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Abstract

Accumulating evidence suggests X-linked dominant mutations in UBQLN2 cause amyotrophic 

lateral sclerosis (ALS) with frontotemporal dementia (FTD) through both loss- and gain-of­

function mechanisms. However, the mechanisms by which the mutations cause disease are still 

unclear. The goal of the study was to uncover the possible pathomechanism(s) by which UBQLN2 
mutations cause ALS/FTD. An analysis of proteomic changes in neuronal tissue was used to 

identify proteins with altered accumulation in the P497S UBQLN2 transgenic mouse model of 

ALS/FTD. We then used immunocytochemistry and biochemical techniques to confirm protein 

changes in the mutant P497S mice. Additionally, we used cell lines inactivated of UBQLN2 

expression to determine whether its loss underlies the alteration in the proteins seen in P497S 

mice. The proteome screen identified a dramatic alteration of serine protease inhibitor (serpin) 

proteins in the mutant P497S animals. Double immunofluorescent staining of brain and spinal 
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cord tissues of the mutant and control mice revealed an age-dependent change in accumulation 

of Serpin A1, C1, and I1 in puncta whose staining colocalized with UBQLN2 puncta in the 

mutant P497S mice. Serpin A1 aggregation in P497S animals was confirmed by biochemical 

extraction and filter retardation assays. A similar phenomenon of serpin protein aggregation was 

found in HeLa and NSC34 motor neuron cells with inactivated UBQLN2 expression. We found 

aberrant aggregation of serpin proteins, particularly Serpin A1, in the brain and spinal cord of the 

P497S UBQLN2 mouse model of ALS/FTD. Similar aggregation of serpin proteins was found 

in UBQLN2 knockout cells suggesting that serpin aggregation in the mutant P497S animals may 

stem from loss of UBQLN2 function. Because serpin aggregation is known to cause disease 

through both loss- and gain-of-function mechanisms, we speculate that their accumulation in 

the P497S mouse model of ALS/FTD may contribute to disease pathogenesis through similar 

mechanism(s).
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive fatal neurodegenerative disease 

characterized by loss of upper and lower motor neurons in the brain and spinal cord 

(SC) (1, 2). ALS symptoms typically involve progressive loss of muscle movement, 

frequently leading to paralysis and death (2). About 15–20% of people with ALS also 

have frontotemporal dementia (FTD) (3). Mutations in at least 30 different genes have now 

been linked to inheritance of either ALS or of ALS with FTD (ALS/FTD) (4–6). The largest 

category of the genes mutated in ALS are those that function in proteostasis, including 

Ubiquilin-2 (UBQLN2), an intronless gene on the X-chromosome (7). The UBQLN2 protein 

maintains proteostasis by clearing ubiquitinated and misfolded proteins through both the 

proteasome and autophagy degradation pathways as well as by assisting in protein refolding 

and chaperone activity (8–10). Most of the identified ALS/FTD mutations are missense 

mutations that map in or surround a PXX repeat motif, of unknown function, unique 

to UBQLN2 (8–10). Growing evidence suggests that the mutations severely impede both 

proteasome degradation and autophagy, presumably resulting in a toxic buildup of protein 

aggregates within the cell (7, 11–13). The physiologic consequence of this disruption in 

proteostasis remains to be clarified. To address this, we compared the hippocampus and SC 

proteomes of the P497S UBQLN2 transgenic (Tg) mouse model of ALS/FTD (P497S line) 

(14) with a Tg line expressing wild-type (WT) human UBQLN2 protein (WT356 line) and 

a Non-Tg line. Pursuit of candidate proteins from the screen led to our discovery of major 

changes in serine protease inhibitor (serpin) protein localization in the P497S line, compared 

to the two control lines (WT356 and Non-Tg).

Serpins are a large family of metastable proteins that primarily function to regulate 

proteolytic cascades through the inhibition of serine proteases (15, 16). The proteins have 

been classified into clades that are all secreted, except members of clade B, which are 
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intracellular serpins (15, 17). Inhibitory serpins use an exposed reactive center loop (RCL) 

that baits their target proteases (15, 18, 19). Upon interaction with a target protease, the RCL 

is cleaved, and the serpin undergoes a large conformational change, inactivating the protease 

in the process (18, 20). This metastability makes serpins particularly prone to misfolding and 

polymerization. Indeed, a number of diseases, termed serpinopathies, have been linked to the 

polymerization and/or dysregulation of serpin expression (21, 22). Two primary examples 

are α1-antitrypsin deficiency and familial encephalopathy with neuroserpin inclusion bodies 

(FENIB), which are caused by mutations in Serpin A1 and Serpin I1, respectively (21, 

22). These serpinopathies arise chiefly because mutations in serpins cause them to misfold 

in the ER during synthesis. Misfolded serpins are removed from the ER and degraded 

by the proteasome by ER-associated degradation (ERAD) (21, 23–25). Serpin depletion 

can lead to unrestricted activity of their protease targets and thus tissue damage (26, 27). 

The misfolded serpins proteins also exhibit increased tendency to polymerize in the ER 

causing ER stress, chronic induction of which causes cell death (28–30). The discovery 

that mutations in serpins can induce disease of both the tissues they are synthesized in 

and those the inhibitors act in provided the first clear example of how protein aggregation 

causes disease through both gain and loss-of-function mechanisms (31–34). The proteomic 

alterations of serpins found in P497S mutant animals and their known connection to disease 

provided the foundation for our studies.

2 | MATERIALS AND METHODS

2.1 | UBQLN2 Tg mice and animal procedures

Three congenic C57BL6/J mouse lines were used for the studies: a Non-Tg C57BL6/J 

line (Strain 000664, The Jackson Labs, Bar Harbor, ME) and two UBQLN2 Tg lines 

expressing equivalent levels of either WT human UBQLN2 (WT356 line) or the P497S 

ALS/FTD UBQLN2 mutant protein (P497S line) (14). The mutant P497S line was shown 

to model central features of human ALS/FTD including development of motor neuron 

disease, cognitive deficits, TDP-43 pathology, and deposition of UBQLN2 inclusions in the 

brain and SC (14). By contrast, these phenotypes and pathology were not observed in the 

WT356 line (14). Both Tg lines used in the present study were backcrossed with C57BL6/J 

mice for at least 10 generations. During the backcrossing the P497S line developed a 

more attenuated phenotype, exhibiting milder disease symptoms. We recently described the 

behavioral deficits and pathology of this more attenuated phenotype, showing that at 52 

weeks of age P497S mutant animals have diminished grip strength, reduced muscle fiber 

diameter, massive accumulation of UBQLN2 inclusions in the brain and SC, together with 

significant loss of neurons in both the dentate gyrus of the brain and of MNs in the SC 

compared to Non-Tg animals (35). Husbandry, genotyping, and euthanasia of animals was 

as described previously (14, 35). All animal procedures were approved by University of 

