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Abstract

The ubiquitin-binding proteasomal shuttle protein UBQLN2 is implicated in common 

neurodegenerative disorders due to its accumulation in disease-specific aggregates and, when 

mutated, directly causes familial frontotemporal dementia/amyotrophic lateral sclerosis (FTD/

ALS). Like other proteins linked to FTD/ALS, UBQLN2 undergoes phase separation to form 

condensates. The relationship of UBQLN2 phase separation and accumulation to 

neurodegeneration, however, remains uncertain. Employing biochemical, neuropathological and 

behavioral assays, we studied the impact of overexpressing WT or mutant UBQLN2 in the CNS of 

transgenic mice. Expression of UBQLN2 harboring a pathogenic mutation (P506T) elicited 
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profound and widespread intraneuronal inclusion formation and aggregation without prominent 

neurodegenerative or behavioral changes. Both WT and mutant UBQLN2 formed ubiquitin- and 

P62-positive inclusions in neurons, supporting the view that UBQLN2 is intrinsically prone to 

phase separate, with the size, shape and frequency of inclusions depending on expression level and 

the presence or absence of a pathogenic mutation. Overexpression of WT or mutant UBQLN2 

resulted in a dose-dependent decrease in levels of a key interacting chaperone, HSP70, as well as 

dose-dependent profound degeneration of the retina. We conclude that, at least in mice, robust 

aggregation of a pathogenic form of UBQLN2 is insufficient to cause neuronal loss recapitulating 

that of human FTD/ALS. Our results nevertheless support the view that altering the normal 

cellular balance of UBQLN2, whether wild type or mutant protein, has deleterious effects on cells 

of the CNS and retina that likely reflect perturbations in ubiquitin-dependent protein homeostasis.
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Introduction

Ubiquilin2 (UBQLN2) accumulates in common neurodegenerative diseases and, when 

mutated, directly causes neurodegeneration on the FTD/ALS spectrum (1–7). Here we 

describe transgenic mouse lines expressing wild type (WT) or disease-linked mutant 

UBQLN2 that were generated to investigate the biology of this ubiquitin-dependent protein 

quality control protein. UBQLN2 is one member of a family of ubiquitin adaptor proteins 

that participate broadly in protein quality control. Its best characterized function is helping 

to maintain protein homeostasis by shuttling ubiquitinated substrates to the proteasome for 

degradation (8–11), but it has also been implicated in other protein quality control pathways 

(12–14). Like the other brain-expressed ubiquilins UBQLN1 and UBQLN4, UBQLN2 has a 

well characterized N-terminal ubiquitin-like domain (UBL), a C-terminal ubiquitin 

associated domain (UBA) and four centrally placed STI1 motifs. Unique to UBQLN2 is a 

proline-rich PXX domain upstream of the UBA domain. When mutated, UBQLN2 causes 

hereditary FTD/ALS associated with TDP43 accumulation (TDP43-FTD/ALS) (1–4, 15) 

with most pathogenic UBQLN2 mutations being located in or near the PXX domain (16). 

Even as a normal protein, however, UBQLN2 accumulates in numerous neurodegenerative 

diseases including TDP43-FTD/ALS, in which it is a robust biomarker of disease caused by 

the C9ORF72 hexanucleotide expansion. (17, 18). These properties link UBQLN2 to other 

neurodegenerative disease proteins such as TDP43 and P62 that similarly accumulate in 

neurodegenerative diseases both as wild type protein and when mutated.

Also like TDP43 and P62 (19–21), UBQLN2 undergoes liquid-liquid phase separation 

(LLPS) in vitro and in vivo (22, 23). LLPS of proteins and nucleic acids is critical for the 

formation of nuclear and cytosolic membraneless organelles or condensates, including stress 

granules (24), nucleoli (25, 26), nuclear paraspeckles (27) P-bodies (28) and nuclear 

proteolytic compartments (29). Membraneless organelles reversibly concentrate components 

of key cellular functions. In addition to forming condensates (22, 23), UBQLN2 negatively 
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regulates the dynamics of FUS-containing stress granules (30). We previously demonstrated 

that UBQLN2 readily undergoes LLPS and that a FTD/ALS-linked mutation, P506T, 

decreases UBQLN2 mobility within granules and promotes its aggregation (22).

Yet much remains unknown about the normal and pathological behavior of UBQLN2 in the 

nervous system. While it is clear that UBQLN2 accumulates in protein deposits in various 

neurodegenerative diseases (18), the ramifications of UBQLN2 protein accumulation and 

aggregation remain uncertain. To investigate normal UBQLN2 function and UBQLN2-

mediated disease, we generated mouse models that overexpress WT-UBQLN2 or mutant 

UBQLN2 harboring the FTD/ALS-linked P506T mutation (P506T-UBQLN2). As we 

recently reported (22), P506T-UBQLN2 but not WT-UBQLN2 robustly aggregates and 

induces mislocalization and aggregation of TDP43 in neurons of these mice, mirroring the 

neuropathology of human FTD/ALS caused by UBQLN2 mutations. In the current study, we 

fully describe the pathological and behavioral effects of WT- or P506T-UBQLN2 expression 

in transgenic mice. Among our goals, we sought to determine whether the robust 

aggregation of mutant UBQLN2 in transgenic mice is associated with neuronal 

degeneration, changes in protein quality control pathways, and behavioral deficits 

characteristic of FTD/ALS.

Several groups have described mouse models of UBQLN2-mediated ALS/FTD but the 

neuropathological and behavioral phenotypes have varied (31–34). Some differences across 

models may reflect differing expression levels of transgenic UBQLN2. Accordingly, we 

assessed both high-expressing and low-expressing WT-UBQLN2 mouse lines together with 

a P506T-UBQLN2 line that expresses intermediate levels. Our results show that expression 

of WT- or P506T-UBQLN2 elicits changes in protein homeostasis pathways and induces 

highly selective cytotoxicity in a dose-dependent manner. Several changes in UBQLN2 

aggregation propensity, sequestration and subcellular localization occur only with mutant 

P506T-UBQLN2, but both WT- and P506T-UBQLN2 proved cytotoxic to photoreceptors in 

the retina. Together our findings suggest that optimized UBQLN2 function requires careful 

balance in cellular levels of the protein to facilitate the protein quality control pathways in 

which it participates.

Results

To study UBQLN2 function in the CNS and UBQLN-mediated neurodegenerative disease, 

we generated transgenic mouse lines expressing FLAG-tagged wild type (WT) or mutant 

(P506T) UBQLN2 from the mouse prion promotor. The current studies represent the full 

behavioral and neuropathological characterization of these mice, some features of which 

were recently described (22).

