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Proteasome mapping reveals sexual dimorphism in
tissue-specific sensitivity to protein aggregations
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Abstract

Defects in the proteasome can result in pathological proteinopa-
thies. However, the pathogenic role of sex- and tissue-specific
sensitivity to proteotoxic stress remains elusive. Here, we map the
proteasome activity across nine tissues, in male and female mice,
and demonstrate strong sexual dimorphism in proteasome activity,
where females have significantly higher activity in several tissues.
Further, we report drastic differences in proteasome activity
among tissues, independently of proteasome concentration, which
are exacerbated under stress conditions. Sexual dimorphism in
proteasome activity is confirmed in a SOD1 ALS mouse model, in
which the spinal cord, a tissue with comparatively low proteasome
activity, is severely affected. Our results offer mechanistic insight
into tissue-specific sensitivities to proteostasis stress and into sex
differences in the progression of neurodegenerative proteinopa-
thies.
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Introduction

Defects in the activity of the proteasome are linked to several

pathologies including cardiac dysfunction, cancer, and autoimmune

diseases [1–4]. Polymorphisms in subunits of the proteasome are

associated with type 2 diabetes, myocardial infarction, and coronary

disease [5,6]. In addition, the natural decline in proteasome activity

with age has also been associated with age-related conditions, espe-

cially neurodegenerative diseases [7,8]. In the latter, differential

prevalence and rate of disease progression are observed between

women and men, but the reason for such sexual dimorphism

remains unknown.

The ubiquitin–proteasome cascade affects nearly all cellular

processes and involves a large family of ubiquitin ligases, as well as

several different types of ubiquitin chains [9–11]. Among these,

linkage of lysine 48 ubiquitin (Ub-K48) chains targets proteins for

degradation by the proteasome. The Ub-K48-proteasome cascade

confers an essential housekeeping function by degrading proteins in

response to specific signaling and protein misfolding. The 26S

proteasome is composed of a regulatory particle, which contains

various subunits and associated proteins, including ubiquitin recep-

tors, deubiquitnation enzymes and unfoldases, and a catalytic core,

which contains three distinct proteolytic activities. The beta-2, beta-

5, and beta-1 subunits of the beta rings of the catalytic core encode

for the trypsin-like, chymotrypsin-like, and caspase-like activities,

respectively [12,13].

In addition to the standard proteasome, tissue-specific protea-

somes have been identified in the cortical thymic epithelium and

the testes. The thymoproteasome and the spermatoproteasome

show altered activities [1,3]. Notably, the thymoproteasome only

has slightly lower chymotrypsin-like activity, yet whole body

replacement of the standard beta-5 for the thymus-specific beta-5

subunit results in accelerated aging [14]. Therefore, small dif-

ferences in only one of the three proteolytic activities of the protea-

some are sufficient to have a large impact on health and longevity.

This observation raises the interesting possibility that even small

differences in proteasome activity between males and females may

contribute to the overall extended longevity in women compared to

men or explain differential rate of progression in some diseases

between sexes. We therefore initiated a study to map proteasome

activity across tissues and gender.

Results and Discussion

We harvested spinal cord, cerebellum, brain, heart, lung, spleen,

liver, kidney, and small intestine from FvBN mice at the age of 3

and 5 months (defined as young). The chymotrypsin-like and the

trypsin-like activities of the proteasome were measured using

activity-specific peptides linked to 7-amino-4-methylcoumarin

(AMC), which allows for the quantification of released AMC upon
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cleavage and a direct correlation with the specific proteasome

activity. The caspase-like activity could not be determined as we

found this activity does not survive freezing and thawing process.

First, we analyzed the relative activities of each tissue and found

major differences in the distribution of the chymotrypsin-like

activity between females and males. In females, 80.1% of the

chymotrypsin-like activity is associated with the small intestine

(Fig 1A), in contrast to 58.2% in males (Fig 1B). To ensure that

the much higher activity in the intestine is due to the proteasome

and not the secretion of trypsin in this tissue, we inhibited the

proteasome with bortezomib and demonstrated that the recorded

activity is proteasome-dependent (Appendix Fig S1A). Other

tissues also show sex-specific differences. For example, in males

14.3% of chymotrypsin-like activity is associated with the kidney

(Fig 1B), compared to only 5.8% in females (Fig 1A). In sharp

contrast, we found that the distribution of the trypsin-like activity

is largely identical between males and females (Fig 1C and D).