Maryland Baltimore Animal Care and Use Committees and conducted in full accordance 

with the NIH Guide for the Care and Use of Laboratory Animals.
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2.2 | Preparation of protein lysates, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and immunoblotting

Mouse tissue lysates were made from the hippocampus and lumbar region of the brain 

and SC isolated from three independent Non-Tg, WT356, and P497S animals at 32 weeks 

of age. The hippocampus tissue was homogenized in 300 μl, and the SC tissue in 800 

μl, of our standard protein lysis buffer (50 mM Tris pH 6.8, 150 mM NaCl, 20 mM 

EDTA, 1 mM EGTA, 0.5% SDS, 0.5% NP40, 0.5% N-lauroylsarcosine (sarkosyl), 10 mM 

orthovanadate, 2.5 mM sodium fluoride) (36) using a Kontes-type glass homogenizer with 

a Teflon pestle connected to a Yamato LSC LH21 homogenizer. Protein lysates from cell 

cultures were prepared by washing cultured cells twice with 1× PBS before collecting 

with cell scrapers in the same protein lysis solution followed by brief sonication (3 × 1 

min periods) using a Branson Sonifier 450. Protein concentrations of both the tissue and 

cell lysates were measured by the BCA method (Pierce BCA Assay Kit, Thermo Fisher 

Scientific). Tissue lysates were then solubilized with five volumes of urea buffer (8 M urea, 

50 mM EPPS pH 8.5, 0.5% sarkosyl, 20 mM EDTA, 1 mM EGTA, 2.5 mM sodium fluoride, 

and 1 mM Pefabloc (Sigma-Aldrich, St. Louis, MO) and then mixed with one-fourth of 

its volume with non-SDS gel loading buffer (8 M urea, 40% glycerol, 0.25 M Tris-HCl 

pH 6.8, 15 mM DTT, 1.43 M 2-Mercaptoethanol, and 0.04% Bromophenol Blue) while 

cell lysates were diluted in the same manner with loading gel buffer containing 8% of 

SDS in place of urea. The urea mixtures were heated at 37°C for 10 min, whereas the 

SDS mixtures were heated at 100°C for 5 min before gel loading. Samples were resolved 

on 8.5–10% SDS-PAGE polyacrylamide gels at 60–90 V and then transferred onto 0.45 

μm PVDF membranes (Millipore, Billerica, MA, USA) using the semidry transfer Power 

Blotter XL System (Thermo Fisher Scientific). Membranes were probed with primary 

serpin antibodies overnight and washed five times before incubating with corresponding 

HRP-conjugated secondary antibodies (all from Thermo Fisher Scientific, Waltham, MA) 

for 1.5 h. Chemiluminescence images were captured using a FluorChem E imager (Protein 

Simple, San Jose, CA) and the band intensities were quantified using AlphaView software 

(Protein Simple).

2.3 | Antibodies

The following primary antibodies were used for immunoblotting (IB) and 

immunofluorescence (IF). Rat anti-Serpin A1a (#MAB7690, IB, IF), rat anti-Serpin C1 

(#MAB1287, IB, IF, both from R&D Systems, Minneapolis, MN), mouse anti-UBQLN2 

#NBP2–25164, IB, IF, Novus Biologicals, Littleton, CO), mouse anti-neuroserpin (#66997–

1, IB, IF, Proteintech Group, Inc, Rosemont, IL), mouse anti-ubiquitin (sc-8017, Santa Cruz 

Biotechnology, IB, Santa Cruz, CA), Rabbit anti-GFAP (#PA1–10019 IF, Thermo Fisher 

Scientific), rabbit anti-IBA1 (#019–19741, IF, FUJIFILM Wako Pure Chemicals, Corp, 

Richmond, VA), rabbit anti-Serpin B1 (#PA576875, IB, IF, Thermo Fisher Scientific), rabbit 

anti-Serpin C1/antithrombin III (#NBP2–76966, IB, Novus Biologicals), rabbit anti-LC3A/B 

(#4108, IF, Cell Signaling Technology, Danvers, MA, USA), rabbit anti-Myc (UMY81, IB, 

home-made against a peptide with an amino acid sequence of MEQKLISEEDLN), rabbit 

anti-Neuroserpin (#ab33077, IB, IF, abcam, Eugene, OR), rabbit anti-p97/VCP (UMY475, 

IB, home-made), rabbit anti-UBQLN2 (#23449–1-AP, IF Proteintech Group, Inc.), goat anti­
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ChAT (#AB144P, IF, Millipore-Sigma, Burlington, MA), and goat anti-LAMP1 (sc-8098, IF, 

Santa Cruz Biotechnology (Dallas, TX, USA).

2.4 | Serpin antibody validation

Complementary DNAs encoding the entire open reading frames of either full-length human 

Serpin A1, human Serpin B1, a 258 amino acid spliced-variant of human Serpin C1, and 

full-length Serpin I1 (clones MHS6278–202756262, MHS6278–202755832, MHS6278–

202841233, and MHS6278–202806491, respectively, Dharmacon, Inc, Chicago, IL) were 

cloned between the EcoRI and XhoI restrictions sites of the pCMV-Myc-C vector (Clontech) 

to express each serpin protein with a C-terminal Myc-tag. The recombinant plasmid 

DNAs were transfected into HeLa cell cultures using Lipofectamine LTX (Thermo Fisher 

Scientific, Waltham, MA). Lysates were collected 24 h post-transfection using our standard 

lysis buffer, mixed with SDS gel loading buffer and, following separation by SDS-PAGE, 

were immunoblotted with different serpin antibodies to ensure their specificity. The serpin 

antibodies we used for all of the immunostainings reacted only with their corresponding 

Myc-tagged recombinant protein as well as with endogenous proteins of their expected size.

