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Abstract

Mutations in ubiquilin 2 (Ubqln2) is linked to amyotrophic lateral sclerosis and frontotemporal 

lobar degeneration. A foremost question regarding Ubqln2 pathogenesis is whether pathogenically 
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mutated Ubqln2 causes neuron death via a gain or loss of functions. To better understand Ubqln2 

pathobiology, we created Ubqln2 transgenic and knockout rats and compared phenotypic 

expression in these novel rat models. Overexpression of Ubqln2 with a pathogenic mutation 

(P497H substitution) caused cognitive deficits and neuronal loss in transgenic rats at the age of 

130 days. In the transgenic rats, neuronal loss was preceded by the progressive formation of 

Ubqln2 aggregates and was accompanied by the progressive accumulation of the autophagy 

substrates p62 and LC3-II and the impairment of endosome pathways. In contrast, none of these 

pathologies observed in mutant Ubqln2 transgenic rats was detected in Ubqln2 knockout rats at 

the age of 300 days. Together, our findings in Ubqln2 transgenic and knockout rats collectively 

suggest that pathogenic Ubqln2 causes neuron death mainly through a gain of unrevealed 

functions rather than a loss of physiological functions.
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Introduction

Mutation in ubiquilin 2 (Ubqln2) and sequestosome-1 (SQSTM1 or p62) has been linked to 

amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), in 

which protein aggregation is prominent pathology [5, 27, 29]. The occurrence of protein 

aggregates indicates that protein degradation systems are overloaded with client proteins or 

functionally impaired [19]. Cells possess two degradation systems—ubiquitin–proteasome 

and autophagy–lysosome systems—that cooperatively degrade unfolded and misfolded 

proteins as well as old and damaged organelles [11]. Short-lived proteins are degraded by 

the ubiquitin–proteasome system, but long-lived proteins, protein aggregates, and old 

organelles are degraded by the autophagy–lysosome system [18, 20]. Whereas p62 is 

required for the formation and degradation of polyubiquitin-containing bodies [17], Ubqln2 

shuttles between the nucleus and the cytoplasm to perform various functions related to 

protein degradation via autophagy and proteasomes [3, 16, 23, 36]. A single Ubqln 

orthologue is identified in yeast [10], but four Ubqln isoforms are found in mammals with 

distinct expression patterns [3, 36]. Ubqln1 is ubiquitously expressed, Ubqln2 and 4 have 

somewhat more restricted but still widespread expression, and UBQLN3 is expressed 

exclusively in testes [3, 36]. Ubqln proteins have limited functional specialization [16, 23]. 

Ubqln2 contains an ubiquitin-like domain (UBL) at the N-terminus and an ubiquitin-

associated domain (UBA) at the C-terminus [16]. Ubqln2-linked disease is transmitted in a 

dominant fashion with reduced penetrance in females [5]. Because Ubqln2 is an X-linked 

gene, all affected males are homozygotes and affected females are heterozygotes. If 

pathogenic mutation mainly causes a loss of function in Ubqln2, the low penetrance in 

females may result from retention of a normal allele that compensates for functional loss in 

the mutant allele; however, X-inactivation may complicate the interpretation of the mutation 

effects, particularly when one of the two alleles on the X chromosome is partially 

inactivated [24]. As such, expression of mutated Ubqln2 may be less in females than in 

males, leading to lower penetrance in females when mutated Ubqln2 mainly causes a gain of 
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function. To understand Ubqln2 pathogenesis, we must examine foremost query whether 

pathogenically mutated Ubqln2 causes neuron death mainly via a gain or loss of functions.

Animal models provide a valuable tool for dissecting the mechanisms of disease-linked 

mutations. Giving the complexity of central nervous system (CNS) and the species-specific 

physiologies, diverse model systems are often required for a better understanding of 

neurodegenerative diseases, as they may provide inputs on the varying aspects of disease 

mechanisms. Whereas rodents are an ideal animal model for functional genetics, the rat 

shows advantage over the mouse in terms of its long history of use in physiological and 

pharmaceutical studies and its large size for easy use in behavioral tests and surgical 

operation [2, 4, 21, 31]. A success in modeling TDP-43 and FUS pathologies in rats proves 

transgenic rats a valuable tool for dissecting the mechanisms of neurodegeneration in ALS 

and FTLD. Using Ubqln2 transgenic and knockout rat models, we examined whether 

pathogenically mutated Ubqln2 causes neuron death mainly via a gain or a loss of function. 