We characterized three transgenic lines, two overexpressing WT-UBQLN2 at low or high 

levels (WT-low and WT-hi lines) and a third overexpressing P506T-UBQLN2 at a level 

between the two WT lines. In all three lines, FLAG-UBQLN2 is expressed throughout the 

brain and spinal cord (Fig. 1A). In WT-low mice, UBQLN2 expression is diffuse and mainly 

cytoplasmic. At higher expression levels (WT-hi), UBQLN2 is still diffusely expressed but 

also forms small, spherical puncta in the cytoplasm (Fig. 1A, see also Fig. 3D). In contrast, 
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P506T-UBQLN2 is neither diffuse nor present in small puncta. Instead, P506T-UBQLN2 

forms large, irregular cytoplasmic structures that likely represent aggregated protein.

The robust aggregation of P506T-UBQLN2 is not accompanied by overt signs of 

neurodegeneration, based on the absence of any difference in lateral ventricle volume in 

each line at 18 months of age. No changes in ventricular volume were seen across genotypes 

(nonTg:192727 ± 40160; WT-low: 195820 ± 30020; WT-hi: 174602±14757; and P506T: 

200776± 54238, P= 0.4419), suggesting that WT or P506T-UBQLN2 overexpression does 

not induce prominent or global neurodegeneration in mice.

Despite a growing literature it remains unclear whether, in FTD/ALS, mutant UBQLN2 acts 

through a dominant toxic mechanism tied to aggregation, through a loss of UBQLN2 

function mechanism, or some combination (16, 22, 34, 35). A possible contributing factor 

could be sequestration of WT-UBQLN2 or other brain-expressed ubiquilins into aggregates 

formed by mutant UBQLN2. Such sequestration would effectively deplete neurons of a 

soluble pool of functional ubiquilins. Our transgenic lines allowed us to test this possibility 

since P506T-UBQLN2 but not WT-UBQLN2 accumulates in the insoluble fraction of brain 

lysates (22). Consistent with sequestration of WT-UBQLN2 as a potential pathogenic 

contributor, levels of soluble endogenous murine UBQLN2 are indeed depleted only in 

P506T-UBQLN2 mouse brain (Fig 1B) with a corresponding increase in the insoluble 

fraction.

UBQLN2 is usually cytoplasmic but under stress conditions has been reported to translocate 

to the nucleus where it promotes proteasomal degradation of aggregated proteins (34). 

Intriguingly, in P506T-UBQLN2 mice but not in WT-UBQLN2 mice, we observed 

redistribution of UBQLN2 to the nuclei of a discrete subset of brain cells: neuroendothelial 

cells lining the ventricles (Fig 1C) and spinal cord aqueduct (not shown). Neuroendothelial 

cells may be particularly sensitive to the cellular stress elicited by P506T-UBQLN2 

expression, resulting in nuclear translocation of UBQLN2. Less commonly, we also observe 

nuclear translocation of P506T-UBQLN2 in neurons, particularly in the hippocampus 

(Figure 1D) but occasionally in the cortex and cerebellum.

We previously showed that P506T-UBQLN2 mice display cytoplasmic mislocalization and 

aggregation of TDP43 (22), mirroring the human disease (36–39), and other groups have 

shown abnormal phosphorylation of extra-nuclear aggregates of TDP43 in ALS/FTD 

patients (40). By Western blot, however, neither WT-UBQLN2 nor P506T-UBQLN2 

transgenic mice showed changes in TDP-43 or phospho-TDP43 levels (Fig 1E, F).

UBQLN2 transgenic mice show changes in protein quality control factors

UBQLN2 is known to participate in the UPS. Consistent with this function and with human 

disease, UBQLN2 puncta and aggregates found in the neurons of WT-hi and P506T mice 

strongly costain for ubiquitin (Fig 2F). Ubiquitinated proteins migrating as a high molecular 

weight smear on gels also accumulated in the insoluble fraction of P506T-UBQLN2 mouse 

brain (Fig 2E).
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UBQLN2 function likely extends beyond the UPS, however. Accordingly, we sought to 

determine whether expression of WT- or P506T-UBQLN2 altered the behavior of key 

proteins in other protein quality control pathways, including autophagy-linked proteins and 

chaperones. Levels of the molecular chaperone HSP70, but not HSP40 and HSP90, are 

significantly decreased in both WT-hi and P506T mice (Fig 2 A,B). Several STI1 domains in 

UBQLN2 are postulated to bind HSP70, and UBQLN2 aggregates can sequester binding 

partners including proteasome subunits (22). Thus, we investigated whether aggregated WT- 

or P506T-UBQLN2 sequesters HSP70, leading to a decrease in soluble HSP70 levels. By 

Western blot, HSP70 did not redistribute into the insoluble fraction of brain lysates (Fig. 

2C). Moreover, by immunofluorescence, HSP70 only rarely co-localized with WT- and 

P506T-UBQLN2 puncta (Fig. 2D) indicating that sequestration of HSP70 does not explain 

the HSP70 decrease.

Since UBQLN2 has been implicated in macroautophagy (12–14) we also measured levels of 

the autophagy markers p62 and LC3 in brain lysates from UBQLN2 transgenic mice. Both 

were unchanged (Fig 3 A, B), suggesting that autophagy pathways are not significantly 

altered by overexpression of WT or mutant UBQLN2. However, UBQLN2 puncta and 

aggregates in neurons of WT-hi and P506T mice do strongly co-localize with P62 (Fig 3C), 

similar to what we see for ubiquitin (Fig 2F) and characteristic of the neuropathology in 

human disease brain (41–43). Although UBQLN2 puncta in WT-hi and P506T both stain 

positively for P62 and ubiquitin, they differ markedly in size and shape. WT-UBQLN2 

puncta are mainly small, spherical and uniform in shape whereas P506T-UBQLN2 puncta 

are often large and irregularly shaped (Fig 3D).

Both as recombinant protein in vitro and when overexpressed in cells, UBQLN2 undergoes 

liquid-liquid phase separation and accumulates in dynamic structures consistent with 

membraneless organelles or condensates (22, 23). The puncta observed in WT-hi mice are 

consistent in size and appearance with such membraneless organelles. And yet their size and 

spherical appearance, coupled with the fact that they also contain ubiquitin and p62, raised 

the possibility that they instead represent autophagosomes. To test this possibility, we 

crossed UBQLN2 WT-hi mice with GFP/RFP-LC3 mice expressing transgenic LC3 tandem-

tagged with GFP and RFP (44). Co-immunofluorescence of brain tissue from this cross 

showed that anti-FLAG labeled WT-UBQLN2 puncta are not positive for GFP/RFP-LC3 

(Figure 3E), implying they are not autophagosomes. These results support the view that WT-

UBQLN2 puncta in neurons are indeed condensates harboring UBQLN2, ubiquitin and P62.

