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Abstract

Aims: Among the putative mechanisms proposed to be common factors in Down syndrome (DS) and Alz-
heimer’s disease (AD) neuropathology, deficits in protein quality control (PQC) have emerged as a unifying
mechanism of neurodegeneration. Considering that disturbance of protein degradation systems is present in
DS and that oxidized/misfolded proteins require polyubiquitinylation for degradation via the ubiquitin pro-
teasome system, this study investigated if dysregulation of protein polyubiquitinylation is associated with
AD neurodegeneration in DS.

Results: Postmortem brains from DS cases before and after development of AD neuropathology and age-matched
controls were analyzed. By selectively isolating polyubiquitinated proteins, we were able to identify specific
proteins with an altered pattern of polyubiquitinylation as a function of age. Interestingly, we found that oxidation
is coupled with polyubiquitinylation for most proteins mainly involved in PQC and energy metabolism.
Innovation: This is the first study showing alteration of the polyubiquitinylation profile as a function of aging in
DS brain compared with healthy controls. Understanding the onset of the altered ubiquitome profile in DS brain
may contribute to identification of key molecular regulators of age-associated cognitive decline.
Conclusions: Disturbance of the polyubiquitinylation machinery may be a key feature of aging and neurode-
generation. In DS, age-associated deficits of the proteolytic system may further exacerbate the accumulation of
oxidized/misfolded/polyubiquitinated proteins, which is not efficiently degraded and may become harmful to
neurons and contribute to AD neuropathology. Antioxid. Redox Signal. 26, 280-298.

Keywords: Alzheimer disease, Down syndrome, proteasome, proteomics, trisomy21, ubiquitin

Introduction but the severity of neuropathology and dementia varies signifi-

cantly among DS population. Triplication of APP is considered

DOWN SYNDROME (DS) is the most frequent genetic cause
of intellectual disability caused by the presence of three
copies of chromosome 21 (Chr21). Several studies reveal that
DS and Alzheimer’s disease (AD) neuropathology have many
common features that include deposition of senile plaques and
neurofibrillary tangles, together with cellular dysfunction such as
mitochondrial defects, increased oxidative stress, and impair-
ment of protein quality control (PQC) (4,27, 51, 53, 57). Around
two-thirds of individuals with DS develop dementia in their 50s,

the major pathological event to which converge both AD-DS and
normal AD, but it is clear that several other genes contribute to
the neurodegenerative process. Moreover, understanding the
cross-talk between genetic and environmental factors could
provide insights into the molecular mechanisms responsible
of early onset AD in DS. Thus, DS offers a unique model to
investigate the early molecular changes that disturb neuronal
homeostasis and that with age lead slowly, but irreversibly, to
neuronal death [reviewed in Wiseman et al. (72)].

'Department of Biochemical Sciences, Sapienza University of Rome, Italy, Rome.
2Sanders-Brown Center on Aging, University of Kentucky, Lexington, Kentucky.
Departments of *Pharmacology and Nutritional Sciences and “Chemistry, University of Kentucky, Lexington, Kentucky.
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Innovation

Ubiquitinylation is a post-translation modification that
controls several intracellular processes, among which regu-
lation of protein half-life is the most well recognized. Recent
evidence suggests that genetically defined shifts in the global
ubiquitinylation pattern of the proteome might initiate age-
specific response programs. Innovation of the present study
is the finding that disturbance of polyubiquitinylation may
contribute to neurodegeneration in Down syndrome (DS)
brain and transition to Alzheimer’s disease (AD) phenotype.
Determination and better understanding of the onset of the
altered ubiquitome profile in DS brain may contribute to
identification of key molecular regulators of age-associated
cognitive decline in DS, which ultimately culminates in the
development of AD.

The ability of neurons to compensate for the increasing
burden of age-dependent stresses largely relies on the effi-
ciency of proteolytic systems (32). A wide set of proteases
regulate cell functions, but the main proteolytic systems
responsible for the removal of proteins and organelles are
the proteasome (ubiquitin-proteasome system [UPS]) and
the endosomal-lysosomal system (24). The UPS regulates the
levels of cytosolic and nuclear proteins, while the endosomal—
lysosomal system largely is responsible for the degradation of
secretory and internalized proteins.

Several studies demonstrate that UPS integrity is required for
normal life span. Identifying ubiquitin-dependent degradation
pathways that specifically control the steady-state levels of life
span regulators further highlights a key role of the UPS during
aging and in the development of age-related diseases (68). In line
with these observations, recent evidence suggests that a geneti-
cally defined alteration in the ubiquitinylation profile of the
proteome might promote age-specific response programs (39).
In accord with this view, results obtained in worms suggested
proteostasis failure as a possible programmed event that causes
accumulation of damaged/misfolded proteins at an early time of
life and might represent the first event presaging aging (3).

Degradation of a protein via the ubiquitin (Ub) pathway re-
quires two successive steps: (i) covalent binding of multiple
ubiquitin moieties to the protein substrate and (ii) proteolytic
degradation of the targeted protein by the 26S proteasome
system, with the release of free ubiquitin. Moreover, protein
post-translational modification with ubiquitin, namely ubiqui-
tinylation, regulates a wide range of processes within cells, not
just protein degradation. Ub can be attached to substrate pro-
teins as a single unit or more often as polymeric chains, in
which additional ubiquitins are bound through specific isopep-
tide linkages (41). Ub is tethered to proteins via the action of
three proteins: E1 Ub-activating enzymes, E2 Ub-conjugating
enzymes, and E3 Ub-ligating enzymes. This enzymatic cas-
cade results in the formation of an isopeptide linkage between
the C-terminus of Ub and the e-amino group of a substrate
lysine residue. Analogous to protein glycosylation, once Ub is
anchored to a substrate protein, additional rounds of conjugation
lead to polymeric Ub (poly-Ub) chains.

The conjugation of a poly-Ub chain to a target protein was
initially characterized as a signal for protein degradation (30),
which still appears to be its dominant role. However, poly-Ub
can trigger multiple other functions, including cell cycle,
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transcription, DNA repair, and membrane trafficking, de-
pending on which lysine residue in the Ub sequence is used to
extend the poly-Ub chain. Distinct chain linkages can be
formed at all seven internal lysine residues of Ub (K6, K11,
K27, K29, K33, K48, and K63) and at its N-terminus. In
addition to homotypic Ub chains, with single linkage type,
heterotypic chains can also be present containing mixed
linkages within the same Ub chain. The most abundant and
well-characterized chain linkage is through K48 and is con-
sidered to be a key signal for proteasomal degradation, while
K63 linkage has a primary role in cell signaling (41, 44).
Moreover, recent data also show that the K63 poly-Ub chain
may be recognized by the proteasome (42).

The impairment of ubiquitin-dependent proteolysis results in
enhanced accumulation of damaged proteins, which can be
toxic and become harmful for cellular homeostasis. Recent
studies from our group and others demonstrated that disturbance
of proteolytic machinery is a key feature of degenerating neu-
rons and appears in several neurodegenerative disorders (4, 8,
15). Proteasome activity was found to be reduced in AD brains
than in age-matched controls (38, 50) and also in DS brain (17).
In addition, high levels of Ub were detected in brain and cere-
brospinal fluid samples from AD patients (43). Moreover, pro-
tein inclusions in AD brains generally contain ubiquitinated
proteins and are specifically immunoreactive to at least one of
the 19S regulatory proteasome subunits, S6b (22).

Understanding the onset of the altered ubiquitome pro-
file in DS brain as a function of age may contribute to the
identification of key molecular regulators of age-associated
cognitive decline. Recent progress in proteomic approaches
has contributed to the identification of targets of ubiquiti-
nylation, but a comprehensive profile of age-related changes
of the ubiquitome is still lacking. We analyzed the human
postmortem brain from DS cases before and after the develop-
ment of AD neuropathology (Down syndrome with Alzheimer’s
disease [DS/AD]). By selectively isolating polyubiquitinated
proteins, we identified specific proteins showing an altered pat-
tern of polyubiquitinylation as a function of aging. Considering
our previous results showing a disturbance of a key component
of the PQC in DS, our findings may contribute to identification
of molecular events that may drive the neurodegenerative pro-
cess in DS brain.

