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SUMMARY

Clearance of misfolded and aggregated proteins is
central to cell survival. Here, we describe a new
pathway for maintaining protein homeostasis medi-
ated by the proteasome shuttle factor UBQLN2.
The 26S proteasome degrades polyubiquitylated
substrates by recognizing them through stoichio-
metrically bound ubiquitin receptors, but substrates
are also delivered by reversibly bound shuttles. We
aimed to determinewhy these parallel deliverymech-
anisms exist and found that UBQLN2 acts with the
HSP70-HSP110 disaggregase machinery to clear
protein aggregates via the 26S proteasome. UBQLN2
recognizes client-bound HSP70 and links it to the
proteasome to allow for the degradation of aggre-
gated and misfolded proteins. We further show that
this process is active in the cell nucleus, where
another system for aggregate clearance, autophagy,
does not act. Finally, we found that mutations in
UBQLN2, which lead to neurodegeneration in hu-
mans, are defective in chaperone binding, impair
aggregate clearance, and cause cognitive deficits
in mice.

INTRODUCTION

The modification of proteins with ubiquitin regulates most

cellular pathways. A major role for ubiquitylation is to target

proteins for degradation via the 26S proteasome, forming the

so-called ubiquitin-proteasome system (UPS) (Glickman and

Ciechanover, 2002). Ubiquitin chains are built on substrates

by E3 ubiquitin ligases, which link the first ubiquitin via its C

terminus to the ε-amino group of an internal lysine residue of
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the substrate, followed by the conjugation of subsequent ubiq-

uitin moieties to a lysine of the preceding ubiquitin (Thrower

et al., 2000; Shabek et al., 2012; Lu et al., 2015). Specificity

in the UPS is largely mediated by the �600 E3 ubiquitin ligases

that recognize their cognate substrates, but there is also

selectivity on the level of delivery to the 26S proteasome, as

ubiquitylated proteins are either directly recognized by the pro-

teasome through stoichiometric subunits (RPN10 and RPN13)

or through loosely associated shuttle factors, which link poly-

ubiquitylated proteins and the proteasome to facilitate degra-

dation. Budding yeast has three shuttles: Dsk2, Rad23, and

Ddi1 (Verma et al., 2004; Elsasser et al., 2004). These have

an N-terminal ubiquitin-like (UBL) domain, which interacts

with the proteasome (Elsasser et al., 2002; Saeki et al.,

2002), and a C-terminal ubiquitin-associated (UBA) domain,

which binds polyubiquitylated proteins. They also all contain

domains between the UBL and UBA domains, whose functions

are largely unexplored. An important observation is that UBL-

UBA domain proteins act as inhibitors of proteasomal degra-

dation when overexpressed (Kleijnen et al., 2000; Chen and

Madura, 2002; Funakoshi et al., 2002; Raasi and Pickart,

2003). It is thus vital to study these proteins at endogenous

levels, as even small increases in their abundance inhibit

proteasomal degradation (Verma et al., 2004). Similarly, over-

expression of Dsk2 in yeast cells causes cell-cycle arrest

and cell death (Matiuhin et al., 2008), and overexpressing

UBQLN in Drosophila leads to photoreceptor neurodegenera-

tion (Ganguly et al., 2008).

Most vertebrates contain four homologs of the yeast protein

Dsk2, which are named ubiquilin-1–4 (UBQLN1–4). While

UBQLN1, 2, and 4 are expressed widely, UBQLN3 is restricted

to testis (Marı́n, 2014). Part of the central region of UBQLN2

contains domains with homology to a heat shock binding pro-

tein called STI1, which binds Stch (HSP13), a protein similar to

HSP70 (Kaye et al., 2000). UBQLN1, 2, and 4 each contain

four such STI1 domains and can all interact with Stch (Lim
ugust 11, 2016 ª 2016 The Authors. Published by Elsevier Inc. 935
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. UBQLN2 Is Required for Cell Survival after Heat Shock

(A) Schematic of the known domains of UBQLN2, their binding partners, and reported familial disease mutations shown in italics.

(B) Binding partners of UBQLN2 that were identified by immunoprecipitation (IP) of UBQLN2 from mouse brain lysate followed by mass spectrometry.

(legend continued on next page)
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et al., 2006; Wang et al., 2011; Rual et al., 2005), although the

physiological role for this is currently unclear. UBQLN2 is

mutated in familial cases of the protein folding disorder amyo-

trophic lateral sclerosis (ALS) (Deng et al., 2011), and intrigu-

ingly, all familial mutations cluster to the PXXP motif, which is

unique to UBQLN2 and of unknown function (Deng et al.,

2011; Fahed et al., 2014; Williams et al., 2012; Vengoechea

et al., 2013) (Figure 1A).

The existence of shuttle factors is puzzling, and it is unclear

why not all polyubiquitylated proteins are recognized by the

intrinsic ubiquitin receptors of the proteasome. An attractive

possibility is that shuttle factors add functionality to the pro-

teasomal machinery to enable degradation of specialized sub-

strates. We have explored this by studying the mammalian

proteasome shuttle factor UBQLN2.

RESULTS

UBQLN2 Is Required for Survival after Proteotoxic
Stress
To better understand the role of UBQLN2 and its relevance to

neurodegenerative disease, we isolated its binding partners

from mouse brain using immunoprecipitation and mass spec-

trometry. UBQLN2most evidently bound to HSP70-type chaper-

ones, UBQLN1 and UBQLN4 (Figure 1B), and to a lesser extent

to proteasomal subunits (Figure 1B).

Thus, UBQLN2 may be involved in the regulation of misfolded

proteins. Indeed, UBQLN2 depletion by small interfering RNA

(siRNA) caused hyper-sensitivity to heat shock, with a drop in

cell viability comparable to the level observed after depletion of

HSP70 (HSPA1A; Figure 1C).

Previous work showed that UBQLN2 binds to a range of

protein aggregates in patient brains (Mori et al., 2012). We

established that endogenous UBQLN2 similarly co-purifies

with ubiquitylated insoluble protein aggregates generated by

heat shock (Figure 1D), along with HSP70 and the protea-

some (Figure 1E). Under non-stressed conditions (Figure 1D)

or after heat shock of pre-lysed cells (Figure S1A), endogenous

UBQLN2 is soluble, suggesting that UBQLN2 is not itself heat-

unstable but rather actively recruited to aggregates. Interest-

ingly, UBQLN1 and UBQLN4 remained soluble after heat

stress (Figure 1F), which was surprising given their homology

to UBQLN2.

Strikingly, we detected strongly increased binding of UBQLN2

to the proteasome and polyubiquitylated proteins after heat

shock (Figure 1G), as well as enhanced binding to HSP70 (Fig-

ure 1H), suggesting the protein becomes activated under stress.

UBQLN2 is not upregulated after heat shock (Figure S1B), indi-

cating that it may instead be held in a repressed state under

non-stressed conditions. Indeed, heat shock resulted in a loss

of binding to other UBQLNs, consistent with a model where het-

erologous UBQLN complexes represent dormant reservoirs

(Figure 1I).
(C) Depletion of UBQLN2 by two independent siRNAs (72 hr) leads to cell death

(D–F) UBQLN2, HSP70, and proteasome, but not UBQLN1 or UBQLN4, co-purif

(G–I) UBQLN2 inducibly interacts with proteasomes, ubiquitylated proteins, and

See also Figures S1 and S7.
UBQLN2 Is a Proteasome Shuttle that Acts with the
HSP70 System to Clear Aggregated Proteins
Heat shock generates aggregates of polyubiquitylated proteins

insoluble in up to 1% SDS (Figure S1C), which are cleared by

the proteasome (Figure 2A; Figure S1D). We found that siRNA

depletion of UBQLN2 resulted in a pronounced defect in the

clearance of heat-induced insoluble ubiquitin conjugates (Fig-

ure 2A) but did not affect their accumulation (Figure S1E), sup-

porting a role of UBQLN2 in protein aggregate clearance. Large

aggregates are thought to be degraded by a proteolytic mecha-

nism called autophagy. Thus, we examined autophagy-defective

atg5 knockout cells and found that these were just as capable as

wild-type cells in clearing heat-induced aggregates (Figure 2B).

In contrast, proteasomal inhibition led to a complete abrogation

of clearance for both wild-type and atg5 knockout cells (Fig-

ure 2B). Clearance also required UBQLN2, as atg5 knockout

cells where UBQLN2 was downregulated also no longer effi-

ciently cleared the aggregates (Figure 2C). These results demon-

strate that UBQLN2 mediates degradation of insoluble heat-

shock-induced aggregates through the proteasomal pathway,

independently of autophagy.

We next depleted HSP70 by siRNA and observed that HSP70

was also required to clear heat shock aggregates (Figure 2D).

HSP70-mediated disaggregase activity requires the co-chap-

erone HSP110 (HSP105 in mice) (Nillegoda et al., 2015). To

investigate whether UBQLN2 acts with the HSP70/HSP110

disaggregase pathway, we examined HSP110 (mHSP105)

knockout mouse embryonic fibroblasts (MEFs) (Nakamura

et al., 2008) and found that in these cells, interaction of both

HSP70 and ubiquitin conjugates with UBQLN2 was increased

even in the absence of heat stress (Figure 2E). This result sug-

gested that in cells lacking HSP110, UBQLN2 becomes acti-

vated due to a higher aggregate load. In addition, heat shock

induced a dramatic increase in the amount of UBQLN2, protea-

some, and ubiquitin conjugates in the insoluble fraction of

HSP110 knockout MEFs (Figure 2F), which also were impaired

in their ability to clear heat shock aggregates (Figure 2G). These

results demonstrate that UBQLN2 and the HSP70-HSP110

disaggregase act in the same pathway, and they explain how ag-

gregates are processed by the chaperones prior to UBQLN2-

mediated proteasomal degradation.

We next tested if UBQLN2 also mediates the degradation of

unfolded proteins independent of heat stress. The antibiotic pu-

romycin leads to the accumulation of unfolded nascent polypep-

tide chains (Eggers et al., 1997), and we found that UBQLN2

depletion impaired the clearance of these faulty translation prod-

ucts (Figure 2H), while UBQLN2 levels remained unchanged

(Figure S2C).

Since many protein aggregates are found in the nucleus,

where autophagy does not act, we next tested if UBQLN2

can enter the nucleus to clear protein aggregates. Using both

biochemical fractionation (Figure 2I; Figure S2A) and immunoflu-

orescence (Figure 2J), we found that UBQLN2 translocates into
on heat stress.

y with insoluble ubiquitin-rich aggregates upon heat stress.

HSP70 after heat shock and loses binding to UBQLN1 and UBQLN4.

Cell 166, 935–949, August 11, 2016 937



Figure 2. Heat Stress Activates UBQLN2 to Clear Aggregated Proteins

(A) UBQLN2 depletion by siRNA leads to defective clearance of heat-shock-induced insoluble ubiquitin conjugates (left), and quantification of insoluble ubiquitin

in the pellet (right) (n = 2). Error bars represent SEM.