Overexpression of WT or P506T UBQLN2 does not affect motor behavior in mice

We investigated the effect of expressing WT- or P506T-UBQLN2 on motor performance and 

other phenotypic measures. Equal numbers of male and female mice from nonTG (n=14), 

WT-low (n=11) WT-hi (n=13) and P506T (n=15) were evaluated longitudinally at 14, 34, 56 

and 83 weeks of age. Weight gain, spontaneous locomotor activity, anxiety-like behavior, 

motor behavior and vestibular function proved to be similar in all transgenic lines and 

nonTG control mice. A mixed effects ANOVA was performed for each task with a post-hoc 

Tukey test used to detect pair-wise differences.
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Transgenic mice demonstrated weight curves (Fig 3A) and locomotor and exploratory 

activities on the open field that were mainly from nonTG mice (Fig 3B,C). Statistical 

analysis of the open field testing revealed a statistically significant main effect of time 

(P=0.0002) but not of genotype (P = 0.2275) and no interaction of the factors was detected 

(P = 0.2908). Analysis of rearing showed a significant main effect of both time (P < 0.0001) 

and genotype (P = 0.0395) but no interaction effect (P = 0.7440). The ratio of center distance 

to total distance traveled in the open field test, which provides a measure of anxiety, did not 

differ between transgenic mice and nonTg mice except for a single measurement in WT-hi 

mice at 56 weeks (Fig. 3D). Statistical analysis showed a significant main effect time (P = 

0.0088) and genotype (0.0024), but no interaction (P = 0.1672). Motor behavior and 

coordination, measured by time needed to traverse a squared 5-mm beam (Fig 3E) and the 

latency to fall on the rotarod test (Fig. 3F), did not differ except at 83 weeks of age, when 

WT-hi mice were slower to cross the balance beam in the first two days of the four-day trial 

period (Fig 3E). Mixed effects ANOVA of balance beam revealed a main effect of time (P< 

0.0001) and genotype (P = 0.0092) and a significant interaction between the factors (P = 

0.0391). Mixed effects ANOVA of rotarod showed a significant main effect of time (P < 

0.0001) but no main effect of genotype (P = 0.9487) or interaction effect (P = 0.4404).

Behavioral assessment in UBQLN2 mice fails to show cognitive impairment but reveals 
visual loss in WT-hi mice

To explore the effect of UBQLN2 overexpression on hippocampal-dependent learning, we 

tested NonTG (n=15), WT-low (n=15), WT-hi (n=13) and P506T (n=9) mice in the standard 

Morris water maze task (MWM) (45). In the MWM test, mice placed in a pool of opaque 

water learn to use extra-maze visual clues to locate the position of a platform just below the 

surface. Mice were trained to find the hidden platform during two sessions per day for 8 

days. In each session, mice were placed in the pool and allowed 60 seconds to locate the 

hidden platform. The latency to find the hidden platform was recorded for each trial, then 

averaged for each training day. NonTG, WT-low and P506T mice all significantly improved 

in locating the platform over the 8-day training period, whereas WT-hi mice showed no 

improvement (Fig 4A). A mixed effects ANOVA revealed statistically significant main 

effects of both genotype ( P < 0.0001) and time (P < 0.0001), as well as an interaction effect 

(P < 0.0001). A Tukey post-hoc multiple comparison test detected significant differences 

between WT-hi and nonTG performance at multiple timepoints (Fig 4A).

Approximately 24 hours after the third day of training, and every two days thereafter, mice 

were tested for their spatial memory of platform location using a 60 sec probe test. During 

probe tests, the hidden platform was removed and swim paths were analyzed for percent 

time spent in the quadrant of the pool in which the platform had been previously hidden. 

Time spent in the target quadrant was then compared to a chance level of 25%. During the 

first probe test all four mouse strains performed similarly, spending approximately 25% of 

the time in the platform quadrant (Fig 4B). A mixed effects ANOVA found statistically 

significant main effects of both genotype (P < 0.0001) and probe number (P < 0.0001), as 

well as an interaction effect (P = 0.0139). A Post-hoc Tukey multiple comparison test 

revealed that WT-hi mice performed significantly worse than the other groups on probe trials 

2–4 (Fig 2B). In fact, when testing directly against the 25% chance level, WT-hi mice did 
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not perform statistically better than chance, while all other groups did. Thus, high 

overexpression of WT-UBQLN2 caused significant impairment in the MWM test, whereas 

lower level overexpression of WT or mutant UBQLN2 did not lead to significant 

impairments.

To control for non-cognitive changes that could explain this result, swim speed and time to a 

visible platform were also measured and analyzed with one-way ANOVA. WT-hi mice 

performed significantly worse in the visible platform test than nonTG, WT-low or P506T 

mice (Fig 4D) despite swimming equally well (Fig 4C). This result suggests that the poor 

performance of the WT-hi mice observed in the MWM were likely due to deficits in visual 

acuity. Indeed, as described below, WT-hi mice show profound retinal degeneration at 6 

months and therefore are unable to use visual cues to learn the platform location.

Because of the visual deficit in WT-hi high mice, we could not use the MWM to fully 

evaluate the effect of UBQLN2 overexpression on cognitive function. Therefore, we turned 

to another test of cognitive function routinely employed by our group: fear conditioning (e.g. 

(46–48)). This task does not require extensive training or invasive preparation, like food or 

water deprivation, and because both tactile and odor cues are used to differentiate contexts, it 

relies much less heavily on visual acuity (49). Additionally, by using context-only and cued 

training paradigms, both hippocampal and non-hippocampal dependent learning can be 

assessed (50). During Pavlovian fear conditioning, a neutral conditioned stimulus (CS) such 

as an audible tone or a context, is paired with an aversive unconditioned stimulus (US) such 

as a foot shock. Upon several pairings of the CS with the US, the animal exhibits a fear 

response (freezing) when exposed to the CS alone. A lower level of freezing suggests a 

decreased ability to associate the CS with the US, indicating a learning deficit.

In our study, two CS were utilized: first, a 30 sec audible tone which co-terminated with the 

foot shock, and second, the context in which the foot shock was administered. During the 

acquisition phase nonTG (n=10), WT-low (n=11), WT-hi (n=13) and P506T (n=6) mice 

were exposed to 3 tone-foot shock pairings on each of three successive days. The percent 

time spent freezing following each foot-shock was measured and averaged daily (Fig 4E). 

On the fourth day, the animals were placed in the training context without the tone or foot-

shock, and the percent time spent freezing was recorded (Fig 4F). A 2-factor repeated 

measures ANOVA found a significant main effect of time (training days) (P <0.0001) and 

genotype ( P < 0.0001) and a significant interaction effect (P= 0.0411). Tukey post-hoc tests 

were performed to determine significant differences between nonTg mice and transgenic 

mice. All three transgenic lines spent a similar amount of time freezing compared to nonTG 

mice during both the acquisition stage and the context test (Fig 4E). The next day, the mice 

were placed in a novel context and their percent time freezing was measured (Fig 4G, pre-

tone). The mice were then exposed to the tone (the CS) without foot-shock and the percent 

freezing time was measured (Fig 4G, tone). A 2-factor repeated measures ANOVA was 

performed and found a significant main effect of tone (pre vs post-tone) (P <0.0001) and 

genotype ( P = 0.0139) and a significant interaction effect (P= 0.0159). Sidak post-hoc tests 

were performed to determine significant differences of transgenic mice from nonTg mice 

(Fig 4G). As shown in Fig 4H, nonTG, WT-low, and WT-high mice all showed an increase 

in freezing time post-tone (** = P < 0.01). While P506T mice had a similar level of freezing 
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post-tone as the other strains, the increase in post-tone freezing over pre-tone freezing was 

not significant.

