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Abstract

Diabetes and metabolic syndrome are associated with the typical American high gly-
cemia diet and result in accumulation of high levels of advanced glycation end prod-
ucts (AGEs), particularly upon aging. AGEs form when sugars or their metabolites
react with proteins. Associated with a myriad of age-related diseases, AGEs accumu-
late in many tissues and are cytotoxic. To date, efforts to limit glycation pharmaco-
logically have failed in human trials. Thus, it is crucial to identify systems that remove
AGEs, but such research is scanty. Here, we determined if and how AGEs might be
cleared by autophagy. Our in vivo mouse and C. elegans models, in which we altered
proteolysis or glycative burden, as well as experiments in five types of cells, revealed
more than six criteria indicating that p62-dependent autophagy is a conserved path-
way that plays a critical role in the removal of AGEs. Activation of autophagic removal
of AGEs requires p62, and blocking this pathway results in accumulation of AGEs and
compromised viability. Deficiency of p62 accelerates accumulation of AGEs in soluble

and insoluble fractions. p62 itself is subject to glycative inactivation and accumulates
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1 | INTRODUCTION

Americans consume very high glycemic diets, and the trend to-
ward consuming these diets is increasing throughout the world.
Associated with consumption of such high glycemic diets are mark-
edly increased risks for many major age-related debilities includ-
ing cardiovascular disease (CVD), diabetes, age-related macular
degeneration (AMD), some forms of cataract, and neurodegener-
ative diseases such as Alzheimer's disease and Parkinson's disease
(Bejarano & Taylor, 2019; Chaudhuri et al., 2018; Moldogazieva &
Mokhosoev, 2019; Vicente Miranda et al., 2016). Alarmingly, the
increase in risk for disease due to consuming high glycemic diets
is comparable to the risk incurred by smoking. In contrast, con-
suming lower glycemic diets is associated with slower progression
of some of these diseases. These data suggest that switching to
lower glycemic diets can reduce the risk of developing several se-
vere medical conditions, bringing tremendous personal and public
health benefits. What might be mechanisms for the salutary effect
of lower glycemic diets?

Protein glycation results from the non-enzymatic chemical reac-
tion of sugars with proteins. Initial steps are called the Amadori and
Maillard reactions. Metabolic products of sugar, some oxidized, such
as methylglyoxal (MGO) are primary biological glycating agents. The
products can progress through a myriad of rearrangements and ad-
ditional reactions. Collectively, these are called advanced glycation
end products (AGEs). The excess glucose and its metabolic products
that result from a high glycemia diet, or diabetes, have been shown
to induce and accelerate glycative stress. Even in nondiabetics, AGEs
accumulate with accelerating rates upon aging in most tissues, in pa-
thologies such as cataracts and AMD and are cytotoxic (Kazi et al.,
2017; Rabbani & Thornalley, 2015; Uchiki et al., 2012; Weikel et al.,
2012). We and others have observed elevated levels of AGEs in tis-
sues, including liver, brain, retina, heart, collagen, of nondiabetic an-
imals that consumed high glycemic diets or were aged (Uchiki et al.,
2012; Weikel et al., 2012). In contrast, diminishing the level of AGEs
has been proven to prolong lifespan in model organisms (Kazi et al.,
2017). Efficient removal of AGEs is especially relevant in highly dif-
ferentiated tissues such as the retina, lens or brain. In such organs,
glycation damage cannot be diluted by cellular division and is indica-
tive of disease (Chaudhuri et al., 2018).

as high mass species. Accumulation of p62 in retinal pigment epithelium is reversed
by switching to a lower glycemia diet. Since diminution of glycative damage is associ-
ated with reduced risk for age-related diseases, including age-related macular degen-
eration, cardiovascular disease, diabetes, Alzheimer's, and Parkinson's, discovery of
methods to limit AGEs or enhance p62-dependent autophagy offers novel potential

therapeutic targets to treat AGEs-related pathologies.

aging, autophagy, glycative stress, p62, proteotoxicity

The mechanisms by which AGEs damage the individual are
poorly understood. It has been proposed that AGEs threaten cellular
homeostasis by compromising the function of critical biomolecules,
forming dysfunctional toxic aggregates, and recruiting and/or inacti-
vating other essential proteins. Collectively, these insults lead to ab-
errant metabolism and cellular vulnerability (Rabbani & Thornalley,
2015).

The deposition of AGEs can be limited by detoxification of re-
active AGEs precursors such as MGO via the glyoxalase system
(Morcos et al., 2008). However, once AGEs are formed, there are no
enzymes that specifically remove the added sugar or sugar deriva-
tives from proteins. Two major proteolytic pathways are proposed to
contribute to the AGEs clearance: the ubiquitin-proteasome system
(UPS) and autophagy (Takahashi et al., 2017; Taylor, 2012). The UPS
operates mainly on soluble substrates and uses the proteasome for
degradation, whereas autophagy targets cargoes to the lysosomal
compartment for degradation. Autophagy is the major degradative
route for the clearance of cytosolic, aggregated, or insoluble pro-
teins and organelles that cannot pass through the proteasome.

The UPS and autophagy cooperate functionally, and the defi-
ciency of one of these pathways can trigger the upregulation of the
other route (Gavilan et al., 2015; Ji & Kwon, 2017). The function of
these degradative pathways declines with age, contributing to the
intracellular accumulation of proteinaceous aggregates and dysfunc-
tional organelles in aged tissues (Mizushima et al., 2008). It is pres-
ently unknown 1) if the clearance of AGEs is impacted by crosstalk
between the UPS and autophagy, 2) if different pools of AGEs are
differentially targeted to each pathway, and 3) if upregulating pro-
teolytic pathways increases clearance of AGEs to benefit cell and
organismic viability in the face of glycative stress.