These results are surprising since the catalytic core of the protea-

some contains equal numbers of b2 and b5 subunits, and there-

fore, the distributions of chymotrypsin-like activity and trypsin-

like activity were expected to be similar. To further analyze these

differences, the activities of individual mice were plotted. This

analysis confirmed that most tissues have very low chymotrypsin-

like activity, while the kidney and intestine have high activity

(Fig 1E). Interestingly, a wide range in chymotrypsin-like activity

was observed in the intestine of males (Fig 1E) while the activity

between mice in all other tissues closely clustered. To further,

explore this variability in intestine of males, we interrogated the

gene expression profile in the intestine of males and females

using the GTEX dataset. We found that while the gene expression

profile between females largely clustered together, the global gene

expression profile in males varies widely (Appendix Fig S1B).

Therefore, the variability in chymotrypsin-like activity we

observed in the intestine in males specifically (Fig 1E) is consis-

tent with the sex-specific heterogeneity of gene expression in this

tissue.

Further analysis of the chymotrypsin-like activity between males

and females revealed that, with the exception of the kidney, females

show higher activity than males in the spinal cord and intestine

(Fig 1E) and also higher trypsin-like activity in spleen, kidney, and

intestine (Fig 1F). Therefore, the mapping of the proteasome activity

across multiple tissues and sexes suggests that females show an

overall higher proteostasis capacity.

To interrogate the biological impact of these sex-specific dif-

ferences in proteasome activity, we analyzed the accumulation of

total proteins linked to ubiquitin lysine 48 chains (Ub-K48). The

spinal cord and intestine were selected, as they are the tissues with

the lowest and the highest activities, respectively, and females have

higher activities than males in both tissues. First, we confirmed that

as observed for the intestine, the elevated chymotrypsin-like activity

in the spinal cord in females is due to the proteasome, as treatment

with bortezomib abolished this activity (Appendix Fig S1C).

We found that in both spinal cord and intestine, the accumula-

tion of Ub-K48-linked proteins is lower in females compared to

males (Fig 2A–D), which is consistent with the higher proteasome

activity in females (Fig 1E and F). Addition of a de-ubiquitinated

enzymes (DUB) inhibitor did not alter the pattern of ubiquitination

(Appendix Fig S2).

Again, a wide variability was observed in the intestine of males

(Fig 2C and D). To determine whether the variability among males

in chymotrypsin-like activity measured using a reporter as readout

(Fig 1E) matched the levels of Ub-K48 proteins determined by

Western blot (Fig 2C), we correlated the proteasome activity of indi-

vidual males to the level of Ub-K48 in the same mouse. We found a

significant correlation between the level of Ub-K48 and proteasome

activity in individual mice (Fig 2E). Collectively, these results indi-

cate tissues and sex-specific differences in proteasome capacity.

Having established these unexpected differences, we next aimed

at determining if they reflect differences in the amount of protea-

some subunits. Since the largest differences were observed for the

chymotrypsin-like activity, we have monitored the levels using an

antibody against the b5 subunits to quantify the proteasome.

However, the amount of b5 subunit in the lungs (representative

low-activity tissue) and intestine (representative high-activity tissue)

in females was similar (Appendix Fig S3A and B) and did not corre-

late with the measured proteasome activity in these tissues. In

males, which have lower activity than females in the intestine

(Fig 1E), the levels of b5 subunit tended to be higher (Appendix Fig

S3A and B). Therefore, we concluded that the differences in activity

are not due to the amount of proteolytic proteasome subunits. Since

the activity of the proteasome can be modulated by multiple factors

including assembly between the catalytic core (CP) and the regula-

tory subunits (RP), we performed native gels to gain insight into the

differences in proteasome species that may exist between females

and males. We found that in both the intestine (Fig 2F) and the

spinal cord (Fig 2G), where the proteasome activity is higher in

females than males, the ratio of assembled (RP-CP) to unassembled

(CP) catalytic core is significantly higher in females (Fig 2H and I).