(legend continued on next page)
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the nucleus upon heat stress, similar to HSP70 and other quality

control components (Velazquez and Lindquist, 1984; Park

et al., 2013). This did not happen using puromycin (Figure S2B),

which generates unfolded proteins in the cytoplasm. To test

if UBQLN2 clears nuclear substrates, we used cells stably ex-

pressing GFPu-NLS (Bennett et al., 2005), a model unfolded

nuclear protein. Heat shock causes aggregation of GFPu-NLS

(Figures S2D and S2E) and results in interaction of UBQLN2

with GFPu-NLS (Figure S2F), coinciding with nuclear trans-

location of UBQLN2. Moreover, the proteasomal degradation

of GFPu-NLS after heat shock was dependent on UBQLN2

(Figure S2G), demonstrating that UBQLN2 can clear nuclear

aggregates.

We next examined the requirement of UBQLN2 for the clear-

ance of a pathological Huntingtin fragment (HTTQ103), as

UBQLN2 has been described to bind to aggregates in mouse

models and patients with Huntington’s disease (HD) (Doi et al.,

2004;Rutherford et al., 2013).Wedetected recruitment of endog-

enous UBQLN2 to HTT aggregates (Figure 2K), alongside HSP70

and the 26S proteasome (Figures S3A and S3B). We next found

that the insoluble fraction from cells expressing GFP-HTTQ103,

but not non-pathological GFP-HTTQ25, is retained on a filter

trap alongside endogenous UBQLN2 (Figure 2L). HTTQ103 ag-

gregates are retained in the stacking gel in SDS-PAGE, where

we found that they also trap endogenous UBQLN2 (Figure S3C),

and downregulation of UBQLN2 led to increased HTTQ103 ag-

gregation (Figure 2M). Thus, UBQLN2 regulates degradation of

model and disease-linked aggregation-prone proteins. Impor-

tantly, we demonstrate that the UBQLN2/HSP70/26S-protea-

some pathway can clear aggregates in the nucleus.

UBQLN2Mutations DoNot Lead to UBQLN2 Aggregation
We next examined the disease-linked mutations of UBQLN2

found in patients with familial ALS. Previous reports have sug-

gested that both wild-type (WT) andmutant UBQLN2 aggregate,

as exogenous expression leads to their localization to cyto-

plasmic foci similar in appearance to aggregates (Deng et al.,

2011; Osaka et al., 2015). Indeed, exogenously expressing

UBQLN2 in cells causes formation of cytosolic foci (Figure 3A),

but no gross differences in size or number of foci were seen

for mutant UBQLN2 (P506T, P497H) (Figure 3A). Importantly,

mutating the UBA domain (L619A) to abolish ubiquitin binding
(B) Insoluble heat-shock-generated ubiquitin conjugates are cleared efficiently

manner.

(C) UBQLN2 depletion in autophagy-deficient cells leads to attenuated clearance

shown (right). Error bars represent SD; statistical tests were two-tailed t tests.

(D) HSP70 siRNA leads to a defective clearance of ubiquitylated aggregated prote

of HSP70.

(E) Increased interaction of UBQLN2 with HSP70 and ubiquitin was observed in

(F) UBQLN2 and ubiquitin are more abundant in the pellet fraction after heat sho

(G) HSP105 KOMEFs are deficient in clearing heat-shock-induced aggregates. In

(H) Depletion of UBQLN2 by siRNA leads to defective clearance of puromycin-la

(I and J) UBQLN2 translocates to the nucleus after heat stress (see Figure S2A fo

intensity is shown (J, bottom) (n = 99 and 122 for 37�C and 43�C, respectively).
(K) UBQLN2 co-localizes with cellular HTT aggregates in HEK293 cells inducibly

(L) UBQLN2 co-aggregates with pathological, but not non-pathological, GFP-Hu

(M) UBQLN2 depletion leads to increased HTT-Q103 aggregates, running in the

See also Figures S2, S3, S4, and S7.
(Figure 3B) leads to complete exclusion of both WT and mutant

forms of UBQLN2 from the foci (Figure 3A), strongly suggesting

the foci are not misfolded UBQLN2. The foci do not co-localize

with as P bodies, stress granules (Figures S3D and S3E), or

autophagosomes (Figure S3F). Furthermore, UBQLN2 foci for-

mation does not render UBQLN2 insoluble, as UBQLN2 (WT)

and five disease-linked mutants remained soluble when overex-

pressed in HEK293 cells (Figure S4E). Importantly, endogenous

UBQLN2 is diffusely cytosolic (Figure 2J; Figure S4F).

Next, we used purified UBQLN2 to investigate the biophysical

properties of the WT and mutant proteins (Figure S4A). Small

angle X-ray scattering (SAXS) experiments using WT and two

mutant forms of UBQLN2 (P506T and P497H; Figure S4A) indi-

cated that the mutations reduce the flexibility of the protein (Fig-

ure S4D). Based on circular dichroism measurements, there

are no gross differences in secondary structure for any tested

mutant (Figure 3C). Using analytical ultracentrifugation, we de-

tected that both WT and mutant UBQLN2 forms dimers and

trimers in a concentration-dependent manner but no higher-

number oligomers or aggregates, which we also confirmed

by size exclusion chromatography (Figure 3D; Figures S4B

and S4C).

Disease-Linked UBQLN2 Mutation Impedes Binding to
HSP70 Chaperones and Sensitizes Cells to Protein
Folding Stress
As disease-linked mutant UBQLN2 did not aggregate, we

next used stable isotope labeling with amino acids in cell culture

(SILAC) proteomics to investigate changes in the interactome of

cells stably expressing inducible WT or mutant UBQLN2. We

found that disease-linked UBQLN2 (P506T) showed decreased

binding to HSP70 chaperones and increased binding to ubiquitin

(Figure 4A). We next generated a mouse knockin of the equiva-

lent human P506T mutation (mP520T) and confirmed these

changes at the endogenous level using primary MEFs from

male mice (UBQLN2 is X linked) (Figures 4B–4D; Figures S6A

and S6B). Strikingly, the binding of UBQLN2 to HSP70, ubiquity-

lated substrates and the proteasome after heat shock was

strongly attenuated for mutant UBQLN2 (Figure 4E). Also,

while the heat-shock-induced nuclear translocation of mutant

UBQLN2 (mP520T) was unaffected (Figure S5A), it was strongly

impaired in its recruitment to aggregates (Figure 4F), and cells
in ATG5 knockout (autophagy-deficient) MEFs in a proteasome-dependent

of heat-shock-induced insoluble ubiquitin conjugates. Quantification (n = 3) is

ins. Over time, the transcriptional heat shock response leads to increased levels

HSP105 knockout (KO) MEF cells.

ck in HSP105 KO MEF cells.

addition, increased binding of HSP70 and ubiquitin to UBQLN2 was detected.

beled truncated proteins.

r fractionation protocol). Quantification of the normalized nuclear fluorescence

Error bars represent SD.

expressing pathological GFP-Huntingtin (HTTQ103).

ntingtin, as shown by filter trap assay.

stacking gel. Quadruplicate transfections are shown.
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Figure 3. UBQLN2 Mutations Do Not Cause Protein Aggregation

(A) Inducible HEK293 cells stably overexpressing the indicated FLAG-UBQLN2 exhibit cytosolic foci for both the wild-type (WT) and P506T mutant. The L619A

ubiquitin non-binding point mutation abrogates foci formation for WT and P506T mutant.

(B) UBQLN2 point mutants (F594V and L619A) are defective in polyubiquitin binding.

(C) Circular dichroism performed on pure wild-type andmutant protein. PONDR prediction (inset) results in a small decrease of disorder for PXXPmutant proteins

(WT, P506T, and P497H shown). Experimentally, no difference is seen in the amount of disorder and secondary structure for the mutants.

(D) Purified UBQLN2 was analyzed by analytical ultracentrifugation at different concentrations, showing dimer and trimer peaks for both WT and mutant protein.

See also Figures S3 and S4.
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Figure 4. Disease Mutant UBQLN2 Loses

Binding to HSP70 and Sensitizes to Protein

Misfolding Stress

(A) SILAC proteomics was performed on FLAG

IP from cells stably expressing inducible FLAG-

UBQLN2 WT or P506T. Interaction with proteaso-

mal subunits (PSMA6 shown) is unaffected by the

mutation, UBQLN2 P506T binding to HSP70 family

members (HSPA1A, HSPA8) is significantly lower

(p < 0.0001), and binding to ubiquitin is significantly

higher (p = 0.011). Asterisks indicate a statistically

significant difference from a SILAC ratio of 1 (two-

tailed single-value t test).

(B–D) Decreased binding to HSP70 and increased

binding to ubiquitin was confirmed by UBQLN2 IP

from wild-type and mP520T (equivalent to human

P506T) primary male mouse embryonic fibroblasts

(MEFs), derived from littermate embryos. HSP70

(B) and ubiquitin (C) were detected by western blot.

(C) Quantification of mutant/wild-type signal ratio

for co-immunoprecipitated HSP70 and ubiquitin.

Asterisk indicates a statistically significant differ-

ence from amean ratio of 1 (two-tailed single-value

t test).

(E) Stress-induced binding to HSP70, ubiquitin and

proteasomes is defective for mutant UBQLN2.

Asterisk indicates Rpt6 (proteasome).

(F) Mutant UBQLN2 is defective in association to

heat shock induced aggregates. Asterisk indicates

a non-specific band.

(G) mP520TMEFs are hypersensitive to heat shock

as compared to WT counterparts.

(H) mP520T MEFs are hypersensitive to 20-hr pu-

romycin treatment at the indicated concentrations.

Error bars represent SD. Statistical test was a

two-tailed t test. See also Figures S5, S6, and S7.
expressing UBQLN2 (mP520T) were hypersensitive to both heat

shock and puromycin stress compared to their wild-type litter-

mate counterparts (Figures 4G and 4H). Together, these data

suggest that the disease-linked forms of UBQLN2 are loss-of-

function mutations.

Since binding of UBQLN2 to HSP70 was unaffected by inhib-

iting stress inducible kinases or the ubiquitin E1 (Figures S5B

and S5C) and recruitment of UBQLN2 to the insoluble fraction

was also independent of ubiquitylation (Figure 5A), binding of

UBQLN2 to HSP70 may in turn depend on client binding to

HSP70.

To test this, we used an in vitro system to examine the effect of

protein aggregates on theUBQLN2-HSP70 interaction.Strikingly,

the interaction between HSP70 and UBQLN2 was only induced
when reactions also contained HSP70

client in the form of either mildly denatured

(42�C for 30min; Figure 5B; Figure S5D) or

strongly denatured (95�C for 5 min; Fig-

ure S5E) recombinant luciferase. We next

tested if the presence of HSP70 client

would also result in the recruitment of

purified human proteasomes (Figure 5C).

Indeed, the interactions among HSP70,

UBQLN2, and proteasomes in vitro were
strongly induced by the addition of denatured luciferase, demon-

strating that the presence of substrate leads to the formation of

degradation complexes (Figure 5D).