During the autophagic process, damaged proteins/organelles
or aggregates are tagged with ubiquitin and sequestered into dou-
ble-membrane structures called autophagosomes. The completion of
this process requires the collaboration of a set of autophagic proteins
including structural elements involved in the biogenesis of the auto-
phagosome. These include the microtubule-associated protein chain
3 (LC3, a mammalian homologue of yeast Atg8) and receptors that
target ubiquitinated cargo to the autophagic compartment. The best
studied of these autophagic receptors is p62/SQSTM1/A170/ZIP

(hereafter called p62). p62 facilitates selective autophagic clearance
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of protein aggregates and has a crucial function in cellular homeo-
stasis (Johansen & Lamark, 2011; Komatsu et al., 2007; Matsumoto
et al,, 2011; Pankiv et al., 2007). p62 has binding sites for both ubig-
uitin and LCS3, thus serving as a scaffold (Johansen & Lamark, 2011).
Mature autophagosomes fuse with lysosomes that provide digestive
enzymes, and both LC3 and p62 are degraded by lysosomal proteases
along with the cargo.

Given the apparent deleterious impact of AGEs, there is a need
to develop strategies to counteract their accumulation and the
disease-related sequelae. There is limited mechanistic informa-
tion about the targeting of AGEs for degradation, and a lack of un-
derstanding about the role of autophagy in this process limits our
ability to formulate therapeutic strategies to reduce the risk for
AGEs-related diseases. In this study, we explored the contribution
of p62-dependent autophagy to the clearance of AGEs. We show
for the first time a protective role for p62 against glycation-derived
toxicity and identify this autophagic receptor as a novel potential

therapeutic target to treat AGEs-related pathologies.

2 | RESULTS

2.1 | pé62-dependent autophagy plays a role in the
clearance of endogenous AGEs

Given that the UPS and autophagy are functionally coupled and
are proposed to participate in the removal of AGEs (Taylor, 2012),
we first evaluated the importance of these pathways in AGEs
clearance in vivo by monitoring levels of MGO-derived hydro-
imidazolone 1 (MG-H1), one of the most abundant AGEs. Young
(3-4 months old) and old (24-26 months old) rats were injected in
the hippocampus with the UPS inhibitor lactacystin (Gavilan et al.,
2015), and the expression of MG-H1 was analyzed. In the absence
of UPS inhibitor, we observed no significant levels of MG-H1-AGEs,
hereafter called AGEs, in the hippocampus from young rats and
limited AGEs in old rats (Figure 1a, lanes 1,4). However, there was
a significant accumulation of AGEs in old rats when the UPS was
inhibited in vivo (Figure 1a, lanes 5,6 versus 2,3). These data indi-
cate that 1) the combined UPS and autophagic capacity are largely
operational at both ages, albeit, 2) AGEs-degrading UPS activity is
limited in the older rats. 3) That there is no accumulation of AGEs in
UPS-inhibited tissue in young animals is consistent with autophagy
compensating for the pharmacological reduction of UPS activity
in young but not in old rats (Figure 1a, lanes 5, 6 versus lanes 2, 3)
(Gavilan et al., 2015).

We previously found that lysosomal activity was involved in
clearance of AGEs, some of which were ubiquitinated, but the mech-
anism of this process remained an enigma (Uchiki et al., 2012). p62
is an autophagic receptor that recruits ubiquitinated substrates to
autophagosomes for subsequent degradation in the autolysosome
(Pankiv et al., 2007). This suggested the hypothesis that p62 plays
a role in AGEs clearance. A role for p62-dependent autophagy in
removal of AGEs is further suggested by the observation that the

Aging -WILEY———
autophagic receptor p62 and its active phosphorylated form Ser403
(Matsumoto et al., 2011) are upregulated in hippocampus in vivo at
6 h in young, but not in aged, rats (Figure 1a, lane 2, 3 versus lane
1). The observed higher levels of total p62 (Figure 1a, lane 4 versus
lane 1), yet a reduced extent of phosphorylation (Figure 1a, lanes 5, 6
versus 4), indicate that autophagy is not upregulated in older animals
(Gavilan et al., 2015).

A vast literature indicates accumulation mainly in the insoluble
fraction of autophagic cargoes when p62-selective autophagy is im-
paired (Komatsu et al., 2007), but this has not been explored with re-
gard to AGEs. The retina and lens accumulate AGEs with age as their
proteolytic capacities decline (Uchiki et al., 2012). We observed
increased levels of AGEs in cells derived from these organs upon
prolonged lysosomal blockage by exposure to chloroquine (CQ),
which inhibits autophagosome-lysosome fusion and lysosomal acidi-
fication without negatively affecting UPS function (Figure 1b, Figure
S1a,b) (Wang et al., 2013). High levels of endogenous AGEs were ob-
served in the soluble and insoluble fractions in epithelial cells from
retina and lens when autophagy was blocked with CQ and reached
significance earliest in the insoluble fraction (Figure 1b-d and Figure
Sla,b). As expected, p62 and ubiquitin conjugates accumulated in
both cell types in the presence of CQ, with larger increases in the
insoluble fraction (Figure 1b, Figure S1a,b).

Although found in insoluble fractions, AGEs have not been pre-
viously found in autophagosomes. Upon lysosomal blockage, we
found an accumulation of autophagosomes in the perinuclear region
and AGEs colocalized with these intracellular vesicles positive for
the autophagosomal marker LC3 in lens and retina cells (Figure 1e
and Figure S1 c-e). Importantly, in both retinal pigment epithelial
(RPE) and human lens epithelial cells (HLEC), we also found that
AGEs colocalized with p62 in autophagic vesicles upon CQ treat-
ment (Figure 1f and Figure S2 a-c).

Overall, our data suggest a potential role for p62 in the target-
ing of endogenous AGEs to the autophagosomal compartment for
degradation. Our study also shows that a deficit in the autophagic/
lysosomal function results in accumulation of insoluble AGEs that

could compromise cell viability.

