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p62, Ref(2)P and ubiquitinated proteins are
conserved markers of neuronal aging, aggregate
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Suppression of macroautophagy, due to mutations or through processes linked to aging, results in the accumulation of
cytoplasmic substrates that are normally eliminated by the pathway. This is a significant problem in long-lived cells like
neurons, where pathway defects can result in the accumulation of aggregates containing ubiquitinated proteins. The
p62/Ref(2)P family of proteins is involved in the autophagic clearance of cytoplasmic protein bodies or sequestosomes.
These unique structures are closely associated with protein inclusions containing ubiquitin as well as key components of
the autophagy pathway. In this study we show that detergent fractionation followed by western blot analysis of insoluble
ubiquitinated proteins (IUP), mammalian p62 and its Drosophila homologue, Ref(2)P can be used to quantitatively assess
the activity level of aggregate clearance (aggrephagy) in complex tissues. Using this technique we show that genetic
or age-dependent changes that modify the long-term enhancement or suppression of aggrephagy can be identified.
Moreover, using the Drosophila model system this method can be used to establish autophagy-dependent protein
clearance profiles that are occurring under a wide range of physiological conditions including developmental, fasting
and altered metabolic pathways. This technique can also be used to examine proteopathies that are associated with
human disorders such as frontotemporal dementia, Huntington and Alzheimer disease. Our findings indicate that
measuring IUP profiles together with an assessment of p62/Ref(2)P proteins can be used as a screening or diagnostic tool
to characterize genetic and age-dependent factors that alter the long-term function of autophagy and the clearance of

protein aggregates occurring within complex tissues and cells.

Introduction

Under normal physiological conditions there is a balance between
the production of new cellular components or proteins and the
elimination of redundant or damaged constituents. However, in
the case of many neural degenerative disorders, there appears to
be a progressive decline in the ability of cells to eliminate mis-
folded proteins or damaged organelles.! These defects can even-
tually lead to the formation of intracellular inclusions. Often
these pathological structures include ubiquitinated proteins
along with the p62/Ref(2)P proteins (SQSTMI).? Ubiquitin
is a well-known targeting signal that directs extraneous or mis-
folded proteins to be degraded by the proteosome system and
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is involved with aspects of the ER stress response.” There is a
growing body of evidence showing that when several clearance
pathways become less efficient or are overwhelmed by damaged
cellular components, macroautophagy plays a vital role in seques-
tering and trafficking cytoplasmic material to the lysosome for
elimination.!

Macroautophagy (hereafter autophagy) is a highly dynamic
vesicle-based pathway that is involved with the turnover of a wide
range of intracellular material.>® The pathway plays a significant
role in many physiological processes that are involved with cellu-
lar homeostasis and is essential for the elimination of redundant
or damaged proteins and organelles. This function is a particu-
larly critical feature of the pathway in long-lived, nondividing
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cells such as neurons."” Previously, we found an inverse correla-
tion occurs between the decreased expression of key autophagy
genes in the aging nervous system and the accumulation of
ubiquitinated proteins.® Over time these insoluble ubiquitinated
proteins (IUP) form aggregates and become relatively insoluble
cellular inclusions or proteopathies.®” Genetic manipulation of
key autophagy components often alters IUP profiles in neuronal
tissues.®!2

A second marker of aggregates, p62 also accumulates in cells
when autophagy is inhibited.">'® The p62 and Ref(2)P proteins
contain multiple interaction motifs, including an UBA domain
that binds poly-ubiquitinated proteins, as well as an MAP-LC3-
interacting region (LIR).>" Recently a study has shown the
build-up of ubiquitinated aggregates in autophagy mutants is not
dependent on a specific Ub-Ub linkage type, but can involve all
multi-ubiquitin chain topologies.”® This and the finding that the
isolated UBA domain of p62 has minimal interaction with ubiq-
uitin, suggests that full-length p62/Ref92)P protein has a low
affinity but specific interaction with a wide range of aggregat-
ing proteins.”® Thus, p62 has the capacity to link ubiquitinated
proteins to autophagic machinery and facilitate the targeting and
degradation of many ubiquitinated protein aggregates. We have
previously shown that the Drosophila p62 homologue, Ref(2)
P, also shares these key structural elements and associates with
ubiquitinated neural aggregates in exceptionally old control flies
or autophagy mutants."”"

Human p62 is an abundant constituent of protein inclusions
that are often associated with many progressive neurological
diseases.”** Immunohistological imaging of tissues prepared
from patients suffering from Alzheimer disease (AD) and other
neurological disorders indicates human p62 is a component of
ubiquitin-containing aggregates.>?*** Studies of neural prepara-
tions taken from AD patients also show there is an accumula-
tion of multiple autophagic vesicle subtypes within neurons.?>*¢
Given that p62 is a component of the autophagic pathway and
protein aggregates, we examined the p62 and Ref(2)P proteins
via western blot analysis together with IUP profiles from a diverse
series of neuronal and cell culture preparation. Our hypothesis is
that as autophagy is suppressed, and substrates that are normally
cleared by the pathway begin to accumulate, then changes in the
levels and/or solubility profiles of p62/Ref(2)P will serve as an
accurate in vivo measure of long-term autophagic activity and
substrate clearance (aggrephagy) in the nervous system.®'”*%

Here we report that using Drosophila genetic techniques, the
level and solubility profiles of the Ref(2)P protein show a direct
correlation with the build-up of IUP profiles and an inverse rela-
tionship with autophagic activity in different ages or mutant
backgrounds. Immunoblot analysis of Ref(2)P from aged bchs
mutants also show an accelerated accumulation profile consistent
with transmission electron microscopy (TEM) images showing
the formation of abnormal cytoplasmic structures and inclusions
in mutant neurons. We also show that Ref(2)P and IUP profiles
are altered in other autophagy and lysosomal trafficking mutants,
which are associated with vesicle trafficking and protein clear-
ance. Interestingly, we find that the normal age-dependent accu-
mulation of neuronal Ref(2)P and IUP is significantly reduced in
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long-lived insulin signaling mutants. This suggests that autopha-
gic function is enhanced in this mutant background at a time
when the pathway shows an inability to clear protein aggregates
or aggrephagy. Further, western blot analysis of human neural tis-
sues prepared from control and Alzheimer disease patients finds
that there is a close correlation between accumulated p62 and the
number of senile plaques characterized for a particular individ-
ual. Consistent with previous findings, cell culture studies also
show that direct suppression of autophagy (Atg5”'"KO) or alter-
ing ESCRT-III complex function (Vps24 siRNA) results in the
accumulation of protein inclusions and insoluble p62. Further,
expressing a mutant protein linked to progressive neurological
disorders (CHMP2B) also results in the formation of insoluble
inclusions containing p62. These studies indicate that changing
solubility profiles of p62, Ref(2)P and IUP can be used as an
effective measure of substrate turnover and the in vivo activity
level of autophagy in complex neural tissues.