We next asked if a relevant pathological aggregate would have

the same effect on HSP70/UBQLN2 complex formation. For this,

we added small amounts of brain extracts fromwild-type or R6/2

HD model mice (Mangiarini et al., 1996) to the in vitro interaction

experiments and found that only the R6/2 extract triggered

the interaction between HSP70 and UBQLN2 (Figure 5E; Fig-

ure S5F). This effect was seen with WT UBQLN2, but strikingly

not with the disease-linked UBQLN2 (P506T; Figure 5E), entirely

corroborating our cell-based experiments. Thus, the data

strongly support a model whereby binding of clients to HSP70

triggers interaction with UBQLN2, which then bridges binding
Cell 166, 935–949, August 11, 2016 941



Figure 5. HSP70 Client Interaction Drives UBQLN2-HSP70 Binding

(A) UBQLN2 association to heat-shock-induced pelleted proteins is independent of ubiquitin. Cells were treated with the ubiquitin E1 inhibitor MLN7243, heat

shocked, and fractionated into supernatant and pellet.

(legend continued on next page)
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to the proteasome to mediate degradation. For disease-linked

UBQLN2, mutations no longer support interaction with client-

bound HSP70 and aggregate clearance is impaired.

HSP70 can be roughly divided into two distinct domains, the

N-terminal ATPase domain and the C-terminal substrate-binding

domain, where also regulatory proteins such as the ubiquitin

ligase CHIP bind (Zhang et al., 2015). We found that the C termi-

nus of HSP70 is sufficient to bind UBQLN2, but unlike for the full-

length protein, the interaction was constitutive and not regulated

by heat shock (Figure 5F). We also tested if the PXXP motif is

required for interaction; however, deletion of the PXXP motif

had no effect on HSP70 binding, demonstrating that this region

is not the direct binding site (Figure S5G). Instead, it is likely

that the PXXP mutations interfere indirectly with HSP70 binding.

UBQLN2 Mutation Leads to Cognitive Impairment and
Inclusion Body Pathology in Mice
After confirming decreased UBQLN2-HSP70 binding in knockin

mouse brain (Figure 5G), we undertook a longitudinal behavioral

study to determine the effect on mouse behavior. Using novel

object recognition tests, where the time that a mouse spends

exploring a novel versus familiar object is measured, we

observed thatmutant UBQLN2 (mP520T) animals were no longer

able to distinguish between novel and familiar objects at

12 months of age (Figure 5H). Similarly, in novel place recogni-

tion tests (Figure 5I), mutant animals were incapable of distin-

guishing an object in a new location at both 9 and 12 months

of age. Thus, UBQLN2 (mP520T) knockinmice develop cognitive

deficits with age.

As patients also have motor defects, we tested the UBQLN2

(mP520T) knockin animals using gait and rotarod analysis (Fig-

ures S6C–S6E) but observed no gross defects in either assay,

although mutant mice presented with a slightly shorter stride

length (Figure S6C). To assess if the cognitive deficits were

accompanied by pathological changes, we performed immuno-

histochemical analyses on CNS tissues from 15- to 18-month-

old mice. We observed regionalized UBQLN2 and p62 inclusion

pathology in the hippocampus, cortex, and brainstem of mutant,

but not WT, mice (Figure 5J). Interestingly, UBQLN2 is promi-

nently present in the pellet fraction in hippocampal, but not

cortical or cerebellar, tissue, despite similar expression levels
(B) Presence of HSP70-client induces UBQLN2-HSP70 interaction in vitro. Rea

followed by pull-down of GST-HSP70.

(C) Purified human 26S proteasome. Lane 1, Coomassie staining of 2 mg purified

valine-tyrosine-7-amino-4-methylcoumarin) chymotrypsin activity of 2 mg human

4% native-PAGE, respectively.

(D) Heat-denatured (95�C) or native recombinant luciferase was added to the oth

(E) Pathological Huntingtin aggregates induce binding of GST-HSP70 to purified w

or R6/2 mice was spiked into the reaction mix, followed by GST-HSP70 pull-dow

(F) UBQLN2 binds to the C-terminal domain of HSP70. IP of HSPA8-SV5 mutants

heat shocked as indicated. Schematic shows the HSP70 domains.

(G) Mutant UBQLN2 shows reduced binding to HSP70 in knockin mouse brain.

(H and I) The UBQLN2mP520T knockin mutation leads to cognitive impairment in

object and novel-place recognition tests. Error bars represent SD. Statistical tes

(J) Aged UBQLN2 mP520T knockin animals have UBQLN2- and p62-positive i

subjected to immunohistochemistry (IHC) for UBQLN2 and p62 (n = 6 per genot

(K) Mutant UBQLN2 is specifically present in the pellet from hippocampal lysate

pocampus (HC), and cerebellum (CB) were separated into NP40-soluble and ins

See also Figures S5, S6, and S7.
(Figure 5K; Figures S7A and S7B). Importantly, our combined

behavioral and histological findings demonstrate that UBQLN2

(mP520T) knockin mice recapitulate cognitive and pathological

features of UBQLN2-associated neurodegeneration.

UBQLN2 Mutation Impairs the Clearance of Protein
Aggregates In Vivo
To examine the role of UBQLN2 in handling aggregating clients

in vivo, we turned to mutant Huntingtin (HTT) as a representa-

tive model. Using the R6/2 transgenic mouse (Mangiarini

et al., 1996) and the HdhQ150 knockin mouse model (Lin

et al., 2001), we found that immunoprecipitated UBQLN2 only

associated with aggregated, but not SDS-soluble, HTT in vivo

(Figures 6A and 6B). In both mouse models, binding of UBQLN2

to HTT was age- and disease-stage specific and only occurred

once HTT had aggregated. HTT fragments passively diffuse into

the nucleus in neurons, where they are retained upon aggrega-

tion (Cornett et al., 2005). Importantly, nuclear aggregation of

HTT in both mouse models led to a translocation of UBQLN2,

but not UBQLN1, to the nucleus (Figure 6C; Figure S7D). A pro-

portion of HSP70 was present in nuclei at all ages (Figure 6C),

and importantly, aggregate-associated HSP70 was trapped in

the stacking gel in UBQLN2 immunoprecipitations from R6/2

brains (Figure S7E). Thus, mouse UBQLN2 behaves identically

in HD mouse brains to UBQLN2 in cultured cells after heat

shock.

Moreover, UBQLN2 and HTT were co-captured by a ubiquitin

binding resin (Hjerpe et al., 2009) (TUBE; Figure 6D), demon-

strating that HTT-UBQLN2 complexes contain ubiquitin, sug-

gesting they may be cleared by the proteasome.

To directly test if UBQLN2 regulates HTT aggregation in vivo,

we crossed R6/2 mice with UBQLN2 mP520T mutant knockin

mice and observed a pronounced and significant increase of

aggregated HTT, and a concomitant decrease of soluble HTT

(Figure 6E). UBQLN2 co-localized with HTT inclusions (Fig-

ure S7D), and the number of nuclear HTT aggregates was signif-

icantly higher in the cortex of R6/2; mP520T double mutant

animals compared to the R6/2 animals (Figure 6F). Moreover,

a Seprion ligand assay shows significantly higher aggregate

load in double-mutant brains, independently confirming our

western blot and immunofluorescence analysis (Figure 6G).
ction components were mixed and incubated at the indicated temperature,

human proteasome; lanes 2–4, in-gel LLVY-AMC (N-succinyl-leucine-leucine-

proteasome, Coomassie staining, and immunoblot with anti-Rpt5 antibody in

er reaction components, followed by GST-HSP70 pull-down.

ild-type, but not mutant (P506T), UBQLN2 in vitro. Brain extract fromwild-type

n and analysis of UBQLN2 binding.

expressed in HEK293 cells and detection of endogenous UBQLN2. Cells were

agedmice. Male mice (n = 11 of each genotype) were aged and tested in novel-

ts were two-tailed t tests.

nclusion body pathology. Brains from aged (15- to 18-month-old) mice were

ype). Red shading in schematic shows areas of inclusion pathology.

s in aged (15- to 18-month-old) knockin mice. Isolated neocortex (CTX), hip-

oluble fractions. Asterisk indicates an unspecific band.
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Figure 6. UBQLN2 Mutation Impairs Aggregate Clearance In Vivo

(A and B) UBQLN2 interacts with aggregated, but not SDS-soluble, HTT in vivo, as judged by reciprocal IP of HTT and UBQLN2 from the R6/2 transgenic (A) and

HdhQ150 knockin (B) Huntington’s disease models.

(C) UBQLN2, but not UBQLN1, translocates to the nucleus in the R6/2 and HdhQ150 models.

(D) UBQLN2 is present in ubiquitylatedHuntingtin aggregates frombrains of the R6/2 andHdhQ150mousemodels. Aggregated HTT andUBQLN2were captured

with a ubiquitin binding resin (GST-TUBE).

(legend continued on next page)
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Thus, UBQLN2 mediates the clearance of protein aggregates

in vivo, and the disease-linked forms of UBQLN2 are loss-of-

function mutations, resulting in a failure to clear aggregating

proteins.

DISCUSSION

Proteasome Shuttle Factors as a Route for Protein
Degradation
Degradation through the UPS is the major cellular mechanism of

selective protein turnover. We have shown that the shuttle factor

UBQLN2 works with the HSP70 system for proteasomal degra-

dation of insoluble ubiquitylated protein aggregates. UBQLN2

does this by coupling recognition of HSP70-bound clients

with its proteasome shuttle properties. UBQLN2 binding to

ubiquitylated proteins and the proteasome is negligible under

resting conditions, suggesting it is constitutively held in an inac-

tive state. Accumulation of clients results in an activation of

UBQLN2, mediated by recognizing client-bound HSP70, where

binding to ubiquitylated substrates is induced and degradation

facilitated.

UBQLN2 Integrates the Chaperone Network with the
UPS to Clear Protein Aggregates
UBQLN2 is needed both for aggregate clearance and survival af-

ter proteotoxic stress, suggesting that it is an integral component

of the proteostasis network similar to HSP70 (Labbadia andMor-

imoto, 2015). Our finding that efficient binding of UBQLN2 to

HSP70 requires the presence of HSP70 clients integrates the

chaperone network with the UPS.

Our conclusions are summarized in Figure 7. Briefly, under

resting conditions, UBQLN2 is inactive and bound to other

UBQLNs and itself. Activation of UBQLN2 occurs when HSP70

binds to client proteins, triggering exposure of a UBQLN2 bind-

ing site. A structural change in HSP70mediated by client binding

would provide efficient and fast means of activating degradation,

while ensuring that complexes are only formed in the presence of

unfolded client. Activation of UBQLN2 also allows binding of 26S

proteasome to form a degradation-competent complex. Inter-

estingly, initial complex formation among client-bound HSP70,

UBQLN2, and proteasome does not require polyubiquitylation

of the client. However, ubiquitin is an integral part of proteasomal

degradation, and heat-shock-induced aggregated proteins are

ubiquitylated. Ubiquitylation of an HSP70 client could thus take

place with UBQLN2 already present in the complex and may

enhance UBQLN2 affinity, committing the client to proteasomal

degradation. This model explains why we observe the inducible

binding of UBQLN2 to ubiquitylated proteins after heat shock.