Results

We focused on frontal cortex of human postmortem brain
from DS cases before and after the development of AD neuro-
pathology (DS/AD; Table 1). Considering that the development
of AD pathology is age dependent in DS and shows character-
istic features of AD, identification of common polyubiquitinated
proteins by proteomic approaches in both DS and AD can
provide novel insights on the overlapping mechanisms that may
lead from normal aging to the development of AD. The age of
DS cases was under 40 years, while the cases with both DS and
AD were over the age of 40 years. Thus, controls were divided
into two groups, either less than or equal to 40 years (Ctr Y) or
older than 40 years (Ctr O) at death.

Specificity of ubiquitin enrichment kit: isolation
of endogenously ubiquitinylated protein complexes

The aim of this study was to analyze the profile of poly-
ubiquitinated proteins in brain homogenates from DS patients
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TABLE 1. SUBJECTS’ DEMOGRAPHIC DATA

Subjects PMI Age Sex Race Cause of death
Control Y 1 5.8 39 Female Unknown Unknown

Control Y 2 12 22.8 Male African American Arrhythmia due to hypertrophy cardiomyopathy
Control Y 3 8 33.1 Male Caucasian Cardiac arrhythmia

Control Y 4 10 24.4 Male Caucasian Multiple injuries

Control Y 5 10 10.8 Female Caucasian Asthma

Control Y 6 14 19.8 Male Caucasian Multiple injuries

DS1 12 19 Male Caucasian Unknown

DS 2 14 15.5 Male Caucasian Chromosome disorder, Trisomy 21
DS 3 10 40.6 Male African American HCVD

DS 4 12 39.2 Female Caucasian Cancer

DS 5 13 44.5 Female Caucasian Cardiac arrhythmia

DS 6 14 19.9 Male Indian Cardiopulmonary arrest: congenital heart disease
DS-AD 1 53 57 Female Unknown Seizure disorder

DS-AD 2 3 63 Female Unknown Respiratory

DS-AD 3 6 63 Female Unknown Unknown

DS-AD 4 4.5 55 Male Unknown Pneumonia

DS-AD 5 10.5 61 Male Unknown Unknown

DS-AD 6 3 57 Female Unknown Pneumonia

Control O 1 5 47.3 Female Caucasian Pneumonia

Control O 2 8 64 Female Unknown Myocardial infarction

Control O 3 17 56.8 Male Caucasian HACVD

Control O 4 16 55.3 Male Caucasian Arteriosclerotic cardiovascular disease
Control O 5 4.5 65 Male Unknown Cardiac arrest

Control O 6 2.7 67 Male Unknown Cardiomyopathy

AD, Alzheimer’s disease; DS, Down syndrome; HACVD, hypertensive arteriosclerotic cardiovascular disease; HCVD, hypertensive

cardiovascular disease; PMI, postmortem interval.

before and after development of AD. To achieve this aim,
we selected a specific Ub enrichment kit, the only one
available for efficient isolation of endogenously poly-
ubiquitinated protein complexes, not mono-, and suitable
for mass spectrometry (MS)-based proteomics. To test the
specificity of the kit employed for this study, we performed a
number of experiments. The workflow for isolating endoge-
nously ubiquitinylated protein complexes for proteomic analysis
is shown in Figure 1. First, immunoprecipitation (IP) using
anti-Ub antibody (provided by the kit) was performed to
pull down ubiquitinylated proteins (Fig. 1A). The IP fraction
(bound fraction, BF) and the supernatant (nonbound fraction,
NBF) were blotted with anti-Ub antibody (Fig. 1, Al and A2).
Subsequently, the NBF—containing all the proteins lacking
Ub modification—was mixed with the polyubiquitin affinity
resin for evaluating nonspecific protein binding (false-positive
hits). Figure 1B shows the NBF eluted from the affinity resin
(total protein stain) and analyzed using anti-Ub antibody. The
null signal observed excludes nonspecific binding of non-
ubiquitinated proteins by the resin. In addition, the BF was
passed through the polyubiquitin affinity resin (Fig. 1, B1 and
B2). The resin binds polymers of Ub containing four or more
Ub subunits. Therefore, monoubiquitinated proteins and short-
chain polymers are recovered in the flow-through (FT), while
the polyubiquitinated (longer than four Ub subunits) proteins
were collected in the eluate.

Furthermore, the specificity of the ligand to recognize
polyubiquitinated proteins in human samples has been
demonstrated by breaking the interaction between ligand and
substrate. Specifically, samples were passed through heat-
denatured resin and processed by Western blot (agarose
resin-only negative control) as shown in Figure 1C.

Polyubiquitinylation levels

Figure 2A shows an increase of poly-Ub-conjugated proteins
in both DS and DS/AD subjects compared with their age-
matched controls (fold increase for DS vs. Ctr Y is 1.4 and DS/
AD vs. Ctr O is 2.5). Moreover, the total polyubiquitinylation
levels increased significantly between DS and DS/AD (1.6-fold).

Based on these results, we examined the two most pro-
minent types of poly-Ub chains: K63 and K48. Our results
showed the same trend for K63 and K48 ubiquitin chains
(Fig. 2B, C): the poly-Ub K63 and K48 displayed, respec-
tively, an increase of 1.6 and 2.1 in DS compared with Ctr Y
and 2 and 3.5 in DS/AD compared with Ctr O age-matched
controls. A significant increase for both K63 and K48 was
also evident by comparing DS/AD versus DS (Fig. 2B, C).

Proteomic profile of polyubiquitinated proteins

We further investigated the polyubiquitinated proteome in
the four groups to identify specific proteins showing different
levels of polyubiquitinylation. Brain (frontal cortex) homoge-
nates (n =6 per group) were processed using a specific kit for the
isolation of intracellular poly-Ub-conjugated proteins. Through
the use of a high-binding affinity resin, polyubiquitinated pro-
teins were isolated from brain samples, and the bound proteins
were eluted from the affinity resin and separated on two-
dimensional (2D) gels. In Figure 2, a representative 2D map of
polyubiquitinated proteins (Fig. 3B) compared with a 2D ex-
pression gel (Fig. 3A) is shown. The second 2D expression gel
was run in parallel to normalize variation of polyubiquitinylation
levels with respect to specific protein levels.

The intensities of polyubiquitinated protein spots showed a
different profile in both DS/AD and DS compared with their
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FIG. 1.

Isolation of endogenously polyubiquitinated protein complexes by use of the ubiquitin enrichment kit. A

workflow for isolating endogenously ubiquitinylated protein complexes for proteomic analysis is shown. (A) Ubiquitinylated
proteins were isolated from brain homogenates by IP. IP fraction (BF) and the supernatant (NBF) were loaded on an SDS-PAGE
gel and stained for total protein expression (Al) and subsequently blotted on nitrocellulose membrane and stained with a
polyclonal anti-Ub antibody (anti-Ub Ab) to determine enrichment efficiency (A2). (B) The IP fractions (BF and NBF) were
further processed with the enrichment kit (Thermo) containing the polyubiquitin affinity resin (Poly-Ub AR). BF, NBF, and FT
were loaded in SDS page (B1) and blotted with antiubiquitin antibody (B2). (C) Heat denaturation of high-affinity resin using
high temperature (60°) was used to destroy the bond between resin and poly-Ub antibody. Poly-Ub was detected by performing

a Western blot (agarose-only control; C1). BF, bound fraction;

FT, flow-through; IP, immunoprecipitation; NBF, nonbound

fraction; Poly-Ub, polymeric Ub; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis; Ub, ubiquitin.

respective matched controls (Fig. 4). The poly-Ub analyses
identified 16 polyubiquitinated spots (normalized to specific
protein levels) in the frontal cortex of DS and DS/AD (Fig. 4
and Table 2). These identified proteins are discussed in the
following text.