In addition, a strong correlation between this ratio and the activity

of the proteasome was observed (Fig 2J and K).

Further, consistent with the variability in proteasome activity in

male intestine (Figs 1E and 2C), analysis of the migration of the

catalytic core also revealed variation in molecular weight among

males (Fig 2F). Since this analysis was performed on native gels,

the differences in electrophoretic mobility are large and likely to

represent the presence of alternative binding partners/modifiers,

further supporting the variability in proteasome in the male intes-

tine. In addition, side-by-side analysis of spinal cord and intestine

samples in females revealed that the levels of unassembled protea-

some correlate with the low and high activity of the proteasome in

these tissues, respectively (Appendix Fig S4).

Collectively, the mapping of the proteasome revealed an unex-

pected heterogeneity between tissues and sexes. These differences

may reflect variable compositions of the proteasome in different

tissues. In agreement with this possibility, a heatmap of the expres-

sion of 43 proteasome genes in 37 tissues, created using a human

dataset from the Human Protein Atlas Project, revealed a wide vari-

ation in the expression of proteasome genes among tissues

(Appendix Fig S5). These observations are in agreement with the

increasing appreciation of the diversity of proteasome species

[15,16]. When the combination of various subunits, variants, regu-

lators, and post-translational modifications is considered, it is esti-

mated that theoretically 5 × 105 subtypes of proteasome may exist

[17]. While this estimation is difficult to prove experimentally, our

results support the wide diversity of proteasome species, not only

among different tissues, but also between sexes.
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Figure 1. Organism-wide proteasome activity mapping reveals sexual dimorphism in a number of tissues.

A–D Proportional distribution of chymotrypsin-like activity of the proteasome across nine tissues from female (n = 9) and male (n = 10) mice. Proportional distribution
of trypsin-like activity of the proteasome across nine tissues from female (n = 9) and male (n = 10) mice. Graphical representation of color code of tissues is
analyzed.

E, F Chymotrypsin-like or trypsin-like activity of the proteasome across nine tissues in individual mice. Each data point (n = 9 females and n = 10 males) indicates data
from a single mouse performed in triplicate. Each central line and error bar indicate mean � SEM. *P < 0.05 by unpaired two-tailed Student’s t-test comparing
male and female samples.
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Several studies reported a decline in proteasome activity and

proteostasis during aging by comparing samples from young and

elderly humans or animals [18–22]. However, studies focusing on

proteostasis in middle age are lacking. This represents a signifi-

cant gap in knowledge since the success of interventions aimed

at maintaining proteasome activity and preventing proteinopathies

would be significantly increased if administrated before irre-

versible protein aggregates are formed. Further, whether protea-

some activity differences exist between tissues and sexes in the

setting of aging has never been tested. We therefore compared

the activity of the proteasome in nine tissues of female and male

mice aged 10–15 months. We found that in some tissues the

chymotrypsin-like activity of older mice does not decline

compared to young mice in both males and females (Fig 3A),

while other tissues show a sex-specific decline (Fig 3B and C).

Only two tissues, heart and spinal cord, showed statistically

significant age-related decline in both sexes (Fig 3D). The pattern

of decline over aging was different for the trypsin-like activity

(Appendix Fig S6). Collectively, this analysis revealed that the

decline in proteasome activity during aging is not uniform across

tissues and sexes (Fig 3E and F). Interestingly, the spinal cord is

the only tissue showing consistent changes between sexes. In the

spinal cord, the chymotrypsin-like activity decreased with age,

while the trypsin-like activity increased. Further, the variability in

proteasome activity among mice also tended to increase with age

(Fig 3Ac males, Bb females, Appendix Fig S6 Ba females, Cb

females, Cc females and males). These multiple variations raise

the possibility that, in addition to sex and tissue differences,

aging may also introduce additional heterogeneity in the array of

proteasome species.