2.5 | Tissue sectioning and immunofluorescence staining

Whole brains and spinal cords were dissected from perfused and non-perfused P497S, 

WT356, and Non-Tg animals. All tissues were fixed in 4% of paraformaldehyde in 1× 

PBS for 24 h at 4°C prior to transferring to a 25% of sucrose solution in 1× PBS at 4°C 

for another 24 h. Tissues were then embedded in OCT Compound (Sakura Finetek USA, 

Inc., Torrance CA). Sagittal sections (14–20 μm) of the brain and transverse sections of the 

lumbar region of the SC were cut on a Leica CM3050 cryostat and mounted onto glass 

slides that were pretreated with a 5% solution of 3-Aminopropyltriethoxysilane. Brain and 

lumbar SC sections were fixed, permeabilized, and blocked by sequential incubation with 

4% PFA, 0.1% Triton X-100, and 0.8% BSA, before being incubated for 2 h in a 1:100 

dilution of primary antibodies (listed above) at room temperature. Slides were then gently 

washed three times in 1× PBS prior to incubation for 2 h at room temperature in a 1:200 

dilution of Alexa-Fluor-conjugated secondary antibodies of different wavelengths (488, 594, 

and 647 nm). Slides were again washed with 1× PBS and incubated with 4′,6-diamidino-2­

phenylindole (DAPI) (0.5 μg/ml) for 10 min. Coverslips were mounted with Aquamount and 

allowed to dry overnight. Slides were imaged using a Leica MZ 16 FA fluorescence stereo 

microscope to capture low magnification images of the hippocampus and with a Nikon A1R 

super resolution confocal microscope for high magnification images. For confocal imaging, 

a S Fluor 40× (1.30 oil) objective lens was used to capture immunohistochemical staining 

of brain (1× and a 5× zoom images) and SC (1×, 2×, and 5× zoom images) sections. Image 

channels were merged using iVision software (BioVision Technologies, Exton, PA).

2.6 | Line scans of immunofluorescent images

Line scans were performed using Image J software. Regions of interest from zoom confocal 

images were analyzed using the Plot Profile function to analyze the pixel intensity along 

a defined region of interest. Plots were obtained from identical regions of interest drawn 

in each of the color channels and then overlaid to produce the final plots. Regions of 
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interest were chosen so as to include representative puncta in order to analyze the degree of 

colocalization between the proteins.

2.7 | Filter trap assay

Filter trap assays were performed with lysates made from the cortical region of the brain 

isolated from 8-to 32-week-old P497S, WT356, and Non-Tg animals as well as with cell 

lysate and culture medium of HeLa and NSC34 mouse motor neuron cell cultures that were 

grown for 48 h. The cell culture conditions were described previously (12). The parental 

and two different UBQLN2 knockout (KO) lines for both the HeLa (KO8 and KO12) were 

analyzed by this assay. UBQLN2 KO NSC34 KO20 and KO69 cells were used for other 

aggregation assays. The generation and characterization of the UBQLN2 KO lines were 

described previously (12). All the UBQLN2 KO lines lack UBQLN2 expression, but some 

of them have subtle alterations in expression of other UBQLN isoforms or other proteins 

(12). All of the lysates were homogenized in our standard protein lysis buffer. Following 

homogenization, the cortical lysates were briefly centrifuged at 1000 g for 10 min to remove 

tissue debris. The protein concentration of the saved supernatant as well that of the lysates 

from the cell cultures were determined by the BCA method. Equal amounts of protein 

lysate for each sample was then adjusted with protein lysis buffer so that their volume was 

the same prior to their filtration. Equal volumes of the cell culture media were filtered. 

All the filter trap assays were conducted using 0.2 μm OE66 cellulose acetate membranes 

(Schleicher & Schuell, Dassel, Germany) using a Dot-Blot Apparatus (Bio-Rad, Hercules, 

CA) by first wetting the filters with wash buffer (0.1% SDS, 10 mM Tris pH 8.0, 150 

mM NaCl) prior to gentle vacuum filtration of the samples through the membranes. The 

membranes were then washed twice with the wash buffer before being removed from the 

apparatus, blocked with 4% of BSA in TBS buffer (37) for 30 min, and probed by the 

method described in the immunoblotting section.

2.8 | Differential extraction assay

Aggregated proteins in mouse brain tissue were characterized by their differential extraction 

properties using different biochemical buffers as described by Newmann et al. (38, 39). 

Equal weights of 8- and 32-week brain cortical tissue from P497S, WT356, and Non-Tg 

mice were homogenized in 5 ml/g of low salt (LS) buffer (10 mM Tris pH 7.5, 5 mM EDTA, 

1 mM DTT, 10% sucrose, and protease inhibitor cocktail tablet). The homogenates were 

centrifuged at 25,000 g for 30 min at 4°C and the supernatant was saved. The remaining 

pellet was re-homogenized in Triton X-100 (TX-100) buffer (LS buffer plus 1.0% Triton 

X-100, 0.5 M NaCl) and then centrifuged again at 180,000 g for 30 min at 4°C and the 

supernatant was again saved. The resulting pellet was re-homogenized a second time in 

the TX-100 buffer with the addition of 30% sucrose to float and remove myelin debris. 

This supernatant was discarded. The remaining pellet was homogenized in sarkosyl (SARK) 

buffer (LS buffer, 1.0% sarkosyl, 0.5 M NaCl) and incubated on the shaker for 1 h at 22°C. 

It was then centrifuged at 180,000 g for 30 min at 22°C and supernatant collected. The final 

fraction was obtained by homogenizing the insoluble pellet in urea buffer (7 M urea, 2 M 

thiourea, 4% CHAPS, 30 mM Tris-HCl pH 8.5), followed by centrifugation at 25,000 g 

for 30 min at 22°C, and saving of the supernatant. SDS buffer (10 mmol/L Tris pH 6.8, 1 

mmol/L EDTA, 40 mmol/L DTT, and 1.0% SDS) was added to each of the saved extractions 
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(LS, TX, SARK, and urea) and adjusted with SDS gel loading buffer. All of the mixtures, 

except the urea mixtures, were heated at 100°C for 5 min and equal portions of them were 

separated on 8–12% Bis-Tris NuPage gels and immunoblotted with serpin or UBQLN2 

antibodies.

2.9 | Proteomics

The proteome of the hippocampus and lumbar SC regions from three independent 2­

month-old Non-Tg, WT356, and P497S were determined by isobaric labeling and mass 

spectroscopy quantification. Full details of this analysis, including links to access the raw 

data can be found in the publication (40). Comparison of the Log2 ratio of the average 

peptide expression between the genotypes indicated that many serpin proteins had higher 

ratios between P497S versus Non-Tg and P497S versus WT356 compared WT356 versus 

Non-Tg animals.