Pathogenic mutation of Ubqln2 predisposed it to aggregation and aggregated mutant Ubqln2 

entrapped its wildtype counterparts in protein inclusions. Mutant Ubqln2 aggregation 

preceded neuron death and cognitive deficit and caused progressive accumulation of the 

autophagy substrate p62 in transgenic rats. None of these pathological changes was observed 

in Ubqln2 knockout rats. These findings suggest that mutant Ubqln2 causes neuron death via 

a gain of function rather than a loss of function.

Materials and methods

Production of Ubqln2 transgenic and knockout rats

Transgenic rats were created and maintained on Sprague– Dawley genomic background as 

described [12, 13, 33]. CaMKα2-tTA transgenic rats have been characterized in previous 

studies [12, 34]. The open reading frames (ORF) of human Ubqln2 were amplified by PCR 

from the cDNA pools that were derived from human HEK293 cells. P497H substitution was 

introduced into human Ubqln2 ORF by PCR-based mutagenesis. The engineered ORF of 

human Ubqln2 was inserted between the tetracycline-responsive element (TRE promoter) 

and SV40 late poly (A) sequence as previously described [39]. Transgenic rats were 

identified by PCR assay with the following primers: 5′-TTGTTTGTGGATCGCTGTGA-3′ 

(forward) and 5′-GACAAACTTCACGTCAGGGT-3′ (reverse). Copy number of the 

transgenes was determined by quantitative PCR with the same set of primers and the copy 

standard was established by mixing transgenic DNA with rat genomic DNA as described 

[40]. TRE-Ubqln2 transgenic lines were crossed with CaMKα2-tTA transgenic line to 

produce double-transgenic offspring, in which the Ubqln2 transgene was expressed in the 

forebrain neurons [12, 34]. Breeding rats were given Doxycycline (Dox) in drinking water 

(50 μg/ml) to suppress transgene expression during embryonic development. Mutant Ubqln2 

transgenic rats and their controls were deprived of Dox at birth to allow transgene 

expression and disease induction.

Ubqln2 knockout rats were created by TALEN-assisted gene modification in fertilized rat 

eggs. Following the instruction provided by Doyle and colleagues [6], a pair of transcription 

activator-like effector nuclease (TALEN) targeting sequences was selected to bind and 

cleave rat Ubqln2 (left: 5′-TCCTGAAAGATCAAGACACC-3′; right: 5′-
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CATGATGGACTGACTGTTCA-3′). The mRNA encoding selected TALEN was 

synthesized and modified for translation in mammals and was injected into fertilized rat 

single-cell embryos [32]. TALEN-mediated gene modification was identified by PCR assay 

(forward primer: 5′-CAGCAGTTCAAGGAAGCGAT-3′; reverse primer: 5′-

CGTGGTCGTCGTGCTCGTTC-3′). A deletion of 19 nucleotides (deleted sequence: 5′-

CCTTGATCCAGCATGGCAT-3′) was identified in a knockout rat whose Ubqln2 was 

destroyed by a premature stop codon. Ubqln2 knockout rats were crossed with wildtype 

Sprague–Dawley for 4 generations before they were used for analysis.

Rat's behavior tests

Spatial learning and memory tasks were examined with a Barnes Maze (Med Associates) as 

described [14]. In brief, rats were given one training session and four test sessions for 5 

consecutive days. During training or testing sessions, rats were placed in the same initial 

orientation inside a transparent cylinder (start box) that was located at the center of the maze 

disk and the rats remained in the start box for 1 min such that a standard starting context was 

ensured. Latency to locate the fixed escaping box was calculated from the time testing 

started to the time when the animal entered, or its four paws touched, the box. Rat's mobility 

was monitored with Open Field Activity assay (Med Associates), which measured the total 

distance a rat traveled within 10 min [13].

Cresyl violet staining and stereological cell counting

Total number of neurons in the frontal cortex and dentate gyrus were estimated with 

stereological cell counting as described [12, 34]. In brief, rat's forebrains were cut into 

coronal sections (20 μm) with a Cryostat. Tissue sections containing the frontal cortex (from 

the apical forebrain to the first occurrence of corpus callosum) or dentate gyrus were 

collected and every 10th section was counted for neurons in defined brain regions. Tissue 

sections were stained with Cresyl violet and mounted in sequential order (rostral–caudal). 

The number of targeted neurons was estimated using a fractionator-based unbiased 

stereology software program (Stereologer), which was run on a PC computer that was 

attached to a Nikon 80i microscope with a motorized XYZ stage (Prior). The detail of 

stereological cell counting was previously described [12, 34].