We then reasoned that, since stress can promote protein misfold-

ing, the impact of the differences in proteasome activity between

males and females may be exacerbated under these conditions. To

investigate the functional consequences of the sex- and tissue-

specific differences in proteasome activity under stress conditions,

we again focused on the spinal cord and intestine. To explore this

possibility, males and females were exposed to heat shock at 40°C

for 20 min (Fig 4A). Four hours later, mice were sacrificed and

tissues harvested to assess the levels of Ub-K48-linked proteins. We

found that after heat shock a drastic elevation was observed in the

soluble fraction of male intestine, but only a mild effect was

observed in females (Fig 4B and C). Ub-K48-linked protein level

elevation in the insoluble fractions was even more marked than in

the soluble fractions (Fig 4D and E). The drastic accumulation of

Ub-K48-linked proteins under heat shock is in line with the recent

observation that the small intestine is extremely poor in small heat-

shock proteins [23], which are critical in reducing accumulation of

protein aggregates [24].

In the spinal cord, where the baseline activity of the proteasome

is much lower than in the intestine, heat shock led to an increase in

the accumulation of Ub-K48-linked proteins in both females and

males and in both the soluble (Fig 4F and G) and insoluble fractions

(Fig 4H and I). However, the increase was more marked in males

than females. These results suggest that small sex-specific dif-

ferences in proteasome activity in the spinal cord correlate with

accumulation of protein aggregates in males under heat-shock stress

(Fig 4J). This observation raises the possibility that under pathologi-

cal conditions that favor the formation of protein aggregates in the

spinal cord, males may show accelerated disease progression and/

or earlier onset compared to females.

The SOD1-G93A transgenic mouse is an established model of

familial amyotrophic lateral sclerosis (ALS), a disease, which affects

the motor neurons of the spinal cord and is pathologically character-

ized by protein aggregates. Further, in this model females show a

late onset of symptoms and survive longer than males [25]. We

performed the heat-shock treatment in male and female SOD1-G93A

◀ Figure 3. Proteasome activity shows differential decline with aging across tissues and sexes.

A–D Comparison of chymotrypsin-like activity from female (n = 9) and male (n = 10) mice in young (3–5 months old) or older (10–15 months old, female (n = 6) and
male (n = 7)) groups. Each point indicates a single mouse. (A) Tissues that did not show significant decline, (B) tissues that show significant decline in females only,
(C) tissues that show significant decline in males only, or (D) in both males and females. Each central line and error bar indicate mean � SEM of a biological
replicates (n = 9 young females, n = 6 older females, n = 10 young males, n = 7 older males). P values obtained by unpaired two-tailed Student’s t-test comparing
young and older samples are indicated.

E, F Summary Venn diagrams indicating tissues that had significantly different chymotrypsin-like (E) or trypsin-like (F) activity, when comparing young and older mice.
Arrows indicate the direction of change (up and down indicate increase and decrease, respectively) in female (blue arrows) or male (red arrows) mice.

▸Figure 2. Spinal cord and intestine show sexual dimorphism in Ub-K48-inked proteins and proteasome assembly.

A–D Western blot analysis for Ub-K48-linked proteins in spinal cord (A) and intestine (C) lysates from male and female mice. (B, D) Quantification of panels (A) and (C),
respectively. Values were normalized to actin as a loading control. Each central line and error bar indicate mean � SEM of a biological replicates.

E Curve of correlation between chymotrypsin-like activity and Ub-K48-linked proteins in the intestine, where variability between mice is observed.
F Native gel followed by Western blot of b5 subunit to distinguish unassembled catalytic core (CP) or assembled with regulatory core (RP) in male (n = 5) and female

(n = 5) mice in intestine.
G Native gel followed by Western blot of b5 subunit to distinguish unassembled catalytic core (CP) or assembled with regulatory core (RP) in male (n = 5) and female

(n = 5) spinal cord.
H Quantification of the ratio of assembled (RP-CP) versus unassembled (CP) proteasome in the intestine of males and females. Each central line and error bar

indicate mean � SEM of a biological replicates (n = 5 per group).
I Quantification of the ratio of RP-CP versus CP proteasome in the spinal cord of males and females. Each central line and error bar indicate mean � SEM of a

biological replicates (n = 5 per group).
J Correlation curve between chymotrypsin-like activity and RP-CP/CP ratio in individual female (purple) and male (blue) intestine.
K Correlation curve between chymotrypsin-like activity and RP-CP/CP ratio in individual female (purple) and male (blue) spinal cord.