Results

Ref(2)P profiles reflect age-dependent and genetic changes to
neuronal autophagy. Antibodies directed against ubiquitin and
p62 have been used as histological markers of protein inclusions
in many neural degeneration studies.'®* Previously, we have
shown the Drosophila p62 homologue, Ref(2)P co-localizes with
ubiquitin positive neural inclusions in A#¢84 and bchs mutants,
as well as in very old wild-type flies at a time when autophagic
function is suppressed (8 weeks).””” To determine if Ref(2)P
shows a shift in solubility pattern that is similar to IUP profiles
we examined Ref(2)P levels from neural preparation taken at dif-
ferent ages and from flies were autophagic activity was genetically
altered. For this study, heads from wild-type flies at 1-day, 1-, 2-
and 4-weeks of age were collected, serial detergent extracted and
the Triton-X and SDS soluble protein fractions used for western
blot analysis of the Ref(2)P, ubiquitin and actin proteins (Fig.
1A and B). While Ref(2)P levels in the Triton-X fraction show
a significant age-dependent increase in wild-type flies, both IUP
and Ref(2)P have a more dramatic buildup in the SDS fraction
from 4-week-old wild-type flies (>30 fold increase).

The timing of protein accumulation (between 3 and 4 weeks)
is consistent with our previous findings that show neuronal
expression of key autophagy genes is suppressed, which results in
a reduction in the turnover of substrates by the pathway in the
Drosophila CNS.# Generally a close correlation exists between
global levels of Atg8a in the adult brain and autophagic activity.®
In line with this observation, we find that both IUP and Ref(2)
P show a similar pattern, with lower levels of both proteins accu-
mulating in old animals having enhanced expression of Atg8a
(Fig. 1A and B and A#g8a* 6-weeks).® Conversely, young 1-week-
old animals that have genetic inhibition of the pathway show an
accelerated build-up of both markers in neuronal tissues (Fig. 1A
and Azg8a" 1-week).® The age-dependent accumulation of the
Ref(2)P protein in wild-type flies could be due to its increased
expression in older flies. To clarify this point we prepared neural
RNA from male flies at 1-, 2- and 4-weeks of age and examined
the expression profiles of actin 5C (loading control), Az¢8a and
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ref(2)P genes. Corrected 1-week values were set
at 1.0 and the relative message levels of Az¢g84 and
ref(2)P at different ages are illustrated in Figure
1C. As seen previously, Azg8a message levels
decrease in older flies as does 7¢f{2)P expression.

CcsS 1D

KD

CS 1D
CS 1W
CS 2w
CS 4w
Atg8a+ 6W
Atg8a- 1W

Atg8a+ 6W

This indicates that the age-dependent build-up
and solubility changes of the Ref(2)P protein are

100

! lcs1w
! [csaw
# |Csaw

75

Tx
Ref(2)P

# |Atgsa- 1W

likely due to an overall decline in basal rates of

SDS

neuronal autophagy and not from increased gene | 100

expression.

75

SDS
Ref(2)P

Ubiq

Previously we found that mutations in the

[ | actin

blue cheese (behs) gene reduces adult longevity and
accelerates neural degeneration.”” These pheno-
types are accompanied by IUP accumulation and

$.7 11 4315416 Aes5 Fold? |

the formation of amyloid protein precursor-like
protein (APPL) and ubiquitin neural inclusions

C

qRT-PCR Expression Analysis

in the Drosophila brain.” The human homologue

Alfy is also required for the degradation of sub- o 1
strates or selective aggrephagy.?”*° For bchs mutant o081
animals the suppression of autophagic capacity g 0.6—
results in the inability of relatively young flies to | o 0.4
clear neuronal IUP (also see Sup. Fig. 3).> The E 0.2
accumulation of autophagic substrates is further

confirmed by western blot analysis of the Ref(2)P
protein. Adult bchs mutant flies (bchs®/behs’ CyO)

1 Week

I Ref(2)P
I Atg8a

bchs 1D
bchs 1W
bchs 2W

= W
Ref(2)P
75 Ref(2)P

2 Weeks 4 Weeks

were aged for 1 day, or 1 or 2 weeks, before their
heads were collected and processed via deter-
gent extraction.” Immunoblots of the Triton-X
and SDS fractions were probed for Ref(2)P and
actin (Fig. 1D). We find a dramatic accumula-
tion of Ref(2)P in both protein fractions, which
is consistent with our previous findings on IUP
profiles.”"” These results indicate that reduced
autophagic flux due to aging or genetic mutations
to the pathway (A#¢84 and bchs mutants) can be
quantitatively assessed for in vivo studies by using
western blot analysis of [UP and Ref(2)P profiles.

A second method used to identify autophagy or

Figure 1. Accumulation of IUP, Ref(2)P and cytoplasmic inclusions associated with
neuronal aging and autophagy defects. (A) Wild-type flies were aged between 1 day and
4 weeks (1D, 1W, 2 W, 4 W) before heads were collected and serially detergent extracts
prepared for western blot analysis. Neural extracts were also prepared from 6-week-old
flies with enhanced Atg8a expression (Atg8a*, APPL-GAL4/UAS-Atg8a) or from 1-week-old
Atg8a’ mutant flies (Atg8a'/Atg8a?). Immunoblots were probed with the Ref(2)P and actin
antibodies and the fold increase in SDS soluble Ref(2)P levels compared to 1-day controls.
(B) Matching IUP profiles. (C) gRT-PCR analysis was used to examine the expression pro-
files of the Ref(2)P and Atg8a gene from multiple head RNA extractions were taken from
wild-type heads at 1 (n =5), 2 (n = 2) and 4 weeks (n = 3) of age. Atg8a and ref(2)P mRNA
values were normalized to individual actin-5c profiles. 1-week values were set at 1- and