Antibody information

The following primary antibodies were used for immunostaining: mouse monoclonal anti-

GAPDH (Abcam), rabbit anti-GFP and anti-LAMP2a (Abcam), rabbit anti-GFAP (DAKO, 

North America), and rabbit anti-Iba-1 (Wako Chemicals USA), mouse monoclonal anti-

FLAG and rabbit polyclonal anti-LC3 (Novus), mouse monoclonal antibody against Lamin 

A/C (Cell Signaling Technology), mouse monoclonal antibody recognizing both human and 

rat Ubqln2 (Novus), rabbit polyclonal antibody against p62 (Novus), rabbit polyclonal 

antibody to EEA1 (Cell Signaling Technology), rabbit polyclonal antibody against 

phosphor-tau (Sigma), rabbit polyclonal antibody to TDP-43 (Proteintech), and mouse 

monoclonal anti-beta-actin (Sigma). Primary antibodies were used at the lowest dilutions 

recommended by manufacturers. Antibodies to human or rat Ubqln2 were produced by 

immunizing rabbits with synthetic peptides at Genemed: (N-terminal)-LAGA-NAPQLPN 
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(human) and (N-terminal)-TTTTTAAAPPAATTSSAP (rat). Antiserum was affinity-

purified with a peptide affinity column (Pierce).

Golgi staining and electromicroscopy

Golgi impregnation method was used to visualize the neurites of rat's cortical neurons and 

was done with a kit (FD NeuroTechnologies) as previously described [34]. Ultrastructure of 

cellular organelles was detected by electromicroscopy as described [14, 34, 39]. In brief, 

fixed tissues were embedded in Epon 812 and cut into thin sections (50 nm). Sections were 

stained with uranyl acetate and lead citrate and were examined under a transmission electron 

microscope (EM facility affiliated to the Department of Pathology, Thomas Jefferson 

University).

Immunofluorescence staining and microscopy

Animals were perfused with 4 % paraformaldehyde under deep anesthesia and animal brains 

were dissected after perfusion. The brains were further fixed in the same fixative at 4 °C 

overnight and then dehydrated in 30 % sucrose as described [13, 14]. Coronal sections (15 

μm) of rat forebrain were immunostained first with primary antibodies and then with dye-

labeled secondary antibodies. Immunoreactivity for specified proteins was observed under 

Nikon fluorescence microscope and documented with a digital camera. For determining 

protein colocalization, tissue sections were examined with a confocal microscope (Imaging 

Facility of Kimmel Cancer Center at Jefferson). Single-layer images were scanned with a 

Zeiss LSM510 META confocal system.

Immunoblotting, immunoprecipitation and protein solubility

Rat tissues were homogenized in RIPA buffer and proteins in tissue lysates were separated 

on SDS-PAGE as described [39]. Immunoreactivity for a target protein was detected with 

specified primary antibodies after resolved proteins were transferred onto nitrocellulose 

membrane. For immunoprecipitation, plasmids were transfected into HEK293 cells using 

lipofectamine-2000. Cells were initially lysed in lysis buffer (Promega) and fully broken by 

sonication as described [37]. Cell lysates were cleared by centrifugation 10 min at 4 °C and 

500 μg of total protein per sample was incubated with FLAG binding resin to precipitate 

tagged proteins and their partners. Bound proteins were eluted with SDS sample buffer and 

boiled for 10 min to dissociate protein complexes. Eluted proteins were detected by 

immunoblotting with specified antibodies.

Ubqln2 solubility in rat tissue was examined with a modified protocol [15]. Rat tissues were 

sonicated in RIPA buffer containing 1 % Triton X-100 and 0.1 % SDS and tissue lysates 

were centrifuged at 100,000g for 30 min to produce Triton X-100 soluble fraction. The 

resulting pellets containing protein aggregates were washed twice in cold PBS and were 

dissolved in lysis buffer containing 1 % SDS. Ubqln2 solubility in cultured cells was 

examined using the same procedure, but the resulting pellets were dissolved in urea (7 M). A 

mixture of protease inhibitors was added to lysates during the procedure. Soluble and 

insoluble Ubqln2 was detected using standard SDS-PAGE.
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Statistical analysis

Numbers of neurons in frontal cortex or dentate gyrus were compared between Ubqln2 

transgenic rats and control rats using paired t tests. A p value of less than 0.05 was 

considered statistical significance.

Study approval

Animal use was in accord with NIH guidelines and the animal use protocol was approved by 

the Institutional Animal Care and Use Committees at Thomas Jefferson University.