Data information: *P < 0.05 by unpaired two-tailed Student’s t-test comparing male and female samples.

◀

▸
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mice and harvested their spinal cord for analysis. We found that

males show a higher baseline accumulation of Ub-K48-linked

proteins compared to females (Fig 4K and L). We also analyzed Ub-

K48-linked proteins in non-transgenic mice. This analysis confirmed

that males show a higher baseline accumulation of K48-linked

proteins than females (Appendix Fig S7A and B). The sex difference
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was exacerbated in SOD1-G93A mice (Appendix Fig S7C and D). In

SOD1-G93A mice, heat shock leads to an increase in Ub-K48-linked

proteins in both females and males, but the increase is more marked

in males (Fig 4K and L). Further, we found that heat shock causes a

decrease in the activity of the chymotrypsin-like proteasome activity

(Fig 4M) and of the trypsin-like activity (Appendix Fig S8). As SOD1

aggregates in this ALS mouse model, we next analyzed SOD1 aggre-

gation. Using filter trap assays, we observed an increase in the

aggregates in males compared to females at baseline and in both

sexes after heat shock (Fig 4N and O). As an independent measure

of aggregation, we perform electron microscopy to visualize aggre-

gates. We found that spinal cords of males contain larger and more

electron-dense aggregates compared to females (Fig 4P and Q).

Further, in both sexes, heat shock exacerbated the accumulation of

large aggregates, but the effect of heat shock was more pronounced

in males (Fig 4P and Q). Taken together, these results strongly

suggest that females have a greater ability to cope with proteotoxic

stress.

Collectively, the results of the current study reveal sex- and

tissue-specific differences in proteasome capacity, which is in agree-

ment with the recent recognition of tissue-specific proteome and

heat-shock protein expression patterns [23], and suggest that the

sex- and tissue-specific activities of the proteasome represent

another layer of complexity of organismal proteostasis. Since we did

not find correlations between proteasome activity and the amount

of proteolytic proteasome subunits, our data suggest that the

composition of the proteasome differs between tissues and sexes.

This interpretation is in line with the notion of proteasome diversity,

which arises from multiple potential sources. Notably, tissue-

specific b5 subunits, inducible beta subunits, such as those induced

by interferon gamma, different regulatory particles (19S, 11S, or

PA200), which are known to modulate the activity of the protea-

some and to associate with the catalytic core at either one or both

ends, or yet one regulatory particle of each type creating hybrid

proteasomes. More specifically, interferon gamma promotes the

expression of three immunosubunits, b1i, b2i, and b5i.

Incorporation of these subunits in newly formed catalytic core of

the proteasome leads to the formation of the immunoproteasome

that shows distinct proteolytic activity compared to the standard

proteasome [4]. In addition, while the caspase-like activity of the

proteasome could not be confidently determined, it remains entirely

possible that this activity also differs. Therefore, the caspase-like

activity and the formation of immunoproteasome may both contri-

bute to the proteasome diversity between tissues and sexes reported

in the current study.

Further, the expression of inhibitors of the proteasome, assembly

factors, and chaperones that modulate the activity or favor the inte-

gration of one subunit over another during the assembly of the

proteasome, and lastly an array of transiently proteasome-associated

proteins also modulate its activity [15,16]. In addition, stress-

induced components have been identified, such as those induced by

treatment with arsenite, suggesting the existence of stress-protea-

somes, although the exact number of stress-proteasomes remains

unclear [26,27].