2- and 4-week readings averaged and standard deviations calculated. Both Ref(2)P and
Atg8a mRNA levels show a similar age-dependent decline. (D) Western blot analysis of
neural extracts prepared from 1 day-, 1 week- and 2-week-old bchs” mutant flies, shows
Ref(2)P accumulation profiles in both the Triton-X and SDS protein fractions.

substrate clearance defects is electron microscopy,
which is used to detect the formation of abnormal
subcelluar structures and protein aggregates. Using transmission
electron microscopy (TEM) we find the formation of many abnor-
mal cytoplasmic structures in neurons prepared from 2-week-old
bchs mutants (Fig. 2). In a single image several neuronal cell bod-
ies (i.e., soma) can be found that contain large perinuclear features
(Fig. 2A—C) that are similar to abnormal cytoplasmic structures
termed aggresomes or inclusion bodies (IB).??' Typically these
perinuclear structures are a strong indication of misfolded proteins
and progressive clearance defects and as with protein aggregates
are usually positive for ubiquitin and p62.>1>73233 Similar struc-
tures are rarely found in neurons from age-matched wild-type flies
(Sup. Fig. 1A-C). In addition, smaller inclusion bodies (IB) and
multilamellar bodies (MLB) can be found in other bchs mutant
neurons (Fig. 1D). The marked accumulation of intracellular
defects (qualitative) as well as altered IUP and insoluble Ref(2)P
profiles (quantitative) in bchs mutants strengthens the correlation
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between western blot analysis and the long-term in vivo capacity of
autophagy to clear targets from complex organs, tissues and cells.

Mutations in other autophagy and lysosomal genes are known
to reduce longevity and result in the enhanced accumulation of
ubiquitinated proteins.®>'*'%% To determine if changing Ref(2)
P protein levels is an effective tool for the detection of autophagic
trafficking defects we examined adult neural profiles that were
prepared without detergent fractionation. Total Ref(2)P profiles
were examined from 1-week-old controls (CS) and adult flies
with different allelic combinations of the Azg8a, Atg7 and Atg3
genes (8 heads per genotype). As seen previously a strong allelic
combination of Azg8a (Atg84"?) produces adult flies with a sig-
nificant build-up of Ref(2)P at 1 week. Different genetic com-
binations of Atg7 and Atg3 (Atg7F¥10058/4069% and Atg310%3°°/Df)
also show a significant increase in Ref(2)P levels (Fig. 3A and
quantified values see Sup. Fig. 2A).
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To further clarify these find-
ings we examined the formation of
LysoTracker® Red positive puncta
inlarval fat body tissues. This tissue
contains large cells that have both
fasting- and hormonal-induced
forms of autophagy. Multiple stud-
ies have used LysoIracker to char-
acterize and quantify the induction
of autophagy in this tissue.!"*%
Following a 3-hour fast, wild-
type (Canton-S) 2™ instar larvae
show a marked accumulation of
LysoTracker Red positive puncta
(Sup. Fig. 4A). Larvae express-
ing an autophagy specific RNAi
construct (Cg-Gal4/UAS-dsAtg4,
Sup. Fig. 4B) show few if any
LysoTracker positive puncta fol-
lowing a fast, while larvae express-
ing a deep orange RNAI construct
(Cg-Gal4/UAS-dsDor, Sup. Fig.
4C) show the formation of positive
vesicles with significantly altered
morphology. The dor results are
consistent with previous findings.**
Fat body cells from wandering 3
instar larvae also demonstrate a

sent a population of autophagic vesicles or inclusion body-like structures.

Figure 2. TEM analysis of bchs mutant neurons. (A) TEM image of 2-week-old adult bchs” mutant flies
(bchs?/bchs®) shows three nerve cells within a single image that contain inclusion bodies (IB) located near
the nucleus (N). These perinuclear structures show hallmark features of aggresomes and morphology of
other subcellular organelles are abnormal. (B) Enlargement shows the indentation of the nucleus by the
inclusion body (black arrows) and the formation of vacuoles (white arrows). (C) In a different neuron the
inclusion body is surrounded by multiple membrane layers (white arrows) and is adjacent to two large
double membrane organelles (black arrows). (D) Multiple abnormal structures are detected in a different
neuronal cell body that include multilamellar bodies (MLB) and electron dense structures that may repre-

hormone induced form of auto-
phagy (i.e., ecdysone) that is inde-
pendent of fasting. When 3" instar
wild-type fat body tissues were
stained with Lysolracker Red,
abundant vesicles could be detected

throughout the cell (Sup. Fig. 5A).

Some lysosomal trafficking mutants show altered Ref(2)P
profiles. Previously we had identified several lysosomal mutants
with genetic interactions with bchs that also have shortened adult
life spans and early protein trafficking defects.** To further assess
the role of lysosomal genes in autophagic clearance, trafficking
mutants were collected, aged for 1 week and adult head extracts
used for western blot analysis. When compared with age-matched
controls, mutations in the orange (Orange', Orange”), ruby (Ruby'),
carmine (Carmine'), carnation (Carnation') and spinster (Spinster')
genes show normal Ref(2)P levels. This suggests autophagic flux
is normal in these mutants, while deep orange (dor) immunoblots
show Ref(2)P accumulation (Fig. 3B and quantified values see
Sup. Fig. 2B).”** We also examined the IUP profiles from several
lysosomal trafficking mutants (Sup. Fig. 3) and found that like
behs and Atg8a mutants there is an early accumulation of ubiq-
uitinated proteins in several mutant backgrounds. The disparity
between IUP and Ref(2)P profiles in these mutants may result
from these proteins having a primary role in endosomal traffick-
ing and a minimal involvement in autophagy or aggrephagy.
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As seen previously dor’ mutant
males (Vps18p, E3 ubiquitin ligase)
at this stage show defects in vesicle and lipid droplet morphology
(Sup. Fig. 5B).** In carnation' mutant animals (Vps 33, secl pro-
tein) the number and morphology of puncta and lipid droplets
are very similar to that of wild type controls (Sup. Fig. 5C).%
This indicates the function of the Carnation protein is primar-
ily involved with endosomal trafficking and likely has minimal
effect on autophagy. Imaging results, Ref(2)P and IUP profiles
(Sup. Fig. 3) are consistent with our previous findings showing
the dual role of Dor in the autophagic and endosomal path-
ways.>* These results also indicate that western blot analysis of
total Ref(2)P levels is an effective screening tool to characterize
progressive defects due to altered autophagic-lysosomal function
in the adult nervous system.