Results

Pathogenic mutation predisposes Ubqln2 to aggregation in cultured cells

Mutation in Ubqln2 is linked to ALS and FTLD and one prominent pathology observed in 

these patients is Ubqln2-positive inclusion [5, 29, 35]. To understand Ubqln2 pathobiology, 

we first examined the effect of pathogenic mutation on Ubqln2 biochemical properties. 

Human Ubqln2, with or without a pathogenic mutation (i.e., P497H substitution), was 

tagged with FLAG and thus tagged Ubqln2 was detected with FLAG antibody. We 

examined the effect of pathogenic mutation on Ubqln2 solubility using HEK293 cells which 

showed the high efficiency of transient transfection (Fig. 1a). While mutant Ubqln2 was 

constantly detected in detergent-insoluble fraction, wildtype Ubqln2 was barely detected in 

detergent-insoluble fraction (Fig. 1a). Thus, pathogenic mutation increased the propensity of 

Ubqln2 to aggregate in vitro.

Mutant Ubqln2 aggressively aggregates in transgenic rats

To verify our findings in cellular model, we created transgenic rats and examined the 

solubility of mutant Ubqln2 in rat's brains. A tetracycline-inducible gene expression system 

has been developed for transgenic rats in our lab [13, 14, 33, 39]. A single-copy CaMKα2-

tTA transgenic line proves to express transgene specifically in rat's forebrain neurons [12, 

34]. Taking advantage of existing tTA transgenic lines, we used tetracycline-response 

element (TRE) to drive Ubqln2 transgene and established two TRE-hUB2-P497H transgenic 

rat lines (Fig. S1), in which transgene copy was determined by quantitative PCR. Line-2 

harbored 2 copies of TRE-hUB2-P497H transgene and Line-20 harbored 20 copies of the 

transgene (Fig. S1). Individual TRE-hUB2-P497H lines were crossed with the CaMKα2-

tTA line to produce double-transgenic offspring, in which mutant Ubqln2 was expressed in 

the forebrain neurons [12]. Both Ubqln2 transgenic lines expressed human Ubqln2 at 

moderate levels (Fig. S1a-c). Quantification of immunoblotting confirmed that line-20 

expressed human Ubqln2 protein approximately at the two times of that expressed in line-2. 

We selected line-20 for the following analyses. Using Ubqln2 transgenic rats as an in vivo 

model, we examined the solubility of mutant Ubqln2 in rat's brains. Tissue lysates were 

separated into Triton X-100 soluble and insoluble fractions. Ubqln2 immunoreactivity was 

detected only in the soluble fraction in the control rats, but it was detected in both the 

soluble and insoluble fractions in mutant Ubqln2 transgenic rats (Fig. 1b, c). Rat 

endogenous Ubqln2 was detected in the insoluble fraction, suggesting that mutant Ubqln2 
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entrapped wildtype Ubqln2 in its inclusions. Our finding in transgenic rats was in concert 

with our observation in cultured cells.

We examined the progression of Ubqln2 aggregation in transgenic rats. Ubqln2 inclusions 

are observed in the nucleus and cytoplasm of affected neurons in ALS and FTLD [5, 29, 35]. 

This property of mutant Ubqln2 was recapitulated in transgenic rats (Fig. 2). While Ubqln2 

mainly resided in the cytoplasm in wildtype rats (Fig. 2), Ubqln2 aggressively formed 

inclusions in the cytoplasm and nucleus in mutant Ubqln2 transgenic rats (Fig. 2). Similar 

Ubqln2 inclusions were observed in the two expressing lines (Fig. 2 and Fig. S1). We 

examined Ubqln2 distribution first with an antibody that recognized both human and rat 

Ubqln2 and we found that Ubqln2 aggressively formed inclusions first in the cytoplasm and 

then in the nucleus (Fig. 2). To examine the effect of mutant Ubqln2 on wildtype Ubqln2 

distribution, we generated species-specific antibodies recognizing either human or rat 

Ubqln2 protein (Fig. S2a). Human-specific antibody detected that mutant Ubqln2 

progressively formed inclusions in the cytoplasm and nuclei (Fig. S2). Similar to mutant 

human Ubqln2, wildtype rat Ubqln2 was also detected as inclusions in the cytoplasm and 

nuclei (Fig. 2n–p). Immunoprecipitation revealed that mutant human Ubqln2 interacted with 

both human and rat wildtype Ubqln2 (Fig. 2t–u), suggesting that mutant Ubqln2 induced 

wildtype Ubqln2 to aggregate in transgenic rats.

Mutant Ubqln2 aggregation precedes neuronal death in transgenic rats

We examined the outcomes of mutant Ubqln2 expression and aggregation in transgenic rats. 