Moreover, it is very likely that translocation into the proteolytic

chamber and degradation of the substrate by the proteasome
(E) The R6/2 and UBQLN2mP520T mice were crossed to produce double-mutant

HTT by western blot. Quantification of soluble HTT is shown (bottom) (n = 4 per

(F) Immunofluorescence (IF) of nuclear HTT aggregates in R6/2 and R6/2;mP520

shown (right). Error bars represent SEM. Statistical test was a two-tailed t test.

(G) The Seprion ligand assay independently confirms a significant increase in a

genotype).

Error bars represent SEM. See also Figure S7.
requires polyubiquitylation of the client, even though initial com-

plex formation does not. Whether a client is refolded by HSP70

or degraded by UBQLN2/UPS may ultimately be a question of

its residence time on HSP70.

The HSP70-UBQLN2-Proteasome Pathway Provides an
Autophagy-Independent Means for Clearing Protein
Aggregates
Sinceproteasomes canonly accommodate single unfoldedpoly-

peptide chains and not large aggregates, it has been assumed

that the proteasome cannot degrade these. We demonstrate

that the proteasome can clear aggregates through a UBQLN2-

HSP70 pathway but suggest aggregates are first solubilized by

HSP70-HSP110 disaggregase activity. Lending support to this

idea, we show that the HSP70 cofactor HSP110, which is part

of the HSP70-mediated disaggregase (Nillegoda et al., 2015), is

also required for the efficient clearanceof heat shockaggregates.

UBQLN2 likely binds to HSP70 associated to both insoluble and

soluble misfolded proteins as part of an ongoing disaggregation

and clearance activity, which explains our observation that

UBQLN2 co-purifies with insoluble ubiquitylated aggregates.

This model is consistent with previous reports that demonstrate

that aggregates exist in equilibrium between soluble and insol-

uble states (Yamamoto et al., 2000), and we propose that the

soluble fraction is degraded by the proteasome, while autophagy

may manage larger insoluble structures. Critically, we show that

UBQLN2 can clear aggregates in the nucleus, where autophagy

is absent (Lu et al., 2014).

UBQLN2 Loss-of-Function Mutations Lead to Disease
Due to Loss of HSP70 Binding
It has been unclear whether UBQLN2 mutations cause disease

through loss of function or toxic gain of function. We found that

a disease-linked mutation led to a pronounced sensitivity to pro-

teotoxic stress, effectively phenocopying the effect of UBQLN2

depletion, strongly suggesting a loss-of-function mutation. Our

data demonstrate that this defect is due to impaired interaction

with HSP70, ultimately leading to defective aggregate clearance

(Figure 7). Interestingly, translocation of UBQLN2 into the

nucleus was not affected by the disease mutation, suggesting

that this aspect of the stress response is independent of

HSP70 binding. This makes sense, as our model predicts that

activation of UBQLN2 would rely upon association to client-

bound HSP70, and it is unlikely that such a complex would be

formed in the cytoplasm and then driven into the nucleus. How-

ever, the mechanism by which UBQLN2 is tranlsocated into the

nucleus as inactive species is currently unclear.

We also found that the mutant form of UBQLN2 binds slightly

more polyubiquitin than the WT under unstressed conditions.

The reason is not apparent, but it may be due to UBQLN2
animals, and 9-week-old male brains from these were assayed for aggregated

genotype).

T brains shows more inclusion bodies in the double mutant. Quantification is

ggregated HTT in double mutants, compared to R6/2 littermates (n = 8 per
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Figure 7. Model of How UBQLN2 Manages Proteotoxic Stress

Under non-stressed conditions, UBQLN2 is held inactive in homo- or hetero-dimers (1). In the presence of HSP70 clients, UBQLN2 binds to HSP70 and

associated misfolded/aggregated proteins, which are ubiquitylated (2). HSP70/HSP110-dependent disaggregase activity pulls aggregated proteins apart, al-

lowing for UBQLN2 to act as a proteasome shuttle connecting ubiquitylated misfolded proteins to the proteasome, after forming a HSP70-client-UBQLN2-

proteasome degradation complex (3) ending in client proteolysis (4). Disease mutant UBQLN2 (star) is defective in its association to HSP70 and no longer

effectively forms a degradation complex, leading to accumulation of misfolded/aggregated proteins (5).
occasionally dissociating from its inactive state under resting

conditions, leading to binding to polyubiquitylated proteins and

a possible delay of mutant UBQLN2 in returning to its inhibited
946 Cell 166, 935–949, August 11, 2016
state. This difference is dramatically swamped under stress con-

ditions, where ubiquitin binding by mutant UBQLN2 is signifi-

cantly decreased versus the WT protein.



Together, our data provide a mechanistic understanding of

UBQLN2, which in the future may allow for the design of small

molecules to mediate the therapeutic activation of UBQLN2 in

patients with diseases of protein aggregation.

EXPERIMENTAL PROCEDURES

Animal Work

UBQLN2 P520T constitutive knock-in mice were created and supplied by

Taconic/Artemis. R6/2 mice were maintained as previously described (Bett

et al., 2006). Mice were bred at the University of Dundee and Kings College Lon-

don in accordancewithEuropeanUnion andHomeOffice regulations.Workwas

approved by the Ethical ReviewCommittee (ERC) from the University of Dundee

andwasperformedwithaUKHomeOfficeproject license.R6/2maleswerebred

with heterozygous UBQLN2 P520T females at Charles River Laboratories (UK).

Cell Culture and Cell Lines

Cells stably expressing inducible FLAG-UBQLN2 WT, P506T, P497H, L619A,

P506T/L619A, P497H/L619A, HTTQ25-GFP, and HTTQ103-GFPwere created

using T-Rex HEK293 (Life Technologies, R710-07). Stably expressing cells

were maintained in DMEM (Life Technologies, 11995-065), 10% fetal bovine

serum (FBS), 50 U/ml penicillin, 50 mg/ml streptomycin (Life Technologies,

15070-063), 2 mM L-glutamine, 100 mg/ml hygromycin (Invivogen, ant-hg-

1bl), and 15 mg/ml blasticidin (Invivogen, ant-bl-1). Expression was induced

with 2–5 ng/ml doxycycline. U2OS cells, HEK293 cells, and MEFs were main-

tained as above but without hygromycin and blasticidin.

Solubility Experiments

Cellswere heat shocked at the indicated temperature for 2 hr followedby recov-

ery at 37�C. Soluble and pellet fractions were generated by lysing cells

in stringent lysis buffer (20 mM Tris-HCL, 2 mM EDTA, 150mMNaCl, 1.2% de-

oxycholate, 1.2% Triton-X, 200 mM iodoacetamide and cOmplete protease

inhibitor cocktail [Roche]), sonicating (30% power 33 10 s pulses), and centri-

fugation at 17,000 3 g for 15 min. The supernatant was collected and repre-

sented the soluble fraction. The remaining pellet (insoluble fraction) waswashed

five times inPBSand re-suspended in Laemmli’s sample buffer. Togenerate the

cytosolic-soluble, nuclear-soluble, and total-insoluble fractions, cells were first

lysed in low-stringency buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl2, 10 mM

KCL, 0.08%NP-40, and cOmplete protease inhibitor cocktail [Roche]) followed

bycentrifugationat 17,0003g for 15min. Thesupernatant (soluble fraction)was

collected. The remaining pellet was washed five times in PBS prior to re-sus-

pending in stringent lysis buffer, and soluble and insoluble fractions were gener-

ated as above. In this case, the supernatant represented the nuclear-soluble

fraction and the pellet represented the total-insoluble fraction.

Cell Viability Assays

Cell viability assays were done by lysing cells in 50 mM Tris/phosphate

(pH 7.8), 1.6 mM MgCl2, 2 mM DTT, 2% Triton X-100, 30% glycerol, 1%

BSA, 0.250 mM D-luciferin, 8 mM sodium pyrophosphate, and 500 ng

QuantiLum recombinant Luciferase (Promega). Viability was determined using

Envision 2104 plate reader (Perkin Elmer). Cells were heat shocked for 2 hr

followed by 24 hr recovery prior to viability assay being carried out.

Antibodies

Sheep antibodies to UBQLN1, UBQLN2, and UBQLN4 were produced in

house, raised against the following epitopes (residues numbered): mouse

UBQLN1 482-515, mouse UBQLN2 11-27, human UBQLN2 478-518, mouse

UBQLN4 84-161 (Figures S7F–S7J). Additional antibodies were FLAG-M2-

peroxidase (Sigma-Aldrich, A8592), HSP70 (Abcam, ab181606), GAPDH (Cell

Signaling Technology), Actin (Millipore, MAB1501R), anti-ubiquitin (Dako, Z

0458), GFP (Roche), Histone H4 (Abcam), histone H3B (Abcam), HTT (Bett

et al., 2006), tubulin (Sigma), RPT6 (Enzo Life Sciences, BML PW9265), puro-

mycin 12D10, (Millipore, MABE343). For immunofluorescence, anti-UBQLN2

from Novus Biologicals (NBP2-25164SS), anti-RPT3 (Bethyl Laboratories,

A303-850A), and anti-GFP (Abcam, ab13970) were used. Secondary anti-

bodies were from Bio-Rad (anti-mouse 170-5047; anti-rabbit 170-5046) and
Abcam (anti-sheep ab97130). Protein-G horseradish peroxidase (HRP) was

used for secondary detection in immunoprecipitations (Abcam, ab7460).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.cell.2016.07.001.
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Supplemental Figures

Figure S1. Heat Shock Generates Insoluble Ubiquitin-Positive Aggregates and Does Not Inactive Proteasomes, Related to Figure 1

(A) UBQLN2 is not pelleted when cells are heat shocked post lysis. Cell lysates were incubated at 37 or 42�C and then fractionated into soluble (S) and pellet (P)

fraction. This indicates that UBQLN2 itself does not aggregate as a result of high temperature.

(B) UBQLN2 levels are not upregulated in response to heat shock. HSP70 and GAPDH were used as a positive and negative controls, respectively.

(C) Heat shock aggregates are insoluble in up to and including 1% SDS but are solubilized in 2% SDS. Blotting of soluble and pellet fractions with anti-ubiquitin

and UQBLN2 antibodies confirmed dissolution of the aggregates in 2% SDS.

(D) Proteasomes are active after heat shock. To confirm that proteasome activity was not affected by heat shock, we incubated U2OS and MEFs at the indicted

temperatures for 2h. Cells were then harvested and cell lysates were incubated with the proteasome inhibitor MG132 or DMSO, followed by incubation with a

fluorescent proteasome-activity probe, as indicated. The presence of fluorescently labeled beta-subunits at the same intensity under both heat stress and normal

temperature, indicate that proteasome activity is not significantly affected by heat shock.

(E) U2OS cells were treated with control or UBQLN2 siRNA and subjected to heat shock for the indicated times. Analysis of the pellet fraction revealed that

insoluble ubiquitylated aggregates are generated within 5 min of heat shock, but that depletion of UBQLN2 does not noticeably alter the accumulation of these

aggregates at any of the indicated time points.
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Figure S2. Puromycin Does Not Upregulate UBQLN2 Levels and UBQLN2 Clears Nuclear Aggregated GFP-u, Related to Figure 2

(A) Schematic representation on how the three fractions, total insoluble, nuclear soluble and total insoluble were generated.