2.2 | Loss of the autophagic receptor p62 leads
to glycation-derived toxicity and AGEs accumulation
in vitro and in vivo

To assess the functional ramifications of pé2-dependent accu-
mulation of AGEs, we tested if p62 plays a protective role against
glycation-derived toxicity. MGO, the primary biologic glycating me-
tabolite of glucose reagent, leads to glycative stress and in vitro accu-
mulation of AGEs (Uchiki et al., 2012). Mouse embryonic fibroblasts
(MEFs) derived from wild-type (WT) and p62 knockout animals were
exposed to increasing concentrations of MGO for 24 hours (long-
term treatment). Concentrations of MGO <0.5 mM only caused a
10% decrease in cell viability in p62+/+ cells, while p62-/- cells dis-

played a fivefold greater susceptibility to glycation-induced toxicity
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FIGURE 1 Suppression of lysosomal degradation leads to accumulation of endogenous AGEs in autophagosomes. (a) Representative
Western blots for MG-H1 in young (3-4 months old) and aged (24-26 months old) rat hippocampus after proteasome inhibition. Note the
increased amount of MG-H1 in the aged group at 6 h and 14 h after lactacystin-injection. p62 and phospho-p62 are shown as autophagic
markers and GAPDH as loading control. (b) ARPE-19 maintained in the presence or absence of CQ for either 24 or 48 h were subjected

to extraction with 1% Triton X-100. Soluble (left) and insoluble (right) fractions were immunoblotted for the indicated proteins. (C,D)
Quantification of total soluble (c) and insoluble (d) MG-H1 relative to values in untreated cells. Values are mean +SEM (n = 4). *p < 0.05 and

ok ok

p < 0.001 in one-way ANOVA followed by Dunnett's multiple comparison test. (e,f) Accumulation of MG-H1 in autophagosomes. HLECs

were maintained in the presence or absence of CQ for 24 h, fixed in cold methanol. (e) anti-LC3 (green) or (f) anti-p62 (green) was used to stain
autophagosomes along with anti MG-H1 (red) to detect endogenous AGEs. Red and green channels are shown in black and white in the upper
panels for a better visualization. Full fields for panel e and f are shown in SI Appendix Figure S1c (for LC3) and S2A (for p62). Scale bar: 10 um

(Figure 2a). Even when exposed to 1 mM MGO for this extended
treatment, 50% of p62+/+ cells remained viable, whereas only 20%
of p62-/- cells survived. These data suggest that p62 confers viabil-
ity protection in the face of glycative stress.

AGEs accumulation was observed following short-term (2 hours)
MGO exposure at concentrations above 1 mM MGO in MEFs lack-
ing p62 more than in control MEFs (Figure 2b, compare lanes 12,13
versus 5,6). The difference between p62-/- and p62+/+ control cells
was amplified at higher levels of MGO and at longer times of ex-
posure (Figure 2b and Figure S2d) supporting the hypothesis that
p62 has a crucial role in limiting homeostatic levels of AGEs.

The important role of p62 in the removal of AGEs was further ex-
plored in vivo in multiple mouse tissues (Figure 2¢,d and Figure S3). In
the whole body p62 knockout mouse, there was a 120% higher level
of MG-H1 in liver (Figure S3a,b). In the liver-specific p62 knockout
mouse, there was a 15% increase MG-H1 (Figure 2c). The RPE is a
major site of AGEs accumulation that is linked to AMD pathology (1,
27, 28). There was a 17% increase in AGEs in the RPE of 12-month-
old whole body p62-/- mice (Figure 2d). We even observed a trend
for accumulation of AGEs in the RPE of 3-month-old p62 knockout
mice compared with age-matched WT controls that were fed nor-
mal diets (Figure S3c,d). Further generalizing these observations, we
also found 58% higher levels of AGEs in whole body Caenorhabditis
elegans lacking the p62 ortholog, sqst-1, compared with WT animals
(Figure 2e), supporting a high degree of evolutionary conservation of
this protective pathway. Together, these results lend further support
to the hypothesis that p62 has a crucial role in limiting homeostatic
levels of AGEs in various tissues in different organisms. Within each
tissue or cell type, the group of AGEs that accumulates in the pres-
ence or absence of p62 have similar masses. This suggests that there
is specificity to the glycation reactions within each cell or type of
tissue.

Autophagy plays an essential role in clearance of insoluble
cargoes. In order to further explore the role of p62, we asked if
there is p62-dependent partitioning of AGEs in Triton-soluble
and Triton-insoluble fractions when cells are glycatively stressed.
Concentrations above 1 mM MGO led to accumulation of soluble
and insoluble AGEs in both WT and p62-/- MEFs, but AGEs con-
tent was higher in cells lacking p62 (Figure 3). AGEs accumulation
was MGO concentration- and time-dependent in both fractions.
Importantly, at any specific concentration of MGO (compare
Figure 3a lanes 9-11 and 13-15 versus 1-3 and 5-7, Figure 3b,c), or

at any time, AGEs levels were higher in the insoluble fraction of the

p62-/- cells versus the WT cells (compare Figure 3d, lanes 13-15
versus lanes 5-7, Figure 3d,e).

Together, these findings suggest that once glycation of a protein
reaches a threshold, degradation of AGEs is not efficient, insolubili-
zation or aggregation ensues, and this is associated with accelerated
cytotoxicity under glycative stress.

2.3 | p62-dependent lysosomal targeting is
compromised upon glycative stress

Our observation of cytotoxicity and accumulation of AGEs upon
glycative stress suggested that p62 and its function might also be
victims of such stress, which, in turn, would then limit the targeting
of AGEs to the autophagosome. Since p62 is trapped along with
cargo in autophagic vesicles and degraded, accumulation of p62-
positive vesicles upon lysosomal blockage is an indicator of au-
tophagic flux. Removal of serum from cells upregulates autophagy
and was used to explore the fate of p62 in two different cell types
highly sensitive to glycative stress and highly active for autophagy
(Bejarano et al., 2012; Uchiki et al., 2012). As expected, inhibition
of lysosomal function by CQ resulted in an increase in the num-
ber of p62-positive puncta and of the subcellular area occupied by
p62-positive vesicles (Figure 4a, panels 4 versus 3, and 2 versus 1,
b-d). This was particularly obvious when autophagy was upregu-
lated by serum starvation. However, when NRK cells were treated
with MGO, the appearance of p62 puncta was markedly diminished,
even in the presence of CQ, consistent with glycative stress limiting
transfer of p62 to autophagosomes (Figure 4a, panel 6 versus 5,
and 6 versus 4, b-d). Similar data were obtained in HLECs (Figure
S4 and Figure 4e-g).