Behavioral analysis revealed that spatial learning was impaired in Ubqln2 transgenic rats 

(Fig. 3a), suggesting that mutant Ubqln2 expression in the forebrain caused cognitive 

deficits. As Ubqln2 is an X-linked gene, disease onset is earlier in male than female patients 

with Ubqln2 mutation [5]. We did not notice difference in the pathology between male and 

female transgenic rats. Cresyl violet staining revealed a reduction in neuron density in the 

dentate gyrus and cortex (Fig. 3b– i), implying that neurons were lost in the brain regions of 

Ubqln2 transgenic rats. Using unbiased stereological cell counting, we estimated the number 

of neurons in the cortex and dentate gyrus and found a significant loss of neurons in the 

brain regions examined (Fig. 3j, k). Intriguingly, neuronal loss was detected only at the late 

ages (Fig. 3j), but was not detected in rats at the early ages when substantial Ubqln2 

aggregates were detected in the brain regions (Fig. 2a–j). Ubqln2 aggregation preceded 

neuron loss in mutant Ubqln2 transgenic rats. Neuronal impairment was confirmed by Golgi 

staining (Fig. 3l, m). Compared to wildtype rats (Fig. 3l), mutant rats displayed a distorted 

structure of cortex, with neurons deprived of neurites (Fig. 3m). In response to neuronal 

damage, astrocytes and microglia became reactive as revealed by immunostaining (Fig. 3n–

q). Overexpression of mutant Ubqln2 in transgenic rats recapitulated the core phenotypes of 

Ubqln2-linked FTLD.

Mutant Ubqln2 induces accumulation of the autophagy substrates p62 and LC3-II

Progressive Ubqln2 aggregation was a prominent feature of mutant Ubqln2 transgenic rats 

(Figs. 1, 2). Ubiquilin proteins are involved in autophagic degradation [23, 36], and thus we 

examined the effect of mutant Ubqln2 on autophagy function. We first used a cellular model 

to determine the effect of pathogenic Ubqln2 on autophagy–proteolytic function (Fig. 4a, b). 
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HEK293 cells were transfected with a plasmid expressing wildtype or a mutant (P497H) 

human Ubqln2 which was tagged with FLAG. The cells were treated with MG132 which 

inhibits proteasome to augment the deficit in autophagy–proteolytic activities [30]. 

Overexpression of wildtype or mutant Ubqln2 in cultured cells caused LC3-II accumulation 

and this detrimental effect was augmented by pathogenic mutation in Ubqln2 (Fig. 4a, b). 

The effect of mutant Ubqln2 on autophagic degradation was verified in mutant Ubqln2 

transgenic rats (Fig. 3c). Both p62 and LC3-II are degraded via autophagy pathway and they 

are usually used as measures for the proteolytic activity of autophagy [17]. Expression of 

mutant Ubqln2 in rats led to progressive accumulation of p62 and LC3-II (Fig. 4c–o), 

indicating that that autophagic degradation was impaired by mutant Ubqln2 expression in 

vivo. Mutant Ubqln2 aggregated with p62 which is recently linked to ALS and FTLD [27]. 

We further examined whether mutant Ubqln2 entraps the other proteins whose encoding 

genes are associated with ALS and FTLD. We found that TDP-43, FUS, and tau were not 

detected in Ubqln2 inclusions (Fig. S3). Mutant Ubqln2 selectively entrapped certain 

proteins in its inclusions (Fig. 4). Together, our findings in cell and animal models suggest 

that pathogenic Ubqln2 impaired the proteolytic function of autophagy.

Mutant Ubqln2 interferes with endosome pathway

Mutant Ubqln2 negatively affected autophagy–proteolytic function (Fig. 4). As 

multivesicular bodies are required for autophagy maturation [8, 28], we examined the effect 

of mutant Ubqln2 on endosome pathway. Immunostaining revealed that mutant Ubqln2 

expression led to a reduction in early endosome antigen 1 (EEA1) immunoreactivity (Fig. 

5a–l). EEA1 is a marker for early endosomes [28], and its reduced immunoreactivity 

suggests a decrease in early endosomes. By contrast, expression of the lysosomal marker 

LAMP2a was unaltered in Ubqln2 transgenic rats (Fig. 5m). Electromicroscopy revealed 

that neurons displayed swollen Golgi complex at early ages (Fig. 5o) and developed 

vacuoles at later ages (Fig. 5p). Expression of mutant Ubqln2 in rats interfered with 

endosome pathways.