(B) Cells treated with puromycin were fractionated as indicated and treatment did not induce the nuclear localization of UBQLN2.

(C) Puromycin treatment did not induce the upregulation of UBQLN2 protein.

(D) Schematic showing the GFPu-NLS construct (Bennett et al., 2005).

(E) HEK293 cells stably expressing GFPu-NLS were subject to heat shock for 2h at 42�C and fractionated into soluble and insoluble fractions. GFPu-NLS re-

cruited to the insoluble fraction after heat shock indicating its heat-induced aggregation.

(F) GFPu-NLS cells were subject to heat shock for 2h at 42�C and proteasome inhibition with 25 mMMG132 as indicated. UBQLN2 was immunoprecipitated and

GFPu-NLS was found to co-immunoprecipitate only upon heat shock, consistent with UBQLN2 nuclear localization. Combined heat shock and proteasome

inhibition increased the binding further.

(G) GFPu-NLS cells were depleted of UBQLN2 or treatedwith a control non-targeting siRNA then treatedwith 50 mg/ml cycloheximide (CHX) for the indicated time

to measure turnover. Turnover was quantified using data from three independent experiments.

Error bars represent SE.
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Figure S3. Proteasomes and HSP70 Co-localize with HTTQ103 Aggregates and Overexpressed UBQLN2 Form Cytosolic Foci, Related to

Figures 2 and 3

(A and B) HEK293 cells expressing inducible HttQ103-GFP were stained with antibodies to (A) HSP70 and (B) proteasome subunit RPT3. Inclusion bodies were

positive for booth HSP70 and the proteasome, the latter forming a ring around the perimeter of the inclusion.

(C) Endogenous UBQLN2 co-aggregates with pathological Huntingtin (HTT-Q103) but not with non-pathological HTT-Q25. GFP-HTT Q25 or Q103 expression

was induced in HEK293 cells, followed by cell harvesting and fractionation into soluble (S) and pellet (P) fractions. HTT-Q103 runs as high molecular weight

aggregates present in the stacking gels for the pellet fraction, and endogenous UBQLN2 is observed to also be upshifted to the stacking gel.

(D) The cytosolic foci visible on UBQLN2 overexpression do not co-localize with markers for p-bodies or stress-granules.

(E) FLAG-UBQLN2 was transiently transfected into U2OS cells, with either GFP-DCP1A (p-body marker) or GFP-G3BP1 (stress granule marker). UBQLN2 was

detected by indirect immunofluorescence to the FLAG-tag, using mouse monoclonal anti-FLAG antibody (SIGMA ALDRICH F3165), and an anti-mouse sec-

ondary Alexa Fluor 647 (Jackons 715-605-151).

(F) Cytosolic UBQLN2 foci do not co-localize with the autophagosome marker LC3. U2OS cells stably expressing inducible EGFP-UBQLN2 were induced with

2 ng/ml doxycycline for 24 hr, then treated with 50 nMBafilomycin A1 for 1 hr prior to fixation and staining. LC3 staining was performed using amousemonoclonal

anti-LC3 (MBL M152-3). Secondary antibody was anti-mouse Alexa Fluor 647 (Jackson 715-605-151). Vehicle control was DMSO.
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Figure S4. UBQLN2DoesNot FormAggregates, and the AntibodyUsed for UBQLN2 Immunofluorescence Is Specific for UBQLN2, Related to

Figures 2 and 3

(A) Coomassie stain of bacterially expressed and purified, untagged UBQLN2 wild-type and mutant proteins.

(B) Analytical ultracentrifugation was performed to investigate differences in oligomerization or aggregation for purified UBQLN2. Additional mutants shown here

to support results in main Figure 3. No significant amount of aggregated protein was detected for any mutant, and no differences in dimerization or trimerisation

were observed.

(C) Analytical gel filtration of UBQLN2 WT, P506T and P497H show a single sharp peak migrating at an apparent molecular weight above 158 kDa, without any

indication of additional UBQLN2 species or aggregated material.

(D) UBQLN2 P506T and P497H mutants are more compact particles than WT – flexibility analysis based on small-angle X-ray scattering experiments. The radius

of gyration based dimensionless Kratky plot (top panel) has a characteristic shape for partially disordered protein containing both ordered and disordered

fragment(s) – the peak of the curve (dotted gray line) is shifted from a position characteristic for globular folded protein (solid gray line). At the same time the plot

demonstrates that WT contains more disorder (the right wing on the WT curve is slightly lifted comparing with P506T and 497H). The protein concentrations were

4.67, 4.03, 4.91 mg/ml for WT, P506T and 497H respectively. The volume-of-correlation based dimensionless Kratky plot (bottom panel) gives a more in-depth

analysis and reveals the increase in volume-to-surface ratio for the P506T and 497H mutants, indicating more compact particles compared to WT UBQLN2 (the

maximal possible volume-to-surface ratio of 0.82 is for a sphere; see arrow).

(E) Mutations in UBQLN2 do not cause the protein to become insoluble in cells. FLAG-tagged wild-type andmutant UBQLN2were overexpressed, and cells were

fractionated into 1% NP-40 soluble (S) and insoluble pellet (P) fractions, and detected with FLAG-HRP conjugated antibody (SIGMA ALDRICH A8592). No

difference in distribution as compared to the wild-type was seen for any of the mutants. FUS was used as a marker for the pellet.

(F and G) Validation of UBQLN2 antibody for staining of endogenous UBQLN2 in U2OS cells. U2OS cells were transfected with control siRNA or siRNA targeting

UBQLN2. 72h post-transfection, cells were trypsinised, and seeded on glass slides for microscopy. Cells were either seeded as separate groups (i.e., control and

UBQLN2 siRNA) or mixed 1:1 and seeded together (third panel from the left). As a separate control, cells were transfected with plasmid encoding for FLAG-

tagged UBQLN2 (right-most panel only). These cells show large UBQLN2 foci not present at endogenous levels. Cells were stained using the mouse monoclonal

anti-UBQLN2 6H9 (Novus NBP2-25164), at 1:250 in 2% BSA PBS for 1h. Secondary antibody was goat Anti-Mouse DyLight 488 (Abcam ab96871). Knockdown

of UBQLN2 can be clearly seen to decrease the signal, indicating that the antibody is specific to UBQLN2. (G) displays zoom of the indicated areas in. For the

mixed cells (third panel from the left) a white arrowhead indicates a cell transfected with control siRNA and a black arrowhead a cell transfected with UBQLN2

siRNA.
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Figure S5. Nuclear Translocation of UBQLN2 Is Unaffected by Disease Mutation, and HSP70 Clients Induce HSP70-UBQLN2 Interaction,

Related to Figures 4 and 5

(A) Wild-type of P520T knock-in MEFs were heat shocked and fractionated as indicated and no difference was observed in the nuclear localization as a result of

the disease mutation.

(B) HEK293 cells were treated with the broad spectrum kinase inhibitor Staurosporine (1 mM) or the p38 (BIRB-0796 and VX-745; 1 mM) and JNK (JNKIN8; 10 mM)

kinase inhibitors for 1h prior to heat shock and showed that kinase signaling is not regulating the inducible interaction of HSP70 and UBQLN2.

(C) HEK293 cells were treatedwith the ubiquitin E1 inhibitor MLN7243 (10 mM) for 1h prior to heat shock and demonstrated that ubiquitylation or ubiquitin signaling

is not involved in regulating the inducible interaction between HSP70 and UBQLN2.

(D) UBQLN2 does not bind non-specifically to GST in the presence or absence of denatured luciferase. GST or GST-HSP70 and purified UBQLN2 was incubated

at 42�C in the presence or absence of Luciferase, as indicated. This was followed by GST pulldown, and Western blot for associated UBQLN2.

(E) Luciferase was denatured at 95�C for 5 min and found to stimulate the binding of untagged recombinant UBQLN2 to GST-HSP70 upon GST-pulldown, unlike

native luciferase.

(F) R6/2 brain extracts but not WT brain extracts were found to be able to stimulate the interaction of recombinant untagged UBQLN2 with GST-HSP70 in GST

pulldown experiments.

(G) HEK293 cells stably expressing inducible UBQLN2 WT or PXXP deletion mutants were found to both equally interact with endogenous HSP70 after heat

shock, indicating that the PXXP motif does not directly mediate the interaction.
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Figure S6. Generation of a Constitutive Knock-in Mouse Model and Locomotor Tests of a Male Cohort, Related to Figures 4, 5, and 6

(A) Targeting strategy used to generate the UBQLN2 P520T knock-in mice.

(B)Western blot of brain extracts showing that UBQLN2 levels are expressed at the same level inWT andUBQLN2 knock-in malemice (expressing one copy each

of UBQLN2 due to being X-linked).

(C) Gait analysis in the mP520T mouse model. Gait analysis was performed at 6, 9 and 12 months of age, showing a marginal, but significant decrease in stride

length at 6 months of age for the mutant animals. At 9 and 12 months the trend persists. Habituation to handling/runway corridor was followed by assessment of

gait by painting of front and hind paws. Gait parameters including stride length and width between paws was analyzed manually from the paw print records.

(D) Accelerating rotarod tests showed no impairment in motor function for UBQLN2 mP520T animals at any age. The animals performed 8 trials (4 trials on day 1

and a further 4 trials on the following day). On each trial the mouse was placed on the RotaRod and the rod accelerates from a speed of 5 rpm up to 45 rpm, with a

maximum trial time of 5 min.

(E) Fixed speed rotarod tests showed no impairment in motor function for UBQLN2 mP520T animals at any age.
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Figure S7. UBQLN2 Is Aggregated in Hippocampus and Associates to HSP70 and HTT Aggregates; Characterization of UBQLN Antibodies,
Related to Figures 1, 2, 4, 5, and 6

(A and B) Hippocampal or cortical extracts were examined from WT or P520T knock-in mice. UBQLN2 expression levels were quantified and found to be

indistinguishable between brain regions in either genotype.

(C) UBQLN2 was found in the pellet fraction of the hippocampus in P520T knock-in, but not WT mice, in three additional independent pairs of animals.

(D) UBQLN2 co-localizes with HTT inclusions in R6/2 brains. Sections of 14 week R6/2 brains were stained for HTT (MW8 antibody) and UBQLN2.

(E) UBQLN2 was immunoprecipitated from 14-week-old R6/2 brains and blotted for the indicated proteins. HTT and HSP70 were detected in the stacking gel,

indicated UBQLN2 interacts with SDS-insoluble HTT aggregates that are positive for HSP70.

(F–I) Validation of specificity for UBQLN antibodies produced in-house. All antibodies were raised in sheep. UBQLN1, UBQLN2 or UBQLN4 were knocked down

using siRNA and the indicated antibody used for detection. No cross-reactivity between ubiquilins was seen.