Down syndrome versus Ctr Y

Comparing DS with Ctr Y cases, proteins with greater
polyubiquitinylation were identified as creatine kinase B-type

(CKB) and endophilin (SH3) A2 and Al with 2.11-fold in-
crease; adenosine triphosphate (ATP) synthase o (FoF1 com-
plex) with 1.67-fold increase; peroxiredoxin-2 (PRDX2) with
2.59-fold increase; ubiquitin carboxyl-terminal hydrolase iso-
zyme L1 (UCH-L1) with 2.75-fold increase; Annexin Al
(ANXAT1) with 2.96-fold increase; dihidropyrimidinase-related
protein 2 (DRP-2, also known as collapsin response-mediated
protein-2, CRMP-2), ATP synthase « (FoF1 complex), V-type
proton ATPase (Vo ATPase) B and 60kDa heat shock protein
(HSP60) with 7.22-fold increase; and mitochondrial inner
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FIG. 2. Poly-Ub levels. (A) Total levels of poly-Ub-bound proteins in DS (n=6/group) and DS/AD (n=6/group) cases
compared with their age-matched controls (n = 6/group). (B, C) Increased poly-Ub of two types of ubiquitin chains [K63 (B)
and K48 (C)] in both DS (n=6/group) and DS/AD (n=6/group) cases compared with their age-matched controls (n=6/
group). Representative bands are shown and protein levels (A—C, upper bands) were normalized per total protein load,
named total load (A—C, lower bands). Densitometric values are shown as percentage of Ctr Y set as 100%. Mean £ SEM
(DS vs. Ctry *p<0.05; DS/AD vs. DS *#*p <0.01; DS/AD vs. Ctr O ***p <0.001; DS vs. Ctr Y and DS/AD vs. DS [for K48]
*p<0.05; DS vs. Ctr Y, DS/AD vs. Ctr O, and DS/AD vs. DS [for K63] **p<0.01; Ctr O vs. Ctr Y #p<0.05 one-way
ANOVA). AD, Alzheimer’s disease; ANOVA, analysis of variance; DS, Down syndrome; DS/AD, Down syndrome with

Alzheimer’s disease; SEM, standard error of the mean.

membrane protein, gelsolin, vesicle-fusing ATPase, and aco-
nitate hydratase with twofold increase.

Down syndrome with Alzheimer’s disease versus Ctr O

In this second comparison of DS/AD with Ctr O, there
were three spots in common with the previous comparison
(DS vs. Ctr Y): CKB and SH3 A2 and Al with 2.28-fold
increased polyubiquitinylation; PRDX?2 with 3.45-fold in-
crease, and UCH-L1 with 3.8-fold increased poly-
ubiquitinylation. The proteins found to be polyubiquitinated
exclusively in this comparison were tropomyosin alpha-1 and
3 chain, 14-3-3 protein gamma with a 2.13-fold increase;
fructose-bisphosphate aldolase A (FBA A), acetyl-CoA
acetyltransferase, and mitochondrial 26S protease regulatory
subunit 10B with 3.06-fold increase. On the other hand, a

group of proteins showed decreased levels of Poly-Ub: tu-
bulin beta-2, cytochrome b-c1 complex subunit 1 (UQCRC
1), alpha-internexin, guanine deaminase, and tubulin alpha-
1B chain with 0.17-fold decrease.

Down syndrome with Alzheimer’s disease versus DS

We next compared DS without AD pathology (DS) with
the DS with AD pathology groups (DS/AD). This comparison
allowed us to detect proteins modified as a function of AD
neuropathology in DS. Four spots were increasingly poly-
ubiquitinated in DS/AD: PRDX2 with 2.04-fold increase;
UCH-L1 with 2.05-fold increase; and protein disulfide
isomerase A3 and Vo ATPase B with 5.12-fold increase. The
first two proteins are in common with DS versus Ctr Y. Some
proteins showed decreased polyubiquitinylation: tubulin
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beta-3 chain and -6 chain, tubulin beta-4, serine/threonine
protein phosphatase 2A, and ubiquilin-1, 2, and 4 with 0.32-
fold increase. In addition, another group of spots showed
decreased polyubiquitinylation that is in common with DS/
AD and Ctr O: tubulin beta-2, cytochrome b-cl complex
subunit 1 (UQCRC 1), alpha-internexin, guanine deaminase,
and tubulin alpha-1B chain with 0.22-fold decreased poly-
ubiquitinylation.

Ctr O versus Ctr Y

The comparison between the Ctr Y versus Ctr O groups
was used to distinguish age effects from AD neuropathology-
dependent differences in polyubiquitinylation observed in
DS. The following proteins showed increased poly-
ubiquitinylation: DRP-2, ATP synthase o (FoF1 complex),
Vo ATPase B, adenylyl cyclase-associated proteins 1-2, and
PRDX6 with 4.5-fold increase; tubulin beta-3 and -6 chain
with 25-fold increase.

Validation experiments

To confirm that the enrichment method employed indeed
isolated polyubiquitinated proteins, we performed two fur-
ther analyses. First, we employed mUbiSiDa—a compre-
hensive database of ubiquitinylation sites in mammals (11,
60). This online database collects only ubiquitinylation sites
with experimental evidence and can be a valuable resource
for the study of ubiquitinylation in mammals, especially in
humans. All the identified proteins were searched on mUbi-
SiDa and the list of ubiquitinylation sites for each protein is
reported in Table 3.

Second, three proteins were selected for validation of the
proteomics results. These proteins were immunoprecipitated
and then probed by specific antibodies for the two Ub chains:
K63 and K48.

B
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e | (o]
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TABLE 3. MUBISIDA SEARCH

Protein

Ub sites®

Creatine kinase B-type
Endophilin-A2 and -Al
ATP synthase subunit alpha, mitochondrial

Peroxiredoxin-2
Ubiquitin carboxyl-terminal hydrolase L1
Annexin Al

Dihydropyrimidinase-related protein 2
ATP synthase subunit alpha

V-type proton ATPase subunit B, brain isoform
60 kDa heat shock protein

Mitochondrial inner membrane protein
Gelsolin

Vesicle-fusing ATPase

Aconitate hydratase

Actin cytoplasmic 1 and 2

Peroxiredoxin-6

Tubulin beta-3 chain and -6 chain
Tubulin beta-4A

Serine/threonine protein phosphatase 2A

Ubiquilin-1

Tubulin beta-2A

Cytochrome b-cl complex subunit 1
Alpha-internexin

Guanine deaminase

Tubulin alpha-1B chain

Protein disulfide isomerase A3

V-type proton ATPase subunit B, brain isoform
Succinyl-CoA:3- transferase 1
D-3-phosphoglycerate dehydrogenase

Tropomyosin alpha-1 chain
Tropomyosin alpha-3 chain
14-3-3 protein gamma

Fructose bisphosphate aldolase A

Fructose bisphosphate aldolase C
Acetyl-CoA acetyltransferase, mitochondrial
26S protease regulatory subunit 10B

K304; K307; K223; K156; K313; K298; K11; K265; K242

K239

K305; K175; K531; K261; K126; K230; K161; K434, K316;
K498; K539; K194

K119; K16; K92; K26; K135

K4; K71; K115; K157; K83; K78; K135

K71; K98; K97; K312; K128; K287; K166; K257; K185; K250;
K81; K53; K58; K214; K26; K29; K90

K472

K305; K175; K531; K261; K126; K230; K161; K434; K316,
K498; K539; K194

K64; K108

K96; K233; K469; K160; K72; K133; K75; K359; K352; K250;
K292; K191; K218; K417; K58; K125; K481

K516; K101; K581; K506; K110; K451; K640

K533; K322; K677; K317; K373; K728; K368; K584

K529

K395

K326; K68; K50; K84; K291; K191; K113; K213; K315; K215;
K61; K328

K125; K199; K63; K182; K209

K252; K324; K216; K336; K58; K297; K350; K362; K379

K252; K324; K216; K336; K297; K350; K362

K305; K307; K272; K546; K475; K472; K202; K163; K280,
K133; K107; K467; K194; K255; K188; K561; K266; K485;
K416; K542

K70; K83; K47; K45

K103; K252; K324; K216; K336; K58; K297; K350; K362; K379

K225

K95; K438; K216; K288; K290

K259; K53; K189; K267

K234; K233; K130; K182; K166; K194

K305; K425; K296; K335; K94; K104; K362

K64; K108

K176; K286; K293; K296; K511°

K69; K289; K394; K33; K21; K129; K351; K364; K58; K380;
K146; K384

K82

K169; K223; K82; K215; K228; K13; K181

K152; K50; K69; K142; K127; K162; K10; K125

K101; K99; K140; K200; K42; K312; K111; K230; K108; K14,
K318; K153; K322; K294; K147; K208; K330; K28

K115; K234; K295; K417; K198; K227; K287

K174; K181

K34; K274; K48; K168; K206; K322; K20; K7; K197; K298,
K383; K180

“Experimentally validated Ub sites were obtained from the mammalian Ubiquitinylation Site Database (mUbiSiDa) (11).
"Ub sites of Succinyl-CoA:3- transferase 1 (P55809) were not present in mUbiSiDa database and were predicted using Ubpred software (60).