Ubqln2 deficiency causes no abnormality in Ubqln2 knockout rats

Mutant Ubqln2 formed inclusions with wildtype Ubqln2 in transgenic rats (Figs. 1, 2), 

implying that mutant Ubqln2 may induce a self-deficiency to disrupt cellular functions. To 

examine this possibility, we generated Ubqln2 knockout rats using TALEN-assisted gene 

modification (Fig. 6). Ubqln2 is mainly expressed in the CNS and its deficiency may affect 

neuronal functions. A TALEN targeting the rat Ubqln2 induced a deletion of 19 nucleotides 

near the 5′-end of Ubqln2 open reading frame and thus destroyed the Ubqln2 gene in 

knockout rats (Fig. 6b). Open Field assay revealed that mobility was unaltered in Ubqln2 

knockout rats (Fig. 6c). Overexpression of mutant Ubqln2 caused cognitive deficits and 

neuronal loss in transgenic rats at the age of 130 days (Fig. 3). At the age of 300 days, 

Ubqln2 knockout rats did not display cognitive deficit as revealed by Barnes maze assay 

(Fig. 6d). Overexpression of mutant Ubqln2 caused p62 accumulation and EEA1 reduction 

in transgenic rats (Figs. 4, 5), but these pathologies were not detected in Ubqln2 knockout 

rats at advanced ages (Fig. 6e–h). Nissl staining revealed no abnormal structure in the brain 

of Ubqln2 knockout rats (Fig. 6i, j). Our findings in Ubqln2 knockout rats suggest that 

Ubqln2 is not essential to neuronal functions at least in the rats.
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Discussion

Protein aggregation is a prominent feature of mutant Ubqln2 transgenic rats. As disease was 

progressing in transgenic rats, mutant Ubqln2 aggressively formed inclusions, which were 

detected in the cytoplasm (particularly in the neurites) and the nucleus. Mutant Ubqln2 

protein was detected in Triton X-100 insoluble fractions, and its reduced solubility in the 

detergent indicates that mutant Ubqln2 formed protein aggregates in the transgenic rats. 

Using a cell culture model, we examined whether pathogenic mutation predisposes Ubqln2 

to aggregation. In HEK293 cells, transient transgene overexpression predisposed mutant 

rather than wildtype Ubqln2 to aggregation. Pathogenic mutation affords Ubqln2 the trait of 

aggregation. Ubqln2 can form dimers [9], and mutant Ubqln2 retains its ability to dimerize 

with the normal forms of human and rat Ubqln2. Rat endogenous Ubqln2 was indeed 

detected in mutant Ubqln2 inclusions in the transgenic rats. Ubqln2 is known to shuttle 

between the nucleus and cytoplasm [16, 23]. Restricting Ubqln2 in protein aggregates likely 

impairs its normal functions. In ALS and FTLD patients with Ubqln2 mutation, protein 

inclusions are detected in both the nucleus and the cytoplasm [5, 29, 35]. Thus, Ubqln2 

transgenic rats recapitulated a core feature of Ubqln2-linked diseases. In the rat model, 

protein inclusions were detected at very early ages (20-day-old rats), but neuron loss was 

detected at late ages (130-day-old rats). Ubqln2 aggregation proceeded neuron death in the 

transgenic rats, likely contributing to Ubqln2-associated neurotoxicity.

Expression of mutant Ubqln2 in rats caused a deficit in autophagic degradation. As disease 

was progressing in mutant Ubqln2 transgenic rats, p62 and LC3-II were progressively 

accumulated in rat's brains. These two substrates of autophagy are widely used as a measure 

of autophagic degradation and their accumulation indicates the deficiency of the autophagy 

function [17, 30]. Using a cell culture model, we examined whether pathogenic mutation 

lends Ubqln2 the ability to interfere with autophagic degradation. Compared to wildtype 

Ubqln2, mutant Ubqln2 significantly increased LC3-II accumulation when proteasomal 

function was inhibited. Pathogenic mutation affords Ubqln2 the ability to negatively 

regulate autophagy. The negative effect on autophagy may not be specific to mutant Ubqln2 

as defected autophagy also is observed for other pro-aggregation disease proteins such as 

alpha-synuclein [30]. As Ubqln2 per se is directly involved in autophagy [26], diverse 

mechanisms likely underlie autophagy defect in Ubqln2 pathogenesis. The autophagy 

substrate p62 is essential to neuronal function and survival. p62 binds to poly-ubiquitinated 

tau and shuttles it to proteasome for degradation [1]. Genetic ablation of p62 suppresses the 

formation of ubiquitin-positive protein aggregates in neurons [17]. p62 deficiency causes 

progressive loss of working memory and neurons in knockout mice [25]. Recent studies 

indicate that mutation of p62 is linked to ALS and FTLD [7, 27]. It is quite intriguing to 

observe an aberrant interaction between these two disease genes (i.e., p62 and Ubqln2). 