Discussion

We hypothesized that WT-hi mice developed visual impairment, making it impossible to 

learn spatial cues in the MWM. To examine this possibility, we dissected eyes from the 

various mouse lines and evaluated retinal structure by immunofluorescence at 3, 8 and 52 

weeks of age (Fig 5A). At 3 weeks of age, all three transgenic lines showed normal retinal 

structure, similar to nonTG controls. By 8 weeks of age, however, WT-hi mice showed 

drastic thinning of the retina, losing greater than ~90% of cells in the outer nuclear layer 

(ONL). In contrast, WT-low and P506T mice maintained normal retinal structure at this 

time. This retinal degeneration explains why WT-hi mice were unable to use visual spatial 

clues in the MWM. Retinal degeneration in WT-hi mice is progressive: whereas 8 week old 

mice still show near-normal thickness of the inner nuclear layer (INL), by 12 months the 

INL in WT-hi mice is nearly absent.

P506T mice also undergo retinal degeneration albeit more slowly and less completely than 

WT-hi mice. P506T mice display normal retina structure at 8 weeks, but at 9 months the 

ONL shows significant thinning (data not shown) and at 12 months the cell loss in the ONL 

is comparable to that seen in WT-hi mice, yet the INL still appears normal. In contrast, WT-

low mice exhibit no appreciable loss to the ONL or INL even at twelve months of age.

Rhodopsin staining of photoreceptors showed normal localization and distribution of 

rhodopsin at a young age when retina are intact in all transgenic lines (Fig 5A). At 3 weeks 

of age, when all three transgenic lines have normal retinas, UBQLN2 expression in the 

retina is consistent with levels seen in the brain (Fig 5C, red). Photoreceptor cells from WT-

hi mice contain small, spherical UBQLN2 puncta similar to what is seen in the brain and 

consistent with phase-separated condensates (Fig 6E). As expected, all three transgenic lines 

showed higher expression of UBQLN2 than do nonTg mice. Overexpression of UBQLN2 in 

the retina is highest in the WT-hi mice, intermediate in the P506T mice and lowest in the 

WT-low line. The data are consistent with UBQLN2-driven retinal degeneration that is dose- 

and time-dependent.

These results suggest photoreceptors are particularly susceptible to overexpression of 

UBQLN2. The specialized morphology of photoreceptors and their heavy dependence on 

protein turnover (51, 52) may make them vulnerable to changes in protein degradation 

pathways. The rate of retinal degeneration in the WT-hi mice is pronounced between 3 and 8 

weeks of age (Fig 5A) suggesting that this critical period of retinal maturation is vulnerable 

to changes in protein homeostasis. Interestingly, in a recently generated UBQLN2 KO 

mouse line, the retina at 16 weeks and 12 months (Fig 5B) remains intact, similar to that of 

nonTG mice. UBQLN2, therefore, is not essential for retinal maturation. Together, our 

results indicate that high levels of UBQLN2, whether WT or mutant, are toxic to the retina.

The results described here shed light on the behavior of UBQLN2, both as WT and mutant 

protein, in neurodegenerative disease. Our findings suggest that deleterious effects of P506T-
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UBQLN2 in the nervous system are mediated, at least in part, by perturbing the normal 

propensity of UBQLN2 to engage in LLPS, resulting in aggregation and impaired 

proteostasis. Some effects are also elicited by high overexpression of WT-UBQLN2, 

underscoring the importance of careful regulation of cellular UBQLN2 levels in cells of the 

nervous system.

Consistent with other mouse models expressing mutant UBQLN2 (31) we observed p62- 

and ubiquitin-positive neuronal inclusions of UBQLN2 throughout the brain and spinal cord, 

both with WT- and P506T-UBQLN2. Lower levels of WT-UBQLN2 expression in WT-low 

mice did not lead to visible inclusion formation, indicating that inclusion formation by WT-

UBQLN2 is concentration-dependent. The appearance of inclusions, or puncta, differs 

markedly between WT-hi and P506T mice. In WT-hi mice, UBQLN2 exists both diffusely in 

the cytoplasm and within small, uniformly spherical puncta that appear to be condensates 

comprised of UQBLN2 and other molecules linked to protein quality control, including 

ubiquitin and P62. In contrast, P506T-UBQLN2 exists exclusively in large, irregularly 

shaped inclusions that are likely aggregates. Recent work describing UBQLN2 LLPS in 
vitro and in vivo demonstrated that UBQLN2, like other intrinsically disordered proteins, 

displays a continuum of mobility in phase-separated granules ranging from liquid droplet to 

hydrogel and eventually aggregates. The FTD/ALS mutation P506T shifts the spectrum of 

UBQLN2 mobility toward aggregation, which correlates with neurotoxocity (22). The 

altered behavior of mutant UBQLN2 mirrors that of TDP-43 in which ALS-linked mutations 

alter its phase separation dynamics (19, 20, 53) and promote aggregation that is associated 

with disease (39, 53, 54).

A critical unanswered issue is whether accumulation and aggregation of UBQLN2 is i) 

central to the neurodegeneration occurring in UBQLN2-linked FTD/ALS, and ii) contributes 

to the disease process in other neurodegenerative diseases in which WT-UBQLN2 

accumulates, such as C9ORF72-linked FTD/ALS. Unfortunately, our models cannot answer 

this question because we do not observe significant neuronal loss. They do, however, allow 

us to determine whether the aggregation of mutant UBQLN2 deleteriously sequesters 

nonmutant ubiquilins, effectively leading to a loss of function. Indeed, expression of 

aggregation-prone P506T-UBQLN, but not WT-UBQLN, leads to a decrease in soluble 

murine UBQLN2. This result suggests that when pathogenic forms of UBQLN2 aggregate, 

they can sequester normal UBQLN2 molecules.

We observed a striking divergence in subcellular localization of WT- versus P506T-

UBQLN2 protein in neuroendothelial cells. While transgenic WT-UBQLN2 (like 

endogenous UBQLN2) is largely cytoplasmic, P506T-UBQLN2 localizes to the nuclei of 

these cells. Under heat shock or in the presence of aggregated nuclear proteins, UBQLN2 

can move to the nucleus (34). Neuroendothelial cells may be particularly sensitive to 

proteotoxic stress elicited by P506T-UBQLN2, resulting in the observed nuclear 

localization. Recent work demonstrated that membraneless nuclear organelles including 

nucleoli and PML bodies are sites of UPS in the nucleus (55, 56), and osmotic stress can 

drive the formation of intranuclear phase-separated granules thought to be proteolytic 

compartments (29). UBQLN2’s ability to undergo LLPS (22, 23) might allow its 

incorporation into such nuclear organelles under cellular stress where it would facilitate 
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ubiquitin-dependent protein degradation. We did not, however, observe P506T-UBQLN2 

concentrated within the nucleoli or PML bodies of neuroendothelial cells (data not shown). 

