells were exposed to either control
conditions (DMSO vehicle), BAF (DMSO vehicle with 100 nM BAF), or simulated starvation conditions (Rapa with
100 nM BAF) for 2 h. Cells were harvested and prepared for quantitative reverse transcription—polymerase chain
reaction (QRT-PCR). The mRNA levels for MAPILC3B (A), HSPA1A (B), and SQSTM1/p62 (C) were normalized
to the reference gene P-actin and are represented as a fold change relative to the amount of p-actin. Data represent
mean + SEM. * indicates statistical significance (p < 0.05) within the respective group compared to control
condition. ¥ indicates statistical significance (p < 0.05) when compared to BAF condition within the respective
group. 4 indicates statistical significance (p < 0.05) compared to the respective young group’s treatment
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mRNA expression under Rapa treatment in younger individuals, whereas no significant
increase in either MAP1LC3B or HSPA1A expression were observed in the older group.
A significant fold increase was observed in SQSTM1/p62 mRNA expression in both younger
and older groups in response to Rapa treatment. This indicates no transcriptional inhibition of
the p62 in younger or older groups. An increase in HSPA1A mRNA in young and blunted
response in old may indicate a transcriptional failure of the HSP70 system in the elderly.

Discussion

The autophagic and heat shock systems represent important cellular responses that enable
cells to survive stressful conditions and restore cellular homeostasis (7, 30). Despite this
observed elevation in basal autophagy, we demonstrate that the Rapa-induced autophagic
response is suppressed in older individuals. This autophagic response in older individuals
was associated with a decreased response in MAPILC3B mRNA levels, but not the
SQSTM1/p62 mRNA levels that were elevated in either group. Moreover, Rapa and BAF
treatment resulted in an increased HSPAIA mRNA levels in young individuals, despite
similar protein expression in either group.

Basal autophagy in young versus old individuals

While macroautophagy has previously been considered, an inducible type of autophagy,
basal macroautophagy, has been reported to be essential for the maintenance of cellular
homeostasis (18, 36). Indeed, increased basal autophagy activation may be beneficial
initially, maintained activation could result in a malfunction of essential autophagic
components and failure to upregulate this pathway when needed (33). This is evidenced
by elevated levels of basal SQSTM1/p62 protein in aged individuals, indicating a lack of
ubiquitinated substrates being transported to the autophagosome. Failure of this process
may result in the aggregation of damaged molecules related to many age-associated
diseases.

Autophagic response to acute cellular stress in young versus old individuals

Our findings indicate decreased autophagic activation in the presence of Rapa treatment in
aged individuals when compared to their younger counterparts. This is supported by a
significant elevation in LC3-II protein expression in younger individuals when compared to
basal levels that is not observed in older individuals. Furthermore, in response to Rapa and
BAF treatment, SQSTM1/p62 protein expression was significantly elevated in older indi-
viduals when compared to younger, suggesting a diminished autophagic response in aged
individuals. An inability of the autophagic response in the presence of cellular stress results in
inadequate turnover of organelles, such as mitochondria (19, 27). Accumulation of dysfunc-
tional mitochondria has been reported to contribute to cellular aging through the release of
free radicals, resulting in further protein damage within the cell (19, 27). In addition, while
not measured in the present investigation, a repression of the autophagic response in older
individuals may partially be due to changes in circulating levels of insulin and glucagon with
age (12, 13). During periods of starvation, it has been proposed that younger organisms
upregulate autophagy due to increases in glucagon levels, while insulin enhances the mTOR-
mediated repression of autophagy (14). Characteristic of cellular aging is a gradual resistance
to insulin, which in part may describe the observed basal activation of the autophagic
response in older individuals (9, 16).
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Transcriptional regulation of autophagy in young versus old individuals

Our gene expression data suggest a failure of MAPILC3B gene transcription in older
individuals when compared to younger that is not reflected in the SQSTM1/p62 gene
following Rapa treatment, suggesting an age-associated transcriptional blunting of autop-
hagy. Rapa directly inhibits mTOR activation normally resulting in autophagy activation;
however, suppression of LC3-II protein expression as observed in older individuals may be
the result of an autophagic malfunction at the transcriptional level (22, 37). Induction of
autophagy is typically accompanied by an increase in MAP1LC3B mRNA, as supported by
the present findings in younger but not older individuals in response to cellular stress (22, 37).
As LC3 protein turnover is increased during the periods of extensive cellular stress, it must be
replenished through transcriptional induction of MAP1LC3B mRNA as demonstrated by
others (24, 40). Thus, suppression of MAP1LC3B mRNA in response to Rapa treatment in
older individuals, accompanied by a diminished response in LC3-II protein expression, may
be indicative of a transcriptional malfunctioning of the autophagic response. There are no
observed differences in the transcriptional response of SQSTM1/p62 between older and
younger individuals, further emphasizing a failure to synthesize LC3-II as a primary
contributor to the observed age-associated inhibition of autophagy.

Interconnection of heat shock response and autophagy

The heat shock response represents a protein management system in which HSPs prevent
protein aggregation and facilitate refolding (32). Under stressful conditions, increased HSP70
protein expression allows cells to survive harsh conditions and restore cellular homeostasis
through maintenance of proper protein structure (7, 30). In response to 2 h of Rapa and BAF
treatment, we found no change in HSP70 protein expression in either younger or older
individuals; however, a significant upregulation of HSPA1A mRNA expression was
observed in younger individuals but not observed in older. It has previously been reported
that Rapa has minimal impact on the HSP70 mRNA translation pathway in Drosophila, thus
observed HSPA1A levels may represent cell-specific differences in response to elevated
autophagy induction (15). Autophagy functioning to maintain energy and protein homeo-
stasis has been shown to be under the regulatory control of HSP70 (11). Our findings are in
agreement with past research, indicating minimal acute HSP70 protein expression following
autophagy induction in response to Rapa treatment (11). Upregulation of HSPA1A mRNA in
young following Rapa treatment may be indicative of an initial heat shock response;
however, as HSP70 and autophagy were not measured beyond 2 h following Rapa treatment,
this remains purely speculative. Furthermore, lack of HSPA1A mRNA response in the older
group may contribute to the observed autophagic malfunctioning on a transcriptional level.
Further research is necessary to fully understand the mechanism of HSP70 regulation on
autophagy in aged individuals.

Conclusions

In summary, we found that the autophagic response is suppressed in older individuals
following Rapa and BAF treatment when compared to younger individuals. The lack of
change in the older group for MAPILC3B mRNA expression may be indicative of
malfunctioning transcriptional regulation of autophagy in this population. It should be noted
that these findings are tissue-specific to PBMCs in younger and older individuals. Further
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research is necessary to understand the mechanisms of this observed suppression of the
autophagic and heat shock systems in the elderly in other tissues.
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