Altered p62 functions likely relate to Ubqln2 pathogenesis.

Mutant Ubqln2 expression interfered with endosome pathways. Punctate early endosomes 

marked with EEA1 were significantly reduced in the brain of mutant Ubqln2 transgenic rats. 

Immunoblotting revealed the decrease of EEA1 protein. Ubqln2 is reported to negatively 

regulate endocytosis [22]. Mutant Ubqln2 may gain enhanced or retain ability to suppress 

endosome pathways. Endosomal complexes are required for the maturation of multivesicular 
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bodies which are essential to autophagy maturation [8]. Interrupted endosome pathway is 

likely associated with autophagy deficiency. As Ubqln2 is involved in endoplasmic 

reticulum functions [38], we examined the microstructure of endoplasmic reticulum and 

Golgi complex. These organelles were swollen before abundant vacuoles of varying sizes 

occurred. Some damaged Golgi complex and endoplasmic reticulum were likely developed 

into vacuoles in mutant Ubqln2 transgenic rats. Mutant Ubqln2 transgenic rats displayed 

neuronal death which was preceded by accumulated protein aggregates and was 

accompanied with interrupted endosome pathways and impaired autophagy. The transgenic 

rats recapitulated the key features of the diseases related to Ubqln2 mutation and would be 

useful to the mechanistic study of Ubqln2-linked diseases.

Whereas overexpression of mutant Ubqln2 in transgenic rats caused remarkable 

proteinopathy and severe neuronal damage, none of these pathological changes were 

observed in Ubqln2 knockout rats. Deletion of the Ubqln2 caused no abnormality in Ubqln2 

knockout rats, which developed no accumulation of the autophagy substrate p62 and no 

alteration to EEA1 expression. Our findings in Ubqln2 transgenic and knockout rats 

collectively suggest that pathogenic mutation of Ubqln2 causes neuron death mainly through 

a gain of unrevealed functions rather than a loss of physiological functions.
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Fig. 1. 
Mutant Ubqln2 was predisposed to aggregation in vitro and in vivo. a Western blotting 

revealed that mutant Ubqln2 was enriched in Triton X-100 insoluble fraction. HEK293 cells 

were transiently transfected with plasmids expressing wildtype (WT) or mutant (MUT, 

P497H substitution) human Ubqln2 that was tagged with FLAG. Triton X-100 soluble and 

insoluble fractions were isolated as described in “Materials and methods” and displayed in 

b. b Shows the procedure to separate insoluble from soluble Ubqln2 in cultured cells 

(dissolved in 7 M urea) and transgenic rats (dissolved in 1 % SDS). c Western blotting 

revealed that the full-length and C-terminal fragments of Ubqln2 were enriched in Triton 

X-100 insoluble fraction. Frontal cortex was dissected from CaMKα2-tTA single-transgenic 

(tTA: the control) and CaMKα2-tTA/TRE-hUBQLN2-P497H double-transgenic rats 

(P497H) at the age of 80 days. Immunoreactivity was detected with an antibody that 

recognizes both human and rat Ubqln2
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Fig. 2. 
Mutant Ubqln2 aggressively formed inclusions in transgenic rats. a–p Immunostaining 

revealed that Ubqln2 progressively formed inclusions in the dentate gyrus (a–j, n–p) and 

cortex (k–m, q–s) in CaMKα2-tTA/TRE-hUBQLN2-P497H double-transgenic rats 

(P497H), but not in CaMKα2-tTA single-transgenic rats (tTA). Transgenic rats were 

deprived of Dox at birth to allow transgene expression and were examined at indicated ages 

(d days). Total Ubqln2 was detected with an antibody that recognized both human and rat 

Ubqln2 proteins (hrUB2), and rat Ubqln2 was detected with a rat-specific antibody (rUB2). 

q–s Confocal microscopy revealed that Ubqln2 inclusions were accumulated in the 

cytoplasm and nucleus of affected cells. Scale bars 100 μm (a–e) and 30 μm (f–p). t–u 
Immunoprecipitation (IP) followed by immunoblotting (IB) revealed that mutant human 

Ubqln2 (hUB2: P497H) bound to wildtype (WT) human (hUB2) and rat (rUB2) Ubqln2. 