Overall, our results support the notion that not only the array of

proteasome composition may indeed be extremely large but further

differs among tissue types, between sexes and may also be altered

with aging. Appreciating the sex- and tissue-specific differences in

proteasome is critical to our understanding of its role in aging and

proteostasis-related diseases. Finally, since inhibition of the protea-

some has shown efficacy in some cancer types but not in others

[28,29], our results highlight the need to tailor the choice of protea-

some inhibitors to specific tissue and cell types in order to develop

precision medicine approaches and increase therapeutic success.

Materials and Methods

Mice

All experiments were approved by the Mt. Sinai Institutional Animal

Care and Use Committee (IACUC) and performed according to the

◀ Figure 4. Sex-specific differences in accumulation of protein aggregates following heat shock.

A Experimental design of treatment by heat shock in mice.
B Western blot analysis of Ub-K48 proteins in the soluble fractions of intestine lysates from mice plus or minus heat shock.
C Quantification of panel (B). Each central line and error bar indicate mean � SEM of a biological replicates (n = 3 biological replicates per group).
D Western blot analysis of Ub-K48 proteins in the insoluble fraction of intestine lysates from mice plus or minus heat shock.
E Quantification of (D). Each central line and error bar indicate mean � SEM of a biological replicates (n = 3 biological replicates per group).
F Western blot analysis of Ub-K48 proteins in the soluble fractions of spinal cord lysates from mice plus or minus heat shock.
G Quantification of (F). Each central line and error bar indicate mean � SEM of a biological replicates (n = 3 biological replicates per group).
H Western blot analysis of Ub-K48 proteins in the insoluble fraction of spinal cord lysates from mice plus or minus heat shock.
I Quantification of (H). Each central line and error bar indicate mean � SEM of a biological replicates (n = 3 biological replicates per group).
J Model of gender-specific protein aggregate accumulation following stress.
K Western blot of Ub-K48 proteins in the insoluble fraction of protein lysates of SOD1-G93A mouse spinal cord plus or minus heat shock.
L Quantification of panel (K). Each central line and error bar indicate mean � SEM of a biological replicates (n = 5 biological replicates per group).
M Chymotrypsin-like proteasome activity in spinal cord lysates from SOD1-G93A mice. Each central line and error bar indicate mean � SEM of a biological replicates

(n = 5 biological replicates per group). Bordered points indicate biological replicates, and un-bordered points indicate technical replicates.
N Filter trap assay of protein lysates from the insoluble fraction of SOD1-G93A spinal cord lysates plus or minus heat shock.
O Quantification of panel (N). Each central line and error bar indicate mean � SEM of a biological replicates (n = 5 biological replicates per group).
P Representative transmission electron micrographs of protein aggregates in the insoluble fraction of SOD1-G93A spinal cord lysates plus or minus heat shock. Scale

bar equals 600 nm.
Q Quantification of (P) (n = 9 technical replicates per group).

Data information: *P < 0.05, **P < 0.005, and ***P < 0.0005 by unpaired two-tailed Student’s t-test comparing male and female samples or samples with or without
heat shock.
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principles of laboratory animal care outlined in NIH publication No.

86-23, revised 1985 edition. Wild-type FVBN mice harvested

between 3 and 5 months of age were considered “young”, while

mice harvested between 10 and 15 months of age were considered

“old”. B6SJL-TG_SOD1*G93A)1Gur/J and non-transgenic (NTG)

B6SJL mice are available from the Jackson Laboratory and main-

tained according to IACUC-approved methods. SOD1-G93A and

NTG control mice were sacrificed in average at 69 days of age,

before observable symptoms manifested. All collected tissue was

immediately frozen on dry ice and stored for later analysis.

Heat shock

Heat shock was performed as previously described [30]. Briefly, four

to five wild-type FVBN mice were kept in a ventilated box main-

tained at 41–43°C for 20 min using a standard heating lamp. The

internal temperature of the box was monitored with and alcohol

thermometer suspended in the center of the box. Mice were returned

to their normal colony conditions and tissues harvested 4 h after

following treatment. Body temperatures were monitored prior and

after heat shock using rectal thermometers and showed resting

temperatures of 37.24 � 0.26°C (n = 4) and of 39.53 � 0.41°C

(n = 4) after heat shock.