2.10 | Statistical methods

Differences in protein expression were analyzed using either Student’s t-tests or one-way 

ANOVA, or two-way ANOVA in GraphPad Prism 9 software depending on the number of 

groups and factors being compared. p < 0.05 was considered statistically significant and *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3 | RESULTS

3.1 | Alteration of serpin protein levels in P497S UBQLN2 mice by proteomic analysis

Proteome changes to the hippocampus and SC of congenic 8-week-old P497S Tg, WT356 

Tg, and Non-Tg mice were recently described (40). The P497S Tg line expresses human 

UBQLN2 under control of the neuron-specific Thy1.2 promoter, whereas the WT356 line 

expresses an equivalent amount of WT UBQLN2 by the same promoter (12). Behavioral 

and pathologic studies have shown that the P497S line recapitulates hallmark features of 

the human disease, while the WT356 line does not (12, 35). Examination of the Log2 

ratio of change in protein expression between the genotypes revealed an increase in several 

members of the serpin protein family (Table 1). In particular, expression of ten serpins 

was upregulated in either the hippocampus or SC in P497S animals but not in the WT356 

or Non-Tg controls. However, comparison of their alteration in the three animals for each 

genotype examined revealed wide fluctuation between individuals, likely resulting in many 

of the changes being nonsignificant. Nevertheless, because changes in serpin expression 

have been found in neurodegenerative diseases, including ALS (41–47), we conducted 

further investigations to determine if expression or localization of serpin members were 

altered in the mice. We focused our studies on Serpin A1 (alpha-1-antitrypsin), Serpin B1, 

and Serpin C1 (antithrombin) because they were the most highly expressed serpins in P497S 

animals compared to controls and represent well-studied serpins from several different 

clades (15, 17). Additionally, we chose to investigate Serpin I1 (neuroserpin), because it 

is primarily expressed in the brain and involved in neurodegeneration (27). Furthermore, 

several of these serpins have been linked to different diseases (16, 22).
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3.2 | Serpin proteins accumulate and colocalize with UBQLN2 inclusions in the brain of 
P497S animals in an age-dependent manner

We first determined whether localization of serpin proteins was altered in P497S mice. 

Accordingly, we performed double immunofluorescent staining of sagittal brain sections of 

8- and 52-week-old P497S, WT356, and Non-Tg animals for UBQLN2 and either Serpin 

A1, Serpin B1, Serpin C1, or Serpin I1. All the serpin antibodies were validated by correct 

recognition of only their corresponding recombinant protein or endogenous protein (Figure 

S1). Consistent with previous findings (12, 14), UBQLN2 staining of P497S animals showed 

the distinctive pattern of concentrated UBQLN2 inclusions in the dentate gyrus and CA1 

to CA3 regions of the hippocampus, which were particularly prominent in the 52-week-old 

animals compared to the 8-week-old animals (Figure 1 and Figure S2). By contrast, age­

matched WT356 and Non-Tg animals contained few, if any, such inclusions (Figure 1 and 

Figure S2). We did occasionally observe fibrillar-like staining in control animals which 

we attributed to antibody cross-reaction with blood vessels in non-perfused animals as this 

staining was not observed in perfused animals of the same genotypes. Double staining of the 

sections for serpin proteins revealed dramatic alteration in localization of all four serpins in 

the 52-week-old P497S animals compared to the age-matched WT 356 and Non-Tg animals, 

which was most apparent in the hippocampal region (Figure 1). WT356 animals had similar 

serpin staining to the Non-Tg animals, indicating that the alteration in P497S animals is a 

result of expression of the ALS/FTD P497S mutant UBQLN2 protein rather than simple 

overexpression of UBQLN2 protein. In the P497S animals, staining of Serpin A1, C1, and 

to a lesser extent Serpin I1, was coincident and closely aligned with the UBQLN2 inclusion 

pattern in the dentate gyrus, although subtle differences in the staining patterns of the serpins 

were noticeable (Figure 1 and Figure S2). Meanwhile, the staining of B1 was denser within 

the granule layer of the dentate gyrus and CA1 to CA3 regions of the hippocampus, in a 

pattern that was adjacent but did not exactly overlap the UBQLN2 inclusions.

To determine the extent of colocalization of the serpin proteins with UBQLN2 inclusions, 

we conducted higher magnification confocal microscopy (Figure 2). The examination 

revealed that, compared to Non-Tg and WT356 animals, P497S animals had highly 

concentrated staining of Serpin A1, C1, and I1 in numerous irregular shaped puncta, 

many of which colocalized with the UBQLN2 inclusions in the dentate gyrus, CA1, CA3, 

and cortex regions of the brain (Figure 2 and Figure S3). In the dentate gyrus region, 

the colocalization was mainly apparent in the molecular layer and less so in the granule 

layer where smaller serpin puncta were visible and UBQLN2 inclusions were less obvious. 

Analysis of line scans through representative areas of the staining confirmed the high degree 

of overlap between Serpin A1, C1, and I1 with UBQLN2 staining of puncta (Figure S4). 

The degree of overlap was more striking for Serpin A1 and Serpin C1 compared to Serpin I1 

(Figure 2 and Figure S4). Interestingly, many Serpin A1 and Serpin I1 puncta did not show 

UBQLN2 staining. Serpin B1 showed increased perinuclear staining in granule cells of the 

dentate gyrus in P497S animals compared to the WT and Non-Tg animals, but the staining 

did not overlap with that of the UBQLN2 inclusions (Figure 2 and Figure S4).
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3.3 | Colocalization of Serpin proteins with UBQLN2 inclusions in the SC of P497S 
animals

Because P497S animals develop MN disease, we also examined lumbar SC sections from 

all three genotypes for alteration in serpin staining (Figure 3). For this comparison, we 

used tissue from 32-week-old animals because MNs are still present in P497S animals at 

this age unlike at 52 weeks when most are lost (14, 35). The sections were triple stained 

for UBQLN2, one of the four serpin proteins, and choline acetyltransferase (ChAT), a 

MN marker (Figure 3 and Figure S5). As expected, P497S animals contained numerous 

UBQLN2 inclusions that were spread throughout the SC, with the majority located in 

structures outside the MNs. This contrasted with UBQLN2 staining in the WT356 and 

Non-Tg animals, where it was more diffuse. Examination of serpin staining of the same 

sections revealed that all four serpins also had more punctate distribution in P497S animals 

compared to WT356 and Non-Tg animals (Figure 3). Merging of the images and analysis 

of the overlap of the fluorescent signals by line scan revealed excellent colocalization 

of all four serpin proteins with the UBQLN2-positive puncta (Figure S4). The staining 

of the four serpin proteins in WT356 and Non-Tg animals was generally more diffuse, 

although more concentrated staining was evident in small puncta within MNs. The diffuse 

nature of the UBQLN2 and serpin staining patterns in control animals made it difficult to 

establish whether the proteins were truly colocalized with one another. Closer examination 

of magnified images of the MNs revealed clear evidence of UBQLN2 colocalization with 

several of the serpin proteins in round intracellular puncta in MN of the mice (Figure S5).