How might glycation interfere with transfer of p62 to autopha-
gosomes? Phosphorylation of p62 at Serine 403 (S403) enhances its
ability to recognize substrates and associate with autophagosomes
(Matsumoto et al., 2011). We observed that glycative stress rapidly
reduced the phosphorylated form of p62; phosphorylation levels
fell to 50% after 2 hours of MGO treatment. (Figure 4h,i). Together,
these findings indicate that targeting of p62 to lysosomes is compro-
mised upon glycative stress.

In order to determine if p62 suffers the same fate as other
proteins upon glycative stress, including crosslinking and aggrega-
tion, we specifically monitored p62 fate. Upon short incubation of
MEFs with MGO, p62 accumulated in high molecular weight forms
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FIGURE 2 Lack of p62 leads to accumulation of AGEs in vitro and in vivo. (a) Viability of p62+/+ and p62-/- MEFs treated with the
indicated concentrations of MGO for 24 h was measured by Cell-Titer assay. Values are mean +SEM (n = 6). We observed an interaction
(p < 0.0001) between the MGO concentration and the genotype using two-way ANOVA analysis. The differences between p62+/+ and
p62-/- after the Sidak's multiple comparison test were significant for the 0.25, 0.5, and 1 mM doses of MGO (*p < 0.05 and ***p < 0.001).
(b) Immunoblot for MG-H1 in whole cellular extracts from WT MEFs (p62+/+) and MEFs lacking p62 (p62-/-). Representative immunoblot
(top) and quantification of total levels of MG-H1 relative to values in treated cells with 1 mM MGO (bottom). Values are mean +SEM

(n = 10). We observed an interaction (p = 0.03) between the MGO concentration and the genotype using two-way ANOVA analysis.

The differences between p62+/+ and p62-/- after the Sidak's multiple comparison test were significant for the 2 and 4 mM doses of
MGO (*p < 0.05, **p < 0.01). (c) Immunoblot for MG-H1 in liver tissues from WT and Alb-Cre p62-/- mice. Representative immunoblot
(left) and quantification of total levels of MG-H1 relative to values in WT (right). Values are mean +SEM (n = 5). (d) Representative
immunohistochemistry for MG-H1 in retinal tissues from 12-month-old p62+/+ and p62-/- mice (left) and quantification of MFI relative
to values in p62+/+ (right). Arrows indicate the retinal pigment epithelial layer. Values are mean +SEM (n = 5). Abbreviations: CH, choroid;
RPE, retinal pigment epithelium; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; GCL, ganglion cell layer. (e)
Immunoblot for AGEs in WT and p62-/- C. elegans. Representative immunoblot (left) and quantification of total levels of AGEs relative to
values in WT (right). Values are mean +SEM (n = 7). *p < 0.05, **p < 0.01 and ***p < 0.001

(HMW-p62), consistent with not only stress but also compromised
p62 autophagic function (Aki et al., 2019; Donohue et al., 2014;
Zhang et al., 2017). We observed that increasing concentrations of
MGO led to accumulation of HMW-p62 (Figure 5a-b). Of note, lev-
els of HMW-pé62 fell rapidly when stress was removed (Figure 5c-d),
consistent with the glycation-induced aggregation of p62 being re-
versible and/or degradation of AGEs being enhanced upon removal
of the stress (Aki et al., 2019). The data also indicate that the cells
remained viable during this short-term treatment.

These observations also reflect in vivo experience. AGEs accu-
mulate in the RPE layer and are involved in the AMD pathogenesis
that is observed in mice that consume higher glycemic index (Gl)
diets and that model human AMD (Rowan et al., 2017). p62 levels in-
creased 59% in the RPE of aged mice fed a high-Gl diet (Figure 5e-f).
Statistically significant differences were not observed in neuroretina
between high-Gl diet and low Gl diet (Figure 5g), suggesting that the
RPE is more sensitive than other ocular tissues to glycative stress
and corroborating observations that the RPE is the nidus of AMD
pathology (Rowan et al., 2017; Weikel et al., 2012). As in the cell cul-
ture experiments, switching from the high Gl diet to the low Gl diet
lowered p62 to basal homeostatic levels (Figure 5e-f), validating the
cell culture observations shown in Figure 5a-c, and extending this
to an important in vivo model of AMD. This is of particular interest,
since removal of the glycemic stress has been reported to reverse
or stop accumulation of retina pathology that is etiologic of AMD
(Rowan et al., 2017).

2.4 | Enhanced autophagy protects against
glycative damage in vitro and in vivo

Next, we tested if enhancement of autophagy might promote cell
survival upon glycative stress. Autophagy was pharmacologically en-
hanced using rapamycin. This binds to and inhibits mTOR, mimicking
nutrient depletion and stimulating autophagy. As with p62+/+ ver-
sus p62-/- MEFs and long exposure (24 hours) to MGO (Figure 2),
we observed increased viability in RPE cells exposed to rapamycin

compared to control cells at MGO concentrations greater than 1 mM

(p = 0.03 for 0.5 mM MGO, p = 0.02 for 1 mM MGO, p = 0.002 for
2 mM MGO, and p = 0.002 for 4 mM MGO) (Figure 6a). This was as-
sociated with decreased AGEs (Figure 6b, compare lanes 9 versus 4).
The results were replicated in HLECs (Figure 6c¢,d).

Of note, this protective effect of autophagy enhancement was
observed only in cells replete with p62. That is, we observed that
rapamycin was protective in control cells, but not in MEFs lacking
p62 (Figure 6e).

The protection by p62-dependent autophagy against glycative
stress was then tested in vivo. Overexpressing the p62 ortholog
SQST-1in C. elegans, which induces autophagy (Kumsta et al., 2019),
reduced the levels of endogenous AGEs 70% (Figure 6f). Of note,
accumulation of AGEs was greatest in C. elegans from which p62
was deleted and least in C. elegans in which p62 was overexpressed
(Figure S2e). These findings further support a conserved and critical
role of this autophagic receptor in the maintenance of non-toxic ho-

meostatic AGEs levels.