Tissue collection, soluble, and insoluble fraction preparation

Frozen tissue powders were generated using pestle and mortar on

dry ice. Tissues were lysed in NP-40 lysis buffer (50 mM Tris,

250 mM NaCl, 5 mM EDTA, 0.5% NP-40, 50 mM NaF, 1 mM DTT

plus protease inhibitors) on ice using a 1:4 volume-to-volume ratio

of tissue powder to lysis buffer. All samples were subjected to probe

sonication (fisher scientific FB505) with 2–3 rounds of 1-s intervals

at 20% amplitude on ice. Protein lysates were centrifuged at

20,800 g at 4°C for 20 min. The top layer (soluble fraction) was

transferred to a new tube, and the pellet contained the insoluble frac-

tion. Pellet volumes were estimated by pipette, and an equivalent

volume of TEN buffer (10 mM Tris–HCl, 1 mM EDTA, 100 mM NaCl

plus protease inhibitors) was added to make a 1:1 pellet:TEN buffer

suspension. Samples were then sonicated twice with 1-s intervals at

20% amplitude on ice. 5 ll of this suspension was then added to an

equal volume of 5× loading buffer (1 M Tris–HCl, 25% glycerol, 2%

SDS, 5% 2-mercaptoethanol, 0.1% bromophenol blue) and heated to

95°C for 5 min before being separated by electrophoresis.

For DUB inhibition, PR-619 (Selleck Chemicals) (20 lM) was

added to NP-40 lysis mix during tissue lysis.

Western blotting

Western blot analysis was performed using the Bio-Rad Criterion

Cell Midi blot system. Proteins were collected as described above

and quantified using the Bio-Rad Protein Assay Dye method (cat.

no. 500-0006) before being separated on a 10% or 4–20% gradient

TGXTM Precast Midi (Bio-Rad, cat. no. 5671094) polyacrylamide gel

and transferred to a nitrocellulose blotting membrane (GE Health-

care Life Sciences). Insoluble protein fractions were suspended in a

1:1 volume match with TEN buffer (10 mM Tris–HCl, 1 mM EDTA,

100 mM NaCl plus protease inhibitors) and sonicated for 1-s inter-

vals at 20% amplitude on ice. 5 or 10 ll of the suspension was

added to an equal volume of 5× loading buffer (1 M Tris–HCl, 25%

glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.1% bromophenol blue)

and heated to 95°C for 5 min before being separated by elec-

trophoresis. Following transfer, membranes were blocked in 5%

non-fat dry milk suspended in Tris-buffered saline plus 0.1% Tween

20 (TBST) for 45–60 min at room temperature and probed with

primary antibodies against Ub-K48 (EMD-Millipore, cat. no. 05-

1307), Omi/HtrA2 (BioVision, cat no. 3497-100), Actin (Santa Cruz

Biotechnology, cat. no. sc-47778), b5 proteasome subunit (Enzo Life

Sciences, cat no. BML-PW8895-0025), and Tubulin (UofIowa, cat

no. 12G10) overnight at 4°C. All primary antibodies were suspended

in 2.5% milk TBST. After three washes in TBST, blots were probed

with horseradish peroxidase-conjugated anti-mouse (Kindle Bios-

ciences, cat. no. 1005) or anti-rabbit (Kindle Biosciences, cat no.

R1006) antibodies and detected using enhanced chemiluminescence

(Millipore or Kindle Biosciences). Images of developed blots were

captured either using film and then digitized with a flatbed scanner

or using the KwikQuant Imager system (Kindle Biosciences, cat. no.

D1001). Band quantification was performed in ImageJ using the

built-in densitometry tools.

Native gel

Native gels were performed similarly to as has been described [31].

Tissues were snap-frozen and ground with a pestle and mortar.

Tissue powders (~50 ll) were then titurated using a 25G syringe on

ice in native tissue lysis buffer (50 mM Tris–HCl (pH 8.0), 5 mM

MgCl2, 0.5 mM EDTA, and 1 mM ATP) with three 1 s vortex pulses.