Ub, ubiquitin.

Ubiquitin carboxyl-terminal hydrolase isozyme L1. UCH-
L1 is involved in the processing of Ub precursors and ubiqui-
tinylated proteins. The proteomic results for UCH-L1 indicated
an increased polyubiquitinylation in DS and DS/AD compared
with their respective controls and also when comparing DS/AD
with DS. We previously reported that UCH-L1 was increasingly
carbonylated and also HNE modified in DS and DS/AD (17, 19)
brains and in brains from AD cases (7). Data from the validation
analysis on UCH-L1 confirmed the elevated poly-Ub K63 in DS
and DS/AD compared with their age-matched controls (2- and
1.6-fold, Fig. 5A). Similarly, an increase of poly-Ub K48 be-
tween DS and DS/AD (1.5-fold, Fig. 5B) was also observed,

while no significant differences were found between the groups
on total UCH-L1 protein levels (data not shown).

Gelsolin.  Gelsolin is a structural protein and a key reg-
ulator of actin filament formation and degradation, depending
on its phosphorylation state. A recent study showed that
gelsolin exerts protective effects in AD transgenic mice be-
cause it has the ability to bind Af, thus inhibiting its aggre-
gation into fibrils (36). Our results confirmed an ~60%
increased level of poly-Ub K63 gelsolin in DS compared with
Ctr Y (Fig. 6A). In contrast, poly-Ub K48 gelsolin was
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FIG. 5. UCH-L1. (A, B) All samples (n=6/group) were immunoprecipitated with anti-UCH-L1. Immunoprecipitated
proteins were separated on SDS-PAGE, transferred on nitrocellulose membranes, and probed with anti-poly-UbK63 (A,
upper bands) and anti-poly-UbK48 (B, upper bands). (A) Shows increased levels of poly-UbK63 bound to UCH-L1 in DS
and DS/AD compared with their matched controls. (B) Shows an increase in poly-UbK48 bound to UCH-L1 in DS/AD
compared with DS. All the IP experiments were normalized on the total amount of UCH-L1 (indicated as Expr.; A, B, lower
bands). Representative bands are shown. Densitometric values are shown as percentage of Ctr Y set as 100%. Mean £ SEM
(DS vs. Ctr Y [for K63], DS/AD vs. DS [for K48] *p<0.05; DS/AD vs. Ctr O [for K63] **p<0.01 one-way ANOVA).
UCH-L1, ubiquitin carboxyl-terminal hydrolase isozyme L1.
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FIG. 6. Gelsolin. (A, B) All samples (n=6/group) were immunoprecipitated with anti-gelsolin. Immunoprecipitated
proteins were separated on SDS-PAGE, transferred on nitrocellulose membranes, and probed with anti-poly-UbK63 (A,
upper bands) and anti-poly-UbK48 (B, upper bands). (A) Shows increased level of poly-UbK63 bound to gelsolin in DS
compared with Ctr Y, an opposite trend for poly-UbK48 bound to gelsolin in DS compared with Ctr Y is shown (B). All the
IP experiments were normalized on the total amount of gelsolin (indicated as Expr.; A, B, lower bands). Representative
bands are shown. Densitometric values are shown as percentage of Ctr Y set as 100%. Mean = SEM (DS vs. Ctr Y [for K63]
**p<0.01; DS vs. Ctr Y [for K48] *p <0.05 one-way ANOVA).
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decreased ~30% in DS compared with the Ctr Y, which is
opposite to poly-UbK63 (Fig. 6B). No differences in total
gelsolin protein levels were observed (data not shown). A
recent phosphoproteomic study from our laboratory of brains
from cases with preclinical AD, amnestic mild cognitive
impairment (MCI), and late-state AD identified decreased
phosphorylation of gelsolin associated with decreased ac-
tivity of cytoskeletal remodeling properties of this protein in
all stages of AD (70).

Ubiquilin-1.  Ubiquilin-1 mediates the proteasomal tar-
geting of misfolded or accumulated proteins for degradation
by binding to poly-Ub chains and by interacting with pro-
teasome. We found significantly reduced polyubiquitinyla-
tion on ubiquilin-1 in DS/AD compared with DS. Data from
the validation analysis confirmed a decrease in poly-Ub K63
by ~50% in DS/AD compared with DS (Fig. 7B). In con-
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trast, poly-UbK48 ubiquilin-1 displayed an opposite trend to
poly-Ub K63, that is, an increase (~30%) in DS/AD and Ctr
O. In addition, the poly-Ub K48 modification was increased
in DS/AD compared with DS (Fig. 7C). Furthermore, total
ubiquilin-1 protein levels were significantly decreased by
~50% in DS and DS/AD compared with their age-matched
controls (Fig. 7A).

Proteasome activity

An increase of poly-Ub proteins is associated with de-
creased proteasomal function (47). To investigate the func-
tionality of the UPS, we measured proteasome activity. In
particular, we analyzed chymotrypsin-like, trypsin-like, and
caspase-like protease activities. Our results showed that all
three activities were significantly reduced in DS and DS/AD
compared with their age-matched controls (Fig. 8). In addi-
tion, chymotrypsin-like and trypsin-like proteasome activity
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FIG. 7. Ubiquilin-1. (A) Expression levels of ubiquilin-1 are significantly decreased in DS (n=6/group) and DS/AD
(n==6/group) specimens compared with their age-matched controls (n==6/group). (B, C) All samples (n=6/group) were
immunoprecipitated with anti-ubiquilin-1. Immunoprecipitated proteins were separated on SDS-PAGE, transferred on
nitrocellulose membranes, and probed with anti-poly-UbK63 (B) and anti-poly-UbK48 (C). (B) Shows a decrease in poly-
Ub K63 bound to ubiquilin-1 (indicated as Poly-UbK63, first bands) in DS/AD compared with DS, in contrast poly-UbK48
bound to Ubiquilin-1 (indicated as Poly-UbK48, second bands) displays an opposite trend compared with poly-Ub K63 (C).
All the IP experiments were normalized on the total amount of ubiquilin-1 (indicated as Expr.; third bands). In the upper
side of the figure, representative bands are shown. Densitometric values are shown as percentage of Ctr Y set as 100%.
Mean+ SEM (DS vs. Ctr Y and DS/AD vs. Ctr O *p<0.05; DS/AD vs. Ctr O [K48] *p<0.05; DS/AD vs. DS [K48]
*p <0.05; DS/AD vs. DS [K63] **p <0.01 one-way ANOVA).



290

TRAMUTOLA ET AL.