Nevertheless, it remains possible that phase-separated UBQLN2 condensates in the nucleus 

are sites of proteasomal degradation. The fact that WT-UBQLN2 localizes to the nucleus 

under heat shock (34)supports the view that UBQLN2 participates in nuclear protein quality 

control. Neuroendothelial cells may offer a useful tool with which to explore the factors 

underlying UBQLN2 translocation to the nucleus.

UBQLN2’s best characterized role in protein quality control is in substrate delivery to the 

UPS, where its interaction with substrates can be facilitated by molecular chaperones such 

as HSP70. We were therefore intrigued to find that overexpression of P506T- or WT-

UBQLN2 led to a decrease in HSP70 levels in brain lysates. Hsp70 levels are unchanged by 

more modest overexpression of UBQLN2 in WT-low mice, implying that HSP70 reduction 

is a dose-dependent effect of excess UQBLN2. A potential explanation for this finding is 

that excess UBQLN2 binds HSP70 via its STI1 domains, thereby promoting HSP70 delivery 

to the proteasome or another degradation pathway. The implications of decreased hsp70 in 

UBQLN2-expressing mice have not yet been explored. In principle, increasing the level of 

UBQLN2 could paradoxically impair handling of substrate proteins whose degradation 

occurs in a chaperone-dependent manner.

Beyond their role in proteasomal degradation, UBQLN2 and other ubiquilins are also 

implicated in autophagy. For example, UBQLNs 1 and 2 colocalize with autophagosomes in 

HeLa cells and mouse tissue (14); and in yeast, the UBQLN homolog Dsk2 promotes 

autophagic clearance of the Huntington disease protein by facilitating inclusion formation 

(13). The fact that the spherical UBQLN2 puncta observed in neurons in WT-Hi mice also 

contain p62 suggests they could represent autophagosomes. Arguing against this possibility 

is the fact that they do not co-localize with LC3, either by immunofluorescence or when 

WT-hi mice are crossed to transgenic mice expressing a tandem-tagged GFP/RFP-LC3. We 

suggest the puncta formed by UBQLN2 are not autophagosomes but instead represent 

condensates indicative of liquid-liquid-phase separation, as has been described for UBQLN2 

in vitro (23) and in cell culture (22).

Previous rodent models expressing the human ALS/FTD UBQLN2 mutations P497H (31, 

32, 57), P497S (31, 33) or P506T (33, 34) all showed aggregation of mutant UBQLN2 in the 

CNS, consistent with our observations in P506T-UBQLN2 mice. Overexpressed P497H 

under control of the endogenous promoter caused dendritic spinopathy, synaptic dysfunction 

and cognitive impairment without motor deficit (32), while overexpression of P497S and 

P506T under the Thy1 promoter caused severe motor neuron disease and cognitive changes 

(33). Viral overexpression of P497H, P497S, and P506T in neonatal mouse brain led to 

limited and variable motor deficits, and WT overexpression resulted in diffuse staining with 

small regular puncta (31) similar to our observation in WT-hi mice. Yet despite the robust 

aggregation of P506T-UBQLN2 throughout the CNS, we do not find evidence to support 

prominent neurodegeneration or associated motor/behavioral deficits in our transgenic mice. 

Differences in the promoters used or expression levels may explain discrepancies between 

our results and previous work. A direct comparison of transgene expression levels across the 

models would be informative.
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Arguably, our most striking finding is the profound retinal degeneration elicited by 

overexpression of WT-UBQLN2 and, to a lesser extent, P506T-UBQLN2. The retina is 

known to be sensitive to changes in the activity of protein quality control pathways (58, 59), 

and many inherited retinopathies are associated with misfolding of specific disease proteins 

(60). The increased proteotoxic load this places on protein degradation machinery has been 

suggested to cause retinal cell death (61). The fact that overexpressed UBQLN2 induces 

robust retinal degeneration, yet mice lacking UBQLN2 show no such retinal loss, favors this 

being due to a gain of function rather than a loss of function mechanism. As with the 

decrease in HSP70 levels noted earlier, the retinal degeneration elicited by UBQLN2 is a 

dose-dependent effect: WT-low mice do not show retinal degeneration. Photoreceptor cells 

in WT-hi mice contain spherical UBQLN2 puncta, much like neurons in the brain of these 

same mice, which we suspect are phase-separated condensates. These UBQLN2-rich 

condensates may serve to concentrate proteasome subunits in a manner that actually induces 

proteasome insufficiency in photoreceptors. Determining whether perturbation of normal 

proteasomal function underlies the retinal degeneration caused by UBQLN2 overexpression 

will require functional readouts of proteasomal activity in the retina.

In summary, overexpression of an FTD/ALS-linked mutant form of UBQLN2 in transgenic 

mice causes profound and widespread intraneuronal inclusion formation and aggregation 

without prominent neurodegenerative or behavioral changes. Thus, at least in mice, robust 

aggregation of a pathogenic form of UBQLN2 appears to be insufficient to cause neuronal 

loss recapitulating that of human FTD/ALS. Our results nevertheless support the view that 

altering the normal cellular balance of UBQLN2, whether wild type or mutant protein, has 

deleterious effects on cells of the CNS. In particular, overexpression of UBQLN2 (WT or 

P506T) induces a dose-dependent decrease in HSP70 levels and profound retinal 

degeneration. Our studies in transgenic mice establish that UBQLN2 is intrinsically prone to 

phase separate in neurons and photoreceptors, manifesting as ubiquitin-positive inclusions 

that differ in size, shape and frequency depending on the presence or absence of a 

pathogenic mutation. We speculate that the deleterious properties of overexpressed 

UBQLN2 are associated with this tendency to phase separate, but the relationship between 

phase separation, UBQLN2 function in ubiquitin-dependent proteostasis, and its dysfunction 

in neurodegenerative diseases still requires further study. In addition, future investigations of 

the mechanisms by which UBQLN2 overexpression induces the rapidly progressive retinal 

degeneration reported here may decipher the mechanisms by which dysregulation of 

proteostasis may lead to retinopathies.

Methods

Animals

All animal procedures were approved by the University of Michigan Committee on the Use 

and Care of Animals and are consistent with the National Institutes of Health guide for the 

care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). MoPrP-

UBQLN2 transgenic mice were generated in a C57BL/6 background strain and genotyped as 

described previously(22). The UBQLN2 KO mouse was generated by the University of 

Michigan Transgenic Animal Core using Crispr/Cas9 technology. A single nucleotide 
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insertion of an adenosine at position 266 in the mouse cDNA sequence results in a 

premature stop codon 14 basepairs upstream of the insertion site at amino acid position 95 

(Fig. S1A). UBQLN2 protein is absent in brain lysate from homozygous knockout mice (Fig 

S1B). KO mice are genotyped using DNA from mouse tail biopsies by Laragen Inc. (Los 

Angeles, CA) using a melting curve analysis designed to detect the SNP. This knockout 

mouse will be more fully described in a future publication. All mice were housed in cages 

with a maximum number of five animals and maintained in a standard 12-hour light/dark 

cycle with food and water ad libitum.