3 | DISCUSSION

The accumulation of AGEs during physiological aging, particularly
upon consumption of high glycemic diets, is etiologically associated
with multiple age-related disorders including CVD, diabetes, and
AMD, but the mechanisms underlying these associations have not
been well explored (Bejarano & Taylor, 2019; Chaudhuri et al., 2018;
Moldogazieva & Mokhosoev, 2019; Vicente Miranda et al., 2016). In
this work, we observe that AGEs accumulate due to impaired recruit-
ment of autophagic cargo in a wide range of organisms, tissues, and
cells, both in vitro and in vivo. Specifically, this work reveals that the
autophagy recruitment factor p62 plays a key role in moving AGEs to
lysosomal compartments for their degradation. Compromised p62
capacity leaves cells and tissues vulnerable. This can be reversed
when pé62 is augmented, revealing many opportunities to decrease
glycative stress and its pathologic sequelae.

Emerging evidence regarding detrimental effects of AGEs on
organismal homeostasis and health, particularly with advancing

age, prompted us to explore strategies to delay AGEs accumulation.
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FIGURE 3 Absence of p62 leads to higher sensitivity against glycation-derived burden. (a-c) WT MEFs (p62+/+) and MEFs lacking p62
(p62-/-) were incubated with the indicated concentration of MGO for 2 hours, and lysates were separated into 1% Triton X-100 soluble and
insoluble fractions. (a) Soluble and insoluble fractions were immunoblotted for AGEs. Quantification of (b) soluble and (c) insoluble MG-H1
in p62-/- MEF relative to values in 1 mM MGO treated p62+/+ cells. Values are mean +SEM (n = 7). We observed an interaction (p < 0.01)
between the MGO concentration and the genotype using two-way ANOVA analysis only for the insoluble fraction (c). The differences
between p62+/+ and p62-/- after the Sidak's multiple comparison test were significant for the 2 mM doses of MGO in the insoluble and

1 mM in the soluble fraction (**p < 0.01 and ***p < 0.001). (d-f) Same cells were incubated with 1 mM of MGO for indicated times. (d)
Representative immunoblot and quantification of (e) soluble and (f) insoluble MG-H1 relative to values in 2 h treated p62+/+ cells. Values are
mean +SEM (n = 8). We observed an interaction (p < 0.01) between the time of MGO treatment and the genotype using two-way ANOVA
analysis for the soluble and insoluble fraction. *p < 0.05, **p < 0.01 and ***p < 0.001. The differences between p62+/+ and p62-/- after

the Sidak's multiple comparison test were significant for the 2, 4, and 6 h of MGO in the soluble fraction and for 4 and 6 h of MGO in the

insoluble fraction

autophagy or diminish AGEs have been associated with extended
lifespan in model organisms and abrogate some age-related patholo-
gies (Fernandez et al., 2018; Golegaonkar et al., 2015; Lapierre et al.,
2013; Morcos et al., 2008; Schlotterer et al., 2009; Simonsen et al.,
2008), and 4) conversely, lack of autophagy or increased glycative
stress trigger degenerative changes that resemble aging-associated
features such as accumulation of dysfunctional organelles and ubig-
uitin aggregates (Rubinsztein et al., 2011; Uchiki et al., 2012).

AGEs deposition was observed in rat brains and mouse retinas,
as well as in human lens and RPE cells, when animals consumed
higher glycemic diets or upon prolonged or enhanced glycative
stress (Rowan et al., 2017; Uchiki et al., 2012; Weikel et al., 2012).
These effects are exacerbated upon aging. We note here more high
mass AGEs in the insoluble fraction at a given concentration of
MGO, suggesting that once glycation of a protein ensues, it contin-
ues to react locally until insoluble moieties are formed. This is cor-
roborated by the transition to accumulation of higher mass AGEs in
all fractions with increasing time (Figure 3). Accumulation of AGEs
was also obvious when either the UPS or autophagy was inhibited
(Figure 1) (Uchiki et al., 2012). Since AGEs accumulation was re-
versed in diverse cells when autophagy was stimulated, and this con-
ferred viability (Figure 6), we hypothesized that specific mechanisms
of autophagy are salutary, at least in part, by providing a means to
limit AGEs accumulation (Takahashi et al., 2017; Uchiki et al., 2012).

We focused on p62, a major carrier of autophagic cargoes to ly-
sosomes, and itself an autophagic target, because initial experiments
indicated that inhibition of autophagy resulted in accumulation of
this carrier along with AGEs (Figure 1b, Figure S1a). Robust evidence
that p62 is a major mediator of autophagic degradation of AGEs
shown here include the following: 1) markedly diminished levels of
AGEs in C. elegans in vivo in which p62 was overexpressed (Figure 6f),
and, similarly, markedly diminished levels of AGEs in vivo in mice and
C. elegans when p62 was present as opposed to being knocked out
(Figure 2b-e, S3). 2) Enhanced cell viability in the face of glycative
stress when p62 was present (Figure 2a). 3) Only when pé2 is pres-
ent does pharmacological upregulation of autophagy increase cell
survival in the face of glycative stress (Figure 6e). 4) elevated AGEs,
ubiquitin and p62 when autophagy is inhibited (Figure 1b, Figure
S1a, Figure S2a-c). 5) We observe less accumulation of AGEs in met-
abolically diverse tissues and cells that express p62 as opposed to
those that do not, particularly in the insoluble fractions (Figures 2b-

e, 3a-f, Figure S3a). 6) More accumulation of p62 in aged tissues, in

cells when autophagy is inhibited pharmacologically or by glycative
stress, or in tissues from animals that consumed a higher glycemia
diet (Figures 1a,b, 4, 5b,e,f; Figures. S2a-c, S4). These observations
are consistent with prior findings that treatment with rapamycin, an
mTOR inhibitor and, consequently, an autophagy activator, and p62
overexpression have been shown to increase lifespan in different or-
ganisms and preclude age-related dysfunction (Aparicio et al., 2020;
Flynn et al., 2013; Kumsta et al., 2019) and limits pathological depos-
its of B-amyloid and tau proteins (Caccamo et al., 2010; Ozcelik et al.,
2013; Spilman et al., 2010).