Asterisk indicates IgG heavy chain. HEK293 cells were transfected with indicated plasmid 

and were analyzed 32 h after transfection
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Fig. 3. 
Expression of mutant Ubqln2 in rats caused learning deficiency and neuronal death. a 
Barnes maze assay revealed spatial learning deficiency in CaMKα2-tTA/TRE-hUBQLN2-

P497H double-transgenic rats (P497H) as compared to CaMKα2-tTA single-transgenic rats 

(tTA) at the age of 130 days. Rats were trained to locate an escape hole in a Barnes maze on 

the first day and then were examined daily for improvement in finding a fixed escape hole. 

Data are mean ± SD (n = 5). *p < 0.05. b–i Cresyl violet staining revealed neuronal loss in 

mutant Ubqln2 transgenic rats (P497H) as compared to the control rats (tTA). Rats of 130 

days old were examined for neuronal loss in the dentate gyrus (b–e) and frontal cortex (f–i). 
j, k Unbiased stereological cell counting confirmed the loss of neurons in the dentate gyrus 

and frontal cortex of P497H rats. Data are mean ± SD (n = 4). *p < 0.05. l, m Golgi staining 

detected impaired neurons in P497H rats aging 130 days as compared to age-matched tTA 

rats. n–q Immunostaining revealed glial activation in P497H rats (o, q) as compared to tTA 

rats (n, p). The dentate gyrus of transgenic rats was examined for immunoreactivity with 

microglia marker Iba1 and astrocyte marker GFAP. Scale bars 100 μm (b–h, n–q), 30 μm 

(c–i), and 200 μm (l–m)
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Fig. 4. 
Expression of mutant Ubqln2 led to p62 and LC3-II accumulation in vitro and in vivo. a 
Immunoblotting revealed that LC3-II accumulated in HEK293 cells expressing mutant 

Ubqln2. Wildtype and mutant human Ubqln2 proteins were tagged with FLAG. b 
Immunoblotting density was quantified and calculated as a ratio to the control. HEK293 

cells were transfected with empty vector (CT), wildtype Ubqln2-expressing vector (WT), or 

mutant (P497H substitution) Ubqln2-expressing vector. Cells were treated with the 

proteasome inhibitor MG132 at 24 h after transfection and were harvested for analysis at 4 h 

after MG132 treatment. c Immunoblotting revealed accumulation of LC3-II and p62 in 

mutant Ubqln2 transgenic rats. Frontal cortex was examined for LC3-II and p62 expression. 

d–o Immunostaining revealed that p62 progressively accumulated in mutant Ubqln2 

transgenic rats. All scale bars 30 μm
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Fig. 5. 
Expression of mutant Ubqln2 in rats interfered with endosome pathways. a–l 
Immunostaining revealed that early endosomes labeled with EEA1 were decreased in mutant 

Ubqln2 transgenic rats. CaMKα2-tTA single-transgenic (tTA) and CaMKα2-tTA/TRE-

hUBQLN2-P497H double-transgenic rats (P497H) were examined at indicated ages. m 
Immunoblotting revealed the expression of EEA1 and LAMP2a in mutant Ubqln2 

transgenic rats. n–p Electromicroscopy revealed that vacuoles were accumulated in Ubqln2 

transgenic rats. The microstructure of cortical neurons was examined for the transgenic 

control (tTA) and the mutant Ubqln2 transgenic (P497H) rats. Red arrowheads point to 

Golgi complex, blue arrowheads point to mitochondria, and yellow arrowheads point to 

vacuoles. Scale bars 30 μm (a–f) and 500 nm (n–p)
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Fig. 6. 
Ubqln2 knockout rats displayed no detectable abnormality. a A strategy that was used to 

destroy the rat Ubqln2 gene. A pair of TALEN was constructed to cleave rat Ubqln2 within 

open reading frame (ORF) right after translational start site. TALEN induced a deletion of 

19 nt within the ORF and thus introduced a premature stop codon, resulting in a truncated 

peptide. b Western blotting revealed the complete loss of Ubqln2 in homozygous knockout 

rats (M male, F female). The symbol asterisk indicates a nonspecific band. c The Open Field 

assay revealed no abnormality in mobility. Ubqln2 wildtype and knockout rats were 

examined weekly at indicated ages. Data are mean ± SD (n = 6, equal sex composition). d 
Barnes maze assay revealed no abnormality in spatial learning in Ubqln2 knockout rats at 

the age of 280 days. Rats were trained to locate an escape hole in a Barnes maze on the first 

day and then were examined daily for improvement in finding a fixed escape hole. Data are 

mean ± SD (n = 6). e–h Immunostaining revealed unaltered p62 and EEA1 expression in 

Ubqln2 knockout rats. i, j Nissl staining revealed the overall structure of dentate gyrus. All 

scale bars 30 μm
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