3.4 | UBQLN2 and serpins colocalize in autolysosomes in MN cells of the SC

Because UBQLN2 functions in autophagy, we postulated that the puncta double positive 

for UBQLN2 and serpins in MNs of Non-Tg mice may correspond to autophagosomes 

or autolysosomes. To address this possibility, we co-stained SC tissue from 32-week-old 

Non-Tg, WT356, and P497S animals for each of the four serpin proteins, UBQLN2, 

and either LC3 or LAMP1, the latter two being autophagosome and lysosome markers, 

respectively (48) (Figures 4 and 5). The triple staining revealed excellent colocalization of 

both LAMP1 and LC3 markers with puncta double positive for UBQLN2 and serpins in 

MNs of the animals, suggesting the puncta are autolysosomes. Interestingly, line scans of 

these images showed a decrease in UBQLN2 colocalization with these puncta in P497S 

animals, particularly those positive for LAMP1, consistent with previous studies suggesting 

the P497S UBQLN2 mutation interferes with autophagy (Figures S6 and S7) (12). The 

larger, irregularly shaped puncta located outside of the MNs in P497S animals that stained 

double positive for UBQLN2 and the serpins were negative for either LC3 or LAMP1, 

suggesting they are unlikely to be autophagosomes. In order to further investigate the 

localization of the puncta outside of MNs, we conducted triple staining, for UBQLN2, 

serpins and either IBA1 or GFAP, markers of microglia and astrocytes, respectively (Figure 

6 and Figures S8–S10). We predicted that these puncta were unlikely to be in microglia or 

astrocytes because expression of the P497S UBQLN2 transgene is only driven in neurons. 

Staining of 32-week SC and 52-week brain sections from P497S animals showed that 

the UBQLN2 and serpin double-positive puncta were frequently juxtaposed to microglia 

decorated with IBA1 staining, while GFAP-decorated astrocytes were rarely associated with 
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the double-positive puncta (Figure 6 and Figures S8–S10). These findings suggest the puncta 

may be either intracellular neuronal aggregates or extracellular remnants of them.

3.5 | Evidence of increased aggregation of serpin and UBQLN2 protein during aging in 
P497S UBQLN2 mutant mice

The mechanism by which serpins inactivate proteases is through a large change in their 

protein conformation, switching from a metastable native active state to a cleaved inactivated 

state (18, 31). However, this metastability makes the proteins highly prone to misfolding. 

Such misfolding chiefly occurs during biosynthesis, which by nature is error prone, and 

is further induced by mutations (18, 49–52). We explored the possibility that the serpin 

puncta observed by immunofluorescent staining in the brain and SC of P497S animals 

are a result of aggregation of serpin proteins because of disturbances in proteostasis 

caused by the P497S UBQLN2 mutation. Accordingly, we conducted filter trap assays 

to determine whether the amount of UBQLN2 and serpin aggregates differed in the three 

mouse genotypes. In this assay, protein aggregates that are too large to pass through the 

pores of a 0.2 μm cellulose acetate membrane under vacuum filtration are retained and their 

amount can be quantified by antibody reactivity (35, 53). Filter trap assays were conducted 

with cortical and hippocampal lysates from three independent P497S, WT356, and Non-Tg 

animals of 8 and 32 weeks of age. Immunoreactivity of the filters for UBQLN2 revealed 

little difference between the three genotypes in 8-week-old animals. However, the amount 

of UBQLN2 aggregates quantified by this assay was sixfold higher in 32-week-old P497S 

animals, compared to the age-matched WT356 and Non-Tg animals (Figure 7A,B). The 

increase in UBQLN2 aggregation in P497S animals is consistent with the age-dependent 

increase in UBQLN2 puncta seen in this line (12, 14). Quantification of the four serpin 

proteins retained on the filters by this same assay revealed significant differences in Serpin 

A1 and Serpin I1 between the different genotypes, but not for Serpin B1 or C1 proteins, 

whose accumulation was more variable between samples of the same genotypes at both 

ages (Figure 7A,B). The high variability of Serpin B1 and C1 made quantification of 

their change unreliable. The amount of Serpin A1 and Serpin I1 retained on the filters 

was not significantly different for the three genotypes in 8-week-old animals (Figure 

7A). However, higher amounts of both proteins were retained in samples of 32-week-old 

P497S animals compared to age-matched WT356 and Non-Tg animals (Figure 7A,B). This 

finding is also consistent with the age-dependent increase observed for both serpins by 

immunofluorescence microscopy.

To further verify that serpin proteins formed aggregates in the P497S mice, we compared 

the properties of serpins proteins in tissues of the different animals to biochemical extraction 

with increasingly harsh buffers, reasoning that the aggregated proteins should be more 

resilient to extraction with milder buffers. Equal amounts of cortical tissue from 32-week­

old Non-Tg, WT356, and P497S animals were homogenized beginning with a low salt 

buffer followed by Triton X-100, sarkosyl, and urea buffers. The same procedure was 

successfully used to characterize TDP-43 aggregates (38, 39). Equal volumes of the 

extracted material from each extraction were then immunoblotted for UBQLN2 and the 

four serpins. As expected, the amount of UBQLN2 present in the ultimate urea-extracted 

fraction was higher in the P497S sample compared to the WT356 and Non-Tg samples 
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(Figure S11E). The P497S sample was also enriched for proteins that were strongly reactive 

for ubiquitin, a signature feature of ubiquitin-tagged misfolded proteins (Figure S11D,E). 

Evaluation of Serpin A1, B1, C1, and I1 in the same fractions revealed the presence 

of multiple bands for several of the serpin proteins, consistent with aggregation and/or 

modification of the protein. Quantification of all bands for the three genotypes in the 

penultimate sarkosyl and ultimate urea extractions revealed a dramatic increase in the levels 

of Serpin A1 in P497S animals compared to the WT356 and Non-Tg animals (Figure S11C). 

The reason why an increase in the other serpins was not detected in P497S animals is 

not clear, but we speculate it is most likely related to their resistance to solubility and/ or 

detection by this methodology.

To confirm these findings, we repeated the analysis, comparing the extraction properties 

of Serpin A1 and UBQLN2 in cortical tissue from 8-to 32-week-old animals for different 

animals for the three genotypes. We only focused on these two proteins because material 

needed for the analysis was limited. The blots for these extractions revealed that, as 

expected, the major difference in UBQLN2 extraction was in P497S mutant animals, 

where the protein exhibited more resistance to extraction with the milder buffers, as 

evidenced by an increase in its amounts after extraction with the urea buffer, compared 

to the Non-Tg and WT356 animals (Figure 7C,D). Moreover, the UBQLN2 protein in 

the urea-extracted fractions ran as a smear in the polyacrylamide gels, a characteristic 

of misfolded ubiquitinated proteins. This pattern was evident in both 8- and 32-week-old 

animals, demonstrating the presence of the misfolded UBQLN2 protein at both ages. The 

blots for Serpin A1 in the same fractions, likewise, revealed increased presence of the 

protein, particularly of high molecular forms of it, in the urea fractions of the P497S animals 

compared to the Non-Tg and WT 356 animals (Figure 7C,D). Again, increased amounts of 

the high molecular weight Serpin A1 species were observed in the urea-extracted material of 

8-week-old P497S animals, and more clearly apparent in P497S animals at 32 weeks of age. 