Ubiquitin and Ref(2)P profiles following caloric restriction.
Outside of the nervous system many Drosophila tissues show a
dynamic autophagic response that is triggered by developmen-
tal cues (Sup. Figs. 6 and 7) or environmental factors such as
caloric restriction or fasting. Studies using cultured primary
neurons indicate the pathway can be induced following nutrient
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deprivation,®

while whole animal in vivo studies suggest the
intact nervous system shows little change in basal autophagic
levels following a fast.””” To examine whether ubiquitin or
Ref(2)P profiles change in neuronal and non-neuronal tissues
following a fast, early 3" and middle 3 instar larvae (LE3 and
LM3) and 2-day-old adult wild-type flies were collected and
kept under normal culturing conditions (Fed, F) or were fasted
(Starved, S). Serial detergent extractions were prepared from lar-
val fat body tissues or adult heads, immunoblotted and probed
for ubiquitin, Ref(2)P and actin. IUP profiles in both fractions
are slightly elevated in fasted larval tissues, following the activa-
tion of autophagy.*** Triton-X soluble Ref(2)P levels are elevated
in fasted larvae, while SDS profiles show a reduction (Fig. 4A
and see Sup. Fig. 5 for quantification). The build-up of soluble
Ref(2)P is consistent with other results showing p62 role in speci-
fying substrates for autophagic clearance (for quantification see
Sup. Fig. 8A and B).">'7%3 However, the minor change in solu-
ble and insoluble ubiquitinated protein profiles suggests cytoplas-
mic inclusions or aggregates are not formed during a fast. This
indicates that following acute induction of the pathway, traffick-
ing or flux of substrates remains relatively effective. Adult neural
tissues show different protein profiles following a fast. Soluble
and IUP profiles show only a modest increase, while Ref(2)P has
little or no change in either fraction (Fig. 4A and for quantifica-
tion see Sup. Fig. 8A and B). This indicates that autophagic flux
is not dramatically altered in neural tissues from animals placed
under fed and fasted conditions and is consistent with in vivo
mouse studies showing neurons have a limited ability to activate
autophagy above basal levels following fasting.”?’

IUP and Ref(2)P profiles indicate enhanced neural auto-
phagy and longevity. The reduced levels of IUP and Ref(2)P
detected in older Atg8a* flies (Fig. 1A and APPL-GAL4/UAS-
Atg8a) indicates that detergent extraction coupled with western
blot analysis could be used to detect conditions were neuronal
autophagy is enhanced. To explore this possibility we examined
adult flies containing mutations in the chico gene (chico'?, insulin
receptor substrate homologue, IRS).““" Highly conserved sig-
naling pathways, defects in both the insulin and IGF (insulin-
like growth factor) signals are known to enhance longevity and
link caloric restriction with life-span extension.*>** The cellular
mechanisms mediating these effects are not entirely clear, but
both pathways are known to enhance TOR signaling (target of
rapamycin), which in turn directly suppresses the activation of
autophagy.**%® For this study, wild-type, ref(2)P*, chico’* and
chico' adults were collected (20 per vial) and aged for 1 day or
for 1, 3 or 4 weeks. Flash frozen heads were collected, detergent
extracted and used for analysis of [UP, Ref(2)P and Actin pro-
files. Wild-type flies show a normal age-dependent accumulation
of IUP and Ref(2)P, while ref{2)P* null mutants have reduced
neuronal IUP levels at 3 weeks of age (Fig. 4B). This is consistent
with previous findings that examined ubiquitin profiles Ref{2)P
mutants and p62 knockout mice.'*"®" Heterozygous and homo-
zygous chico mutants show a similar decrease in neural IUP lev-
els. Further, long-lived chico mutants also have reduced Ref(2)P
levels at the critical 3—4 week time point.>*! This suggests that
basal autophagy rates are enhanced in neurons in which insulin
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Figure 3. Defects in autophgy-lysosomal trafficking promotes

Ref(2)P accumulation in the adult nervous system. Ref(2)P immuno-
blot were prepared from total protein extracts taken from 1-week-old
control, autophagy and lysosomal trafficking mutant flies (eight heads
per genotype). (A) Autophagy mutations that produced viable adults
include Atg8a (Atg8a'/Atg8a?), Atg7 (Atg7tY1°%%8, Atg79°%°*%) and Atg3
(Atg3Fro838) (B) Viable adult mutations in lysosomal trafficking genes
were also examined. At 1 week Deep orange mutants (Dor’) show elevated
neuronal levels of Ref(2)P, while other lysosomal trafficking mutants
(orange', orange®, ruby', carmine', carnation' and spinstert"'°°”) are not
significantly different from that of age-matched controls (Canton-S, CS).
Quantification of Ref(2)P levels are illustrated in Supplemental Figure
2A and B.

signaling is suppressed and clearance of autophagic substrates
is enhanced.***! Ref(2)P and Actin densitometry readings were
used to generate corrected values to illustrate protein levels of fly
extracts prepared from different genotypes and ages (Fig. 4C).
An examination of Azg8a and ref{2)P expression profiles in young
homozygous chico mutants shows that both genes start at sig-
nificantly lower levels than those found in age-matched controls
(1 week, Sup. Fig. 9) and over time both mRNA profiles are fur-
ther reduced (4 week, Sup. Fig. 9). The initial low expression lev-
els of Atg8a and ref(2)P may reflect the early developmental and
metabolic defects that are caused by insulin signaling defects. %
The further decline in expression is also reflected in Azg8a pro-
files found in 1-week-old and 4-week-old ref(2)P mutants, sug-
gesting the decline in autophagy gene expression is a consistent
feature of neuronal aging (Sup. Fig. 9).