A Chymotrypsin-like B Trypsin-like C Caspase-like
150+ 150+ -
. 200
*
*
& , Il
_T_ 1504 ek
% 1001 T > 1004 | T >
5] o 5
c
S 5 § 1004
& ® ®
504 50
504
0 Oelts e e -
A & Qo o] o Qo o]
¢ ¢ & ¢ T ¥ & ¢ ¥ Qévg ¢

FIG. 8. Proteasome activities. Chymotrypsin-like (A), trypsin-like (B), and caspase-like (C) proteasome activities are
reduced in DS and DS/AD compared with their age-matched controls. Proteasome function was evaluated by enzymatic
assay in Ctr Y and Ctr O cases (n=6/group), DS with and without AD cases (n=6/group). Fluorescence intensity (Arbitrary
Units, AU) as percentage of Ctr Y set as 100%. Mean+ SEM (DS vs. Ctr y and DS/AD vs. Ctr O *p<0.05; DS vs. Ctr Y

**p<0.01 one-way ANOVA).

assays were decreased by ~20% in DS cases compared with
Ctr'Y (Fig. 8A, B) as well as caspase-like activities showing
~30% decreased activity (Fig. 8C). In DS/AD versus Ctr O, a
significant decrease in all three proteasome activities was
observed (Fig. 8A—C), while no significant differences were
detected between DS/AD compared with the DS group.

Taken together, these results indicate that the proteasome
function is reduced in DS before development of AD neuro-
pathology. Thus, there appears to be an altered proteostasis
network early in DS brain that would suggest reduced protein
degradation and accumulation of misfolded/polyubiquitinated
proteins (3).

Discussion

After middle age, the majority of DS individuals develop
neuropathology, with characteristic hallmarks of AD, such as
deposition of senile plaques and neurofibrillary tangles.
Among the putative mechanisms proposed to be common
factors in DS and AD neuropathology, defects in PQC have
emerged as a unifying mechanism triggering neurodegen-
eration (4). Previous studies from our group demonstrate
impairments of the proteasome system (17) and the reduction
of autophagosome function in DS, before and after the de-
velopment of AD, which suggests that accumulation of oxi-
dized/misfolded protein is an early hallmark in DS brain (59).
We showed that some members of the PQC are oxidatively
modified in young DS cases before the development of AD
and that oxidation of target proteins possibly leads to im-
paired activity of clearance systems (19). We hypothesize
that reduced protein degradation contributes to the accumu-
lation of polyubiquitinated proteins, which, in turn, may act
to disturb other cellular functions.

Recent studies suggest that polyubiquitinylation is re-
quired for both proteasomal and endosomal-lysosomal deg-
radation (42). Thus, the regulation of ubiquitinylation and
deubiquitinylation machinery may play a crucial role in
several pathologies associated with a defective PQC, among
which neurodegenerative diseases are major representatives.

Moreover, disrupted Ub signaling is likely to have broad
consequences for neuronal function, including regulation of
degradative pathways, endocytic trafficking, inflammation,
and DNA repair. Interestingly, poly-Ub accumulates as a
consequence of increased oxidative stress levels, possibly
due to increased Ub conjugation and also perturbations in
protein degradation (66). Several studies have demonstrated
that elevated oxidative stress is already present in fetal DS
brain (51, 56, 75) and in the amniotic fluid collected from
women carrying a fetus with DS (58).

Consistent with these reports, the current study shows that
the accumulation of polyubiquitinated proteins, either K48 or
K63 localized, is present in younger cases with DS without
significant AD pathology, suggesting an early aging pheno-
type. Considering that Ub has seven lysines in its structure,
positioned at amino acid residues, 6, 11, 27, 29, 33, 48, and
63, poly-Ub chains of different structural topology can be
synthetized. All chain types are present in both yeast and
mammalian cells, although with varying abundance for each
different linkage type and the atypical chains are approxi-
mately from 10% to 50% [reviewed in Kulathu and Ko-
mander (44)]. While the functional roles of poly-K48 and
poly-K63 have been well recognized, little is known about
the structure/function of the other different lysine types (48).
Recent data obtained both in yeast and mammalian cells
demonstrate that Lys11 chains signal proteasomal degrada-
tion (74). In addition, recent findings highlight the novel role
of Lys11 linkages in cell cycle regulation and Metl linkages
in nuclear factor B activation (34, 71).

Little is known about the specific role of the three residues,
Lys27, Lys29, and Lys33, which are the closest in the se-
quence space and are quite complicated for MS analysis. So
far, although Lys27 corresponds to ~10% of all ubiquiti-
nylation events, the function of Lys27-linked polymers has
not been clarified, at least in yeast (33). Several studies have
shown the involvement of both Lys29- and Lys33-linked
chains in multiple cellular processes, such as the regulation of
kinase activity of AMPK protein family. Members of this
family show specificity for polyubiquitinylation at Lys29 1
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and Lys33, which is responsible of inhibiting kinase activity,
but not associated with its degradation (33). However, the
complexity of these events has not yet been elucidated. As
well, the Lys6 modification is currently unclear. MS data
show that similar to Lys63 chains, the extent of Lys6 modi-
fications does not follow proteasome inhibition (40), sug-
gesting a nonproteolytic role.

The specific amino acid residue that undergoes poly-
ubiquitinylation thus establishes the structural and biological
properties of the corresponding chain. Although the above
described chain types have a role in both yeast and mam-
malian cells, their abundance seems to correlate with the
specific cell state and environment (1). Further investigation
is needed to unravel the physio/pathological role of atypical
ubiquitinylation.

We focused our attention on the currently best-characterized
role of Lys48 and Lys63 poly-Ub chains, although keeping in
mind that ongoing research in this field may suggest novel
physiological mechanisms.

Our finding is in agreement with data obtained from DS
fetal fibroblasts, suggesting propensity to a progeroid phe-

notype (23), and fits with the current view that a genetically
defined shift in the global ubiquitinylation pattern of the pro-
teome might initiate age-specific brain pathology and deficits
(39). By applying a proteomic approach in brain samples puri-
fied by affinity chromatography for poly-Ub binding, we were
able to identify brain proteins showing an altered pattern of
polyubiquitinylation in DS cases before and after the develop-
ment of AD neuropathology (Fig. 9). Intriguingly, a large
number of polyubiquitinated proteins are also carbonylated and/
or HNE modified in DS brain as assessed using redox proteomic
approaches (Fig. 10) (19).

By comparing DS versus age-matched controls (Ctr Y), we
found that increased polyubiquitinylation is coupled with in-
creased oxidation for PRDX2, HSP60, UCH-L1, V,-ATPase,
ATP synthase, CK, and DRP-2. In addition, UCH-L1 and
PRDX2 showed increased polyubiquitinylation in DS/AD
versus DS and DS/AD versus Ctr O, suggesting a progressive
alteration as a function of both aging and trisomy 21.

PRDX?2 is oxidized in DS brain [21] and it also displays
increased polyubiquitinylation in DS and DS/AD versus their
respective age-matched controls. Previous studies demonstrate
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FIG. 10. Overlap between oxidative modification and polyubiquitinylation of selected proteins in Down syndrome.

that PRDX2 protein levels are decreased in DS fetal brains
compared with controls (29, 64). Furthermore, a number of
studies show decreased antioxidant enzymes in the brains of DS
cases, including glutathione peroxidase (GPX) and thioredox-
ins (25) and an altered superoxide dismutase 1 (SOD-1)/GPX
activity ratio (16). Accordingly, intellectual disability in DS has
been associated with increased oxidative stress and increased
susceptibility to apoptosis, thus ultimately leading to neuronal
death (28, 54, 69). Accordingly, cells from DS or an animal
model of DS are vulnerable to oxidative insult and have re-
duced proliferation ability (23, 69).

Selective recognition of oxidized/misfolded proteins by
molecular chaperones (HSPs) is the first step toward their
elimination. We previously showed that HSP60 is oxida-
tively modified and now show that it is increasingly poly-
ubiquitinated, thus suggesting impaired function. Similarly,
HSP60 is oxidatively modified in AD brain (6). Furthermore,
immunohistochemical and Western blot analyses in AD brain
tissue show that expression levels of a number of HSPs were
elevated in affected regions (12, 26). Moreover, it has been
proposed that chaperones may recognize misfolded proteins
and in turn regulate their polyubiquitinylation by directly
recruiting an E3 ligase (21).