Tissue harvesting

Animals were deeply anesthetized with ketamine/xylazine mixture and perfused 

transcardially with 0.1M phosphate buffer. Brains were dissected and divided sagittally. One 

half was immediately placed on dry ice and stored at − 80°C for biochemical studies while 

the other half was fixed in 4% paraformaldehyde at 4°C for 48h, and cryoprotected in 30% 

sucrose in 0.1M phosphate buffer at 4 °C until saturated. Fixed hemispheres were sectioned 

at 40 μm sagittally through the entire hemisphere using a sledge microtome (SM200R; Leica 

Biosystems). Free-floating sections were stored at − 20°C for immunostaining. Eyeballs 

from perfused mice were enucleated and fixed in 4% PFA overnight at 4 degrees. Following 

fixation, the cornea and the lens were removed to form an eyecup. The eyecup was 

transitioned through a 10%, 20%, and 30% sucrose gradient. Eyes were embedded in Tissue 

Plus O.C.T. Compound (Fisher HealthCare, 4585). Eyes were sectioned with a cryostat at 10 

um thickness and mounted on Superfrost slides (Fisher Scientific, Pittsburgh, PA).

Immunoblots

Lysates from brain tissue were prepared in RIPA buffer (cat #R0278, Sigma) with protease 

inhibitors (Roche), PMSF, and PhosphoStop (Roche). Brain tissue was homogenized in a 

Potter homogenizer, centrifuged (13000 rpm for 30 minutes) and the supernatants were 

removed. Protein concentration was measured using a BCA assay (cat#23227, 

ThermoScientific). Samples were prepared in 1x Lamlie sample buffer with DTT, heated at 

100°C for 1 min and centrifuged for 1 min at 13000 rpm. Proteins were resolved on 4–12% 

SDS-polyacrylamide electrophoresis gels and transferred to PVDF membrane, 0.2 um, at 

0.35A for 3h at 4°C or for 16h (overnight) at 30V. Membranes were blocked in 5% milk/

2.5%BSA/TBS-T for 1 hour at RT on a shaker. Primary antibodies were incubated overnight 

at 4 °C overnight on shaker. Primary antibodies used were: rabbit anti-FLAG (Sigma, 

cat#F7425) 1:1000, rabbit anti-UBQLN2 1:250 (NBP1–85639, Novus Biologicals) rabbit 

anti-α-Tubulin 1:10000 (Cell Signaling, cat# 2144) mouse anti-GAPDH (1:5,000, MAB374; 

Millipore) anti-ubiquitin (Millipore Sigma, MAB1510; 1:500), guinea pig anti-p62 C-

terminal (1:200; Progen) Anti-Hsp70 antibody [3A3](Abcam 1:2500), Anti-phospho 

TDP-43 (Ser409/Ser410) MABN14 (Milipore, 10:1000), anti- TARDBP, 10782–2-AP 

(ProteinTech, 1:500), anti-HSP40, cat4868 (Cell Signalling, 1:1000), Anti-Hsp90 alpha 

antibody (ab2928) (Abcam 1:2000) and anti-LC3 pAb PM036 (MBL, 1:10,000). Secondary 

antibodies were peroxidase-conjugated goat anti-rabbit, goat anti-mouse or goat anti-guinea 

pig (1:10,000; Jackson Immunoresearch) incubated for 1h at RT on shaker. Blots were 

developed with enhanced chemiluminescence (ECL)-plus reagent (Western Lighting; 

PerkinElmer) and exposure to autoradiography films.
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Immunofluorescence on brain sections

Brain sections were subjected to a basic antigen retrieval, washed, blocked, and incubated 

overnight at 4°C in primary antibody supplemented with 0.025% Triton X-100, 0.5% BSA, 

and 5% serum from the host line for secondary antibodies (donkey or goat). Primary 

antibodies used in these studies included the following: anti-ubiquitin (Millipore Sigma, 

MAB1510; 1:500), guinea pig anti-p62 C-terminal (1:200; Progen), rabbit anti-FLAG 

(Sigma, cat#F7425) 1:1000, rabbit anti-UBQLN2 1:250 (NBP1–85639, Novus Biologicals), 

anti-N-terminal HTT (1:250; Santa Cruz Biotechnology). Primary incubated sections were 

then washed and incubated with the corresponding secondary Alexa Fluor 405, 488 or 568 

antibodies (1:1,000; Invitrogen). All sections were stained with DAPI (Sigma) for 15 min at 

room temperature, mounted with Prolong Gold Antifade Reagent (Invitrogen), and imaged 

using an IX71 Olympus inverted microscope or Olympus confocal microscope.

Immunofluorescence on retina sections

10 um sections from fixed retinas were washed in PBS, permeablized with 0.5% Triton-X 

followed by 3×10 minute washes in 0.1% Tween20. Sections were then washed with 70% 

ethanol for 5 mins. Sections were incubated in Autofluorescence Eliminator Reagent 

(Millipore for 10 minutes) followed by three 1-minute washes and one 5-minute wash in 

70% ethanol. Sections were blocked in 5% goat serum for 1 hr at room temperature followed 

by a 30 minute incubation in goat anti-mouse FAB (1:30). Sections were incubated in 

primary antibodies (anti-rhodopsin, Abcam, 1:250; Anti-UBQLN2, Novus, 1:350) at 4C 

overnight. The following day, sections were washed in 0.1% Tween20 three times for 10 

minutes and incubated in goat-anti-mouse IgG Alexa Fluor 488 (Invitrogen, 1:500) at room 

temperature for one hour. Sections were then washed in 0.1% Tween20 3×10 minutes and 

incubated in DAPI (Sigma) for 15 minutes at room temperature. Sections were then washed 

in 0.1% Tween20 three times for 10 minutes prior to being cover-slipped with Prolong Gold 

Antifade Reagent (Invitrogen). Slides were imaged using an Olympus confocal microscope.

Motor phenotyping

UBQLN2 transgenic and control littermates were mice assessed in weight and motor 

function at 14, 32, 56 and 83 weeks. Motor coordination and balance was tested by assessing 

the ability of mice to traverse a 5-mm-wide, 44-cm-long Plexiglas square beam from a clear 

20 × 20 cm platform to an enclosed black box 20 × 20 × 20 cm, at a 53 cm height. Mice 

crossed the beam for two trials on each of 4 days of testing. Time to traverse the beam was 

recorded for each trial with a maximum cutoff of 20 seconds with falls scored as 20 seconds. 

Rotarod was used as a secondary method to assess motor and vestibular function. Mice were 

trained for 3 consecutive days on an accelerating rotarod, 4–40rpm for 5 min, two trials per 

day with a resting interval of 30 min between trials. On Day 4 the mice were tested using 

two trials of 5 min on the accelerating rod 4–40rpm with a 30-minute rest between trials. 