p62 accumulation associates with progressive human neu-
rological disorders. Immunohistochemical studies of human
tissues show ubiquitin and p62 are common components of path-
ological inclusions that are associated with neurological disorders
such as Alzheimer disease (AD).2**"¥48 As a quantitative assess-
ment of aggregate formation, western blot analysis of human
neural samples was preformed using p62 as potential marker
of neural degeneration. Flash frozen post-mortem tissues, from
AD patients or from age- and gender-matched controls, were
obtained from the USC brain bank.” Previously, adjacent tis-
sues had undergone a histological examination and were assigned
plaque density (PDS) and CERAD scores.”*>° Adjacent flash
frozen tissue samples were processed directly in 2% SDS extrac-
tion buffer and western blots were probed with p62 and Actin
antibodies (Fig. 5A).%>' When compared with the different PDS
we find greater p62 accumulation in tissues with higher PDS
(Fig. 5B and PDS3, p < 0.001 and PDSS5, p < 0.01). Autophagic
defects and the ability of the pathway to clear intracellular neural
aggregates are implicated as compounding factors in progressive
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Figure 4. Metabolic Changes and Altered IUP and Ref(2)P Neural Profiles. (A)
Early and mid 3" instar larvae (LE3, LM3) were maintained under fed (F) or
starvation (S) conditions, as were 2-day-old adult Drosophila. Larval fat tissues
and adult heads were collected after 3 hours or 12 hours of fasting, respectively.
Immunoblots were prepared from the Triton-X and SDS fractions and probed
with ubiquitin, Ref(2)P and actin antibodies. (B) SDS head extract immunoblots
were prepared from 1-day-old, 1-, 3- or 4-week-old wild-type, Ref(2)P”- mutants
(Ref(2)P¢) and heterozygous’* and homozygous chico” mutant flies (chico”,
chico'?). Both IUP and Ref(2)P profiles show similar age and genotype-dependent
accumulation patterns with the exception of Ref(2)P null flies. (C) IUP, Ref(2)P and
actin values for each age and genotype were quantified using ImagelJ. The cor-
rected IUP and Ref(2)P values for 1-day-old wild-type flies were set at one, other
values adjusted and graphed using these values.
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neural degeneration.»*5% Results from complex human
tissue preparations suggest that western blot analysis of
p62 levels closely correlates with progressive loss of auto-
phagic function and AD plaque accumulation.?**!

Autophagic defects alter p62 profiles in mamma-
lian tissue culture cells. The results from AD samples
are also corroborated by work involving mammalian tis-
sue culture cells. Previously, several studies have shown a
strong correlation between the inhibition of autophagy
and the accumulation of IUP, p62 and other proteins
associated with neurodegenerative disease. For this study,
Atg5*"* (wild-type) and Atg5” mouse embryonic fibro-
blast (MEF) cells were transfected with an aggregate-
prone PolyQ-containing protein that is associated with
Huntington disease (Flag-Htt-Q65).%*"% Cells were cul-
tured for 5 days and detergent extracts used for immu-
noblots that were probed using p62, Flag and a-tubulin
antibodies (Fig. 6A). There is marked Htt-Q65 and p62
accumulation in the insoluble protein fraction.” In con-
trast there was little or no change in the level of soluble
HetQ65 between wild-type and Atg5” KO cells.” Atg5
western blots confirm loss of the gene in the Atg5’- KO
MEEF cells, and LC3 immunoblots show inhibition of the
pathway (data not shown).'*>*

Inhibition of autophagosome maturation also leads
to accumulation of IUP and p62." Interestingly, recent
studies have identified a link between mutations found in
patients suffering from a familial form of frontotemporal
dementia (FTD3) and abnormal autophagosome matu-
ration.”” FTD3 patients have extensive and early onset
neurological disorders that include the formation of neu-
ral aggregates containing ubiquitin.?**® To examine this
further we ectopically expressed in HeLa cells a mutant
form of CHMP2B (ESCRT-III subunit, CHMP2B-
intron5), which corresponds to a genetic defect found
in FTD3 patients.”> Expression of mutant CHMP2B
in HeLa cells causes a significant accumulation of p62
and ubiquitin, as analyzed by immunoblots and immu-
noflourescence microscopy. Cells expressing the native
protein are similar to controls.”> Equal expression and
loading were verified using anti-Myc and anti-Tubulin
antibodies (Fig. 6C). Moreover, as seen with other intra-
cellular aggregate models, p62 closely co-localized with
large inclusions that contain both the mutant CHMP2B
protein and ubiquitin (Fig. 6D)."?? To determine
whether siRNA-mediated suppression of autophagy
could also change p62 solubility profiles, cells were
transfected with siRNA against Vps24, a second subunit
of the ESCRT-III complex (endosomal sorting complex
required for transport).?>%”%® Western blots show that
Vps-24-deficient cells have marked p62 accumulation in
both detergent fractions, indicating the protein becomes
less soluble as Vps24 becomes depleted and autophago-
some-lysosmal fusion and substrate flux is suppressed
(Fig. 6B).” In conclusion, our studies show a clear asso-
ciation between the autophagy levels, accumulation of
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Figure 5. p62 profiles from human Alzheimer disease neural tissues. (A) Mid-frontal cortical tissue samples were taken from AD patients or control
subjects (age and gender matched), flash frozen in liquid nitrogen and stored at -80°C. Protein extracts (2% SDS) were examined for p62 and actin.
Previous histological examinations were performed on adjacent tissue samples and plaque density score (PDS) for a particular individual were as-
signed. PDS, age (years) and gender (M = male or F = female) are indicated for each sample. (B) Densitometry values for the two major p62 bands (ar-
rows) were corrected using actin and normalized to the average p62 levels detected in control samples (PDS = 0, N = 8). Individuals in the PDS1 group
had p62 levels that were not substantially different than controls (n = 2, p > 0.05), while samples from individuals with higher PDS showed a significant
accumulation of p62 (one way ANOVA with Bonferroni post-test, p < 0.01, PSD3 N = 2; PDS N = 4).

p62/Ref(2)P and TUP and progression of neurological disorders
both in vivo and in vitro.