Quantification of the UBQLN2 and Serpin A1 signals in the urea fractions revealed P497S 

animals, compared to the WT356 and Non-Tg animals, had significantly higher amounts of 

both proteins at the 32 week time point (Figure 7E).

Taken together with our immunological findings that the serpin proteins form puncta and 

have increased retention in filter trap assays, these biochemical fractionation findings 

provide strong support for the age-dependent increase of serpin protein aggregation, 

particularly Serpin A1, in P497S animals.

3.6 | Inconsistency in detection of serpin protein accumulation in P497S animals by 
immunoblotting

We also attempted to quantify changes of the four serpin proteins in brain and SC 

using SDS-PAGE and immuno-blotting. However, we were mindful of known problems in 

accurately quantifying changes in serpin proteins by this method based on prior studies that 

had found serpin proteins, once aggregated, are resistant to entry in SDS-polyacrylamide 

gels (51, 54). Nevertheless, we conducted immunoblots probing equal amounts of protein 

lysate from both the hippocampus and lumbar SC tissue of three independent 32-week­

old WT356, Non-Tg, and P497S animals (n = 3/genotype) for all four serpin proteins. 
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Interestingly, the quantifications revealed a significant decrease in Serpin A1 and I1 levels in 

the hippocampus of P497S animals as well as a significant decrease of Serpin C1 in the SC 

of P497S mice compared to the WT356 or Non-Tg animals (Figure S12A,B). Other serpin 

proteins in these tissues followed this trend but did not decrease significantly compared to 

protein levels in control animals. Based on the increased aggregation of several of the serpin 

proteins that we found in P497S animals, we postulate that the decreases noted for some of 

the serpins in P497S mutant animals by immunoblotting is probably an artifact arising from 

the known insolubility and/or resistance of serpin aggregates to separation by SDS-PAGE.

3.7 | Inactivation of UBQLN2 expression in cell lines induces serpin aggregation

Our studies of the P497S mouse model of ALS/FTD suggests the P497S UBQLN2 mutation 

induces disease through both loss- and gain-of-function mechanisms (12, 14). To determine 

if loss of UBQLN2 affects serpin expression and/or aggregation, we used UBQLN2 

knockout HeLa human epithelial and NSC34 mouse motor neuron cells. The properties of 

these knockout lines were described previously (12). Two independent clones from each cell 

line (HeLa KO8 and KO12 and NSC34 KO20 and KO69) were tested for Serpin A1, Serpin 

B1, Serpin C1, and Serpin I1 expression by immunoblots and compared to serpin expression 

in the parental HeLa and NSC34 cell lines (Figure 8A). Few changes in the protein bands 

were visible in the resolving part of the gels. However, major changes were seen in the upper 

portion of the gels. For example, the level of immunoreactivity of Serpin A1 and Serpin 

B1 in the high molecular weight region of the gels containing HeLa UBQLN2 KO8 and 

KO12 lysates was notably higher than in the wild-type HeLa cells (Figure 8A,B). Similar 

findings were noted for Serpin B1 in NSC34 UBQLN2 KO20 cells, compared to the parental 

WT UBQLN2-expressing line (Figure 8A,B). We speculated that the increased accumulation 

of serpins proteins in the stacking gel in the UBQLN2 KO cells was because of increased 

aggregation of the proteins.

To determine whether UBQLN2 inactivation alters serpin aggregation, we conducted filter 

trap assays comparing retention of the four serpin proteins between the HeLa KO8 and 

NSC34 KO20 lines and their parental lines. As the majority of serpins are secreted proteins, 

we also performed filter trap assays of the media in equal portions collected after a 48 

h culturing of the lines in equal cell densities to determine if the proteins accumulate 

extracellularly. Quantification of the serpin proteins retained after filtration of equal amounts 

of the HeLa cell lysates (of three independent cultures) indicated a significant increase in 

the amount of Serpin A1 that was trapped on the filters for the KO8 line compared to 

WT HeLa control line (Figure 8C,D). Increases were also detected for Serpin B1, Serpin 

C1, and Serpin I1, although the changes were just outside significance. Quantification of 

the serpins retained after filtration of the media from these cultures revealed a significant 

increase for all four serpin proteins in the HeLa KO8 compared to the WT control line. 

Similar comparison for the NSC34 cell lines revealed significant increases in the amount 

of Serpin C1, and Serpin I1 in the NSC34 KO20 cell lysates compared to the parental WT 

line (Figure 8C,E). Paradoxically, we did not detect increases in Serpin A1 and a small but 

nonsignificant increase in Serpin B1 levels in the KO20 lysates. By contrast, the amount of 

serpin proteins trapped after filtration of the media was significantly higher for all of the 

serpins in the KO20 compared to the WT NSC34 line (Figure 8C,E). Taken together, these 
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results suggest that the aggregation of serpin proteins observed in the brain and SC of P497S 

animals may arise from loss of UBQLN2 function.

4 | DISCUSSION

Missense mutations in UBQLN2 cause X-linked dominant ALS/FTD (7). The mutations 

are thought to disrupt proteostasis causing disease through both loss- and gain-of-function 

mechanisms (12). However, the patho-physiology of how the disturbances cause disease is 

still largely unknown. Here, we provide evidence that serpin proteins form insoluble protein 

aggregates within the brain and SC in the P497S Tg mouse model of ALS/FTD. We further 

show that knockout of UBQLN2 expression in cell lines leads to similar aggregation of 

serpin proteins, suggesting that the aberrant accumulation and aggregation of serpin proteins 

in this ALS/FTD disease model may stem from loss of UBQLN2 function. We discuss the 

potential implications of this abnormal accumulation of serpin proteins, suggesting it may 

contribute to disease pathogenesis through both loss- and gain-of-function mechanisms.

We obtained clear evidence that serpin proteins, in particular Serpin A1, become 

mislocalized and aggregate during disease progression in the P497S model of ALS/FTD. 

The mislocalization was evident by a dramatic alteration in the immunofluorescent staining 

patterns of several serpins, including Serpin A1, C1, and I1 in the brain and SC tissues of 

P497S Tg animals. Serpin proteins accumulated in an age-dependent manner in puncta very 

similar to the UBQLN2 inclusions that develop in the P497S animals, differing from the 

more diffuse localization in age-matched WT356 and Non-Tg animals. Subtle differences 

were found in the colocalization of the three serpin proteins with UBQLN2 puncta in 

both the brain and SC suggesting region- or cell-specific differences in serpin or UBQLN2 

expression may influence their colocalization.