Lysates were then clarified by centrifugation at 4°C for 25 min at

20,000 × g. Clarified supernatants were transferred to a new tube

and quantified as described for Western blot. 20 lg of protein was

loaded per well along with 6× native protein loading buffer (Bio-Rad

cat # 1610738) into a 4–20% PAGE gel (Bio-Rad cat # 5671094) in

native running buffer (90 mM Tris base, 90 mM boric acid, 5 mM

MgCl2, 0.5 mM EDTA, 1 mM ATP-MgCl2) and resolved for 3.5 h at

100 V on ice. The gel was then soaked in transfer buffer (25 mM

Tris base, 192 mM glycine) containing 1% SDS for 5 min, then

soaked for 10 min in transfer buffer alone. Proteins were then trans-

ferred to a nitrocellulose membrane in transfer buffer at 250 mA for

90 min on ice. Probing was performed as described above.

Proteasome fluorescence assay

Proteasome activity was assessed as previously described [32].

10 lg of tissue protein lysates was added to proteasome activity

assay buffer (50 mM Tris–HCl, pH 7.5) along with 10 lM of either

chymotrypsin (Suc-LLVY-AMC) (Calbiochem, cat. no. 539142),

trypsin (Ac-RLR-AMC) (Boston Biochem, cat. no. s290) or caspase

(Ac-GPLD-AMC) (Enzo Life Sciences, cat no. BML-AW9560-0005)

fluorogenic proteasome substrates. Reactions were incubated at

37°C protected from light for 3 h. Following incubation, samples

were transferred to black walled 96-well plates (Greiner Bio-One,

cat no. 655097). Release of free 7-amino-4-methylcoumarin (AMC)

was determined using a SpectraMax M5e Microplate Reader (Molec-

ular Devices) with excitation at 380 nm and emission recorded at

460 nm. Reported values are the fold increase over a no-protein

control. For treatment with bortezomib, 10 lg of protein lysate was

preincubated with either 2 mM bortezomib or an equivalent volume
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of DMSO at 4°C for 1 h before adding reaction buffer containing

substrate.

Filter trap assay

Insoluble fractions of spinal cord lysates were suspended in TEN

buffer and quantified using the Bio-Rad Protein Assay Dye System

(cat. no. 500-0006). 25 lg of each sample was brought to an equal

volume in TEN buffer. 5% Trition X-100 in Tris-buffered saline

(TBS) was then added to each sample to a final concentration of

0.5% and incubated on ice for 10 min. Samples were then added to

the filter trap assembly (Bio-Rad) and passed through a nitrocellu-

lose membrane with a pore size of 0.2 lm (Optitran). After a short

transfer (15 s) or long transfer (1 min), the membrane was

removed, washed in TBST, and blocked with 5% milk in TBST for

1-h shaking at room temperature. The membrane was then probed

with a primary antibody against SOD1 (Santa Cruz Biotechnology,

cat. no. sc-17767) overnight. Blots were then visualized as described

above for Western blotting.

Electron microscopy

5 ll of insoluble protein fraction suspensions was spotted and air-

dried on a carbon-coated grid for transmission electron microscopy,

then stained with UranyLess (Electron Microscopy Sciences, cat no.

22400), and counterstained with lead citrate. Images were captured

using a Hitachi 7500. Images were analyzed in ImageJ. Aggregate

sizes were determined by thresholding each image and quantifying

the area occupied by protein aggregates in each field.

Statistics

Data on graphs are represented as the mean � SEM. Student’s t-test

was used to ascertain a significant difference in mean when compar-

ing two groups.

Proteasome subunit expression in human tissue

Data were obtained from the Human Protein Atlas project: (https://

www.proteinatlas.org/download/rna_tissue.tsv.zip). Reported tran-

script per million (TPM) values for genes in the KEGG_PROTEA-

SOME gene set (M10680) was recorded for each tissue and

organized into a heat map using GraphPad Prism 8. Principal

component analysis was conducted using the BioJupies tool

(https://doi.org/10.1016/j.cels.2018.10.007) and RNAseq data

collected from 20- to 29-year-old male (n = 14) or female (n = 12)

in the Genotype-Tissue Expression (GTEx) project.

Expanded View for this article is available online.
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