(J) Purified untagged mouse UBQLN1, 2, 3 and 4 was further used to assess specificity of the raised antibodies, which confirm that there is no cross reactions.
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Extended Experimental Procedures 

Mouse brain tissue lysis 

Mouse brains were dissected out and immediately frozen in liquid nitrogen. UBQLN2 

brain lysates were prepared by homogenizing one brain in 3 ml CHAPS buffer (50 

mM TRIS pH 7.5, 0.3 % w/v CHAPS (SIGMA ALDRICH C9426), 270 mM sucrose 

(VWR 27480.360), 10 mM chloroacetamide (SIGMA ALDRICH C0267), cOmplete 

protease inhibitor cocktail (Roche 04693159001) and phosSTOP phosphatase 

inhibitor cocktail (Roche 04906837001)). For HTT mouse brains, lysates were 

homogenized in NP-40 buffer (50 mM HEPES/KOH pH 7.2, 400 mM NaCl, 1% NP-

40, 0.2 mM EDTA, 10% glycerol, 100 mM iodacetamide and cOmplete protease 

inhibitor cocktail (Roche 04693159001). Lysates were clarified by centrifugation at 

10,000 g at 4°C for 30 min. To generate nuclear and cytoplasmic preparations from 

mouse brain, brain hemispheres were homogenized in 750 µl sucrose “buffer  1” (575 

mM sucrose, 25 mM KCl, 50 mM Triethanolamine, 5 mM MgCl2, 1 mM DTT and 

protease inhibitor cocktail) with a Dounce homogenizer and the sample centrifuged at 

800 g for 15 minutes. The supernatant fraction (cytoplasmic) was removed and stored 

at -80oC.  The pellet fraction was resuspended in 1.5 ml sucrose “buffer 1”, followed 

by an addition of two volumes of sucrose “buffer 2”(2.3 M sucrose, 25 mM KCl, 50 

mM Triethanolamine, 5 mM MgCl2, 1 mM DTT and protease inhibitor cocktail) and 

mixed gently by inversion. The re-suspended pellet fraction was carefully layered 

onto a sucrose cushion (0.5 ml of “buffer 2”) in Beckman SW41 rotor tubes and 

centrifuged at 124,000 g for 1 h in a Beckman Ultracentrifuge.  The supernatant was 

discarded, and nuclei were re-suspended in 100 µl “buffer 1” These were washed 

three times and re-suspended in 100 µl “buffer 1” and mixed with sample buffer 

before loading for western analysis.  



 

IP for mass spectrometry to isolate UBQLN2 binding partners 

Brain lysates were pre-cleared by incubation for 20 minutes at 4°C with 100 µl 

agarose beads per 50 mg total protein, repeated three times. 500 µg antibody was 

captured to 100 µl protein-G agarose resin for 3.5 hours at 4°C. Captured antibodies 

were washed twice with 1 ml PBS. For crosslinking, antibodies were washed three 

times in 1 ml 0.1 M sodium borate pH 9.3. The resin was then incubated rotating in 

20 mM Dimethyl pimelimidate, 0.1 M sodium borate pH 9.3 at room temperature for 

20 minutes, repeated two times. The crosslinked antibodies were then washed four 

times 1 ml 50 mM glycine pH 2.5 and twice in 200 mM TRIS pH 8, and finally re-

suspended in 200 mM TRIS pH 8 prior to use. For immunoprecipitation of UBQLN2, 

500 µg of antibody raised to either amino acids 11-27 or 478-518 of UBQLN2 were 

used per 20 mg total brain lysate. Immunoprecipitations were done for 1.5 hours at 

4°C. Beads were washed four times 1 ml with cold CHAPS buffer (see above), 

supplemented with 150 mM NaCl, followed by transfer in cold PBS to a new 

Eppendorf tube to limit detergent carryover, and washed three times 1 ml PBS. 

Proteins were eluted by incubation with 200 µl 1:1 acetonitrile:1% formic acid, 

repeated five times, filtered to remove trace amount of beads and pooled. The eluate 

was then dried down in a vacuum concentrator and kept at -20°C until ready for 

sample processing.  

 

 

 

SILAC proteomics 



T-RexTM HEK 293 cells stably expressing inducible FLAG-UBQLN2 wild type or 

P506T were labeled with either isotopically heavy or light amino acids. For heavy 

labeling, cells were grown for a minimum of seven doublings in SILAC DMEM 

(PIERCE 88420) supplemented with 10% dialyzed FBS (GIBCO 26400), 80.2 µg/ml 

13C6,15N4 L-arginine (SIGMA ALDRICH 608033), 140 µg/ml 13C6,15N2 L-Lysine 

(SIGMA ALDRICH 608041), 181.8 µg/ml L-proline (SIGMA ALDRICH P0380), 50 

U/ml penicillin, 50 µg/ml Streptomycin (Life Technologies 15070-063), 100 µg/ml 

hygromycin (Invivogen ant-hg-1bl) and 15 µg/ml blasticidin (Invivogen ant-bl-1). For 

light labeling, cells were grown in the same media as above but supplemented with 84 

µg/ml L-arginine (SIGMA ALDRICH A5006) and 140 µg/ml L-lysine (SIGMA 

ALDRICH W384704), instead of their heavy counterparts. Label switching was 

performed in separate experiments. Expression of FLAG-UBQLN2 was induced with 

2 ng/ml doxycycline (SIGMA ALDRICH D9891) for 24 hours, after which cells were 

harvested by scraping in ice cold PBS. Lysis was performed in CHAPS buffer (see 

above). Cell extracts were clarified by centrifugation at 10,000g for 10 minutes at 4°C 

and protein concentrations were measured by BCA assay (PIERCE 23225). Equal 

amounts of FLAG-UBQLN2 WT and P506T lysate was added separately to 30 µl 

anti-FLAG M2 magnetic beads (SIGMA ALDRICH M8823), and incubated rotating 

at 4°C for 1h in an Eppendorf tube. Supernatants were aspirated, and beads for 

FLAG-UBQLN2 WT and P506T were pooled using cold lysis buffer, followed by 

four washes in 1 ml cold lysis buffer. Beads were transferred to a fresh Eppendorf 

tube followed by four washes in 1 ml cold PBS. Bound proteins were eluted using 

100 µl 1:1 acetonitrile:1% formic acid (SIGMA ALDRICH 271004 and F0507), 

repeated five times. Eluates were dried in a vacuum concentrator and kept at -20°C 

until sample processing.    



 

Mass spectrometry  

Mass Spectrometry data was acquired on an Orbitrap Velos Pro (Thermo) set up with 

an EasySpray source using a Thermo-Fisher PepMap reverse phase C18, 3µm, 75µm x 

50cm column coupled to a Thermo U3000RSL system running a gradient with a flow 

of 300 nl/min and eluted with a 150 min linear gradient of 97% solvent A (0.1% 

formic acid, 3% DMSO in H2O) to 35% solvent B (80% acetonitrile, 0.08% formic 

acid, 3% DMSO in H2O), followed by a rise to 99%B at 155 min. The data were 

acquired in the data-dependent mode, automatically switching between MS and MS-

MS acquisition.  Full scan spectra (m/z 400-1600) were acquired in the orbitrap with 

resolution R = 60,000 at m/z 400 (after accumulation to an FTMS Full AGC Target; 

1,000,000; MSn AGC Target; 100,000). The 20 most intense ions, above a specified 

minimum signal threshold (2,000), based upon a low resolution (R = 15,000) preview 

of the survey scan, were fragmented by collision induced dissociation and recorded in 

the linear ion trap, (Full AGC Target; 30,000. MSn AGC Target; 5,000). Protein 

identification and quantification were performed using MaxQuant Version 1.4.0.12 

(Cox and Mann, Nature Biotechnology, 2008) with the following parameters: stable 

modification carbamidomethyl (C); variable modifications oxidation (M), acetylation 

(protein N-terminus); quantitation labels with SILAC light or K8R10; maximum 5 

modifications per peptide, trypsin as enzyme and 2 missed cleavages. Searches were 

conducted using a Uniprot-Trembl Mus musculus or Homo Sapiens database, plus 

common contaminants. Mass accuracy was set to 10 ppm for precursor ions and 0.5 

Da for ion trap MS/MS data. Identifications were filtered at a 1% false-discovery rate 

(FDR) at the protein level, accepting a minimum peptide length of 7. Quantification 



used only razor and unique peptides, and required a minimum ratio count of 2. “Re-

quantify” and “match between runs” were enabled.  

 

Purification of UBQLN2 from bacteria 

E. coli BL21 were transformed with His6-SUMO1-UBQLN2 WT or P497H, P506T, 

P509S, P525S and T487I cloned in pET15b. Colonies were picked, and 15 ml starter 

cultures inoculated over night at 37°C in LB medium supplemented with 100 µg/ml 

carbenicillin (Formedium CAR00025). Following this, one liter LB with 100 µg/ml 

carbenicillin was inoculated with 4 ml starter culture and incubated at 37°C until 

OD600 = 0.8, at which point the incubator temperature was dropped to 15°C and 

expression was induced with 100 µM IPTG (Formedium IPTG025). After 20 hours of 

induction, cells were harvested by centrifugation at 4000 rpm for 45 minutes at 4°C. 

Pelleted bacteria were re-suspended in 30 ml/liter culture of 50 mM TRIS pH 7.5, 250 

mM NaCl, 0.5 mM EDTA, 0.5% Triton-X100, 1 mM DTT, 10 µg/ml Leupeptin and 1 

mM Pefabloc and lysed by sonication. Lysates were clarified by centrifugation at 

250,000g for 30 minutes at 4°C and incubated rotating with 1 ml Ni2+NTA 

SepharoseTM (GE Healthcare Life Sciences 17-5268-01) for 2.5 hours at 4°C. Beads 

were washed five times 10 ml with 50 mM TRIS pH 7.5, 250 mM NaCl, 20 mM 

imidazole and 1 mM DTT and twice with 50 mM TRIS pH 7.5, 150 mM NaCl, 1 mM 

DTT. His6-SUMO1-UBQLN2 was eluted with 2 ml 50 mM TRIS pH 7.5, 150 mM 

NaCl, 1 mM DTT and 400 mM Imidazole, in five fractions. Sample volume was 

reduced to 2 ml and protein concentration was measure using BCA assay (PIERCE 

23225). His6-SUMO1 was cleaved off using a 1:150 ratio of the SENP1 SUMO 

protease (produced in-house) overnight at 4°C. Cleaved UBQLN2 was further 

purified by gel filtration using a HiLoad 16/600 SuperdexTM 200 pg (GE Healthcare 



28-9893-35) in 50 mM TRIS pH 7.5 and 150 mM NaCl. For HALO and HALO-

tagged UBQLN2, E. coli BL21 was transformed with GST-HALO-UBQLN2, and 

induced and lysed as described above. Clarified extract was incubated with 200 µl 

glutathione Sepharose (PIERCE 16100) per liter culture, rotating at 4°C for 2 hours. 

Beads were washed twice in 10 ml 50 mM TRIS pH 7.5, 250 mM NaCl and 1 mM 

DTT and twice in 50 mM TRIS pH 7.5, 150 mM NaCl and 1 mM DTT. Elution was 

performed by incubation with 250 µg PreScission protease over night at 4°C to cleave 

off GST.    