Further insight into the identity of the serpin puncta was obtained by the results of the filter 

trap and biochemical fractionation assays, both of which strongly suggest they are most 

likely to be inclusions composed of aggregated misfolded serpin proteins. The strongest 

evidence was seen for Serpin A1, both by the significant increase in the amounts of the 

protein retained after filtration of P497S brain lysates through 0.2 μm cellulose acetate filters 

and by the high molecular weight smear of the protein in gels in the urea-containing fraction 

of mouse tissue extracted with increasingly harsh buffers. The same urea fractions from aged 

P497S animals were also highly enriched for UBQLN2 and ubiquitin reactivity, consistent 

with the expected properties of misfolded and aggregated proteins. Similar evidence for 

aggregation of Serpin C1 and I1 in P497S animals by the same criteria was more variable, 

with stronger evidence seen by the dot-blot analysis than by the tissue extractions. It is not 

clear why an increase in the latter two proteins was not as well detected by these methods 

considering their strong colocalization with UBQLN2 in puncta in P497S animals. It is 

possible that epitope masking or the insoluble nature of the proteins has precluded their 

detection in the assays.

A key question arising from these observations is how expression of the P497S mutant 

UBQLN2 protein causes serpin proteins to aggregate in tissues of the P497S animals. We 

considered two chief, but non-mutually exclusive possibilities by which this could occur. 
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One possibility is that the P497S mutation inactivates UBQLN2 function in ERAD, which is 

required for clearing serpin proteins that misfold during synthesis in the ER (24, 55), leading 

to accumulation and aggregation of the serpin proteins. This could occur either by dominant­

negative loss of UBQLN2 function or by the mutation crippling the UBQLN2 protein such 

that it can no longer function in ERAD. Another possibility is that the P497S mutation 

causes UBQLN2 proteins to misfold, which in turn induces aggregation or coaggregation 

with the misfolded serpin proteins.

Our findings that serpin proteins aggregate following knockout of UBQLN2 in cells is 

consistent with the loss-of-function possibility. This loss of function could be particularly 

problematic for serpins because of their high propensity to misfold. Serpins are typically 

synthesized in high amounts in the ER (56), and, because protein folding is inherently 

error prone, the high rate of synthesis generates a corresponding high amount of terminally 

misfolded serpin proteins that must be efficiently removed from cells that otherwise can 

wreak havoc (52, 57, 58). Further, serpin polypeptides need to be folded into a metastable 

conformation for their activity. Deviation in their correct folding can cause collapse of the 

metastable structure into an inactive misfolded state, placing high demand on an efficient 

ERAD system for their removal (18, 59–63). UBQLN proteins are known to function in 

ERAD, including in removal of serpin proteins (64). Additionally, ALS/FTD mutations in 

UBQLN2 stall clearance of serpin proteins (13, 65). Accordingly, we propose that loss of 

UBQLN2 function in ERAD, caused by mutation or knockout of UBQLN2, could lead to 

serpin aggregation. Consistent with this idea, ER stress, which is induced by a buildup of 

misfolded proteins in the ER, is increased in P497S animals (35). Thus, the colocalization of 

UBQLN2 and serpins could represent the proteins that are entrapped because of failure to be 

cleared by ERAD. The absence of any noticeable colocalization of Serpin B1 with UBQLN2 

inclusions in the P497S animals supports our idea that defects in ERAD could underlie the 

accumulation of serpins seen in our study. Serpin B1 differs from the secreted Serpin A1, 

C1, and I1 proteins by being synthesized in the cytoplasm (19). Thus, deficiencies in ERAD 

are not expected to affect its degradation. Unexpectedly, we found Serpin B1 expression was 

increased in the cell bodies of a number of neuronal cells in the brain and SC. Although 

the reason for its upregulation is not known, we speculate that dysregulation of proteostasis 

caused by the UBQLN2 mutation may underlie its upregulation (66).

Another mechanism by which serpin proteins could aggregate is through loss of UBQLN2 

function in autophagy. We cannot discount this possibility because serpins, including the 

extracellularly secreted proteins and their inhibitory complexes can be reinternalized and 

cleared by autophagy (61, 67–69). Furthermore, ALS/FTD mutations in UBQLN2 have been 

found to impede autophagy because of a failure in autophagosome acidification from loss 

of UBQLN2 function (12). The importance of this clearance route for serpins is further 

highlighted by our findings that serpin proteins colocalize with UBQLN2, LAMP1, and LC3 

proteins in puncta of spinal MNs in the Non-Tg and WT356 animals, consistent with normal 

disposal of the proteins via autophagosomes/autolysosomes.

Further studies are needed to identify the mechanism underlying the increase of serpin 

aggregates in the culture media of UBQLN2 knockout cells. However, it is similar to 

the phenomenon seen for misfolded mutant Serpin A1 and neuroserpin proteins, where 
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aggregated forms of both mutant serpin proteins were found in the culture media expressing 

cells despite evidence of increased retention in the ER (24, 70).

The pathologic consequence of the accumulation of serpin aggregates in the P497S animals 

may contribute to disease pathogenicity from gain-of-function toxicity based on other 

serpinopathies (22, 31, 50). For example, mutations in Serpin A1 and I1 are both thought 

to drive disease through aggregation (22, 31, 50, 71). Specifically, cognitive deficits 

and dementia symptoms seen in FENIB patients correlate with the rate of Serpin I1 

polymerization and inclusion formation, suggesting formation of Serpin I1 inclusions drive 

neurodegeneration (27). Additionally, abnormal aggregation of Serpin A1, Serpin A3, and 

Serpin I1, have been identified in ALS/FTD and other neurodegenerative diseases (41, 42, 

44, 45, 47, 72). Thus, it is conceivable that the serpin inclusions seen in the P497S mice may 

play a direct or indirect role in neurodegeneration in the P497S mouse model.

In addition to the potential gain of toxic function because of serpin aggregation, a loss 

of normal serpin function may also have important consequences in ALS/FTD pathology. 

Based on current evidence that serpins play critical roles in the regulation of proteolytic 

cascades and inflammatory pathways, we suggest that loss of normal serpin function may 

contribute to the uncontrolled inflammation and increased neuronal death which occur in 

ALS/FTD (73, 74). Several of the proteases that serpins regulate can induce an inflammatory 

response. Serpin A1 and B1 are both inhibitors of neutrophil elastase, which is released by 

neutrophils and responds to acute inflammation. Both ALS patient tissue and rodent models 

reveal an upregulation of neutrophils along peripheral motor pathways and dystrophic 

muscle, correlated with progressive degeneration of MN axons and muscular dystrophy (75, 

76). Other studies of Serpin B1 provide evidence that the protein inhibits pro-inflammatory 

cytokine production and is upregulated when in complex with neutrophil elastase in diseased 

lungs (77, 78). Loss of Serpin C1 function also affects the body’s ability to properly mediate 

inflammation as inhibition of thrombin by Serpin C1 is imperative in the protection of motor 

axons (79). Moreover, thrombin has been shown to activate the complement cascade, which 

promotes inflammatory responses and is activated in the skeletal muscles of the hSOD1G93A 

ALS mouse model (80, 81). Taken together, these studies suggest that a loss of serpin 

inhibitory function and unregulated levels of proteases are linked to neuroinflammation and 

motor deficits, common features of ALS/FTD.