Discussion

Recent work has shown that the p62/SQSTMI/Ref(2)P pro-
tein family plays a central and expanding role in the autophagy
pathway, in part by serving as a selective receptor for substrates
marked with ubiquitin. The unique combination of LIR, UBA
motifs and other interacting domains in p62 and Ref(2)P allows
these proteins to interface with autophagy components (Atg8/
LC3) as well as ubiquitinated intracellular substrates that are
destined for elimination.'”*® p62 has been shown to promote
the clearance of other ubiquitinated substrates including bacteria
and vacuolar remnants.”®*' The ability of p62 to shuttle between
the nucleus and cytoplasm as well as its role in the formation of
cytoplasmic p62 bodies suggests the protein may be a key com-
ponent of a complex signaling process that occurs during periods
of cellular stress and aggregate formation.””?*? Along these lines,
a recent study has shown p62 modulates the activity of the stress
responsive Nrf2 transcription factor and may also be involved
with the regulation of ARE-containing genes.'®® In neural
degenerative disorders, which are associated with the formation
of protein aggregates or inclusions, p62 serves as an effective his-
tological marker of pathological structures.

In this report we show that measuring insoluble ubiquitinated
proteins as well as p62 and Ref(2)P profiles can be used to detect
the formation of protein inclusions and changes in autophagic
activity under a wide range of cellular and physiological condi-
tions. Previously, we had shown that detergent fractionation of
proteins from complex neural tissues can be used to generate a
reproducible series of samples that contain ubquitinated proteins
with different solubility profiles.®*¢* Coupling this technique
with western blot analysis of Ref(2)P and p62, we found that
progressive defects in autophagy, due to age or loss-of-function
mutations, could be readily detected. Based on these results we

578

Autophagy

expanded this technique to include immunoblot analysis of p62
or Drosophila Ref(2)P profiles to examine aggregate formation
in neural tissues and cell culture models. Using this method we
demonstrated that both IUP and Ref(2)P protein profiles show
a marked accumulation and solubility shift in neural samples
prepared from older flies (Figs. 1 and 4B). This time-dependent
build-up is consistent with the natural reduction of autophagy
gene expression profiles that occurs in the aging Drosophila
nervous system.® The age-dependent decrease in the ref{2)P
message indicates insoluble Ref(2)P accumulation in older flies
is likely the result of a progressive global decline in autophagy
and not due to enhanced production of the protein (Fig. 1C).
Further, genetic and transgenic suppression or enhancement of
neuronal autophagy also has a profound effect on the in vivo lev-
els of insoluble Ref(2)P and IUP (SDS fraction). The extent of
Ref(2)P accumulation indicates that western blot analysis could
be used as part of a genetic screen for mutations that accelerate
neuronal aging or effect aggrephagy rates. Consistent with this
hypothesis we find a marked change in neuronal IUP levels in
a diverse series of lysosomal trafficking mutants. However, only
dor mutations (Vpsl8, class C complex) show a marked increase
in neuronal Ref(2)P levels (Fig. 3B), IUP profiles (Sup. Fig. 3)
as well as defects in autophagosome formation (Sup. Figs. 4 and
5).20.34

Western blot analysis of Drosophila samples from different
fasting and developmental conditions, shows Ref(2)P and ubig-
uitin profiles change dramatically at times consistent with activa-
tion of autophagy.*®’ In terms of inclusion body or aggregate
formation, we identified two exceptions. The first is that the
soluble and insoluble profiles of both markers increase at a time
when hormonally triggered autophagy is occurring (Sup. Figs.
7 and 8C and D). The second is that fasting does not increase
the insoluble Ref(2)P or IUP levels in adipose tissues and neither
marker is significantly altered in adult neural extracts follow-
ing caloric restriction (Fig. 4A and Sup. Fig. 8A and B). This
suggests that flux or clearance of substrates in adipose tissues is
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Figure 6. Mammalian cell culture proteopathies models and p62 profiles. (A) Atg5+** (wild type) and Atg57 mouse embryonic fibroblasts (MEFs) were
transfected with Flag-HttQ65 (48 hrs) or were untreated before extraction in 1.0% Triton-X (soluble) and 2% SDS buffers (insoluble). Samples were
immunoblotted with anti-Flag, anti-Atg5 and anti-p62 antibodies. Equal loading was verified using anti-a-Tubulin and Atg5 protein levels confirmed
using anti-Atg5 antibodies. Clearance of SDS-soluble Flag-HttQ65 inclusions was further analyzed by filter-trap assays (upper part). (B) HeLa cells

were transfected with control or Vps24 siRNAs for 5 days and then processed for p62 western blot analysis. Knockdown efficiencies and loading were
verified using Vps24 and o-Tubulin levels. (C) HeLa cells were transfected for 48 hrs with myc-tagged constructs containing wild-type myc-CHMP2B or
a mutant myc-CHMP2B"" construct and mock-transfected cells were used as control. Cells were extracted, immunoblotted and probed with p62,
myc and a-Tubulin antibodies. Cells expressing mutant CHMP2B show p62 accumulation, whereas control and cells expressing wild-type myc-CHMP2B
have similar low levels of p62. Anti-myc and anti-a-Tubulin immunoblots were used as expression and loading controls. (D) HeLa cells were transfected
for 48 hrs with myc-CHMP2B" fixed and processed for immunofluorescence analysis. Cells were labeled with antibodies against myc, ubiquitin and

p62/SQSTM1 and imaged using confocal microscopy. Co-localization is indicated in white (right panel, scale bar = 10 pm).

not impeded following an acute induction of the pathway and
in turn may prevent the accumulation of cytoplasmic insoluble
inclusions. Further, the minor change in neural IUP and Ref(2)P
profiles in adults following a fast is consistent with previous work
showing that neurons have a limited ability to increase in auto-
phagosome formation following caloric restriction.”?” However,
we did find that IUP and Ref(2)P neural profiles are reduced
when insulin signaling is suppressed. Mutations in chico (IRS,
insulin receptor substrate) are similar to other mutations in the
insulin/IGF signaling pathways in that small but long-lived and
stress resistant individuals are produced.®®*® The small size of
chico results in part from changes in downstream TOR signal-
ing, which can also regulate basal rates of autophagy via TORC1
signaling *#*%®7° Our western blot results are consistent with
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multiple studies showing that defects in insulin/IGF signaling
as well as caloric restriction can slow cellular aging, potentially
by enhancing autophagy rates in critical tissues like the nervous
system. 5444570

In cultured cells we find that p62 solubility profiles are
altered under conditions where autophagy is either directly
suppressed (Atg5” KO, Fig. 6A), when ESCRT-III complex
function is inhibited (Vps24 siRNA, Fig. 6B), or when disease
associated proteins such as the CHMP2B protein is expressed
(mutant CHMP2B™», Fig. 6C).1***%3 As seen in Atg8a and
behs Drosophila mutants, functional loss of Atg5 in the mouse
CNS results in the accumulation of ubiquitinated proteins'® and
inability of cells to effectively sequester aggregate prone proteins
(i.e., HeeQ65) and accumulation of p62."7% Another disorder,
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frontotemporal dementia (FTD), is the most common form of
neural degeneration occurring in people before the age of 60.%27!
The ESCRT-III complex, which functions primarily in late endo-
somal trafficking events, is associated with familial cases of FTD
as well as the accumulation of ubiquitin-positive protein depos-
its in affected neurons.”? Mutations in individual members like
CHMP2B and suppression of Vps24 are known to inhibit auto-
phagy and exacerbate the accumulation of autophagosomes and
p62 in cultured cell models of the disorder.?%7!