 

Immunoprecipitations 

For immunopreciptation of material from HTT mouse brain or heat shock cell 

experiments, magnetic protein-G beads were used (Dynabeads, Life technologies 

10004D) to avoid the inappropriate isolation of aggregated proteins.  For 

immunoprecipitation from HTT brains, 1 µg antibody was used to isolate protein 

complexes from 250 µg brain extract and incubated with 50 µl Dynabeads (50% 

slurry) overnight at 4°C.  Beads were washed 5 times with lysis buffer and proteins 

eluted in Laemmli’s sample buffer and analysed by western blotting. For 

immunoprecipitation of UBQLN2 for Western blot analysis of associated proteins, 6-

10 µg UBQLN2 antibody was used with 50 µl magnetic protein-G Dynabeads (50% 

slurry), and immunoprecipitations were performed as above. MLN7243 was obtained 

from Active Biochem (catalogue number A-1384). 

 

Seprion Ligand Assay 



Aggregates were captured in Seprion ligand coated plates (Microsens) and detected 

using the MW8 mouse monoclonal antibody (1:4000) as described (Sathasivam et al., 

2010). 

 

Analytical ultracentrifugation 

Sedimentation velocity (SV) experiments were carried out in a Beckman Coulter 

(Palo Alto, CA, USA) ProteomeLab XL-I analytical ultracentrifuge using interference 

optics. All AUC runs were carried out at the rotation speed of 20,000 rpm using 

AnTi50 rotor and an experimental temperature of 4°C. The sample volume was 400 

µl and sample concentrations ranged from 0.3 and 4.6 mg/ml. The density and 

viscosity of the buffer (50 mM Tris, pH 7.5, 150 mM NaCl) at experimental 

temperature 4°C was calculated using the SEDNTERP program 

(http://sednterp.unh.edu/) (Laue, Shah, Ridgeway, & Pelletier, 1992). The partial 

specific volume of proteins was calculated as an additive sum of   values of 

constituent amino acids using program SEDNTERP and converted to the 

experimental temperature (Durchschlag, 1986). Sedimentation velocity profiles were 

treated using size-distribution c(s) model implemented in the program SEDFIT 

(Schuck, 1998). In order to determine the mass of each species, the c(s) distribution 

was converted to c(M) distribution. Each peak on the distribution plot was integrated 

in order to obtain the weight-averaged values for sedimentation coefficient and 

molecular mass. Integrated values of sedimentation coefficient (s) obtained at 

experimental conditions were converted to the standard conditions (s20,w) (which is 

the value of sedimentation coefficient in water at 20°C).  

 

Protein Disorder Prediction  



Protein sequences were submitted to the PONDR web engine (www.pondr.com) 

using the neural network predictor VL-XT (Romero et al., 2001). Access to PONDR 

was provided by Molecular Kinetics (Indianapolis, IN). 

 

Circular dichroism (CD) spectrometry  

Circular dichroism spectra were measured using a Jasco J-810 spectropolarimeter. 

Bandwidth was set to 2 nm and the scan speed was 20 nm/min. A 0.02 cm pathlength 

cuvette was used for far-UV CD spectra measurements (from 250 to 185 nm). The 

measurements were carried out in 10 mM phosphate buffer (pH 7.5), 100 mM NaF. 

All spectra were obtained at 20°C. Ten consecutive scans were averaged to obtain the 

resulting spectra. Ellipticity signal was converted to a molecular CD units (Δε) (Kelly 

& Price, 2000). The spectra were fitted using the CDSSTR(Sreerama & Woody, 

2004) program implemented in www.dichroweb.cryst.bbk.ac.uk/ 

 

Small-Angle X-ray scattering 

SAXS data for UBQLN2 and its mutants (P497H and P506T) in 50 mM Tris, pH 7.5, 

150 mM NaCl were collected on the beam line 2.1 at Diamond Light Source (Didcot 

UK). The scattering curves were recorded at a wavelength of 1 Å and sample-detector 

distance of 3.9 m covering the momentum transfer range of 0.013 < q < 0.4 Å-1, 

where q = (4πsinθ)/λ and 2θ is the scattering angle. Sample concentrations ranged 

between 5 mg/ml and 0.5 mg/ml (at least five sample concentrations were measured) 

and the experimental temperature was 4°C. Initial data processing and averaging was 

carried out according to the beam line protocol. Data were normalized to the buffer 

scattering and scaled for concentration using PRIMUS. The data were checked for 

radiation damage and concentration-induced aggregation. The estimation of SAXS 



invariants (such as intensities at zero angles, radii of gyration, volume-of-correlation) 

and flexibility analysis for all samples were carried out using program ScÅtter 

(www.bioisis.net) (Rambo & Tainer, 2011), (Reyes, Schwartz, Tainer, & Rambo, 

2014), (Durand et al., 2010). 

 

Animal work 

UBQLN2 P520T constitutive knock-in mice were created and supplied by 

Taconic/Artemis. R6/2 mice were maintained as previously described (Bett et al., 

2006). Mice were bred at the University of Dundee and Kings College London in 

accordance with European Union and Home Office regulations. Work was approved 

by the Ethical Review Committee (ERC) from the University of Dundee and was 

performed with a UK Home Office project license. R6/2 males were bred with 

heterozygous UBQLN2 P520T females at Charles River Laboratories (UK).  

 

Isolation of mouse embryonic fibroblasts (MEFs) 

E12.5 embryos were decapitated, followed by removal of red organs. Heads were 

used for genotyping. Remaining tissue was minced using scalpels, followed by 

incubation in trypsin for 5 minutes. Trypsinised tissue was dissociated by repeated 

pipetting in DMEM (Life Technologies 11995-065) supplemented with 10% FBS, 50 

U/ml penicillin, 50 µg/ml Streptomycin (Life Technologies 15070-063) and 2 mM L-

glutamine. Cells were seeded in dishes and grown under standard conditions (37°C, 

5% CO2). Genotyping was performed using the primers below, which amplify a 345 

bp fragment for the wild type and a 420 bp fragment for the constitutive knock-in. 

Fwd primer: 5’-TCA CAT CTA GAA GGG TTA GCT CC-3’. Rev. primer: 5’-AGT 



GCT TCC TAA TAG CTG AGT CC-3’. MEFs were immortalized by continuous 

passage 

 

Plasmid vectors, cDNAs and cloning 

Human and mouse ubiquilin sequences were amplified from the following EST 

sources. Human UBQLN2 (Genbank NM_013444.3) was amplified as a BamH1-Not-

1 flanked ORF from EST IMAGE clone 4543266. Mouse UBQLN1 (Genbank 

NM_026842.4) was amplified as a BglII-Not1 flanked ORF from EST IMAGE clone 

4015641, mouse UBQLN2 (Genbank NM_018798.2) as a BamH1-Not1 ORF from 

EST IMAGE clone 5708544, mouse UBQLN3 (Genbank NM_198623.2) as a Sal1-

Not1 ORF from RIKEN EST clone 4933400K24 and mouse UBQLN4  (Genbank 

NM_033526.2) as a BamH1-Not1 ORF from EST IMAGE clone 4236887. ORFs 

were then subcloned into a variety of bacterial and mammalian expression vectors. 

Bacterial expression was either from a modified version of pGEX6P-1 (GE 

Healthcare LifeSciences), expressing an N-terminal GST-C3-HALO-thrombin 

(created by sub-cloning a BglII-BamH1 flanked HALO-thrombin PCR product into 

the BamH1 site of pGEX6P-1), or from a His6-SUMO expression system, created by 

sub-cloning an Nco1-BamH1 flanked PCR product comprising His6-Human SUMO1 

(Genbank BC053528.1; amplified from EST IMAGE clone 3452929) into Nco1-

BamH1 sites of pET15b (Novagen). In this system the 5’ cloning site is removed by 

deletion mutagenesis following sub-cloning to remove extraneous residues 

immediately downstream of SUMO. For mammalian expression, ORFs were sub-

cloned into either modified versions of pCMV5 backbone or pcDNA5TM FRT/TO 

(Life Technologies) with N-terminal FLAG tags. All PCR reactions were carried out 

using KOD Hot Start DNA Polymerase (Merck Millipore, Darmstadt, Germany). All 



full-length products or fragments were cloned into pSc-B (Agilent) and fully 

sequenced prior to further sub-cloning or manipulation. All mutations and deletions 

were made following the QuikChange method (Agilent), but using KOD Hot Start 

DNA Polymerase. DNA sequencing was performed by the Sequencing Service at the 

College of Life Sciences, University of Dundee (www.dnaseq.co.uk). 

 

Filter trap assay 

The filter trap assay was performed as previously described (Wanker et al., 1999).  

 

TUBEs pulldowns 

Mouse brain extracts were prepared in NP-40 buffer (50 mM HEPES/KOH pH 7.2, 

400 mM NaCl, 1% NP-40, 0.2 mM EDTA, 10% glycerol, 100 mM iodacetamide and 

cOmplete protease inhibitor cocktail) and centrifuged at 13,000 x g for 30 min.  

Supernatant  was isolated and 500 µg incubated with 10 µg GST or GST-TUBEs and 

50 µl glutathione magnetic beads (50% slurry) overnight at 4°C.  Beads were washed 

5 times and proteins eluted in sample buffer, and analyzed by western blot analysis.   

 

Immunofluorescence 

Cells stably expressing inducible FLAG-UBQLN2 WT, P506T, P497H, L619A, 

P506T/L619A and P497H/L619A were induced for 24 hours using 5 ng/ml 

doxycycline. Cells were washed in PBS, and fixed for 10 minutes using 3.7% 

formaldehyde in PBS. Formaldehyde was quenched with 50 mM glycine in PBS. 

Cells were permeabilized with 0.25% Triton-X100 in PBS for 5 minutes, followed by 

3 washes in PBS. Cells were blocked in 5% BSA in PBS for 20 minutes. Primary 

antibody was anti-FLAG (SIGMA ALDRICH F3165) used at 1/500 for 1h in 5% 



BSA PBS. Secondary antibody was an Alexa Fluor 488 anti-mouse (Abcam 

ab150113) used at 1/1000 for 0.5 h in 5% BSA PBS. For immunofluorescence of 

endogenous UBQLN2, U2OS cells were fixed using cold (-20°C) methanol for 1 min, 

washed 3 times with PBS and stained with mouse monoclonal anti-UBQLN2 6H9 

(Novus NBP2-25164), at 1:1000 in 2% BSA PBS for over night. Secondary antibody 

was goat Anti-Mouse DyLight 488 (Abcam ab96871). Images were captured with a 

Leica SP2 confocal microscope. For immunofluorescence of R6/2 HTT brains, frozen 

15 µM coronal brain sections were taken on a cryrostat (Leica). Sections were fixed 

in 4% paraformaldehyde, blocked in 10% serum, and incubated with anti-HTT MW8 

(1 : 500) or UBQLN2 (epitope 11-27, 1 : 1000) and alexa-conjugated secondary 

antibodies (Molecular Probes). Images were captured on a Zeiss Pascal Exciter 

confocal microscope.  For co-localization of UBQLN2, HSP70 and the Proteasome, 

HEK-293 cells with inducible HTTQ103-GFP expression were plated on coverslips 

coated with Poly-D-lysine (50 µg/mL). Cells were induced for 72 hours with 2 µg/mL 

tetracycline, washed once with ice cold PBS and fixed with -20°C methanol for 1 

min.  After 3 washes with ice cold PBS, cells were blocked for 1 hour at RT with 3% 

BSA in PBS. Primary antibodies were chicken anti-GFP (Abcam ab13970, 1:5000), 

mouse anti-Ubqln2 (Novus Biologicals NBP2-25164SS, 1:1000), rabbit anti-Hsp70 

(Abcam ab181606, 1:50) and rabbit anti-RPT3 (Bethyl Laboratories A303-850A, 

1:1000), diluted in PBS with 3% BSA and incubated for 1 hour at RT with cells. Cells 

were washed 3 x 5 min with PBS and then incubated with secondary antibodies (anti-

chicken Alexa Fluor 488, 1:2000, anti-mouse Alexa Fluor 647, 1:1000, and anti-rabbit 

Alexa Fluor 633, 1:500) for 1 hour at RT.  Cells were washed 3 x 5 min with PBS and 

then stained with DAPI (0.2 µg/mL in PBS) for 5 min, washed once with PBS and 

then coverslips were mounted on slides with ProLong Gold Antifade (Thermo Fisher 



Scientific).  After drying, coverslips were visualized on a Zeiss LSM 710 confocal 

microscope. 