Additional evidence for a crucial role for p62 in AGEs-related
detoxification was gleaned from observations that the activity of
p62 was inversely related to glycative stress (Figure 4h,i) and cells
confronted with glycative stress accumulate far more high mass
SDS-resistant cross-linked p62 and less p62 in autophagosomes
(Figure 5a; 4a and S4). Like large ubiquitin aggregates, these are
probably dysfunctional (Taylor, 2012). p62 targeting to lysosomal
compartments was lower in glycatively stressed cells (Figure 4,
Figure S4). Biologic relevance of a p62 response to glycative damage
is evident in the enhanced accumulation of high mass p62 aggre-
gates in the RPE of mice reared on high glycemic index diets and
in conditions with impaired autophagy (Aki et al., 2019; Donohue
et al.,, 2014; Zhang et al., 2017). The diminution of p62 when the
animals were returned to a lower glycemia diet indicates salutary
reversibility (Figure 5e). These findings corroborate prior observa-
tions that hallmarks of retinal damage were also arrested or reversed
when animals were returned to lower glycemic diets after having
consumed high glycemic diets for over 6 months. This also shows
that the stress, which reduced p62 function, can be reversed. This
opens up promising modalities to treat diseases such as AMD by eas-
ily achievable, cost-effective, and dietary intervention(Rowan et al.,
2017; Taylor, 2012).

Our identification of p62 as a biologically conserved mediator of
AGEs clearance associated with survival and disease suggests that
it would be profitable to explore drug targets to enhance its activity
or stability (Pankiv et al., 2007). Since there are other mammalian
autophagic receptors, such as NBR1, NDP52, TAX1BP, and OPTN,
future studies will interrogate their function in removal of AGEs and
as targets for pharmacotherapy (Birgisdottir et al., 2013).

In sum, we propose a model in which basal autophagic ac-
tivity contributes to the clearance of endogenous AGEs that are

formed through the metabolism of sugars and, additionally, that
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p62-dependent autophagy participates in safeguarding cells and tis- of clearance of AGEs. At elevated levels of glycative damage, p62
sues in response to AGEs overload (Figure S5). Furthermore, at lev- is rendered dysfunctional. Collectively, our findings suggest that
els of glycative stress that leave p62 functional, it is a major executor combined glycative stress and defective p62-dependent autophagy
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FIGURE 4 Glycative stress compromises p62 lysosomal targeting and Ser403 phosphorylation of p62. (a-c) NRK cells were maintained
for 2 h in complete medium (+S) or serum-free medium (-S) in the presence or absence of 2 mM MGO, 30 pM chloroquine (CQ) or both, fixed,
and immunostained for endogenous pé2. (a) Representative pictures are shown and quantifications of (b) average number of p62-positive
puncta per cell, (c) percentage of area occupied by p62-positive puncta per total cellular area and (d) p62-autophagic flux are shown. All

values are mean +SEM (n = 3, >30 cells per condition); * = p < 0.05; **

p < 0.01; *** = p < 0.001. (e-g) Similar parameters are shown from the

analysis in HLECs incubated under the same conditions. Representative figures are showed in Sl Appendix Figure S4. (h,i) U937 cells were
incubated with 2 mM MGO for indicated times and phosphorylation of p62 at serine 403 was evaluated. (h) Representative immunoblot
and (i) quantification of Ser403 phosphorylation of p62 relative to values in untreated cells. Values are mean +SEM (n = 3). *p < 0.05 and
**p < 0.01. For panels b, c, e, and f, one-way ANOVA plus Sidak's multiple comparisons test were performed. For panel D and g, Student's t
tests were performed. For panel i, one-way ANOVA plus Dunnett's test was used to compare to control

contribute to the loss of proteostasis with age and the cytotoxic
accumulation of damaged proteins and cell death, all hallmarks of
aging (Lopez-Otin et al., 2013; Moldogazieva & Mokhosoev, 2019).
Taken together with experiments that show it is possible to acceler-
ate clearance of AGEs and retain viability, these data suggest p62 as
a new target for interventions to mitigate damage due to accumu-
lation of AGEs. The relationship between autophagy and glycative
stress-induced toxicity is conserved across multiple cell types, and
in diverse species from C. elegans to mammals. It is notable that cell
or tissue tolerances to glycative damage differ, as indicated by the
observation of accumulation of p62 and AGEs in RPE in high glyce-
mia fed mice, but not in neuroretina (Figure 6f,g) (Rowan et al., 2018).
The specific sensitivity of the RPE as a site of accumulation of AGEs
is consistent with the RPE being the nidus of AMD. Since glycation
has been shown to affect and enhance aggregation patterns of cat-
aractogenic lens as well as neurotoxic a-synuclein and tau proteins
associated with Parkinson's and Alzheimer's disease, respectively,
these findings suggest that p62-dependent autophagy induction
may be salutary with regard to these widely prevalent pathologies
as well (Emendato et al., 2018; Liu et al., 2016; Vicente Miranda et al.,
2016).

4 | EXPERIMENTAL PROCEDURES

4.1 | Animal husbandry

C57BL/6 J p62 knockout mice (allele designation is Sqstm1tmKet%) and
liver-specific p62 knockout were donated by Dr. Komatsu Masaaki
(Juntendo University, Japan), and WT mice were fed regular chow
diet for either three or twelve months. Details regarding the high-
Gl (HG) or low GI (LG) diet-fed mice can be found in (Rowan et al.,
2017). In brief, C57BL/6 J WT mice were purchased from Jackson
Laboratories and fed standard chow until 12 months of age. Then,
the mice were placed on either HG or LG diets and were pair fed.
At 18 months of age (6 months after the diets were commenced),
half of the HG mice were changed over to the LG diet (HGxolLG).
The diets were isocaloric and contained all essential micronutrients
and identical macronutrient compositions except that HG starch was
100% amylopectin (Amioca starch; Ingredion, Inc.), whereas the LG
starch was composed of 70% amylose/30% amylopectin (HYLON
VIl starch; Ingredion Incorporated) (Rowan et al., 2017; Uchiki et al.,
2012; Weikel et al., 2012). All diets consisted of 65% carbohydrate,

21% protein, and 14% fat and were formulated by Bio-Serv. After
sacrifice, the tissues were collected either in fixative or flash-frozen
in liquid nitrogen. Tissues were embedded in OCT for immunohisto-
chemistry. 10 pm cryosections were obtained, dried overnight, and
stored at -80 °C until staining. This study was conducted under an
animal study protocol approved by the Institutional Animal Care and

Use Committee at Tufts University.