Unfolded/damaged proteins that are not refolded by chap-
erones are tagged for degradation by the proteasome. UCH-L1,
one of the members of the proteasomal system, is itself a major
target of oxidative damage and it undergoes aberrant poly-
ubiquitinylation during neurodegeneration. UCH-L1 is quite
abundant in the brain and acts to hydrolyze Ub chains from the
carboxyl terminus to allow the protein targeted for degradation
to gain access to the proteasome, and it also plays a key role in
maintaining free Ub levels in neurons (46, 55). Mutations and
deficiencies of UCH-L1 in humans have been demonstrated to

occur in neurodegenerative diseases such as Parkinson’s dis-
ease and AD (65). UCH-L1, shown in the current study to have
increased polyubiquitinylation, was previously identified to be
carbonylated in AD and DS brains associated with loss of ac-
tivity (4, 5). Consistent with reduced UCH-L1 function and
UCH-L1 polyubiquitinylation/carbonylation, we also observed
decreased proteasomal activities both in DS and DS/AD
compared with their respective age-matched controls.

However, in addition to UPS, cells have an endosomal—
lysosomal system to remove damaged proteins, and recent
studies show that oxidized proteins undergo not only pro-
teasomal but also endosomal-lysosomal degradation (42,
49). In the current study, we found that Vo, ATPase is both
oxidized and polyubiquitinated (DS vs. Ctr Y and Ctr O vs.
Ctr Y), and we hypothesize that these modifications decrease
the Vy-ATPase proton pump activity consistent with autop-
hagy dysfunction. Accordingly, the Nixon group has dem-
onstrated reduced acidification of lysosomes in AD (73), and
genetic mutation of lysosomal ATPase is among the risk
factors recognized to contribute to autophagy-related neu-
rodegenerative diseases (37, 52). Furthermore, disturbance of
autophagosome formation coupled with hyperactivation of
the mTOR pathway is observed in DS brain, before and after
development of AD pathology (59). Our current observation
that V-type ATPase is increasingly polyubiquitinated in DS/
AD brain compared with DS brain suggests that this protein
accumulates with aging in DS.

The integrity of the PQC relies (to varying extents) on ade-
quate levels of ATP since chaperones, UPS, and autophagy are
ATP-dependent processes (4). The DS brain is characterized by
defects in mitochondrial function (13) and altered glucose me-
tabolism (45), which ultimately culminates in decreased ATP
synthesis. We and other groups showed that these alterations are
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common features of both DS and AD brain and also other
neurodegenerative diseases (4). Several enzymes involved in
energy metabolism, including CK, ATP synthase, aconitate
hydratase, and FBA, are oxidatively modified and poly-
ubiquitinated, likely exerting impaired activity.

The presence of an aging phenotype in cases with DS is also
confirmed by comparing Ctr O versus Ctr Y, which provides
information regarding alteration of proteins as a function of
normal age. We found that the proteins with increased poly-
ubiquitinylation in young versus old controls are also modified
in DS. Putative markers of this accelerated aging phenotype are
DRP-2, ATP synthase, and Vy-ATPase. Previous results show
that the level of DRP-2 is decreased in fetal DS brain (2) and
increasingly polyubiquitinated both in DS versus Ctr Y and Ctr
O versus Ctr Y in the current study. Furthermore, in adult DS
brain, the level of DRP-2 is reduced either at protein 1 or at
mRNA level; we also found this protein to be oxidatively
modified (19). Indeed, DS is associated with a group of clinical
manifestations of accelerated aging (31) that may ultimately
culminate in the development of dementia.

We also noted some interesting alterations in gelsolin as a
target of polyubiquitinylation in DS. Gelsolin is a cytoskeletal
protein that is present both in the cytoplasm and also secreted in
biological fluids. Previous studies show an antiamyloidogenic
role of gelsolin in AD (10). We previously reported that gelsolin
is increasingly carbonylated in the cerebral spinal fluid from
both MCI and AD samples (18) and, as noted above, has de-
creased phosphorylation throughout all stages of AD (69). These
findings suggest that alteration of gelsolin may be a consistent
feature of AD, and we suggest that this alteration is already
evident in young DS brain before the appearance of AD neu-
ropathology. Accordingly, Ji et al. found a correlation between
cleaved gelsolin forms and levels of amyloid f-peptide in the
frontal cortex from DS subjects (35, 36).

When comparing cases with DS and AD (DS/AD) with DS
without AD, we observe not only increased polyubiquitinyla-
tion of PRDX2, UCH-L1, DRP-2, and Vy-ATPase, as dis-
cussed previously, but also proteins showing decreased levels
of poly-Ub chains, including tubulin (different isoforms),
alpha-internexin, Ser/Thr PP2A phosphatase, ubiquilin, succi-
nyl CoA transferase, D-phosphoglycerate dehydrogenase, and
programmed cell death-interacting protein. This trend may be
explained in light of published data showing defective ubi-
quitinylation of proteins in AD due to lower levels of E1 (50).
However, although there is growing evidence that poly-
ubiquitinated proteins accumulate with aging and neurode-
generation, there is less evidence of the role played by
ubiquitinylating/deubiquitinylating enzymes that also may
contribute to our observations. We also would emphasize that
all of the proteins with decreased polyubiquitinylation were
also not previously identified as oxidatively modified, in
contrast to the proteins with increased polyubiquitinylation.
Thus, oxidation may be a modification to proteins that leads
to polyubiquitinylation, while those proteins not vulnerable to
oxidation appear to be less polyubiquitinated. However, our
experimental approach does not differentiate which Lys
modifications are most prominent (K48 or K63), meaning the
finding of decreased polyubiquitinylation may require further
experiments to understand the mechanism.

Ubiquilin, known to play a critical role in protein degra-
dation, showed decreased polyubiquitinylation in the current
study. The N-terminal sequence of ubiquilin shows similarity
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with Ub—the ubiquitin-like domain (UBL)—that is followed
by a variable central domain and terminates with a conserved
50 amino acid sequence called ubiquitin-associated domain
(UBA) (63). Ubiquilin-1 acts as a shuttle to deliver poly-
ubiquitinated proteins to the proteasome or to autophagosomes,
or promotes aggresome formation to avoid accumulation of
misfolded proteins. The level of ubiquilin-1 is decreased in both
DS and DS/AD compared with their respective age-matched
controls and we observed a decreased of K63 poly-Ub levels.
Single-nucleotide polymorphisms in the ubiquilin-1 gene are
likely a risk factor for late-onset AD (20). Stieren et al. dem-
onstrated that overexpression of ubiquilin-1 reduces the A 4540
ratio and prevents APP-induced cellular toxicity (67). Simi-
larly, in AD patients, ubiquilin-1 protein levels are inversely
correlated with Braak stage, suggesting that therapies that re-
store ubiquilin-1 expression levels in the brain may serve as a
therapeutic approach for AD (67).

Finally, we compared DS/AD versus age-matched controls to
examine changes in poly-Ub as a marker of AD neuropathology
specifically and not age. We identified that proteins involved in
energy metabolism, antioxidant responses, the cytoskeleton, and
synaptic plasticity have altered ubiquitinylation. Some of these
proteins were found to be polyubiquitinated in DS before the
development of AD neuropathology, while others show a sig-
nificant change when AD neuropathology is present.

In summary, the disturbance of polyubiquitinylation may be
engaged in DS before the appearance of AD neuropathology.
However, the genetic underpinnings to explain these findings
have yet to be determined. Studies in people with DS show that
the overexpression of Chr21 may affect disomic genes as well,
thus making the scenario further complicated (62). In the
presence of reduced proteasomal activity and impaired autop-
hagy, oxidized/misfolded proteins tagged by poly-Ub chains
may accumulate and contribute to a toxic environment for
neurons in DS. Furthermore, considering that oxidation/poly-
ubiquitinylation triggers protein aggregation, our findings also
are consistent with the notion that there may be deposition of
other protein aggregates that may, or not, colocalize/interact
with plaques and tangles. Emerging studies are showing that in
addition to Af and tau, there are many other active players in
the formation of protein aggregates. Understanding the com-
position and chemical properties of identified polyubiquitinated
proteins may provide novel insights into the pathogenesis, and
potential treatments, of protein deposition disorders, including
DS and AD.