The average latency to fall time for the two trials was recorded. Locomotor and exploratory 

activities were assessed by recording the mice for 30 minutes in a photobeam activity system 

open-field apparatus (San Diego Instruments, San Diego, CA). Locomotor activity 

corresponds to the total distance traversed by the mice, which is calculated from the total 

number of beam breaks. Exploratory activity was measured by the total number of rears. The 
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ratio of total distance traveled to distance travelled at the periphery of the field was used as a 

measurement of anxiety-like behavior.

Morris water maze

The Morris water maze (MWM) consisted of a 1.2-meter diameter pool filled with water 

that was made opaque with white nontoxic paint. Water temperature was maintained at 25 ± 

2 C° throughout the experiment.

Every training trial began with the mouse placed on the platform for 15 sec. The mouse was 

then placed into the water facing the wall of the pool and allowed to search for the platform. 

The trial ended either when the mouse climbed onto the platform or when 60 sec had 

elapsed. At the end of each trial, the mouse was allowed to rest on the platform for 15 sec. 

Mice were given six trials per day for 8 d, with the starting position for each trial chosen 

pseudorandomly among seven start positions. Probe trials were conducted 24 h after the 

third training session and every 2 days after that. Probe trials were conducted prior to the 

days’ training sessions. During the probe trial, the escape platform was removed and mice 

were placed in the pool at the start location directly opposite from where the platform was 

and allowed to swim for 60 sec. Mice were tested on the visible-platform version of the 

water maze 24 h following the last probe trial. The visible-platform version consisted of a 

single day of training with six trials, during which the platform was marked with a distinct 

visual cue; the platform was moved to a new quadrant (excluding the target quadrant from 

the hidden-platform version) for each set of two trials.

Fear conditioning

Four conditioning chambers, designed for mice (Med Associates), were arranged in a 2 × 2 

configuration on a steel rack in an isolated room. The front, top, and back of the chamber 

were made of clear acrylic and the two sides made of modular aluminum, and all chambers 

were lit by white overhead lighting. A stainless steel grid floor was positioned over a 

stainless-steel drop-pan, which was lightly cleaned with 70% ethyl alcohol to provide a 

background odor. Each grid was connected to a solid-state shock scrambler and each 

scrambler was connected to an electronic constant-current shock source that was controlled 

via an interface connected to a Dell Windows XP computer running Actimetrics 

FreezeFrame software. Four cameras were mounted (one above each chamber) to the steel 

rack, and video signals were sent to the same computer. Freezing was assessed using the 

Actimetrics FreezeFrame software, which digitizes the video signal at 4 Hz and compares 

movement frame by frame to determine the amount of freezing.

Mice were transferred from their home cages into the conditioning chambers individually in 

groups of four at one time. On each of 3 consecutive days of conditioning, mice were placed 

in the chamber for 3 min prior to the onset of tone-shock pairings. The tone-shock pairings 

consisted of a 30 sec tone (2.8 kHz, 75dB) which co-terminated with a 2-sec, 0.75 mA 

footshock. Three tone-shock pairings separated by 30 sec were delivered each day. To test 

contextual memory, 24 hrs after the last training trial, mice were placed in the training 

context for 5 min in the absence of tone or foot shock and the percentage of time spent 

freezing was recorded. Twenty-four hours later, to test cued memory, the animals were 
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placed in a novel environment, which consisted of white acrylic inserts to cover the grid 

floor and walls, red light, and 2% acetic acid scent; after a 3 min baseline, the 30 sec tone 

was delivered 3 times with a 30 second inter-stimulus interval and the percent time freezing 

was recorded.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights NBD-20–248

• In vivo aggregation of mutant UBQLN2 is insufficient to cause 

neurodegeneration.

• Intraneuronal inclusions of WT UBQLN2 support the theory of UBQLN2 

LLPS in vivo.

• Overexpression of UBQLN2 results in dose-dependent decrease in HSP70.

• Overexpression of UBQLN2 results in dose-dependent retinal degeneration.

• Altering levels of UBQLN2 may have deleterious effects on protein 

homeostasis.
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Figure 1. WT and mutant (P506T) UBQLN2 differ in aggregation and subcellular localization in 
transgenic mouse brain.
A. Transgenic WT-UBQLN2 is largely diffusely located in neurons while P506T-UBQLN2 

aggregates robustly across essentially all brain regions. Representative immunofluorescence 

in major brain regions from 3 transgenic mouse lines (3 months old) expressing FLAG-

tagged WT- or P506T-UBQLN2 under control of the mouse prion promoter. Tissue sections 

were stained for transgenic FLAG-tagged UBQLN2 (green) and DAPI (blue). Magnified 

(2x) insets in cortex panel highlight punctate UBQLN2 staining. Arrows indicate puncta 

present in WT-hi and P506T mice that are absent in WT-low mice. Scale bars: 50 μm.
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B. Mutant UBQLN2 sequesters endogenous murine UBQLN2 into the insoluble fraction. 

Representative Western blot of soluble and insoluble brain fractions from transgenic (two 

mice) and non-transgenic mice (1 mouse) probed with anti-UBQLN2 antibody. Murine 

UBQLN2 (arrow) and transgenic human UBQLN2 (arrow head) can be distinguished by 

size. The insoluble fraction of murine UBQLN2 is significantly increased in mice expressing 

mutant, but not WT, transgenic UBQLN2. In three independent experiments, the average 

insoluble/soluble ratio for murine UBQLN2 was quantified from relative band intensities (* 

= P< 0.05. Error bars = SEM).

C. Mutant, but not WT, UBQLN2 in transgenic mice localizes to nuclei in neuroendothelial 

cells. Immunofluorescence in the lateral ventricle from WT-hi and P506T mice stained for 

FLAG-UBQLN2 (green) and DAPI (blue) shows WT-UBQLN2 is largely cytoplasmic 

whereas P506T-UBQLN2 co-localizes to nuclei (coincident with DAPI). Dotted white lines 

outline the ventricle edge and cell nuclei (inset). Sections are from 6 month old mice. Scale 

bars: 50 μm.

D. P506T-UBQLN2 occasionally translocates to the nuclei of neurons in the hippocampus of 

transgenic mice. Immunofluorescence of the CA1 and dentate gyrus (DG) from P506T mice 

stained for FLAGU-BQLN2 (green) and DAPI (blue) shows P506T-UBQLN2 co-localized 

to nuclei (coincident with DAPI). Dotted white lines outline the cell nuclei. Scale bars: 5 

μm.

E,F. TDP43 and phospho-TDP43 levels are not significantly changed in brain lysates from 

UBQLN2 transgenic mice.
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Figure 2. WT- and P506T-UBQLN2 induce changes in key protein quality control markers
A, B. By Western blot analysis (A), HSP70 levels are significantly decreased in WT-hi and 

P506T mice while two other chaperones, HSP40 and HSP90, remain unchanged. Relative 

band intensities were quantified and graphed (B). ** = P< 0.01, error bars = ± SEM.