Finally our work with human tissues indicates that western
blot analysis of p62 is potentially a useful measure of proteopa-
thies associated with Alzheimer disease and plaque formation
(Fig. 5). There appears to be an activation of neuronal autophagy
during the early phases of the disease but as the disorder pro-
gresses the pathway becomes increasingly abnormal resulting in
the accumulation of cytoplasmic vesicles and inclusions.?>2>372
Western blot analysis of p62 shows a strong correlation with the
long-term accumulation of protein aggregates in human neural
tissues. Recent findings demonstrate that ubiquitinated inclu-
sions contain a diverse complement of Ub-Ub isoforms suggest
autophagy has the capacity to recognize and respond to a diverse
array of aggregating proteins.'™® Cellular assays designed to
measure autophagosome formation (i.e., GFP-LC3) and LC3-1/
LC3-1I ratios have been instrumental in assessing the acute acti-
vation of autophagy and shaping our understanding of the com-
plex role the pathway plays in cellular homeostasis. The work
presented in this report suggests that analysis of ubiquitinated
proteins as well as p62/Ref(2)P profiles can also be used to estab-
lish the long-term level of autophagic activity that is occurring in
complex tissues like the nervous system.

Materials and Methods

Drosophila stocks and culturing conditions. The Canton-S,
DA2L)clot7/CyO, Atg8a', Atg8*/FM7C, light, orange', orange’,
ruby', deep orange, carmine', carnation’, chico'lCyO, chico’/
CyO and spinster’, stock lines were identified using Flybase and
obtained from the Bloomington Stock Center (flybase.bio.indi-
ana.edu). The Ref(2)P***”* and Ref(2)P**’** lines were obtained
from the Harvard Medical School Exelixis Stock Collection, the
behs® and behs® alleles have been previously described in reference
9, the hook' line was a gift from Dr. H. Kramer (University of
Texas, Southwestern Medical Center, Texas) and the APPL-Gal4
pan-neural driver line was a gift from Dr. K. White (Brandeis
University, MA).® The Az¢8a' and Arg8a? alleles (Atg8a’) and the
Atg8a* genotype (APPL-Gal4| UAS-Atg8a) have been previously
reported in reference 8. To age adults, female or male flies were
collected and maintained separately at 25°C (25 flies per vial)
on standard Drosophila media for the indicated time. Flies were
transferred to vials containing fresh media every 3 to 4 days until
collected and used for protein extracts.®’

Antibodies. Primary antibodies were from the following
sources: rabbit polyclonal anti-Ref(2)p (1:3,000 dilution, Dr.
Contamine, Versailles, France); mouse monoclonal anti-ubiqui-
tin (1:1,000 dilution, Cell Signaling Technologies, 3933); poly-
ubiquitin antibodies (clone FK1 and FK2, Affinity); B-actin
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(1:10,000 dilution Cell Signaling Technologies, 4967); mouse
monoclonal anti-tubulin (Sigma, T8203); mouse monoclo-
nal anti-myc (ATCC, 9E10); polyclonal goat anti-Atg5 (Santa
Cruz Biotechnology, sc-133158); rabbit polyclonal anti-APG5L
(Abgent, AP1812a); monoclonal SQSTMI1/p62 (Abgent,
AT3836a); guinea pig SQSTM1/p62 (US Biological, P1001-
33Y); mouse monoclonal anti-Htt (Chemicon, MAB5492);
rabbit polyclonal anti-LC3B (Abcam, AP1802b). Secondary
antibodies Cy2-, Cy3- and Cy5-labeled antibodies were from
Jackson ImmunoResearch Laboratories.

SDS-PAGE and western blot analysis. Briefly, to detect the
accumulation of insoluble p62/Ref(2)P and ubiquitinated pro-
teins (IUP) in cultured cells and fly heads (-20 per genotype or
age) were collected and flash frozen or processed immediately.
Samples were first homogenized in 1.0% Triton-X, PBS contain-
ing protease inhibitors (4°C) and centrifuged (14,000 rpm) for
10 minutes (4°C). The supernatants were collected for each data
set and saved as the Triton-X soluble fraction. The remaining
protein pellets were washed with 1.0% Triton-X, PBS, followed
by a second 2% SDS buffer extraction.®® Between 10 to 20 g of
protein were loaded for each sample and resolved on 4-12% gra-
dient gels (BioRad, 345-0124), followed by electroblotting on to
Immobilon-P membranes (Millipore, IPVH00010). For analysis
of total proteins, heads from lysosomal mutants (20 per age and
genotype) were homogenized directly in a 2% SDS buffer (pro-
tease inhibitors at 4°C, Roche, 11 836 170 001). 20 pg of protein
were loaded for each sample and resolved on 4-12% gradient
gels. As loading controls we used anti-Histone2B, anti-Actin5c¢
or anti-a-Tubulin antibodies.