Materials and Methods
Subjects

All the human brain samples were obtained from the Uni-
versity of California-Irvine-ADRC Brain Tissue Repository,
the Eunice Kennedy Shriver NICHD Brain and Tissue Bank
for Developmental Disorders, and the University of Kentucky
ADC. Table 1 shows the characteristics and demographic data
of the included subjects in the study. DS cases were divided
into two groups, with or without sufficient pathology for a
neuropathology diagnosis of AD. The age of DS cases is under
40, while the cases with both DS and AD were over the age of
40 years. Likewise, controls were split into two groups:
Controls Young (Ctr Y), which match with DS because they
are <45 years; Controls Old (Ctr O), which match with DS/AD
because they are older than 45 years at death. All the results
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obtained from human autopsy samples were analyzed by
considering the difference in postmortem interval (PMI)
among groups. Correlation analysis did not show any asso-
ciation between all the reported measures and PMI (Supple-
mentary Table S1; Supplementary Data are available online at
www.liebertpub.com/ars).

A subset of these autopsy cases was used in previous ex-
periments measuring insoluble Af, total oxidation, and au-
tophagy pathway as a function of age in DS (9, 19, 59).

Sample preparation

Brain tissues (frontal cortex, around 20 mg per sample)
from DS, DS/AD, and controls (n=6 per group) were thawed
in Media 1 lysis buffer (pH 7.4) containing 320 mM sucrose,
1% of 990mM Tris-HCl (pH=8.8), 0.098 mM MgCl,,
0.076 mM EDTA, and the proteinase inhibitors, leupeptin
(0.5 mg/ml), aprotinin (0.5 mg/ml), and PMSF (40 pg/ml).
Homogenates were centrifuged at 14,000 g for 10 min to
remove debris. The brains were homogenized by 20 passes of
a Wheaton tissue homogenizer and sonicated. The resulting
homogenate was centrifuged at 14,000 x g for 10 min to re-
move cellular debris. The supernatant was extracted to de-
termine the total protein concentration by the BCA method
(Pierce, Rockford, IL).

Polyubiquitin affinity resin

A Thermo Scientific Ubiquitin Enrichment Kit [89899] was
used for the isolation and study of intracellular poly-Ub-
modified proteins. Through the use of a high-binding affinity
resin, polyubiquitinated proteins are isolated from tissue lysates.
The specificity of the resin to recognize polyubiquitinated pro-
teins in human samples has been demonstrated (Fig. 1). Spe-
cifically, representative DS samples were immunoprecipitated
(protocol described in the Immunoprecipitation section) using
antiubiquitin antibody (provided by the kit, dilution=1:100).
All proteins ubiquitinated and nonubiquitinated were identified,
respectively, in the IP fraction (BF) and the supernatant (NBF).
An aliquot of the BF was used to evaluate the specificity of the
antiubiquitin antibody in IP by Western blot by using a different
antiubiquitin antibody (1:500; Santa Cruz Biotechnology, Dal-
las, TX). Subsequently, an aliquot of BF and NBF was mixed
with the polyubiquitin affinity resin (as described below) for
evaluating nonspecific protein binding (false-positive hits).
Subfractions (eluate and FT) from BF and NBF passed on the
polyubiquitin affinity resin were analyzed by Western blot and
the membranes were incubated with antiubiquitin antibody
(1:500; Santa Cruz Biotechnology). Furthermore, the specificity
of the ligand to recognize polyubiquitinated proteins in human
samples was demonstrated by breaking the interaction between
ligand and substrate, through heat-denatured resin (60°C), and
processed by Western blot (agarose resin-only negative control;
Fig. 1D).

Isolation of polyubiquitinated proteins

The polyubiquitin affinity resin binds polymers of ubi-
quitin containing four or more ubiquitin subunits. Mono-
ubiquitinated proteins and short-chain polymers (<4
ubiquitin monomers) are discarded in the FT and not evalu-
ated by our experimental procedure. This is the first study
employing 2D electrophoresis directly on proteins eluted
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from the affinity resin using an isoelectric focusing (IEF)
buffer. Explicitly, fresh homogenated samples were incu-
bated with resin (20 ul) in the spin columns overnight at 4°C
on an end-over-end rotator (binding of polyubiquitinated
proteins). The second day, the columns with samples were
immediately centrifuged 5000x g for 15s, then columns
were washed three times with wash buffer (0.025 M Tris, 0.15
M NaCl; pH 7.2) at 5000 x g for 15s. At the end of washes,
the columns were incubated with samples in IEF buffer for
2 h at 4°C, then centrifuged at 5000 x g for 30 s. The sample
elute contained ubiquitin-enriched fractions ready for IEF.

Two-dimensional electrophoresis

For the first-dimension electrophoresis, ~200 ul of sample
was applied to 110-mm pH 3-10 IPG® ReadyStrip (BIORAD,
Hercules, CA). The strips were then actively rehydrated in the
protean IEF cell (BIORAD) at 50V for 18h. The IEF was
performed in increasing voltages as follows: 300V for 1h,
then linear gradient to 8000 V for 5 h, and finally 20,000 V/h.
Strips were then stored at —80°C until the second-dimension
electrophoresis was to be performed. For the second dimen-
sion, the IPG strips, were thawed and equilibrated for 10 min
in 50 mM Tris—HCI (pH 6.8), containing 6 M urea, 1% (w/v)
sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, and 0.5%
dithiothreitol, and then re-equilibrated for 15 min in the same
buffer containing 4.5% iodacetamide instead of dithiothreitol.
Linear gradient precast criterion Bis-Tris gels (12%; BIOR-
AD) were used to perform second-dimension electrophoresis.
Precision Protein” Standards (BIORAD) were run along with
the samples at 200 V for 50 min.

For the detection of polyubiquitinated proteins, gels run as
described above were incubated in fixing solution (10%
acetic acid, 40% methanol) for 40 min and stained overnight
at room temperature with S0ml SYPRO Ruby gel stain
(BIORAD). The SYPRO Ruby gel stain was then removed
and gels stored in deionized water until use.

Image analysis

SYPRO Ruby-stained gel images were obtained using a
Chemidoc MP System (BIORAD). All the images were saved
in TIFF format. Gel imaging was software aided using PD-
Quest (BIORAD) imaging software. Briefly, a master gel was
selected, followed by normalization of all gels (Control and
AD) according to the total spot density. Gel-to-gel analysis
was then initiated in two parts. First, manual matching of
common spots that could be visualized among the differential
2D gels was performed. After obtaining a significant number
of spots, the automated matching of all spots was then initi-
ated. Automated matching is based on user-defined parame-
ters for spot detection. These parameters are based on the
faintest spot, the largest spot, and the largest spot cluster that
occur in the master gel and are defined by the user. Based on
these parameters, the software defines spot centers for the gel.
This process generates a large pool of data, ~400 spots. Only
proteins showing computer-determined significant differen-
tial levels between the groups being analyzed were consid-
ered for identification.

To determine significant differential levels of proteins,
analysis sets were created using the analysis set manger
software incorporated into the PD-Quest software. The
numbers of pixels that occur in a protein spot were computed
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by the software corresponding to an increase/decrease in protein
level. The gel image analysis was conducted first on SYPRO
Ruby-stained polyubiquitinated gels and then on SYPRO Ruby-
stained expression gels. The two analyses were compared by
software to normalize a polyubiquitinylation value to expression
value for each spot matched. A quantitative analysis set was
created that recognized matched spots with differences in
polyubiquitinylation intensity (normalized to expression inten-
sity) that occur in each spot, and a statistical analysis set was
created that used Student’s z-test at 95% confidence to identify
spots with p-values of p<0.05. Spots with p<0.05 were con-
sidered significant. A Boolean analysis set was created that
identified overlapping spots from the aforementioned quantita-
tive and statistical sets. These spots were selected for subsequent
mass spectrometric analysis.