 

Analytical gelfiltration 

Purified UBQLN2 (see above) was subjected to chromatography over a Superdex 200 

HiLoad 16/60 (GE-Healthcare Life Sciences), column to analyze oligomerization and 

aggregation.  

 

siRNA experiments 

Oligonucleotides were transfected using Lipofectamine RNAiMAX (Life 

Technologies 13778075) according to manufacturers instructions. Oligonucleotides 

for human UBQLN1 and UBQLN2 were silencer select from Ambion with siRNA ID 

s26831 (UBQLN1) and s26829 and s26828 (UBQLN2). HSPA1A (HSP70) siRNA 

was from Dharmacon (On-target plus). For mouse, s204092 (UBQLN1), s79752 and 

s79750 (UBQLN2) and s97078 (UBQLN4) were used. Oligonucleotides were used at 

a final concentration of 10 – 20 nM.  

 

Proteasome activity probe experiments 

Proteasome activity probe (Boston Biochem I-190) was used to determine activity of 

proteasome after heat shock. Cells heat shocked or kept at 37°C, followed by harvest 

and lysis in 50 mM TRIS pH 7.5, 5 mM MgCl2, 250 mM sucrose, 1 mM DTT and 2 

mM ATP. Cells were lysed by repeated aspiration through a 25 G needle using a 

syringe. Lysates were clarified by centrifugation at 4°C, and incubated with either 

DMSO (vehicle) or 50 µM MG132 for 30 minutes at 37°C. Proteasome activity probe 

was added to a final concentration of 1 µM, followed by incubation at 37°C for 1h. 



Lysates were mixed with SDS sample buffer and resolved using standard SDS PAGE. 

Fluorescence was detected using a BioRad chemidoc XRS system. After fluorescent 

detection, gels were stained with Coomassie to control for equal loading.  

 

Proteasome purification 

Human 26S proteasomes were purified following a protocol adapted from (Glickman, 

Rubin, Fried, & Finley, 1998), with the modification that the source was human 

erythrocytes and the first separation step was on a DEAE column. LC-MS/MS 

assessment of final preparation confirmed presence of the canonical subunits viz., 

PSMA1-7, PSMB1-7, PSMC1-6 and PSMD1-14. No traces of HSP70 and UBQLN2 

were found. 

 

 

 

GST-pulldowns 

GST-pulldown experiments were performed using 5 µM recombinant GST-HSP70, 5 

µM recombinant UBQLN2 (WT or P520T) and 5 µM purified proteasomes where 

indicated. Pulldown reactions were incubated with either (1) 5 µM folded luciferase 

or luciferase that had been denatured at 42oC for 30 minutes or at 95oC for 5 minutes 

or (2) with 200 µg brain extracts from 14 week old WT or R6/2 mice. Pulldowns were 

performed using magnetic glutathione beads (Pierce) and washed five times 

stringently in buffer containing 50 mM HEPES pH 7.2, 400 mM NaCL, 1% NP-40, 

0.2 mM EDTA and 10% glycerol before elution in sample buffer. 

 

Behavioral phenotyping 



Accelerating rotarod test was performed using a 5 lane Rota-Rod (Ugo Basilie). 

Testing was performed for 2 consecutive days, with 4 trials per day. The maximum 

trial time was set to 5 minutes, with an inter trial interval (ITI) of 30 minutes. The 

acceleration protocol was set from 5 to 45 rotations per minute, and latency to descent 

was recorded.   

Fixed speed rotarod tests were performed using the same equipment as above, with 

one trial at each speed (10, 20, 30 and 40 rotations per minute), starting at the lowest 

speed. The maximum trial time was set to 5 minutes with an ITI of 1h. Latency to 

descent was recorded.  

For gait analysis, mice were habituated to the walkway and to the scruffing procedure 

(2 days). For testing, front paws were painted red and hind paws were painted blue. 

Distance between paws and stride length was recorded.  

Novel object recognition was performed in a white square arena 30 cm x 30 cm x 30 

cm). Mice were habituated for two days in the empty arena (15 minutes per day) prior 

to testing. On the test day, mice were exposed to 2 identical copies of the same object 

(A1 and A2) in the sample phase, for a 10 minute trial time. This was followed by a 5 

minute ITI, and the test phase, where the mice were exposed to 1 copy of a familiar 

object (A3) and a novel object (B), with a trial time of 10 minutes. Activity was 

recorded by an overhead camera and behaviour tracked by AnyMaze software (Ugo 

Basilie). Time exploring the 2 objects and total time with objects were recorded.  

Novel place recognition was performed in a white square arena (30 cm x 30 cm x 30 

cm) with spatial cues on the walls. In the sample phase, mice were exposed to 2 

identical copies of the same object (C1 and C2) with a trial time of 10 minutes. This 

was followed by an ITI of 5 minutes and the test phase, in which mice were exposed 

to 2 identical copies of the same object, with one of the objects in moved to a new 



location within the arena. The trial time was set to 10 minutes and activity was 

recorded by an overhead camera and behaviour tracked by AnyMaze software (Ugo 

Basilie). Time exploring the two objects and total time with the objects was measured.  

 

Tissue processing and immunohistochemistry 

Aged mice were administered Euthetal via intraperitoneal injection and monitored 

throughout surgical anaesthesia. Upon a complete loss of responsiveness, animals 

were trans-cardially perfused at a constant rate with temperature-equilibrated 

phosphate buffered saline (pH 7.4). Subsequently, tissues (brain, thoracic spinal cord) 

were carefully excised and sub-dissected for downstream analyses. For 

histopathology studies, brains were hemisected along the superior sagittal sinus, and 

each left hemisphere was used for subsequent immunohistochemistry. Following 24 

hours fixation the brain hemispheres were processed to paraffin block and microtome 

sectioning. Four µm sections were stained with Haematoxylin and Eosin (HE) for 

histological assessment. Additional serial sections were used for 

immunohistochemical analysis. Automated immunohistochemistry was performed 

with a Universal Staining System autostainer (DAKO). For p62/SQSTM1, heat 

induced epitope retrieval with 0.1M citrate buffer pH 6.0 in pressure cooker for 10 

minutes was used. No epitope retrieval was applied to sections stained with anti-

UBQLN2 antibody. The following primary antibodies were used: polyclonal rabbit 

anti-p62/SQSTM1 (MBL PM045) at 1:8000, polyclonal sheep anti-UBQLN2 

(antibody raised in-house to amino acids 11-27 of mouse UBQLN2; the antibody was 

purified over the peptide antigen) at 1:400. The anti-rabbit ENVISION™ (DAKO) 

was used as visualisation system for p62/SQSTM1 antibody. For the UBQLN2 

antibody, a secondary rabbit-anti sheep IgG followed by anti-rabbit ENVISION™ 



(DAKO) was used. Following reaction with DAB chromogen, slides were briefly 

rinsed in distilled water, followed by counterstain with Mayer’s Haematoxylin for 30 

seconds, rinsing in tap water, dehydration through ascending alcohol and xylene and 

coverslip mounting. All slides were assessed microscopically by a veterinary 

pathologist blinded to the group assignment and genotype of the animals. The 

presence and neuroanatomical location of inclusions/deposits staining with p62 and 

UBQLN2 was annotated. For biochemical studies, right hemispheres were acutely 

microdissected to isolate intact neural sub-regions of interest (hippocampus, cerebral 

cortex, cerebellum). Tissues were immediately snap-frozen in liquid nitrogen and 

stored at -80°C before processing. 

Creation of the UBQLN2 P520T constitutive knock-in mouse model 

The P520T, x-linked, constitutive knock-in mouse model was acquired from Taconic. 

The targeting strategy was based on NCBI transcript NM_018798.2, where exon 1 

contains the complete open reading frame. The positive selection marker (Puromycin 

resistance - PuroR) has been flanked by FRT sites and inserted downstream of the 

Ubqln2 3’ untranslated region (UTR). The targeting vector was generated using BAC 

clones from the C57BL/6J RPCIB-731 BAC library, and was transfected into the 

TaconicArtemis C57BL/6N Tac ES cell line. Homologous recombinant clones were 

isolated using positive (PuroR) and negative (Thymidine kinase - Tk) selection. The 

constitutive KI-PM allele was obtained after in vitro Flp-mediated removal of the 

selection marker. The remaining recombination site is located in a non-conserved 

region of the genome. Diploid injection: after administration of hormones, 

superovulated BALB/c females were mated with BALB/c males. Blastocysts were 

isolated from the uterus at dpc 3.5. For microinjection, blastocysts were placed in a 

drop of DMEM with 15% FCS under mineral oil. A flat tip, piezo actuated 



microinjection-pipette with an internal diameter of 12 - 15 micrometer was used to 

inject 10-15 targeted C57BL/6NTac ES cells into each blastocyst. After recovery, 8 

injected blastocysts were transferred to each uterine horn of 2.5 days post coitum, 

pseudopregnant NMRI females. Chimerism was measured in chimeras (G0) by coat 

color contribution of ES cells to the BALB/c host (black/white). Highly chimeric 

mice were bred to strain C57BL/6 females. Germline transmission was identified by 

the presence of black, strain C57BL/6, offspring (G1). Genotyping analysis: Genomic 

DNA was extracted from tail biopsies and analyzed by PCR. Genotyping PCR 

performed detects the constitutive Knock-In allele, after flpe-mediated deletion (IVD) 

of the puromycin resistance cassette, as well as the wildtype allele, using primers: 

Fwd: 5’-TCACATCTAGAAGGGTTAGCTCC-3’, Rev: 5’-

AGTGCTTCCTAATAGCTGAGTCC-3’, with the expected fragment sizes (bp) 

345(wt) and 420(const.ki). For detection of the introduced point mutation, the 

following primers were used: Fwd: 5’-CCATGTCAAACCCGAGAGC-3’, Rev: 5’-

TGAACTGCTGGTTGGGTCC-3’. Presence of the point mutations was confirmed in 

all mice by sequencing of the PCR product.  
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