4.2 | Cell culture and treatments

Human lens epithelial cells (HLEC, line SRA 01/04) were a gift from
Dr. Venkat Reddy, (Kellogg Eye Center, University of Michigan).
Human retinal pigment epithelial cells (ARPE19), normal rat kid-
ney cells (NRK), and U937 were from the American Type Culture
Collection. Mouse embryonic fibroblasts (MEFs) from mice WT
(p62+/+) and null for p62 (p62-/-) were a gift from Dr. Masaaki
Komatsu (Juntendo University, Japan). All cells were cultured in
DMEM or RPMI 1640 medium (GIBCO) containing 10% FBS, 50 pg/
ml penicillin, and 50 pg/ml streptomycin at 37°C with 5% CO2 and
periodically tested for mycoplasma contamination using a DNA
staining protocol with Hoechst 33258 dye. Serum removal was per-
formed by thoroughly washing the cells with PBS (Lonza) and placing
them in serum-free medium. Where indicated, lysosomal proteolysis
was inhibited by addition of 30 pM CQ, enhanced autophagy was
achieved with 1 uM Rapamycin, and glycative stress was induced
by addition of MGO. All the studies with MGO were performed at
cell density of 90% confluency, as previously described (Uchiki et al.,
2012). The fluorometric CellTiter-Blue Assay from Promega was
used for assessing cell viability.

4.3 | Antibodies and chemicals

The following primary antibodies were used in the study: p62
(#PMO045) from MBL International; LC3 (#NB100-2220) from
Novus Biologicals; p62 (#ab56416), Lamin A (#ab58528) from
Abcam; GAPDH (#G9545) from Sigma; phospho-SQSTM1/p62
(Ser403) (#14354) from Cell Signaling Technology; MG-H1 (#STA-
011) from Cell Biolabs. The antibody against MG-H1 used in
Main Figures 1e,f, 2d, Suppl Figure 1c-f, Suppl Figure 2a-d, Suppl
Figure 3c, and in immunoblots of mouse samples in Main Figure 2c

and Figure S3a was a kind gift from Drs. Michael Brownlee and
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FIGURE 5 Accumulation of high molecular weight p62 upon glycative stress is reversible. (a,b) WT MEFs (p62+/+) and MEFs lacking p62
(p62-/-) were incubated with the indicated concentration of MGO for 2 hours, and whole cellular extracts were immunoblotted against
p62. (a) Representative immunoblot and (b) quantification of p62 monomer and high molecular weight p62 (HMW-p62) values relative to
untreated cells are shown. Values are mean +SEM (n = 5). We observed an interaction (p < 0.0001) between the MGO concentration and the
HMW-p62 using two-way ANOVA analysis. The differences between HMW-p62 and monomeric p62 after the Sidak's multiple comparison
test were significant for the 4 mM doses of MGO (***p < 0.001). (c,d) ARPE-19 cells were treated with 2 mM MGO for 2 hours followed

by incubation in complete medium (no MGO) for either 2 or 4 hours. Cellular lysates were subjected to extraction with 1% Triton X-100
and soluble and insoluble fractions were immunoblotted for the indicated proteins. (c) Representative immunoblot and (d) quantification

of HMW-pé62 values relative to untreated cells are shown. Values are mean +SEM (n = 5). Differences between t0 and insoluble p62 were
significant for the 4 mM doses of MGO using one-way ANOVA followed by Dunnett's multiple comparison test (**p < 0.01). (e,f) Retinal
tissue sections from low-glycemic (LG), high glycemic (HG), and crossover diet (HGxoLG) were analyzed immunohistochemically for p62. (e)
Representative images of p62 immunostaining and mean intensity fluorescence in (f) the retinal pigment epithelial layer and (g) neuroretina
relative to values in LG-diet are shown. Values are mean £SEM (n = 4). Abbreviations: CH, choroid; RPE, retinal pigment epithelium; INL,
inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; GCL, ganglion cell layer. p < 0.05 in one-way ANOVA followed by

Dunnett's multiple comparison test

Xue-Liang Du (Albert Einstein College of Medicine, New York,
USA). An anti-AGE #ab23722 from Abcam was used in C.elegans
samples in Main Figures 2e and 6f. For the rest of the manuscript
the commercial antibody #STA-011 was used for quantitative pur-
poses. The antibody rabbit polyclonal antibody against ubiquitin
was produced in this laboratory (Shang & Taylor, 1995). Texas
Red- and FITC-conjugated secondary antibodies were purchased
from Jackson ImmunoResearch Laboratories. Secondary antibod-
ies against mouse and rabbit conjugated to HRP were purchased
from Vector Laboratories. Methylglyoxal (MGO) and chloroquine
(CQ) were obtained from Sigma-Aldrich. Penicillin-streptomycin
solution and FBS, non-essential amino acids, and sodium pyruvate
were from GIBCO and protease inhibitor cocktail from Roche.

Rapamycin was purchased from LC Laboratories, USA.

4.4 | Detergent solubility assay and
immunoblot analysis

Cells were rinsed with phosphate-buffered saline (PBS) at 4°C, col-
lected and centrifuged at 1,000 x g for 5 min. Total whole cellular
extracts were prepared by resuspending the cellular pellets in PBS
with protease inhibitors, sonicated, and the amount of protein in the
samples was estimated using BCA Protein Assay Kit (Pierce). The
detergent solubility assay with 1% Triton X-100 was performed as
described previously (Bejarano et al., 2012). Briefly, soluble fractions
were prepared by solubilization in RIPA buffer (1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 0.15 M NaCl and 0.01 M sodium
phosphate, at pH 7.2) containing protease inhibitors. Cellular pel-
lets were resuspended and incubated on ice for 20 min. The soluble
fractions were recovered as the supernatants after centrifugation at
13,000 x g for 30 min. The detergent-insoluble pellets were washed
twice in PBS, resuspended in Laemmli buffer and sonicated. Laemmli
buffer was also added to the Triton X-100-soluble fractions, and the
samples were denatured at 100°C for 5 min before SDS-PAGE and
immunoblotting. For C. elegans samples, C. elegans strains used were
WT (N2) animals, p62-/- animals, that is, sgst-1(syb764) (MAH914),