Mass spectrometry

Spots of interest were manually excised from gel and
submitted to trypsin proteolysis (18). All peptide mixtures
were analyzed by a nanoLC LTQ-Orbitrap mass spectrometer
platform. Samples were desalted on stage tips according to the
Rappsilber protocol (61), resuspended in 0.1% of formic acid,
and loaded from an autosampler onto a 10-cm-long silica
capillary (360 um outer diameter, 75 um i.d. fused silica with
a 8 um inner diameter (i.d.) tip; New Objective, Woburn,
MA), handmade and packed with C18 reverse-phase resin
(Magic C18AQ, 5 um particle, 200 A pore size), using the
Dionex Ultimate 3000 system (Dionex, Amsterdam, The
Netherlands). Peptides were eluted according to a 95-min
gradient from 5% to 80% acetonitrile in 0.1% of formic acid at
a flow rate of 300 nl/min. The liquid chromatography system
was connected to a linear ion trap—orbitrap hybrid mass
spectrometer (LTQ-Orbitrap Discovery; Thermo Fisher Sci-
entific GmbH, Bremen, Germany) equipped with a nanoe-
lectrospray ion source (Thermo Fisher Scientific), operating
in the positive ionization mode with a spray voltage of 1.9kV.
The eluted peptides were detected in a precursor MS scan
mode by Orbitrap (300-2000 m/z, 30,000 resolution at m/z
400), followed by sequential data-dependent MS/MS scans, in
which the five most abundant ions were fragmented in ion trap
collision-induced dissociation and analyzed in the linear trap
(minimal signal required 500, isolation window of 2 Th,
normalized collision energy 35%, removal of 1+ ions or ions
with unassigned charge state, and selection of 2+, 3+, and 4+
ions). Data acquisition was controlled by Xcalibur  software.

The MS/MS spectra were searched by MaxQuant (version
1.3.0.5, Max Planck Institute of Biochemistry, Martinsried)
(14), against human UniProtKB fasta database (November
2014). Searching parameters were established as fixed modi-
fication of Cys, as carbamidomethyl cysteine, dynamic modi-
fication of oxidized Met, and ubiquitinated Lys, up to two
missed cleavages for trypsin digestion, tolerance at 10 ppm, and
0.8 Da for precursor ions and fragment ions, respectively.

Proteasome activity assay

Chymotrypsin-like, trypsin-like, and caspase-like activi-
ties were assayed in DS and DS/AD samples and compared
with their age-matched Ctr according to Keller et al. (38).
Briefly, brain tissues were homogenized in proteolysis ac-
tivity buffer (Tris—=HCI 10 mM, pH 7.4, DTT 0.5 mM, ATP
SmM, 0.035% SDS, and MgCl, 5mM) at 4°C. Protein de-

295

termination was performed with the BCA method (Pierce).
Proteins (200 ug) were incubated for 30 min at 37°C with
the fluorogenic chymotrypsin-like substrate, succinyl-LLVY-
4-methylcoumaryl-7-amide, with the trypsin-like substrate,
Z-ARR-4-methylcoumaryl-7-amide, and with the caspase-
like substrate, Z-LLE-4-methylcoumaryl-7-amide (Sigma-
Aldrich, St Louis, MO), to a final concentration of 50 uM.
The reaction was blocked in ice and fluorescence measures
were obtained at 380/460 nm excitation and emission, re-
spectively. The background fluorescence was obtained
by incubating homogenized samples with MG132 (Sigma-
Aldrich), a potent, reversible, and cell-permeable pro-
teasome inhibitor, to a final concentration of 60 uM. The
incubation with MG 132 was performed 30 min before
addition of the proteasome substrate.

Western blot

For Western blot, 30 ug of proteins (Ctr young, Ctr old, and
DS with and without AD) was separated by 12% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE), using new Criterion” TGX (Tris-Glycine eXtended)
Stain-Free " precast gels. The long shelf life TGX formulation
includes unique trihalo compounds that allow rapid fluores-
cence detection of proteins with ChemiDoc™ MP imaging
systems. The resulting gel images correspond to the total load
of proteins, which is further used to normalize all the blots.
Once detected by Chemidoc, the gels were transferred onto
a nitrocellulose membrane (BIORAD). Membranes were
blocked with 3% bovine serum albumin in T-TBS and incu-
bated for 1 h and 30 min at room temperature with following
primary antibodies: total ubiquitin and polyubiquitin, gelsolin,
and ubiquilin-1 (1:500; Santa Cruz Biotechnology); UCHL 1
(1:1000; Thermo-Fisher, Rockford, IL); poly-Ub K63 (1:1000;
Enzo Life Science, Farmingdale, NY); and poly-Ub K48
(1:1000; Millipore, Darmstadt, Germany) and for 1 h at room
temperature with secondary antibody, horseradish peroxidase-
conjugated anti-mouse IgG (1:5000; Sigma-Aldrich). Membrane
was developed with the SuperSignal West Pico chemilumi-
nescent substrate (Thermo Scientific, Waltham, MA), ac-
quired with ChemiDoc MP (BIORAD), and analyzed using
Image Lab software (BIORAD).

Immunoprecipitation

Three different sample sets (100 ug of proteins) were in-
cubated overnight with IP buffer (10mM Tris, pH 7.6;
140 mM NaCl; 0.5% NP40, including protease inhibitors) and
the following antibodies: UCH-L1 (1:100), gelsolin (1:200),
and ubiquilin-1 (1:100), followed by 2h of incubation with
protein G sepharose beats (Santa Cruz Biotechnology), and
then washed three times with RIA buffer (10 mM Tris, pH 7.6;
140 mM NaCl; 1% NP40). Proteins were separated by SDS-
PAGE, followed by immunoblotting on a nitrocellulose
membrane (BIORAD). Membranes were incubated with the
antibodies, anti-poly-UbK63 (1:1000, Enzo Life Science) and
poly-UbK48 (1:1000, Millipore), and then detected by the
peroxidase-conjugated secondary antibody (1:5000; Sigma-
Aldrich) with SuperSignal West Pico chemiluminescent
substrate (Thermo Scientific). Membranes were then acquired
with Chemi-Doc MP (BIORAD) and analyzed using Image
Lab software (BIORAD). The IP results were normalized on
the total amount of the proteins of interest.
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Statistical analyses

Statistical analyses of data obtained by PD-QUEST soft-
ware were performed using Student’s z-test. Significance was
accepted if the p-value <0.05. All the data are expressed as
mean * standard error of the mean of six independent sam-
ples per group. All statistical analyses were performed using
a nonparametric one-way analysis of variance with the post
hoc Bonferroni -test. *p <0.05 was considered significantly
different from control. All statistical analyses were per-
formed using GraphPad Prism 5.0 software.
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Abbreviations Used

2D = two-dimensional
Af =amyloid  (Af)-peptide
AD = Alzheimer’s disease
ATP = adenosine triphosphate
BF =bound fraction
Chr21 = chromosome 21
CKB = creatine kinase B-type
Ctr O =control old
Ctr Y = control young
DRP-2 = dihidropyrimidinase-related protein 2
DS =Down syndrome
DS/AD = Down syndrome with Alzheimer’s disease
E2 =ubiquitin-conjugating enzyme
E3 =ubiquitin ligase
FBA A =fructose bisphosphate aldolase A
FoF1 complex = ATP synthase o
FT = flow-through
GPX = glutathione peroxidase
HNE = 4-hydroxynonenal
HSP = heat shock protein
IEF =isoelectric focusing
[P = immunoprecipitation
Lys =lysine
MCI =mild cognitive impairment
MS = mass spectrometry
NBF = nonbound fraction
PMI = postmortem interval
Poly-Ub = polymeric Ub
PQC = protein quality control system
PRDX?2 = peroxiredoxin 2
PRDX6 = peroxiredoxin 6
SDS-PAGE = sodium dodecyl sulfate—polyacrylamide
gel electrophoresis
Ser = serine
SH3 = endophilin
SOD-1 = superoxide dismutase 1
TGX = Tris-Glycine eXtended
Thr = threonine
Ub = ubiquitin
UBA = ubiquitin-associated domain
UCH-L1 = ubiquitin carboxyl-terminal hydrolase
isozyme L1
UPS = ubiquitin-proteasome system
UQCRC 1 =cytochrome b-c1 complex subunit 1
Vo ATPase = V-type proton ATPase