Our observation that UBQLN2-serpin puncta in the brain and SC of P497S mice partially 

colocalize with the microglia marker IBA1 suggest that an immune response is related 

to the aberrant accumulation of serpin proteins in our model. It is important to note 

that the mouse models used in this study do not express the UBQLN2 transgene in 

glial cells. Thus, we propose two possibilities for these observations. First, as serpin 

colocalization with UBQLN2 puncta occurs in an age-dependent manner, it is possible that 

serpin proteins are being released by microglia in response to the formation of UBQLN2 

aggregates. In contrast, formation of serpin-UBQLN2 inclusions could occur upstream of 

microglial association. In this case, colocalization with IBA1 could indicate that microglia 

are phagocytosing these inclusions in an attempt to clear the aggregates, as occurs in FTD, 

multiple sclerosis, Alzheimer’s, and Parkinson’s disease (82–85).
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In summary, our study has identified a novel pathological feature of serpin misaggregation 

in the P497S mouse model of ALS/FTD. Further insight into the mechanism of serpin 

aggregation and its relationship to neuroinflammation and toxicity is needed to fully 

understand the consequences that they could have in driving pathogenesis in ALS/

FTD. Understanding the mechanistic connection between UBQLN2 and serpin proteins 

may provide important information concerning therapeutic targets for the treatment and 

prevention of ALS/FTD.
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FIGURE 1. 
Alteration of serpin localization in the brain of P497S mutant mice. Staining of UBQLN2 

and Serpin A1, B1, C1, and I1 proteins and their corresponding merged images, including 

of the DAPI panel (not shown), in the hippocampal region of sagittal brain sections from 52­

week-old P497S (top panel), WT356 (middle panel), and Non-Tg (bottom panel) animals. 

Scale bars shown = 100 μm for all images
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FIGURE 2. 
Colocalization of UBQLN2 and serpin proteins in puncta in the dentate gyrus region of 

the brain in P497S animals. Confocal microscopy images of the staining of UBQLN2 and 

Serpin A1, B1, C1, and I1 proteins and their corresponding merged images, including the 

DAPI panel, of the dentate gyrus of 52-week-old P497S (top panel), WT356 (middle panel), 

and Non-Tg (bottom panel) animals. Scale bars shown = 100 μm and 20 μm for 1× and 5× 

zoom images, respectively
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FIGURE 3. 
Colocalization of UBQLN2 and serpin proteins in puncta in the SC of P497S animals. 

Confocal microscopy images of the staining of UBQLN2 and Serpin A1, B1, C1, and I1 

proteins and their corresponding merged image, including the DAPI panel, of the ventral 

horn region of the SC of 32-week-old P497S (top panel), WT356 (middle panel), and 

Non-Tg (bottom panel) animals. Scale bars shown = 100 μm and 50 μm for 1× and 2× zoom 

images, respectively
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FIGURE 4. 
Colocalization of UBQLN2 and serpin proteins in autophagosomes. Confocal microscopy 

images of the staining of UBQLN2, Serpin A1 or C1 proteins, and LC3 in the SC of 

32-week-old age-matched P497S (left panel) and Non-Tg (right panel) animals. UBQLN2 

puncta outside MN in P497S animals are positive for serpins, but not for LC3 (arrows). 

UBQLN2 puncta within MN stain positive for all three proteins (arrow heads). Scale bars 

shown = 20 μm for all images
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FIGURE 5. 
Colocalization of UBQLN2 with serpin proteins in LAMP1-positive puncta. Similar to 

Figure 4, but showing the staining of UBQLN2, Serpin A1 or C1 proteins, and LAMP1 in 

the SC of 32-week-old age-matched P497S (top panel) and Non-Tg (bottom panel) animals. 

Arrows indicate UBQLN2 puncta outside MN that stain positive for serpins, but negative 

for LAMP1. Puncta within MN stained positive for all three proteins (arrow heads), but 

UBQLN2 staining of the LAMP1 puncta was stronger in the Non-Tg animals. Scale bars 

shown = 20 μm for all images
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FIGURE 6. 
The UBQLN2 and serpin double-positive puncta in the brain are more closely juxtaposed 

with microglia than with astrocytes. Confocal microscopy images of the staining of 

UBQLN2, Serpin A1 or C1 proteins with either GFAP (top panels) or IBA1 (bottom panels) 

in the dentate gyrus of 52-week-old P497S animals. Scale bars shown = 100 μm and 20 μm 

for 1× and 5× zoom images, respectively
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FIGURE 7. 
UBQLN2 and serpin proteins form aggregates in P497S animals in an age-dependent 

manner. (A) Representative images of filter trap assays of cortical tissue from 8- to 32-week­

old P497S, WT356, and Non-Tg animals indicates a significant increase in aggregation 

of UBQLN2, Serpin A1, and Serpin I1 in 32-week-old, but not 8-week-old, animals. (B) 

Quantification of filter trap assays: *p < 0.05, **p < 0.01, ****p < 0.0001. n = 3–6 

animals/age and genotype. (C and D) Immunoblots of equal portion of fractions following 

sequential extraction of cortical tissues from 8- (C) to 32-week-old (D) Non-Tg, WT356, 

and P497S mice with increasingly harsh solubilizing buffers (low salt buffer, Triton X-100 

(TX-100), sarkosyl (SARK), and urea). The GAPDH signal was virtually undetectable in the 

urea samples, and therefore, is not shown. (E) Quantification of the UBQLN2 and Serpin A1 
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signals in the urea fractions for 8- and 32-week-old animals. *p < 0.05, **p < 0.01, ****p < 

0.0001
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FIGURE 8. 
Inactivation of UBQLN2 in cells induces serpin aggregation. (A) Immunoblots comparing 

Serpin A1 and B1 levels in parental HeLa and NSC34 lines to two independent UBQLN2 

knockout lines (KO8/KO12 and KO20/KO69, respectively) for each line. (B) Both HeLa 

and NSC34 UBQLN2 knockout cell lines show increased accumulation of high molecular 

weight (High MWt) serpin bands, suggesting protein aggregation. *p < 0.05, **p < 0.01. (C) 

Filter trap assays using cell lysate and media aliquots from the parental HeLa and UBQLN2 

KO8 cells as well as the parental NSC34 and UBQLN2 KO20 cells. UBQLN2 knockout in 

either cell type results in increased serpin aggregation in cell lysates and the media. (D and 

E) Quantification of the signals for the filter trap assays shown in B. *p < 0.05, **p < 0.01, 
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***p < 0.001, ****p < 0.0001. n = 3–6 replicates/cell line and results were reproduced in at 

least two independent experiments
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