C. HSP70 levels are not elevated in the insoluble fraction of brain lysates from WT-hi and 

P506T mice on Western blot. Pellets from RIPA lysates of brain tissue were solubilized in 

3X SDS sample buffer and analyzed by Western blot. Relative band intensities were 

quantified after normalization to Ponceau loading control and graphed.
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D. Representative immunofluorescence tissue sections from the CA1 of WT-hi and P506T 

mice stained for transgenic FLAG-tagged UBQLN2 (green), HSP70 (red) and DAPI (blue). 

Arrows indicate occasional colocalization of HSP70 with small UBQLN2 positive puncta. 

Note that larger UBQLN2 aggregates (white arrows) are negative for HSP70 and occur more 

frequently in P506T mice. Scale bars: 10 μm.

E. Western blot of soluble and insoluble brain lysate fractions from transgenic and non-

transgenic mice, probed with anti-ubiquitin antibody.

F. Co-immunofluorescence with antibodies detecting transgenic UBQLN2 (anti-FLAG, 

green) and ubiquitin (red) in the CA1 region of the hippocampus show that both UBQLN2 

puncta (WT-hi mice) and aggregates (P506T mice) strongly co-localize with ubiquitin. 

Magnified (1.5x) insets in the merged panels highlight the colocalization of the staining 

(yellow). Scale bar: 50 μm.
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Figure 3. WT and P506T puncta colocalize with P62 but not LC3
A. Western blot analysis of brain lysates shows no changes in p62 in UBQLN2 transgenic 

mouse lines (WT-low, WT-hi and P506T) compared to nonTg mice (6 months old).

B. Western blot analysis of brain lysates shows no changes in the autophagy marker LC3 in 

UBQLN2 transgenic mouse lines (WT-low, WT-hi and P506T) compared to nonTg mice (6 

months old).

C. Co-immunofluorescence with antibodies detecting transgenic UBQLN2 (anti-FLAG, 

green) and p62 (red) in the CA1 region of the hippocampus show that smaller UBQLN2 

puncta in WT-hi mice and larger aggregates in P506T mice both co-localize with p62. 

Magnified (1.5x) insets in merged panels highlight the colocalization of the staining 

(yellow). Scale bar: 50μm.

D. High magnification view of UBQLN2 puncta in WT-hi and P506T mice in the CA1 

region. Scale bar: 5μm.

E. LC3, an autophagosome marker, does not co-localize with WT-UBQLN2 puncta. 

Hippocampal tissue sections from WT-hi mice that had been crossed to GFP/RFP-LC3 

transgenic mice were immunostained for FLAG-UBQLN2. UBQLN2 puncta (blue, signified 

with arrowheads) are distinct from GFP/RFP autophagosomes (red or green; yellow in 

merged image, signified with asterisks). The magnified (1.5x) inset in the merged panel 
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highlights the distinction between the autophagosomes (yellow) and the UBQLN2 puncta 

(blue). Scale bar 5μm.
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Figure 4. Phenotypic evaluation reveals limited changes in transgenic mice expressing WT or 
mutant UBQLN.
A. All transgenic mice show normal weights over time compared to control mice.

B, C. Exploratory activity on open-field test is unchanged in transgenic mice. Total activity 

levels assessed by the number of beam breaks (B) and rearing behavior (C) did not 

significantly differ between nonTG and UBQLN2 mice.
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D. Transgenic mice do not display anxiety-like behavior, assessed by the percentage of time 

spent on the open field periphery. A significant difference (** = P <.01) noted in WT-hi mice 

at 56 weeks compared to nonTG mice was not present at other time points.

E. WT-hi and P506T mice show a slight deficit in 5-mm beam walking test at 83 weeks, 

determined by measuring the time to traverse the beam compared to nonTg mice. Data 

points represent mean time to traverse the beam per trial/day/week ± SEM). * = P<0.05, 

WT-hi; *** = P<0.001, WT-hi; # = P<0.05, P506T.

F. No motor impairment was detected by accelerating rotarod. Latency to fall during the 5 

min test was measured, and data points represent the mean of the better of two trails on each 

testing day, ± SEM.
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Figure 5. WT-hi mice are significantly impaired in the Morris water maze, but fear conditioning 
is not altered in WT- or P506T-UBQLN2 transgenic mice.
A. Time to reach the hidden platform (latency) was significantly increased in WT-hi mice 

compared to all other genotypes. Mice were trained for six trials a day for 8 d.

B. In 60-sec probe trials 2–4 (indicated by black arrows in panel A) only WT-hi mice failed 

to spend more time in the quadrant where the platform was previously located (Q4). The 

dashed line (25%) represents random or “chance” performance.

C. Swim speeds were unchanged among transgenic mice compared in nonTG mice.
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D. Average escape latencies for WT-low and P506T mice recorded during the visible 

platform version of the Morris water maze. WT-hi mice escape latencies were markedly 

increased over all other genotypes suggesting an impairment in finding the marked platform, 

which is independent of hippocampal function.

E. Mice were fear-conditioned with three tone-footshock pairings per day for 3 d. Similar 

increases in percent time freezing over the days of training show normal acquisition in all 

mice.

F. 24 hr after the last training day, mice were tested for their contextual fear memory. Mice 

of all genotypes exhibited a similar increase in freezing to the context as nonTg mice.

G, H. 24 hr after the context test, mice were tested for cued fear memory. Mice were placed 

in a novel environment and exposed to the tone alone. WT-low and WT-hi displayed a 

significant increase infreezing similar to nonTg mice, whereas P506T mice did not show 

statistically increased freezing. Bar graph representations of changes in post- versus pre-tone 

freezing are shown in H.

For all graphs * = P > 0.05, ** = P > 0.01, *** = P<0.001, **** = P<0.0001. Error bars = ± 

SEM.
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Figure 6. Overexpression of UBQLN2 results in dose-dependent retinal degeneration.
A. All retinal layers are present in non-transgenic and WT-low mice at 3, 8 and 52 weeks of 

age (n=4–6). PL=Photoreceptor layer, ONL=Outer Nuclear Layer, INL=Inner Nuclear 

Layer, GCL=Ganglion Cell layer). WT-Hi mice show all retinal layers at 3 weeks of age but 

by 8 weeks of age, the PL and ONL are absent (n=4–6). P506T mice display all retinal 

layers at 3 and 8 weeks of age but show a complete loss of the PL and significant loss of 

ONL at 52 weeks (n=4).

B. UBQLN2 KO mice display no retinal degeneration up to 52 weeks of age (n=3).

C. UBQLN2 expression at 3 weeks. Non-Tg animals display low and diffuse endogenous 

UBQLN2 expression in the retina, largely in the INL and GCL (n=5). WT-Low mice show 

diffuse expression of UBQLN2 throughout the retina, with pronounced expression in the 

INL and GCL (n=5). WT-Hi mice show robust, punctate expression of UBQLN2 throughout 

the retina (n=4). P506T mice show robust expression of UBQLN2 throughout the retina with 

some punctate expression (n=4).

D. UBQLN2 KO mice show no reactivity with UBQLN2 antibody (n=3). Scale bar= 50uM

E. Enlarged view of regions signified by asterisks in C.
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