and pé2-overexpressing animals, that is, WT animals expressing

sqls35[sqst-1p::sqst-1::8fp + unc-122p::rfp] (MAH349) (Kumsta et al.,
2019). Animals were maintained and cultured under standard condi-
tions at 20°C and age-synchronized using hypochlorite solution. On
day 1 of adulthood, animals were washed off the growth media plates
and 200 pl of densely packed worms were mixed with an equal vol-
ume of Zirconia beads and lysed in a Fastprep cell disrupter. The pro-
tein concentration was determined, and 50 pg of total protein was
loaded on onto 4-12% Bis-Tris protein gel (Thermo Fisher Scientific)
for separation and transferred to a PVDF membrane (Millipore) for
immunoblotting. Proteins were identified using specific antibodies
followed by visualization using peroxidase-conjugated secondary
antibodies. Membranes were developed using Multilmage Il Alpha
Imager (Alpha Innotech).

4.5 | Immunostaining and image analysis

Indirect immunofluorescence was performed following conventional
procedures, as previously described (Bejarano et al., 2012; Rowan
et al., 2017). Briefly, cells were grown on coverslips, fixed for 10 min
in either ice-cold methanol or 4% formaldehyde in PBS, blocked and
permeabilized 10 min with PBS containing 0.5% BSA, 0.01% Triton
X-100 and then incubated with the primary antibody followed by cor-
responding Alexa 488- or Texas Red-conjugated secondary antibod-
ies. After immunostaining, cells were rinsed with PBS and mounted
for microscopy using Fluoromount-G containing DAPI to highlight the
nuclei. Immunohistochemistry was carried out as previously described
(Bejarano et al., 2012; Rowan et al., 2017; Bejarano et al., 2018).
Bleaching on retina sections was performed by incubating the sections
in 10% H,0, at 65°C for 1.5 hours. After staining, slides were mounted
in Prolong Gold Antifade with DAPI (Molecular Probes). Images were
collected in a Axiovert 200 fluorescence microscope (Carl Zeiss, Jena,
Germany) equipped with 20x and 100x objectives. For analysis of p62
activity, a quantitative analysis was performed according to the guide-
lines for the use and interpretation of assays for monitoring autophagy
(Klionsky et al., 2016). The number of fluorescent puncta and area oc-
cupied by p62-positive puncta per cell was calculated using ImageJ.

Subtraction between densitometric values in presence of CQ and in
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FIGURE 6 Enhanced autophagy protects against glycative damage by reducing AGEs accumulation. (a, b) ARPE-19 cells were treated
with the indicated concentrations of MGO in the absence or presence of 1 uM rapamycin. (a) Cell viability was measured by Cell-Titer

assay. Values are mean £SEM (n = 7). We observed significant effects of both the MGO concentration and the rapamycin using two-way
ANOVA analysis (p < .00001). The differences after rapamycin treatment were significant for all the doses of MGO after the Sidak's multiple
comparison test (*p < 0.05, **p < 0.01). (b) Immunoblot against MG-H1 is shown. (c, d) HLECs cells were treated under the same conditions.
(c) Cell viability, and (d) immunoblot against MG-H1 are shown. Values are mean +SEM (n = 7). We observed interaction between the MGO
concentration and rapamycin using two-way ANOVA analysis (p = 0.0035). The protective effect of rapamycin treatment on cell survival was
significant for the 2 and 4 mM doses of MGO after the Sidak's multiple comparison test (**p < 0.01 and ***p < 0.001). (€) WT MEFs (p62+/+)
and MEFs lacking p62 (p62-/-) were incubated with the indicated concentrations of MGO in the absence or presence of 1 uM rapamycin
and cell viability was analyzed. Values are mean +SEM (n = 7). We analyzed the effects of p62 genotype, MGO dose, and rapamycin using
3-way ANOVA matching by MGO dose and rapamycin. The three factors have significant effect: p62 genotype (*p < 0.05), MGO dose

(***p < 0.001), and rapamycin (**p < 0.01). The only significant interaction was between rapamycin and p62 genotype (p = 0.0077), because

it has protective effect only in p62+/+ MEFs. (F) Immunoblot against AGEs in WT and p62-overexpressing C. elegans. Representative
immunoblot (left) and quantification of total levels of MG-H1 relative to values in WT (right) Values are mean +SEM (n = 3). *p < 0.05,

**p < 0.01 and ***p < 0.001

absence of the lysosomal inhibitor represents the pé2-autophagic
flux, the amount of p62 degraded in the lysosomes. For the analysis of
immunological sections, mean fluorescence intensity (MFI) was calcu-

lated and normalized to WT samples (Rowan et al., 2017).

4.6 | Image and statistical analysis

Densitometric quantification of immunoblots was performed in un-
saturated images using Image) (NIH). All Western blot data were
normalized to protein loading control (GAPDH or Ponceau), and the
values are expressed as relative levels or percent change compared
with untreated cells. In order to quantify levels of AGEs in immunoblot,
the whole lane for the MG-H1 was analyzed and densitometric values
were calculated. For quantitative analysis of immunofluorescence, sin-
gle images were taken at the section of the maximum nucleus diam-
eter and all quantifications were done blindly (Bejarano et al., 2014).
The number and area occupied by the fluorescent particles were de-
termined using the Analyze Particles function of ImageJ (NIH) after ap-
plying a fixed threshold to all images. All numerical results are reported
as the mean +SEM from a minimum of three independent experiments.
In all instances “n” refers to individual experiments, indicated in the
corresponding figure legends. GraphPad InStat software (GraphPad)
was used for analysis of statistical significance. One-way ANOVA fol-
lowed by Dunnett's multiple comparison test was used when values
were compared to untreated controls. Two-way ANOVA followed by
the Sidak's multiple comparison test was used when we compared se-
lected pairs of means. Three-way ANOVA followed by Tukey's multiple
comparison test was carried out to analyze the effect of genotype,
MGO dose and rapamycin in Figure 6e. Two-tailed Student's t test was
used to evaluate single comparisons between different experimental
groups. Differences were considered statistically significant for a value
of p < 0.05 and denoted by an asterisk in the graph.
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