A similar extraction technique was used for cultured cells to
establish the cellular levels of different proteins and their solu-
bility profiles. Cells were extracted in ice-cold lysis buffer (50
mM NaCl, 10 mM Tris, 5 mM EDTA, 0.1% SDS, 1% Triton
X-100 + protease and phosphatase inhibitor cockrails), centri-
fuged (14,000 rpm) for 10 minutes and the supernatants (soluble
fraction) collected. The remaining protein pellets were washed
with phosphate buffered saline (PBS) and further extracted
with 2% SDS-containing sample buffer (insoluble fraction).
Protein concentrations in the soluble fractions were determined
and approximately 20 pg of protein per sample was loaded and
resolved on 15% or 4-20% gradient gels, and electroblotted on
to Immobilon-P membranes. Preparation of human samples
involved the homogenization of ~100 mg of tissues in extrac-
tion buffer (50 mM Tris pH 7.5, 2% SDS, PBS and protease
inhibitors at 4°C). 10 g of protein was resolved for each sample
on a 10% SDS-Page gel (BioRad 345-0112) and immunoblots
were sequentially probed with p62 and actin antibodies. Protein
concentrations were determined using the detergent compatible
Lowry assay (BioRad, 500-0111). The blots were probed with
specific antibodies and detected using standard ECL reagents
(Pierce® ECL, 32106). Band intensities were quantified using
the software provided by the ChemiGenius imaging system
(Syngene) or digitally scanned using a Calibrated Desitometer
and Quantity One imaging and analysis software (BioRad,
GS-800). Corrected protein values were graphed using Microsoft
Excel or Graphpad software. Statistical analysis was done by
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ANOVA followed by Bonferroni’s test and p-values <0.05 were
considered significant.

Quantitative RT-PCR analysis. Heads were collected from
male Canton-S flies at 1, 2 and 4 weeks of age. The Trizol RNA
isolation reagents and techniques (Invitrogen, 15596-026) were
used to prepare total RNA from each sample. Purity and quantity
were measured by optical density.® For each condition 1.0 pg of
total RNA was used for cDNA synthesis using the Fermentas
primers and cDNA synthesis kit (Fermentas, K1622). Real-time
PCR was performed in 25 pl reactions containing 12.5 .l of 2x
SensiMix™ SYBR and Fluorescein Kit (Bioline Inc., QT615-05),
25 ng cDNA and pretested gene specific primer sets into 96-well
optical plates. The cycling conditions for the BioRad CFX96™
Real-Time PCR Detection System were 95°C for 5 min, 40 cycles
of 94°C 5 sec, 55°C 20 sec and 72°C 20 sec.® Real-time efficien-
cies were calculated from the slopes of standard dilution curves.
RNA transcription levels were determined by the method of
direct comparison of C, values (C, >35 rejected) TT and rela-
tive quantities were calculated by the AAC  equation using Excel
software.® Transcripts were normalized to actin-5C values for
each condition. All qRT-PCR reactions were done in using two
to four independent experiments.

Cell culture, transfections and siRNA techniques. Control
Atg5*"* and Atg5"- KO mouse embryonic fibroblasts were a gift
from Noboru Mizushima. Both cell types were left untreated or
transfected with Flag-HttQG65 construct for 48 hrs.”? Cells were
lysed in mild detergent (soluble), centrifuged and the remaining
pellet extracted in 2% SDS (insoluble).** Proteins were separated
by SDS-PAGE and immunoblotted and probed with anti-Flag
(1:100 dilution) and anti-p62 (1:1,000 dilution) antibodies.
Equal loading was verified by anti-a-tubulin immunoblotting.
The absence of the Atg5 protein and the inhibition of auto-
phagy were determined using anti-Atg5 (1:100) and anti-LC3
(1:100) antibodies, respectively. Clearance of SDS-insoluble
Flag-HttQ65 inclusions was analyzed by filter-trap assays. 48 h
after siRNA-Vps24 transfection, Hela htt25Q, 65Q- and103Q-
mCFP cells were exposed to 100 ng/ml dox for another 3 days
to suppress htt-protein production and permit more than 50%
of clearance. The effect of siRNA treatment on polyQ aggre-
gate clearance was analyzed either by confocal quantification as
described in reference 73, or by the membrane filter trap assay
for detection of amyloid-like polyglutamine-containing protein
aggregates as previously published in reference 27. For studies
of the Vps24 gene, Hela cells were transfected with control or
Vps24 siRNA for 5 days and processed for western blot analysis
as described. Immunoblotting using anti-p62 antibodies was per-
formed for both in the soluble and insoluble fractions of Vps24-
deficient and control cells. Knockdown efficiencies were analyzed
using an anti-Vps24 antibody and equal loading verified using
anti-a-tubulin antibody. HeLa cells were transfected for 48 hrs
with myc-tagged wild-type CHMP2B or a mutant version that
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corresponds to the mutation found to cause disease in patients
having FTD3 (myc-CHMP2Bintron5). Mock-transfected cells
were used as controls. Cells were detergent fractionated and
analyzed by immunoblotting using anti-p62 antibodies. Equal
expression and loading levels were verified by anti-Myc and anti-
o-Tubulin immunoblots, respectively.

Transmission electron microscopy (TEM) and confocal
imaging techniques. Wild-type (Canton-S) and bchs mutant
flies were collected and aged between 1 and 15 days before heads
were removed, dissected and fixed in 2% glutaraldehyde in 0.1
M Cacodylate buffer, pH 7.2. The tissue was post-fixed with 2%
0Os0, and 1.5% KFeCN, dehydrated in a graded ethanol series
and washed in a propylene oxide solution. Samples were oriented
and embedded in Epon/Araldite resin and polymerize over-
night at 60°C. Thin sections (40—60 nm) were cut on a Leica
Ultracut, mounted on Parlodian coated copper slot grids before
staining with Pb citrate.*”* Sections were observed at 60 kV
using a JEOL1230 electron microscope. Images were recorded
with a Morada digital camera and prepared further using Adobe
Photoshop. Fat body tissues were isolated from staged larvae
(6-10 per genotype and condition) and stained in PBS contain-
ing LysoTracker® Red (1:1,000 dilution, Invitrogen, L7528) for
10 min.*” Tissues were rinsed with PBS, fixed and imaged imme-
diately using a Lieca confocal microscope and lasers. The num-
ber of puncta contained within 50 pwm? area from several tissues
were counted. Averages and standard deviations were calculated
and graphed using Excel software. HeLa cells were transfected
for 48 hrs with myc-CHMP2B-intron5 were fixed and labeled
with antibodies against Myc (red), Ubiquitin (green) and p62
(blue) for immunofluorescence. Co-localization of the differ-
ent markers is indicated in white (Scale bar = 10 mm). Adobe
Photoshop CS3 and Canvas X imaging software were used to
assemble figures.
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